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Abstract Somatic embryogenesis can be used to produce

artificial seeds of Cyclamen persicum, one of the most

important ornamental plants for the European market, both as

a potted plant in northern Europe and a bedding plant in the

cool winters in southern Europe. The aim of this study was to

obtain new insights into the molecular biology of somatic

embryogenesis, which in turn can be useful for the improve-

ment of tissue culture methodology. Total proteins were

characterized from two isogenic cell lines of Cyclamen per-

sicum, one that was embryogenic and one that never has

shown any embryogenic capacity. The extracted proteins

were separated by two-dimensional differential gel

electrophoresis (2-D DIGE) and selected proteins were treated

using the ETTAN Dalt Spot Handling Workstation. Protein

identification was performed using MALDI-TOF-MS. More

than 1200 Cyclamen proteins were detected; 943 proteins

were common to both lines. The different protein patterns of

the embryogenic and non-embryogenic cell lines were obvi-

ous: One hundred eight proteins were more abundant in the

embryogenic cells, and 97 proteins in the non-embryogenic

cells. Among the differentially expressed proteins, 128 were

identified. MALDI-TOF-MS analysis enabled 27 spots to be

proposed as candidates for embryo-specific proteins, as they

were unique to the embryogenic cell line. The proteins iden-

tified are involved in a variety of cellular processes, including

cell proliferation, protein processing, signal transduction,

stress response, metabolism, and energy state, but the majority

are involved in protein processing and metabolism. The main

functions of the putative embryo-specific proteins have been

discussed in proportion to their role in the somatic embryo-

genesis process.
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Introduction

Cyclamen (Cyclamen persicum Mill.) is one of the most

important ornamental potted plants for the European mar-

ket. Roughly 200 million Cyclamen plants are produced

annually on a worldwide basis, of which about 150 million

are grown in Europe (Schwenkel 2001). The commercial

propagation of Cyclamen is still through F1-hybrid seeds,

but the production of hybrid seeds is connected to

inbreeding depressions and heterogeneity in some
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cultivars. Manual labor for seed production results in high

seed prices. The high prices facilitate commercial potential

for vegetative (clonal) propagation. It has been shown that

in vitro somatic embryogenesis can be applied successfully

(Winkelmann and others 2000) so now the general aim is to

produce synthetic seeds in vitro. So far, the production

system is not sufficiently successful (Winkelmann and

others 2004a, b; Seyring and Hohe 2005); therefore,

comparative studies on embryo development and germi-

nation of zygotic and somatic embryos of Cyclamen have

been conducted (Schmidt and others 2006) to improve the

production of synthetic clonal seeds.

Somatic embryogenesis is regarded as a model system

for the study of morphologic, physiologic, molecular, and

biochemical events occurring during the onset and devel-

opment of embryogenesis in higher plants (Quiroz-

Figueroa and others 2006). Any progress in the research of

somatic embryogenesis can indirectly contribute to the

improvement of crop species and the establishment of

efficient plant propagation technologies, for example, the

use of artificial seeds (Dudits and others 1995). By iden-

tifying candidates for embryo-specific proteins in

Cyclamen, it is possible to develop antibodies for the

positive identification of such proteins in culture at an early

stage of development. This approach may be used to

identify embryogenic genotypes very early in cell cultures

and breeding programs, and environments that promote

embryogenic development in cell cultures. This would

replace the time- and labor-intensive in vitro testing.

Large amounts of proembryogenic masses (PEMs) are

produced in tissue cultures after induction on media con-

taining auxin. After the callus or suspension cultures are

transferred to growth regulator-free medium, cells in the

PEMs respond by developing into somatic embryos

(Halperin 1966). This is true for Cyclamen as well (Win-

kelmann and others 2000). Several studies have dealt with

genetic regulation or changes in protein patterns during

somatic embryogenesis, with the examination of gymno-

sperms, angiosperms, and monocotyledonous and dicotyle-

donous plants (for example, Hendriks and de Vries 1995;

Hvoslef-Eide and Corke 1997; von Arnold and others 2005;

Rose and Nolan 2006; Singla and others 2007). However,

the signalling pathways, the genes, and the proteins that are

required to induce and develop somatic embryos are still not

well defined.

It is generally believed that in the continued presence of

exogenous auxin, the PEMs in the culture synthesize all gene

products necessary to complete the globular stage of

embryogenesis and that the PEMs also contain many other

mRNAs and proteins whose continued presence inhibits the

continuation of the embryogenesis program (Zimmerman

1993). It follows that the removal of auxin results in the

inactivation of a number of genes such that the embryogenesis

program is able to proceed. Studies in carrot also suggest that

new gene products are needed for the transition to the heart

stage and that these new products are synthesized only when

exogenous auxin is removed (Zimmerman 1993). Somatic

embryo receptor-like kinases (SERKs) (Hecht and others

2001), late embryogenesis abundant (LEA) proteins (Chugh

and Khurana 2002), heat shock proteins (HSPs) (Györgyey

and others 1991), GTP-binding proteins (Dudits and others

1995), lipid transfer proteins (LTPs) (Chugh and Khurana

2002), arabinogalactan proteins (AGPs) (von Arnold and

others 2002), and chitinases and peroxidases (Hendriks and

De Vries 1995) are among the gene products that have been

studied in and are important to somatic embryogenesis.

Presently, there is limited information about biochemical

changes during Cyclamen somatic embryogenesis. Recently,

Rensing and others (2005) identified approximately 90

candidate genes that influenced the somatic embryogenesis

in Cyclamen using EST sequencing, whereas Winkelmann

and others (2006) have performed proteomic analyses of

somatic and zygotic embryos. So far there are no reports

available on the comparison between an embryogenic and a

non-embryogenic cell line of Cyclamen, at neither the level

of gene expression nor the proteome level.

The aim of the present study was to identify specific

proteins produced in embryogenic and non-embryogenic

isogenic cell suspensions of Cyclamen, to describe the dif-

ferentially accumulating proteins, to obtain new insights into

early events in somatic embryogenesis, and to determine if

there are proteins that might be used as molecular markers.

Materials and Methods

Plant Material

Embryogenic (E, VIII) and non-embryogenic (NE, 12G)

cell lines of Cyclamen persicum (Fig. 1) were obtained as

callus cultures in vitro from the Institute for Vegetable and

Ornamental Crops, Kuehnhausen, Germany, through

COST822 cooperation. The cultures were initiated from

unpollinated ovules of flower buds from one individual

plant of Cyclamen persicum ‘Giganteum’ Mill. cv. ‘Purple

Flamed’ (genotype 3738), as described by Schwenkel and

Winkelmann (1998) and Winkelmann and others (1998a,

b). The material allows direct comparison of competent

and noncompetent cells from the same genotype.

Medium, Growth Conditions, and Sampling of Cell

Cultures

Callus growth was maintained on a modified MS medium

[half strength Murashige and Skoog (1962) macro- and

micronutrients, NaFe-EDTA full strength, 250 mg L-1
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casein hydrolysate, 30 g L-1 sucrose, 2 g L-1 glucose,

2.0 mg L-1 2,4-dichlorophenoxyacetic acid (2,4-D),

0.8 mg L-1 6-(c-c-dimethylallylamino)-purine (2iP), and

Murashige and Skoog (1962) vitamins]. pH was adjusted to

5.5 and the medium was solidified with 3.7 g L-1 Phytagel

in accordance with Schwenkel and Winkelmann (1998).

The callus cultures (E and NE) were transferred to fresh

medium monthly and maintained at 24�C in the dark.

Suspension cultures (ES and NES) were established in

accordance with Winkelmann and others (1998a) and

subcultured every 2 weeks, using the same medium as for

callus cultures, without the solidifier. The liquid cultures

were maintained in Erlenmeyer flasks (culture vol-

ume = 1/5 of the total volume) on a rotary shaker

(100 rpm) at 24�C in the dark. For protein extraction, the

following cell material was collected: embryogenic and

non-embryogenic suspension cultures 2 weeks after sub-

cultivation on plant growth regulator (PGR)-containing

medium. Ten flasks of each cell line were mixed before

sieving and sampling. The cells, with a size fraction of

100–1000 lm, were quickly frozen in portions of 0.5 g

fresh weight in liquid N2 and stored at -80�C until

extraction.

Embryogeneity Tests

The viability of the embryogenic and non-embryogenic

suspension cultures was measured at the time of sampling

using the TTC assay (Bennett and Loomis 1949; Towill

and Mazur 1975) (10 samples per cell line). The cell

fractions that were eliminated from this study (\100 lm

and [1000 lm) and the cells that were analyzed (100–

1000 lm) were induced for embryo development in Petri

dishes. All samples, except for those less than 100 lm,

were adjusted to 10% PCV in liquid, modified MS medium

without PGRs and plated on top of a filter paper (Whatman

no1) (1 ml jar-1, 5 replicates). The cells were incubated in

Petri dishes on modified, solidified MS medium without

PGRs for 8 weeks at 22�C in darkness. The cells were

considered embryogenic if embryos with tubers and clearly

developed roots were observed.

Protein Extraction

Proteins were extracted according to Corke and Roberts

(1997). Cells were homogenized with drill (1.5-ml Ep-

pendorf tubes, 1 min) before boiling in extraction buffer

[1.15% sodium dodecylsulfate (SDS), 125 mM Tris-HCl

pH 6.8, 50 mM dithiothreitol (DTT)] for 5 min. Samples

were centrifuged (10 min, 4�C, 21000g), the supernatant

collected, and the proteins precipitated with ice-cold ace-

tone (1:9, -80�C, 20 min). The precipitated proteins were

pelleted (5 min, 4�C, 21000g), washed twice with 1 ml ice-

cold acetone, dried for 5-10 min in a laminar flow hood,

and stored at -80�C.

Proteins were isolated from samples taken 2 weeks after

subcultivation. For both cell lines, ten independent

extractions from ten frozen Eppendorf tubes with cell

suspension were performed, and three random extracts

were analyzed using two-dimensional differential gel

electrophoresis (2-D DIGE).

Two-Dimensional Differential Gel Electrophoresis (2-

D DIGE)

Before 2-D electrophoresis, the protein pellets were

resuspended in labeling buffer [7 M urea, 2 M thiourea,

30 mM Tris, 4% w/v 3-[(3-cholamidopropyl)dimethylam-

monio]-1-propane sulfonate (CHAPS)] on a thermomixer

(18�C, 900 rpm, 1 h). The pH of each sample was adjusted

to 8.5 with NaOH, and the protein concentration was

determined using a quantification kit (2-D Quant Kit, GE

Healthcare, Buckinghamshire, UK). An internal standard

was made by mixing 25 lg of each sample. The samples

(50 lg) and the internal standard (50 lg) were labeled with

CyDye DIGE Fluor minimal dyes (400 pmol per 50 lg

protein, GE Healthcare), according to the experimental

design (Table 1), and incubated on ice for 30 min in the

dark. Lysine (1 ll, 10 mM) was then added to stop the

reaction, and the samples were left on ice for 10 min in the

dark. The two samples (50 lg) for each batch (Table 1) and

the internal standard (50 lg) were mixed before adding

2 9 lysis buffer [7 M urea, 2 M thiourea, 4% w/v CHAPS,

Fig. 1 Appearance (1.649)

under the light microscope of

the non-embryogenic (NE, 12G)

(a) and embryogenic (E, VIII)

(b) callus cultures of Cyclamen
persicum Mill., cultured in

darkness for 4 weeks on

modified MS medium

containing plant growth

regulators
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12 ll ml-1 DeStreak Reagent (GE Healthcare)] to a final

volume of 150 ll, and 2% v/v ampholytes immobilized pH

gradient (IPG) buffer (pH 4-7, GE Healthcare). The batch

was left on ice for 10 min in the dark before loading onto

Immobiline Dry Strip gels for isoelectric focusing (IEF).

The current experiment thus contained three biological

replicates.

For analytical gels, Immobiline Dry Strip gels (pH 4-7,

24 cm, GE Healthcare) were rehydrated in a reswelling

tray (GE Healthcare) overnight with 450 ll DeStreak

Rehydration Solution (GE Healthcare) containing 0.5%

IPG buffer (pH 4-7, GE Healthcare). Protein batches of 150

ll were loaded on each strip via sample cups at the anodic

end of the gel and covered with Dry Strip Cover Fluid (GE

Healthcare). For preparative gels, rehydration loading was

performed with 450 ll solution, consisting of 400 lg

proteins, DeStreak Rehydration Solution (GE Healthcare)

to a final volume of 450 ll, and 0.5% IPG buffer (pH 4-7,

GE Healthcare).

Isoelectric focusing (IEF) was conducted at 20�C with

an Ettan IPGphor system (GE Healthcare). The running

conditions were successively 50 V (2 h), 500 V (2 h),

1000 V (2 h), 4000 V (3 h), 8000 V (3 h), and 8000 V

(8 h), with 50 lA/strip and to a total of 85 kVh. The first

and last steps were run in step mode; the remaining were in

gradient mode.

The focused strips were equilibrated twice for 15 min in

15 ml equilibration solution. The first equilibration was

performed in a solution containing 50 mM Tris-HCl (pH

8.8), 6 M urea, 30% v/v glycerol, 2% w/v SDS, 0.002% w/v

bromophenol blue, and 1% w/v DTT. The second equili-

bration was performed in a solution modified by the

replacement of DTT by 2.5% w/v iodoacetamide.

Separation in the second dimension was performed on

1.0-mm gels cast by a 2DEoptimizer (NEXTGENsciences,

Huntingdon, UK) using a 2DEoptimizer reagent kit

(NEXTGENsciences). Glass plates used for preparative

gels and picking gels were treated with Bind-Silane solu-

tion [80% ethanol, 2% acetic acid, and 0.1% Bind-Silane

(GE Healthcare)] before casting. The gels were cast with a

12% resolving gel and run at 15�C overnight, with 2 W per

gel, using the EttanDALTsix system (GE Healthcare). The

protein spots in the analytical gels were visualized by

labeling with CyDye DIGE Fluor minimal dyes, whereas

the preparative gels were stained with Coomassie blue.

Image and Data Analysis

Coomassie-stained gels were scanned using a calibrated

ImageScanner II (GE Healthcare) at a resolution of 300 dpi

(16 bits). Cy2-, Cy3-, and Cy5-labeled protein images were

produced by excitation of gels at 488, 532, and 633 nm,

respectively, and emission at 520, 590, and 680 nm,

respectively, using Typhoon Variable Mode Imager 9400

(GE Healthcare) at a resolution of 100 lm. Images were

analyzed using the DeCyder v6.05.11 software (GE

Healthcare), first to carry out the detection and matching of

the protein patterns. Next, spot selection was conducted,

using the following criteria: absolute abundance variation

of at least 1.5-fold, Student’s t test p \ 0.001, and the

presence of the spots in all the replicates. A picking list was

generated and spots of interest were excised from gels

using the Ettan Spot Picker from the Ettan Spot Handling

Workstation (GE Healthcare).

Spot Handling, Protein Identification, and Database

Search

After washing and desalting in 50 mM ammonium bicar-

bonate/50% v/v methanol, followed by 75% v/v acetonitrile,

spots were then digested with trypsin gold (MS grade, Pro-

mega, Madison, WI, USA; 10 mg ml-1 in 20 mM

ammonium bicarbonate) using the Ettan Digester robot (GE

Healthcare) from the Ettan Spot Handling Workstation (GE

Healthcare). Automated spotting of the samples was carried

out with the spotter from the same workstation. Peptides

dissolved in 50% acetonitrile containing 0.5% trifluoroacetic

acid (0.7 ll) were spotted on MALDI-TOF disposable target

plates (4800, Applied Biosystems, Foster City, CA, USA)

before the deposit of 0.7 ll of a-cyano-4-hydroxycinnamic

acid (7 mg ml-1, 50% v/v acetonitrile, 0.1% v/v trifluoro-

acetic acid; Sigma Aldrich, St. Louis, MO, USA). Peptide

mass determinations were carried out using the Applied

Biosystems 4800 Proteomics Analyzer. Both peptide mass

fingerprinting and MS/MS in reflectron mode analysis were

carried out with the samples. Calibration was done with the

peptide mass calibration kit for the 4700 (Applied Biosys-

tems). Proteins were identified by searching against the

NCBI database using MASCOT (Matrix Science, London,

UK, www.matrixscience.com) and against a ‘‘homemade’’

database containing the ESTs of ‘‘Viridiplantae’’ available

on the NCBI website (http://www.ncbi.nlm.nih.gov/). All

searches were performed using a mass window of 100 ppm

for the precursor tolerance and 0.5 Da for MS/MS fragments,

and with ‘‘Viridiplantae’’ as taxonomy. The search

Table 1 Experimental design for the 2-D DIGE analysis of the

embryogenic (E) and non-embryogenic (NE) cell line at day 0 (DO)

Batch Cy5 Cy3 Cy2

A E DO, 1 NE DO, 1 IS

B NE DO, 2 E DO, 2 IS

C E DO, 3 NE DO, 3 IS

The internal standard (IS) was labeled with Cy2 and the samples were

labeled with Cy3 and Cy5, according to the table. Numbers 1-3

indicate biological replicates
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parameters allowed fixed modifications for cysteine (carb-

oxyamidomethylation) and methionine (oxidation) and

variable modifications on tryptophan (double oxidation or

kynurenin) as well as peptide N-terminal E or Q as pyroGlu.

Two missed cleavages were allowed and the peptide charge

was set at ?1. All the identifications were manually verified

and validated. The main functions of the proteins were found

from their homologies by searching the literature and the

web resources UniProtKB (http://www.pir.uniprot.org/) and

KEGG (http://www.kegg.com/). Potential molecular mark-

ers (Table 2, marked g and h) were found by checking the

ratio and t-test value, as well as the spot image on each gel.

Results and Discussion

Embryogeneity Tests

The embryogenic potential of the two cell lines was veri-

fied by culturing on medium without plant growth

regulators (PGRs). In addition, a control test was per-

formed at the time of sampling to check the viability of the

two different cell lines. The TTC assay yielded no signif-

icant differences in viability between the two cell lines.

The differentiation of embryos on solidified medium con-

firmed the embryogenic nature of cell line VIII and the

non-embryogenic nature of cell line 12G. Cells from line

12G never developed into embryos (Fig. 2a). All samples

from cell line VIII developed into embryos (Fig. 2b),

except for the cell fraction less than 100 lm that was

eliminated from the study. This fraction did not show any

growth whatsoever, not in callus or embryo development,

and did not seem to be important for identifying embryo-

specific proteins. The fraction larger than 1000 lm devel-

oped many embryos, but because the same development

was seen in the samples between 100 and 1000 lm, the

largest cell lumps seemed unnecessary for inclusion in the

study.

Proteomic Analysis

After 2-D DIGE separation, more than 1200 Cyclamen

proteins were detected by digital image analysis over a pH

range of 4-7 and a size range of 10-100 kDa. Roughly 1000

proteins were common to all samples, as judged by the

match mode of the DeCyder 2D software. The statistical

analysis showed that 205 protein spots changed signifi-

cantly (p \ 0.001) between the two cell lines E and NE

(Fig. 3). Among them, 108 proteins were upregulated and

97 were downregulated in E vs. NE suspensions. Principal

component analysis showed that the variability between the

gels (three biological replicates) was small and that 91.8%

of the variability in the gels can be explained by the

differentially expressed spots between the two cell lines.

Peptide-mass fingerprinting with MALDI-TOF-MS identi-

fied 128 proteins with homologies with proteins of other

organisms found in databases (Table 2). The other proteins

were either predicted proteins with unknown functions or

their identification was not possible due to unreliable

results (not enough peptides matched, protein without

homology in database, or spectra of weak intensity). Many

of the proteins were represented by several spots that

matched the same gene sequence but had different pI and/

or Mr (Table 2). These proteins were most likely the result

of posttranslational modification. The ion sequences

obtained are given in the Supplementary Table and the

position of the spots in the 2-D gel is given in the Sup-

plementary Figure. Furthermore, 27 proteins and 11

proteins were unique to the embryogenic cells and to the

non-embryogenic cells, respectively. Unfortunately, only

12 and 4, respectively, of these were identified (Table 2,

marked g and h, respectively). The unique spots could be

considered molecular markers for somatic embryogenesis,

although some that have been identified do not indicate rare

functions. They could, however, be specific isoforms.

The suspension cultures were grown in medium con-

taining 2,4-D prior to the sampling, and therefore the

embryogenic cell line was considered competent. How-

ever, the cell samples analyzed in this article had not been

initiated for differentiation. According to Zimmerman

(1993), many of the genes responsible for embryo forma-

tion are already expressed in proembryogenic masses

(PEMs) during unorganized growth. By comparing the

PEMs with non-embryogenic cells, it was possible to

investigate the very early stages of somatic embryogenesis.

In this initial study, only soluble proteins within a pI range

of 4-7 were analyzed. Nevertheless, valuable novel infor-

mation on the molecular aspects of somatic embryogenesis

has been obtained for this poorly characterized species.

The 128 identified proteins, listed in Table 2, were

classified into six functional categories based on their main

biological process, as suggested by Marsoni and others

(2008): (1) cell proliferation (6.0% of identified proteins),

(2) protein processing (14.3%), (3) signal transduction

(6.0%), (4) stress response (3.8%), (5) metabolism and

energy state (67.7%), and (6) hypothetical function (2.3%).

The largest classes were those representing proteins

implicated in protein processing and metabolism. This is in

accordance with the analysis of embryogenic and non-

embryogenic calluses of grapevine (Marsoni and others

2008), which gave 19 and 26%, respectively, for the same

categories. Nogueira and others (2007) also found that 44%

of the proteins identified from embryogenic cell suspen-

sions of cowpea were involved in primary metabolism. Our

results are discussed in five sections below according to

functional categories, starting with the largest classes and
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focusing on the identified proteins that were unique to the

embryogenic suspensions (ES) and non-embryogenic sus-

pensions (NES).

Metabolism and Energy State

Establishment of embryogenic competence is accompanied

by active metabolic changes (Fehér and others 2003). The

highest proportion (67.7%) of the proteins identified in our

study were involved in metabolic processes, mainly car-

bohydrate metabolism, amino acid metabolism, lipid

metabolism, phosphate metabolism, metabolism of cofac-

tors and vitamins, and energy metabolism (Table 2).

A high abundance of proteins involved in carbohydrate

metabolism may be evoked by the exogenous sucrose and

glucose supply by tissue culture media, as mentioned in

Winkelmann and others (2006). Transketolase (spot 157,

unique to ES) has already been reported as more abundant

in embryogenic than in non-embryogenic cultures (Marsoni

and others 2008), similar to our results. GAPDH (spots

904, 907, 908, 917, 946, 961, 982) have been found in

higher amounts in somatic embryos compared to zygotic

embryos (Winkelmann and others 2006). In our analyses,

four of these proteins were unique to ES. Nogueira

and others (2007) also identified several proteins as

GAPDH in proembryogenic masses of cowpea. Pyruvate

dehydrogenase E1a (spot 839, unique to ES) is essential for

overall control of metabolic flow, as a component of the

pyruvate dehydrogenase complex (Luethy and others

2001).

Rensing and others (2005) and Winkelmann and others

(2006) found that glutathione-S-transferase accumulated in

embryogenic tissue and somatic embryos. In our study,

putative glutamate decarboxylase (spot 530) and glutamate

dehydrogenase A (spots 801, 830) were either unique to or

upregulated in ES. This may indicate that the glutamate

and glutathione metabolisms are involved in embryogene-

sis. IVD 2 (spot 900, unique to ES), involved in leucine

catabolism, has also been strongly expressed in potato

tubers, and Faivre-Nitschke and others (2001) suggested a

possible role in sprouting.

Cell wall and membrane formation is enhanced during

embryogenesis (Chugh and Khurana 2002). In agreement

with this, two enzymes involved in wall and membrane

synthesis (spots 890, 960) were upregulated in ES. Acyl-

[acyl-carrier protein] desaturase (spot 960, unique to ES) is

involved in fatty acid biosynthesis and is a key determinant

of the overall level of unsaturated fatty acids in the cell

(Kachroo and others 2001).

Putative metallophosphatases (spots 61, 65, 84, 89, 90,

116, 128), involved in phosphate metabolism (Olczak and

Olczak 2002), were unique to or strongly upregulated in

Fig. 3 Bidimensional gels on a pH 4-7. The left shows an example

image from the embryogenic sample (E, VIII) (labeled with Cy3),

while the right shows an example from the non-embryogenic sample

(NE, 12G) (labeled with Cy5). Spots circled in green and blue were

differentially expressed (p \ 0.001) in E and NE. These spots were

picked from this gel and analyzed using mass spectrometry. The spot

numbers are given in the Supplementary Figure. HMW, high-

molecular weight; LMW, low molecular weight

Fig. 2 Non-embryogenic

(NE, 12G) (a) and embryogenic

(E, VIII) (b) cells grown on

modified MS medium without

plant growth regulators for

9 weeks
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NES. A possible function of these enzymes is unknown,

but their physiologic role could be related to a regulation of

the diphosphonucleotide level in plant metabolism (Olczak

and Olczak 2002).

In animals, an increase in cytoplasmic pH is important

for activation of later fertilization events such as movement

of the pronucleus and the initiation of protein and DNA

synthesis (Dudits and others 1995). Similarly, Smith and

Krikorian (1990) have shown that low pH is essential for

maintaining the proembryogenic stage in carrot. At low

pH, the ATPase H? pump is stimulated (Sanders and others

1981). In our study, vacuolar ATP synthase subunit B2

(spot 491), ATP synthase subunit beta (spots 1050, 1084),

and ATPase alpha F1 (spot 1502) were highly upregulated

in ES compared to NES. In fact, ATPase alpha F1 (spot

1502) was the most unique embryo-specific protein found

in this study with regard to the amount. This may explain

the proembryogenic state of our culture. It is also probable

that the embryogenic cells need more energy for their

metabolic changes. Zimmerman (1993) found that ATPase

was upregulated during somatic embryogenesis in carrot.

Schaefer (1985), on the other hand, showed that cells of

non-embryogenic alfalfa callus have a lower average

intracellular pH than embryogenic cultures, and that

regeneration was favored at high average intracellular pH.

The 14-3-3 proteins, represented here by spot 1308, have

been known as positive regulators of H?-ATPase activity

(Chen and others 2006). Our results support this theory,

because the 14-3-3-like protein (spot 1308) as well as

ATPase (spot 1502) were upregulated in ES.

Protein Processing

Cell reprogramming requires posttranslational modification

of proteins, protein folding, and protein translocation. A

range of heat shock proteins (HSPs) were found in both cell

lines in our study, including members of the HSP90 family,

the HSP70 family, and the HSP60 family. These proteins

are chaperones and folding catalysts, and also participate in

membrane transport and signal transduction (Sun and others

1996; Kiang and Tsokos 1998; Krishna and Gloor 2001).

The HSP90 class participates in the masking of hormone

receptors (Ellis 1990). Interestingly, a HSP90 representa-

tive (spot 93) was unique to NES and may play an important

role in keeping this cell line non-embryogenic. Members of

the HSP60 and HSP70 families have also been found in

embryogenic tissue of Picea glauca (Lippert and others

2005), in the embryogenic callus of Vitis vinifera (Marsoni

and others 2008), and in somatic embryos of Cyclamen

persicum (Winkelmann and others 2006). The heat shock

genes are also expressed during early embryogenesis in

mouse (Bensaude and Morange 1983), the common fruit fly

(Zimmerman and others 1983), alfalfa (Györgyey and

others 1991), and white spruce (Lippert and others 2005).

The HSPs are referred to as stress proteins, but recent

studies show that many of the stress protein genes are

activated in the absence of stress, with some HSPs

appearing at specific stages of development, in specific

tissues, and even during the normal cell growth cycle (Bond

and Schlesinger 1987). According to Bond and Schlesinger

(1987), the HSPs can play a role during cell proliferation,

differentiation, and embryogenesis.

Cell Proliferation

Accepting the fact that the initiation of somatic embryo-

genesis is closely linked to hormone-induced cell divisions,

its molecular characterization can also be based on genes

with cell cycle-dependent expression (Dudits and others

1995). One protein that is involved in cell growth and cell

division through microtubule stabilization, the translation-

ally controlled tumor protein homolog (TCTP) (Gachet and

others 1999), was unique to ES (spot 1450). This protein

has previously been identified in embryogenic cell sus-

pensions of cowpea (Nogueira and others 2007).

Signal Transduction

Levels of some proteins involved in signalling were iden-

tified and were found to be higher in ES than in NES (spots

316, 1188, 1308). The 14-3-3-like protein GF14-D (spot

1308), similar to a protein found in embryogenic cell

suspensions by Nogueira and others (2007), belongs to the

14-3-3 proteins, which are major regulators of primary

metabolism and cellular signal transduction in plants

(Comparot and others 2003; Chen and others 2006). Pro-

tein phosphatase 2A (PP2A) 65-kDa regulatory subunit

(spot 316) has previously been associated with the

embryogenesis process by Rensing and others (2005) and

by Marsoni and others (2008). PP2A is involved during

developmental processes such as seedling and floral

developments, and is mostly expressed in cell-dividing

tissues such as apical meristems (Zhou and others 2004).

PP2A also plays a prominent role in the regulation of

specific signal transduction cascades (Janssens and Goris

2001). It is important in auxin transport (Garbers and others

1996), functions as a general positive transducer of early

ABA signalling (Kwak and others 2002), and is involved in

differential cell elongation responses (Deruère and others

1999). Zhou and others (2004) demonstrated its role in

embryogenesis and reproduction through Arabidopsis

mutants. Dudits and others (1995) reported different pro-

tein phosphorylation patterns from cells of embryogenic

and non-embryogenic genotypes. In the presence of the

same concentrations of 2,4-D, the embryogenic cell pop-

ulation exhibited a marked increase in phosphorylation of
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defined proteins compared to the non-embryogenic cells.

Our results may be in accordance with this because the

embryogenic suspensions expressed higher levels of PP2A

and a 14-3-3-like protein, both of which play important

roles in protein phosphorylation.

G proteins (spots 1269, 1278, 1291) and calreticulin

(spots 360, 438) have previously been classified as prom-

ising candidates for involvement in signal tranduction in

Cyclamen somatic embryogenesis (Rensing and others

2005).

Stress Response

Somatic embryogenesis can be considered an extreme case

of adaptation, a survival strategy, and a cellular stress

response to in vitro culture conditions (Dudits and others

1995; Pasternak and others 2002). Auxins, such as 2,4-D,

play a critical role in the induction of embryogenic somatic

cells, and the application of high exogenous concentrations

of 2,4-D in the culture medium itself is a stress signal

(Dudits and others 1995). The auxin treatment is thought to

induce an oxidative burst which results in stress response

and induction of somatic embryogenesis (Thibaud-Nissen

and others 2003). In our study, two stress-related proteins

were upregulated in ES (spot 246, 1192). Catalase (spot

1192) had previously been named as a candidate protein in

the influence of Cyclamen somatic embryogenesis and is

expressed as a response to oxidative stress, according to

Rensing and others (2005). Catalase takes part in energy

metabolism and amino acid metabolism.

The consideration of somatic embryogenesis as a spe-

cific form of stress response is supported by experimental

findings that show the involvement of the heat shock sys-

tems in this developmental reprogramming (Zimmerman

and others 1989; Györgyey and others 1991). Czarnecka

and others (1984) found the activation of heat shock genes

by 2,4-D treatment of soybean seedlings. In agreement

with this, members of the HSP90, HSP70, and HSP60

families were found in our study. One of these heat shock

proteins, HSP68 (spot 235), was supposed to have a stress-

activated defense function (Bond and Schlesinger 1987;

Neumann and others 1993).

Dehydrin (spot 510), another stress-inducible protein

found in this study, is part of a large group of highly

hydrophilic proteins known as LEA (late embryogenesis

abundant) proteins. LEA proteins were originally shown to

accumulate in plant embryos during the later stages of

embryogenesis and are now widely accepted as somatic

embryogenesis-related proteins (Chugh and Khurana

2002). Dehydrins accumulate late in embryogenesis and in

nearly all the vegetative tissues during normal growth

conditions and in response to stress leading to cellular

dehydration (Rorat 2006). Several functional roles have

been proposed for the different subgroups of LEA proteins,

including molecular chaperones, DNA binding and repair,

Ca2? binding, and being a structural component of the

cytoskeleton (Wise and Tunnacliffe 2004). However,

despite being discovered more than 20 years ago, the

precise function of the LEA proteins is still unclear (Tun-

nacliffe and Wise 2007).

Conclusion

There is probably no single model applicable to all plant

species for differentiating into an embryo, but a number of

the proteins identified in our study were similar to candi-

date proteins found in other studies. Differentially

expressed proteins in embryogenic and non-embryogenic

cell suspensions of isogenic lines were involved in cell

proliferation, protein processing, signal transduction, stress

response, and metabolism. The highest proportion was

implicated in metabolism, especially carbohydrate metab-

olism. Among the proteins detected, 27 were unique to the

embryogenic suspension and 12 of these were identified.

The others were either predicted proteins with unknown

functions or their identification was not possible due to

unreliable results (not enough peptides matched, protein

without homology in the database, or spectra of weak

intensity). The 12 embryo-specific proteins represented

different biological functions: cell proliferation, and car-

bohydrate, amino acid, lipid, and energy metabolism.

ATPase (spot 1502), the most abundant protein, was unique

to the embryogenic cell line. This may explain the pro-

embryogenic state of our culture, but may also mean that

the embryogenic cells need more energy for their metabolic

changes. Three putative metallophosphatases (spots 65, 89,

and 128) as well as a molecular chaperone Hsp90 (spot 93)

were unique to the non-embryogenic cell line. These may

prevent differentiation.

Further studies should include suspension cultures that

are induced for differentiation and their protein expression

over time. Candidate proteins could be analyzed in more

detail with regard to their localization in the cell, because

proteins bound to or part of the cell wall could be a good

basis for developing antibodies. The possibility of anti-

body-covered beads as a means of cell separation will

enable enrichment of embryogenic cells in bioreactors and

more synchronous development of embryos. Antibodies

against embryo-specific proteins in general can be useful

for the identification of appropriate treatments or environ-

ments during in vitro testing.
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