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abstract
The aim of the present work was to characterize changes in the protein profile throughout seed development in O. catharinensis, 
a recalcitrant species, by two-dimensional gel electrophoresis. Protein extraction was undertaken by using a thiourea/urea buffer, 
followed by a precipitation step with 10% TCA. Comparative analysis during seed development showed that a large number of 
proteins were exclusively detected in each developmental stage. The cotyledonary stage, which represents the transition phase 
between embryogenesis and the beginning of metabolism related to maturation, presents the highest number of stage-specific 
spots. Protein identification, through MS/MS analysis, resulted in the identification of proteins mainly related to oxidative metabolism 
and storage synthesis. These findings contribute to a better understanding of protein metabolism during seed development in 
recalcitrant seeds, besides providing information on established markers that could be useful in defining and improving somatic 
embryogenesis protocols, besides monitoring the development of somatic embryos in this species.
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resumo
O objetivo deste trabalho foi a caracterização dos perfis protéicos expressos durante o desenvolvimento da semente de O. 
catharinensis, uma espécie recalcitrante, via eletroforese bidimensional. A extração de proteínas foi realizada utilizando tampão 
uréia/tiouréia seguido de uma etapa de precipitação com TCA 10%. A análise comparativa durante o desenvolvimento da semente 
mostrou um grande número de proteínas exclusivas em cada estádio do desenvolvimento. O estádio cotiledonar, que representa 
a fase de transição entre a embriogênese e o começo do metabolismo relacionado a maturação, apresentou o maior número de 
proteínas estádio-específicas. Proteínas relacionadas ao metabolismo oxidativo e a síntese de reservas foram identificadas via MS/
MS. Estes resultados contribuem para o melhor entendimento do metabolismo de proteínas durante o desenvolvimento de sementes 
recalcitrantes, além de prover informações no estabelecimento de parâmetros para protocolos de embriogênese somática.
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introDuction

Ocotea catharinensis Mez. (Lauraceae) is an endangered 
native forest tree species of the southern Brazilian Atlantic 
Rain Forest, and catalogued in the IUCN (International Union 
for Conservation of Nature and Natural Resources) Red List of 
Threatened Species as vulnerable - VU A1cd (www.iucnredlist.
org). Natural propagation of O. catharinensis through seeds is 
hindered by its recalcitrancy, which means that seeds cannot 
be stored over long periods without a serious loss of viability 
(Silva et al.1998; Viana and Mantell 1999; Santa-Catarina et 
al. 2006).

In the life cycle of higher plants, seed development is the 
key process connecting two distinct sporophytic generations 
(Baud et al. 2002). Much related work has been undertaken 
on metabolic changes and genetic expression (Gallardo et 
al. 2003; Finnie et al. 2004; Fait et al. 2006; Gutierrez et al. 
2007), although most referring to orthodox seed species. For 
tropical species, in which 52% present seeds with recalcitrant 
characteristics, studies related to physiological alterations 
throughout seed development are quite scarce (Tweddle et al. 
2003).

Orthodox seeds present higher dehydration tolerance, 
whereas recalcitrant seeds are sensitive to this process, 
as much throughout development as after shedding 
from the parent plant (Berjak and Pammenter 2007). The 
mechanisms of dehydration tolerance in recalcitrant seeds 
can be absent or ineffective. Nevertheless, information 
on the biochemical and cellular alterations produced by 
dehydration in recalcitrant seeds is rare, thus making a better 
understanding of the events related to this process obscure 
(Berjak and Pammenter 2003; Flores 2003). Although 
several hypotheses have been put forward to explain the 
physiological basis of seed recalcitrancy (Connor and Bonner 
2001), dehydration tolerance is usually correlated with the 
presence of considerable amounts of oligosaccharides 
and specific proteins, such as LEA (late embryogenesis 
abundant), stored during the maturation process (Hoekstra 
et al. 2001).

Over latter years, several studies have focused on 
characterizing protein dynamics during plant development, 

as well as the associated genomes and transcriptomes 
involved (Roberts 2002; Heazlewood and Millar 2003; Chen 
and Harmon 2006; Gallardo et al. 2007; Dam et al. 2009). It 
has been demonstrated that proteomic analysis can generate 
relevant information towards elucidating the identity of those 
molecular mechanisms involved in developmental processes. 
Furthermore, the search is under way to trace biochemical 
and molecular markers in specific stages of embryogenesis 
in tree species (Silveira et al. 2004; Rossignol et al. 2006; 
Santa-Catarina et al. 2006; Silveira et al. 2008). The 
characterization of profiles and changes in protein content 
during seed development allows for comparing in vitro and 
in vivo embryo development. However, although several 
embryogenically expressed proteins have been identified so 
far, there have been few reports focused on woody plants 
(Marsoni et al. 2008), even less so regarding proteomic 
characterization throughout recalcitrant seed development 
(Pawlowski et al. 2007; Silveira et al. 2008; Balbuena et al. 
2009).

In the present study, our approach was the proteomic 
characterization of changes in protein profiles throughout the 
different stages of development in O.catharinensis seeds. The 
results allow for a better understanding of protein metabolism 
during developmental stages, as well as the establishment 
of possibly useful markers for improving and monitoring 
the development of both recalcitrant and orthodox somatic 
embryos, as many orthodox species present recalcitrant 
behavior when cultured in vitro (Moon and Hildebrand 2003; 
Griga et al. 2007).

material anD methoDs

plant material: Seeds of O. catharinensis were 
harvested at the Cantareira State Park – in São Paulo - 
Brazil (23º 24’ S / 46º 35’ W) at the following times after 
flowering: 170, 230 and 300 days, representing the early-
cotyledonary, cotyledonary and mature embryonic stages, 
respectively (Figure 1), as described by Santa-Catarina 
et al. (2006). The seeds were stored at -80 ºC, prior to 
analysis.
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figure 1. Morphology and longitudinal sections in O. catharinensis fruits containing developing embryos at stages: early-cotyledonary (A), cotyledonary (B) and 
mature (C). Abbreviations: (hy) hypanthium; (En) endosperm; (c) cotyledons. Arrows point to embryonic axes. Bars = 4 mm.

protein extraction: Protein extracts were prepared 
in biological triplicates for each developmental stage. Due 
to changes in seed tissue fresh weight throughout seed 
development, each biological sample was prepared from a 
bulk of six seeds and ground to a fine powder under liquid 
nitrogen. For protein extraction, 500 mg of each were 
transferred into clear 2 mL microtubes containing 1.5 mL of 
extraction thiourea/urea. The buffer consisted of 7 M urea, 2 
M thiourea, 1% dithiothreitol (DTT), 2% Triton X-100, 0.5% 
Pharmalyte® (GE Healthcare®, Buckinghamshire, UK), 1 mM 
phenylmethylsulfonyl fluoride (PMSF) and 5 µM pepstatin. 
The material was vortexed for 15 min and centrifuged for 
another 5 min at 12.000 g at 4 ºC. Supernatants containing 
the protein fraction were collected and stored at -20 ºC until 
2-DE analysis.

Interfering elements were removed from protein extracts 
by precipitation with 10% TCA (v/v). Samples were incubated 
in 10% TCA (v/v) for 30 min at 4 °C. After incubation, 
samples were centrifuged at 12.000 g for 10 min at 4 ºC. 
Supernatants were removed and pellets rinsed three times 

with ice-cold acetone (0.2% DTT) followed by centrifugation 
(5 min at 12.000 g, 4 ºC) between each rising step. Pellets 
were air-dried, solubilized in 1 mL of thiourea/urea buffer, and 
then centrifuged for 5 min at 12.000 g at 4 ºC. Supernatants 
containing the protein fractions were collected and stored at 
-20 ºC until 2-DE analysis. Two gels were prepared for each 
biological sample. Protein concentration was determined 
using the 2D-Quanti Kit (GE-Healthcare®), with bovine serum 
albumin (BSA) as standard.

two-dimensional electrophoresis (2-De): Aliquots of 
sample extracts containing 180 µg of protein were used to 
reach a final volume of 375 µL in a rehydration buffer (7 M 
urea, 2 M thiourea, 2% CHAPS, 0.5% IPG Buffer, 1% DTT, 
0.002% bromophenol blue). Prior to this, protein extracts were 
separated across a broad-range pH 3-10 IPG strip, which 
resulted in low resolution gels containing spots preferentially 
distributed in the pH 4-7 range. IPG with a linear separation 
range of pH 4-7 was chosen for better 2-DE resolution 
through comparative analysis, and spot gel excision for mass 
spectrometer. Samples in a rehydration buffer were applied 
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to 18 cm IPG gel strips with a linear separation range of pH 
4-7 (GE Healthcare®) and kept in rehydration for 12 h at 20 
ºC. First-dimension IEF was carried out on the IPGphor II (GE 
Healthcare®) at 20 ºC with current limit at 50 µA/strip. Prior to 
second dimension analysis, individual strips were equilibrated 
for 20 min in 3 mL of an equilibration buffer (50 mM Tris, pH 
8.8, 6 M urea, 30% glycerol, 2% SDS, 0.002% bromophenol 
blue) containing DTT (125 mM), followed by 20 min in a 3 mL 
equilibration buffer containing iodoacetamide (125 mM).

The second dimension was performed on 12% SDS-
PAGE gels (1 mm x 18 cm x 20 cm) using a Protean II system 
(Bio-Rad®) coupled to a MultiTemp III Thermostatic Circulator 
(GE-Healthcare®) cooling bath. Running was set at 12.5 mA/
gel for 50 min and 25 mA/gel until the dye reached the bottom 
of the gel. Low molecular weight protein markers (14 - 97 kDa) 
(Bio-Rad®) were used as standard. Proteins were stained by 
mass spectrometry compatible silver staining, according to 
Shevchenko et al. (1996).

gel image analyses: Stained gels were scanned with 
an ImageScanner and analyzed with Image Master Platinum 
software v.6 (GE-Healthcare®). The authenticity of each spot 
of protein was validated and edited by visual inspection. A 
synthetic gel, containing only spots present in all the six gels 
of each embryo developing stage (three biological samples 
with two gels each), was obtained and used to validate the 
presence of spots in all repetitions. The number, percentage 
volume criterion and distribution of spots were evaluated. 
Synthetic gels were used to quantify the number of spots per 
stage, differential expression of proteins using the percentage 
volume criterion, and differential distribution of proteins in 
accordance with molecular weight and isoelectric point.

After analysis gels were dehydrated in a solution 
containing 30% methanol and 3% glycerol, and then stored 
at room temperature until mass spectrometry identification of 
differentially expressed polypeptides.

in gel digestion: In gel digestion was performed 
as described by Shevchenko et al. (2007). Protein spots 
were excised from the gels with a clean scalpel and cut 
into approximately 1 mm3 pieces and placed into 600 µL 
microtubes. Gel pieces were dehydrated in 500 µL acetonitrile 
for 10 min and then reduced in 50µL of a DTT solution 
(10mM DTT in 100 mM ammonium bicarbonate) for 30 
min at 56 oC, followed by a dehydration step in acetonitrile 

for 10 min. For alkylation, 50 µL of 55 mM iodoacetamide in 
100 mM ammonium bicarbonate was added and gel pieces 
incubated at room temperature and in the dark for 30 min. 
Prior to digestion, gel pieces were completely dehydrated 
by acetonitrile, followed by the increment of grade porcine 
trypsine (Promega®, Madison, USA) at 16 ng. µL-1. After 120 
min, samples were placed into an air circulation thermostat 
and incubated overnight at 37oC. Following digestion, the gel 
pieces were saturated with 100 µL of extraction buffer 5% 
formic acid (FA): acetonitrile (1:2, v/v) and incubated for 15 
min at 37 oC in shaker. Supernatants were then collected and 
dried down in a vacuum centrifuge. For mass spectrometer 
analysis, 0.05% trifluoroacetic acid (TFA) (10µL) was added 
into dried tubes, incubated for 2 min and vortexed for a further 
10 min at 7 g.

mass spectrometry: Tryptic digests were injected into a 
nanoLC-MS/MS Ultimate system (Dionex®, California, USA) 
interfaced on-line to a linear ion trap LTQ (ThermoElectron®, 
Massachusetts, USA). Pepetides were first loaded onto a 1 
mm x 300 µm i.d. trapping microcolumn packed with C18 
PepMap100 5 µm particles in 0.05% TFA at the flow rate of 
20 µL/min. After 4 min of washing, they were back-flushed 
and separated onto a 15 cm x 75 µm i.d. nanocolumn packed 
with C18 PepMAP100 3 µm particles at the flow rate of 200 
nL/min using the following mobile phase gradient: from 5 to 
20% of solvent B in 20 min, 20-50% B in 16 min, 50-100% 
B in 5 min, 100% B during 10 min and then back to 5% B 
in 5 min. Solvent A was 95:5 water/acetonitrile (v/v) with 
0.1% formic acid and solvent B was 20:80 water/acetonitrile 
(v/v) with 0.1% formic acid. Peptides were eluted into the 
mass spectrometer via a dynamic nanospray probe (Thermo 
Electron®) by using an uncoated silicatip needle with a spray 
voltage of 4.5 kV, with the transfer capillary temperature set to 
200 oC. The data dependent acquisition cycle consisted of a 
survey scan covering the range of m/z 350-1500 followed by 
MS/MS fragmentation of the three most intense precursor ions 
under relative collision energy of 35%. The m/z of fragmented 
precursor ions was excluded for a further 60 s. Spectra were 
exported as dta files using BioWorks 3.1 software (Thermo 
Electron®).

Database searches: All dta files from each acquisition 
cycle were merged into a single mgf file using BioWorks 3.1 
software, and prior to database research, mgf files were 
against 12009 typical background spectra using EagleEye 
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software (Junqueira et al. 2008a, b). Database research was 
then carried out against the NCBI database by MASCOT v.2.2 
(Matrix Science®, Boston, USA). Mass tolerance for precursor 
and fragmented ions was 2.0 and 0.5 Da, respectively, and 
carbamidomethyl was set as fixed modification and oxidation 
(methionine) as variable modification.

Complementary protein identification was done through 
de novo mass spectra interpretation via PepNovo software 
(Frank and Pevzner 2005). For each interpretation, seven 
partially redundant candidate sequences were produced, 
each containing a quality score which stood for the expected 
number of confidently determined amino acid residues in the 
most accurate sequence proposal. Candidate sequences with 
scores higher than six were merged into a single search string 
in arbitrary order and MS BLAST searches were performed 
against the NCBInr database at http://genetics.bwh.harvard.

edu/msblast/ under the settings proposed by the engine for 
LC-MS/MS analysis. Protein identification was carried out 
according to the MS BLAST identification scheme proposed 
by Habermann et al. (2004). In cases when different protein 
accessions were retrieved by MASCOT and MS BLAST 
searches, bl2seq BLAST was executed between sequences 
and homology reported.

results anD Discussion

2-DE analysis of the different stages in O. catharinensis 
seed development permitted characterizing protein dynamics 
involved in seed development, disclosing differential 
metabolism with specific protein, differential expression at 
each stage, and those in common during the developmental 
process (Figure 2).

97

66

45

30

25

14

kDa pl 4-7 pl 4-7 pl 4-7

figure 2. 2-DE gel maps of stages early-cotyledonary (A), cotyledonary (B) and mature (C) during seed development of O. catharinensis. The frames show areas 
with highest difference in pattern of proteins expression. 

2-DE comparative analysis during seed development 
revealed that several proteins were observed exclusively 
at each developmental stage, with 70, 187 and 91 spots 
related to the early-cotyledonary, cotyledonary and mature 
stages, respectively (Figure 3). The cotyledonary stage is 
characterized by highest metabolism indicating the end 
of embryo development and the beginning of metabolism 
related to maturation and germination (Gallardo et al. 
2003). It was observed that the cotyledonary stage 
presents the highest number of stage-specific spots, about 

45% of the total, suggesting the importance of protein 
metabolism during transition from embryo development 
to maturation in the seeds of O. catharinensis. While there 
was a decrease in the number of spots during the last 
stages of seed development, this was counterbalanced by 
an increase in protein concentration (Figure 4), probably 
due to increased expression by specific proteins at the 
mature stage, such as LEA and those involved in storage, 
as well as those related to protection against insects 
(Sheoran et al. 2005).
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early-cotyledonary
(241)

cotyledonary
(416)
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mature
(264)

 Proteins expressed only at early-cotyledonary stage.

 Proteins expressed only at cotyledonary stage.

 Proteins expressed only at mature stage.

 Proteins expressed at both early-cotyledonary and coltyledonary stages.

 Proteins expressed at both early-cotyledonary and mature stages.

 Proteins expressed at both cotyledonary and mature stages.

 Proteins expressed at all stages.

figure 3. Differential expression of proteins in polypeptides numbers 
during zygotic embryogenesis in O. catharinensis among the stages: early-
cotyledonary, cotyledonary and mature. Values between parentheses represent 
the total number of spots for each stage. Values were obtained from synthetic 
gels containing only spots presented in all repetitions of each stage.
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figure 4. Protein concentration (mg g-1 FM) in zygotic embryos of O. 
catharinensis in the stages early-cotyledonary, cotyledonary and mature. 
Data presented are mean ± SE (n = 3). 

During seed development in O. catharinensis, insoluble 
proteins were detected at increasing concentrations 
only in the last stages of zygotic embryogenesis (Santa-
Catarina et al. 2006). In more tolerant species, dehydration 
insoluble reserves accumulated in seeds, thereby providing 
mechanical support (Greggains et al. 2001). Nevertheless, 

soluble protein concentration increased continuously, 
reaching a maximum amount in the mature embryo (Santa-
Catarina et al. 2006). This was also observed herein, with 
a significant increase in protein content at the mature stage 
(Figure 5). Probably, this increase is due to a system of 
active absorption of amino acids from cotyledons during 
the final stages of embryo development, when large 
amounts of storage proteins are synthesized in the seed 
(Weber et al. 1997).
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figure 5. Distribution in percentage of proteins by molecular weight in 2-DE 
gels in zygotic embryos of O. catharinensis in stages: early-cotyledonary, 
cotyledonary and mature. Values were obtained from synthetic gels containing 
only spots presented in all repetitions of each stage.

Among the spots observed during seed development 
in O. catharinensis, 103 were common to all stages, 
suggesting few changes in protein metabolism throughout 
the process. It has been suggested that recalcitrant species 
present continuous cellular metabolism throughout seed 
development, without maturation and dehydration phases 
(Farrant et al. 1997; Brown et al. 2001). Comparison between 
stages indicated 62 spots in common between early-
cotyledonary and cotyledonary, 64 between cotyledonary 
and mature stages and only 6 between early-cotyledonary 
and mature stages (Figure 3). Interestingly, certain proteins 
are frequently identified in proteomic studies due to their 
abundance, such as enolases and ATP synthase beta 
subunits (Petrak et al. 2008).

Through 2-DE analysis, alterations in the number of 
spots in the different ranges of molecular weight indicated 
the diverse protein profiles during seed development (Figure 
5). A decrease in the number of proteins with low molecular 
weight and an increase in those with high molecular weight, 
during seed development were evident. An increase in high 
molecular weight protein expression is fundamental for embryo 
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development, as they are related to maintenance activities and 
storage, whereas low-weight proteins are mainly related to 
synthesis (Vensel et al. 2005).

Several studies have shown the synthesis and 
accumulation of storage proteins in different stages of seed 
development in tree species (Chatthai and Misra 1998; Silveira 
et al. 2004; Panza et al. 2007). The accumulation of these 
proteins during the last phase of development is fundamental, 
as these proteins will be degraded and used during embryo 
germination, thereby supplying free amino acids for the 
beginning of seedling development (Shewry et al. 1995).

Aiming at a better understanding of the process of seed 
development in recalcitrant species, protein identification in O. 
catharinensis seeds was carried out in eight different spots with 
varied expression: spots exclusive in the final stages (spots 
2, 5 e 10), spots with an increase throughout development 

(spots 8, 9 e 11), and spots with constant expression (spots 

6 e 7) (Figs. 6 and 7).

figure 6. Eight spots selected from the mature stage for identification by 
mass spectrometry. 

Spot 2 (BiP / GDP manose-epimerase)

pI6.5 6.7
MW

54

45
kDa

Spot 5 (Threonine endopeptidase)

5.32 5.46

24

22

Spot 10 (Gluthatione transferase / Ascorbate peroxidase)

4.85 5.00

27

24

Spot 8 (Enoyl redutase)
5.10 5.30

46

41

Spot 9 (UDP glucose pyrophosphorylase)
4.90 5.10

41

37

Spot 11 (Frutose bisphophate aldolase)
5.25 5.45

19

17

Spot 6 (Granule bound starch synthase)
4.95 5.15

73

70

Spot 7 (ATP synthase -subunit)
5.10 5.20

68

65

figure 7. Differential protein expression of eight spots selected in early cotyledonary, cotyledonary and mature stages. Spots grouped in agreement with the 
expression dynamics.
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Mass spectrometry analysis and database research resulted 
in the identification of thirteen proteins from the eight spots analyzed 
(Table 1). One of the difficulties related to proteomic analysis in 
most tree species refers to the absence of genomic sequences 
and expressed sequence databases (ESTs) (Dias et al. 2010). 

From the thirteen proteins identified, three are directly related to 
the synthesis of reserves whose expression was increased at 
the mature stage. The maturation phase is characterized by the 
storage of reserves, the three main types being: proteins, lipids 
and polysaccharides (Bewley and Black 1994).

table 1. List of identified proteins with differential expression during seed development in O. catharinensis via combined MASCOT stringent search and MS BLAST 
sequence-similarity search.

mascot
mascot/
msbla st 
(bl2seq)

msblast

iD species acess 
numbera scoreb unique 

peptidesc coverage (%)d iD species gi hspse aasf

2

BiP Glycine max BAD95470 79 4 91/95
Luminal-binding 
protein 5 (BiP 5)

Nicotiana tabacum 729623 2 30

GDP-mannose - 
epimerase

Malpighia glabra ABB53472 74 3 100/100
GDP mannose-
epimerase

Malpighia glabra 80973462 1 12

5
Threonine 
endopeptidase

Archis hypogaea ACF74359 112 2 88/95
Proteasome 
beta subunit A

Arabidopsis thaliana 79325892 1 11

6
Granule bound 
starch synthase

Malus domestica ACB97678 435 7 73/85
Granule-bound 
starch synthase

Manihot esculenta 2833388 20 206

7
ATP synthase 
beta subunit

Triticum aestivum CAA52636 165 7 80/82
ATP synthase 
beta chain

Gossypium 
hirsutum

5045070 1 12

8
Enoyl-ACP 
reductase

Arabidopsis 
thaliana

CAA74175 317 1 100/100
Enoyl-ACP 
reductase

Arabidopsis 
thaliana

2204087 18 216

9

UDP-glucose 
pyrophosphorylase

Bambusa oldhamii AAO48422 208 4 100/100
UDP-glucose 
pyrophosphorylase

Bambusa oldhamii 37729658 5 59

Hypothetical protein Citrus paradise CAB097099 171 1 100/100 Hypothetical protein Citrus paradise 2213425 12 133

Unnamed protein 
product

Vitis vinifera CAO21229 212 5 80/89 Hypothetical protein Oryza sativa 125602450 13 137

10

Probable glutathione-
S-transferase

Capsicum annuum AAX0044 78 1 100/100
Probable glutathione-
S-transferase

Capsicum annuum 60459397 1 13

Vacuolar 
ATPase subunit B

Mesembryantheum 
crystallinum

CAD27443 76 2 100/100
Vacuolar 
ATPase subunit B

Mesembryantheum 
crystallinum

26986106 1 13

Cytosolic ascorbate 
peroxidase

Fragaria ananassa AAD41405 62 1 100/100
Cytosolic ascorbate 
peroxidase

Fragaria ananassa 5257552 1 13

11
Fructose-
bisphosphate aldolase

Persea americana CAB77243 169 3 100/100
Fructose-
bisphosphate aldolase

Persea americana 10800924 3 27

a Accession number in NCBInr 
b Probability based MOWSE score of MASCOT software for the hit. 
c Number of unique peptide sequence identified by MASCOT 
d Percentage of amino acids aligned between accessions obtained by MASCOT and MS BLAST by algorithm blast2seq. 
e Number of high scoring alignments identified by MS BLAST 
f HSP Scores

Spot 2 was identified as a BiP protein (Luminal binding 
protein), a member of the heat shock 70 protein (HSP70) 
family found in the endoplasmic reticulum (ER) and involved 
in translocation and protein processing (Hatano et al. 
1997). High levels of BiP expression are associated with 
the accumulation of protein intermediates and folding in 

storage proteins (Hatano et al. 1997; Forward et al. 2002). 
The protein identified in spot 6 is Granule-bound starch 
synthase I, that responsible for forming the extra-long 
chains in amylopectins, the major type α–glucans in starch 
(Hanashiro et al. 2008; Stensballe et al. 2008). Silva et al. 
(1998) have already verified that O. catharinensis seeds 
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present a similar protein and carbohydrate concentration. 
During seed development, enoyl-ACP redutase (spot 8) is 
synthesized throughout the period of lipid biosynthesis and 
deposition (Poghosyan et al. 2005). The identification of 
these proteins reveals storage synthesis during the mature 
stage, especially since BiP proteins are extremely abundant 
throughout seed development. As with O. catharinensis 
seeds, Brown et al. (2001) observed that seeds of Durio 
zibethinus do not achieve desiccation tolerance but store 
reserves which they begin to mobilize prior to maturation, 
suggesting the addition of a fourth category to the proposal 
by Farrant et al. (1997).

A further two spots were identified as UDP-glucose-
pyrophosphorylase (UDPase) (spot 9) and frutose-
biphosphate aldolase (spot 11), and are described as 
key enzymes in carbohydrate metabolism and cell wall 
biosynthesis (Chen et al. 2007). UDPase catalyzes the 
production of glucose-1-phosphate and uridine triphosphate 
from UDP-glucose and pyrophosphate, or the reverse, 
depending on the metabolic status of the tissues (Chen et 
al. 2007). In cereal endosperms, it was demonstrated that 
UDPase can be transformed into AGPase for starch synthesis 
as an alternative route for starch storage synthesis during 
the final stages (Kleczkowski 1996).

Metabolic activity and the mitochondrial respiration rate 
are high during seed development, thereby implying that a 
significant amount of reactivated oxygen species (ROS) can 
be generated (Pukacka and Ratajczak 2007). The ascorbate 
system appears as the main route in oxidative metabolism 
during embryogenesis and seed filling (De Tulio and Arrigoni 
2003). Proteins involved in oxidative metabolism, such as 
ascorbate peroxidase and glutathione transferase (spot 10), 
presented increased expression during seed development 
in O. catharinensis. Moreover, high expression of GDP-
mannose–3´,5´-epimerase was observed (spot 2). This 
could be correlated with high concentrations of ascorbic 
acid (Bulley et al. 2009). Ascorbic acid is involved in the 
redox system, the redox state can be important in primary 
metabolism, especially during stress response (Noctor 
2006). During seed development, ascorbic acid can be of 
aid in modulating phytohormones synthesis, as ethylene, 
giberellin and abscisic acid, thereby affecting growth (Pastori 
et al. 2003). Increased expression in proteins related to 
the oxidative system is in agreement with observations by 

Pukacka and Ratajczak (2007). These authors demonstrated 
that recalcitrant seeds, the case of O. catharinensis, are 
characterized by high ascorbate content and intensely active 
ascorbate system enzymes, when compared with orthodox 
seeds, in which ascorbic acid contents and ascorbate 
peroxidase activity decrease significantly or totally disappear 
during maturation and dehydration phases.

Spot 5, identified as a protein like proteasome, was not 
expressive in the early stages, although highly so in mature 
stage. Proteasomes are multicatalytic complexes involved 
in protein degradation, required for protein activation in the 
processing of inactive precursors (Etienne et al. 2000). In 
some cases, the proteinases are synthesized during seed 
maturation and remain inactive until germination (Callis 1995). 
Proteins associated to the later stages of embryogenesis 
may not only be regulated during the maturation phase, but 
also during the last phases of germination (Finnie et al. 2002; 
Dell’Aquila 2004). It is important to point out that expression 
in this group of proteins undergoes expressive increment 
during mature stage, keeping higher levels throughout the 
germinative process (data not shown).

The study of differential protein expression furnishes 
important information towards understanding metabolism 
and the various roles in seed development. The present 
study permitted characterizing 2D protein profiles and 
identifying various proteins during seed development in O. 
catharinensis. It could be suggested that protein expression 
related to oxidative metabolism and the BiP proteins 
observed hereby appear as good makers in the final phase 
of development. Further studies are fundamental in storage 
protein form evaluation and those protease activities which 
mediate in the mobilization of these proteins.

Finally, these findings contribute to our understanding 
of protein expression dynamics during the development of 
recalcitrant seeds. Furthermore, identified proteins could 
be useful as markers for improving and monitoring somatic 
embryo development, seeing that zygotic and somatic 
embryogenesis events are very much alike.
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