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Abstract Two dimensional gel electrophoresis combined
with matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF MS) was
employed to study the somatic embryogenesis (SE) in
Valencia sweet orange (Citrus sinensis Osbeck). Twenty-
four differentially expressed proteins were identified at five
time points of citrus SE (0, 1, 2, 3, 4 weeks after embryo
initiation) covering globular, heart/torpedo and cotyledon-
shaped embryo stages. The general expression patterns for
these proteins were consistent with those appeared at
4 weeks of citrus SE. The most striking feature of our study
was that five proteins were predicted to be involved in
glutathione (GSH) metabolism and anti-oxidative stress,
and they exhibited different expression patterns during SE.
Based on that oxidative stress has been validated to
enhance SE, the preferential representation for anti-oxida-
tive proteins suggests that they could have a developmental
role in citrus SE. Some proteins involved in cell division,
photosynthesis and detoxification were also identified, and
their possible roles in citrus SE were discussed.
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Abbreviations

2-DE

Two-dimensional gel electrophoresis

ACN Acetonitril

CBB Coomassie brilliant blue

CHAPS 3-[(3-Cholamidopropyl)
dimethylammonio]propanesulfonic acid

DTT pL-Dithiothreitol

EST Expressed sequence tag

GSH Glutathione

GST Glutathione-S-transferase

MALDI-TOF Matrix-assisted laser desorption
ionization time-of-flight

MS Mass spectrum

PEBP Phosphatidylethanolamine-binding
family protein

PHGPx Phospholipid hydroperoxide glutathione
peroxidase

ROS Reactive oxygen species

SE Somatic embryogenesis

TFA Trifluoroacetic acid

Introduction

Somatic embryogenesis (SE), based on plant totipotency, is
the development switch of somatic cell to embryo (Zim-
merman 1993). SE can serve as a model system to study
the molecular, cytological, physiological and develop-
mental events of plant embryogenesis with accessible
experimental manipulation (Zimmerman 1993). Further-
more, for many woody plant species, embryogenic cultures
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are common materials for genetic transformation, and SE is
a primary pathway of indirect plantlet regeneration for
these biotechnologies. However, embryogenic capacity is
limited to certain genotypes and often lost during long-term
in vitro conservation, which hinders relevant applications.
Understanding the mechanism of SE process will be
helpful for successful utilization.

It is believed that analyses of gene expression during SE
can provide information for better understanding of this
process (Zimmerman 1993; Chugh and Khurana 2002;
Fehér et al. 2003; Stasolla et al. 2004). Increasingly studies
are focused on characterizing genes specifically expressed
during this process (Chugh and Khurana 2002; Fehér et al.
2003). Numerous genes involved in or associated with SE
such as SERK (Schmidt et al. 1997), LEAFY COTYLE-
DON (Meinke 1992), DcAGP1 (Baldwin et al. 2001),
BABY BOOM (Boutilier et al. 2002) and WUSCHEL (Zuo
et al. 2002) were identified. Moreover, transcriptomic
studies were applied to investigate global gene expression
in SE (Thibaud-Nissen et al. 2003; Stasolla et al. 2004).
Recently, proteomics were employed to study SE in several
plant species including Medicago truncatula (Imin et al.
2004, 2005), Picea glauca (Lippert et al. 2005), Cyclamen
persicum (Winkelmann et al. 2006) and Vitis vinifera
(Milena et al. 2008). Since proteins directly influence cel-
lular biochemistry and provide a more accurate analysis of
cellular changes during growth and development (Chen
and Harmon 2006), identification of proteins associated
with somatic embryo development may provide mecha-
nistic insight onto SE.

Citrus is one of the most important fruits in the world.
However, citrus cultivar improvement through conven-
tional genetic breeding is hindered by several factors
inherent to the citrus species such as a long juvenile
period, polyembryony and male/female sterility. SE pro-
vided an avenue for citrus genetic improvement due to its
vital role in biotechnological tools such as tissue culture,
protoplast fusion and genetic transformation which may,
to some degree, overcome these obstacles associated with
sexual reproduction. Research on citrus SE over the past
decades mainly focused on physiological description and
improvements in culturing technologies (Francesco et al.
1998; Stefania et al. 2002; Mukaddes and Kemal 2006).
Very little is known about the molecular process involved
in citrus SE.

This study aims to identify proteins differentially
expressed during citrus SE using a proteomic approach. A
number of proteins have been shown to be preferentially
expressed during certain stages of citrus SE, validating this
method to probe the molecular process of citrus embryo
development and providing a basis for future genetic/bio-
chemical studies on the roles of some of the candidate
genes/proteins in citrus SE.
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Materials and methods
Plant materials, culture treatment and sample collection

Embryogenic callus of Valencia sweet orange (C. sinensis)
was maintained on MT basal medium (Murashige and
Tucker 1969), and subcultured at one-month intervals. For
somatic embryo initiation, embryogenic callus was cul-
tured on glycerol-added medium where sucrose was
replaced by 2% (w/v) glycerol (Liu and Deng 2002).
Samples were collected at 1, 2, 3, and 4 weeks after
somatic embryo initiation. The cultures were sequentially
subcultured on glycerol-containing medium, and somatic
embryos at globular, heart/torpedo and cotyledon-shaped
stages were selected under microscope when they were
visible.

Protein extraction

Protein was extracted according to a modified method
described previously (Dai et al. 2007). Sample (1 g) was
ground to powder with liquid nitrogen. The powder was
suspended in 10 ml extraction buffer containing 50 mM
Tris-HCI pH 7.5, 20 mM KCI, 1% CHAPS, 2% (v/v) beta-
mercaptoethanol, 100 pl protease inhibitor cocktail
(BS384, BBI), then incubated for 20 min on ice. Super-
natant was collected after centrifugation at 10,000xg for
15 min at 4°C, followed by adding three volumes of 12.5%
trichloroacetic acid to precipitate proteins on ice for 2 h.
Proteins were pelleted by centrifugation at 10,000xg for
15 min at 4°C, and then resuspended in cold acetone
containing 0.07% f-mercaptoethanol. The mixture was
kept at —20°C for 1 h before centrifugation at 10,000x g
for 15 min at 4°C. Protein pellet was washed twice with
cold acetone, lyophilized by vacuum, and stored at —80°C
until use. Before 2-DE, protein pellets were dissolved in a
lysis buffer (§ M urea, 2 M thiourea, 4% CHAPS, 13 mM
DTT, 2% pharmalyte 3-10) and used immediately after
debris was removed by centrifugation as above. The pro-
tein concentration was determined with the Bio-Rad
protein assay kit based on the Bradford method using BSA
as standard. Three independent protein extractions were
performed.

2-DE

Samples were applied to 17 cm liner IPG strips (Bio-Rad,
pH 4-7). After 14-h rehydration, isoelectric focusing was
performed on PROTEAN IEF Cell (Bio-Rad) as following:
30 min at 250 V, 1 h at 1,000 V, 5 h to increase the
voltage from 1,000 to 8,000 V, 7.5 h at 8,000 V. Gels were
then subjected to 2 x 20 min equilibration, using buffer I
and buffer II, which basically contains 6 M Urea, 50 mM
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Tris-HCI (pH 8.8), 30% glycerol, 2% (w/v) SDS, with
addition of 2% (w/v) DTT in Buffer I and 2.5% (w/v)
iodoacetamide in Buffer II, respectively. SDS-PAGE was
performed with 12% acrylamide gels in the PROTEAN
MINI 2 (Bio-Rad) for 5 hrs at 180 V. pl and molecular
mass of the proteins were determined, respectively, by the
liner pH arrangement of IPG strips and SDS-PAGE marker.

Staining and image analysis

Proteins were visualized with Coomassie Brilliant Blue
(CBB) G250 according to Giovanni et al. (2004). Briefly,
gels were fixed in a solution of 40% ethanol and 10% acetic
acid for 30 min, washed with MilliQ water for 4 x 15 min,
stained overnight in a CBB G250 solution (0.12% G250,
10% phosphate acid, 10% (NH4),SOy4, 20% methanol), and
then destained with MilliQ water until the background was
clean. Gels were imaged by UVP (Bio-Rad) under “Trans
White” mode. Protein spots were detected by PDQuest
software (Bio-Rad) and normalized to total spot quantity in
valid spots under PPM (x1,000,000) scaling step. Spot
quantity is the total intensity of a defined spot in a gel
image. The intensity is the sum of intensities of the image
pixels inside boundary. It is calculated during spot detec-
tion and Gaussian fitting, which is calculated by PDQuest
software. After manual processing, the well-separated spots
in all triplicate gels were submitted to ANOVA analysis
(P < 0.05).

Tryptic digestion and protein identification

Protein spots were excised from gels, destained for 20 min in
30 mM potassium ferricyanide/100 mM sodium thiosulfate
(1:1 v/v), and washed in Milli-Q water until the gels were
destained. The spots were kept in 0.2 M NH,HCO; for

Fig. 1 Embryogenic callus of
Valencia sweet orange at
different time points (upper)
and somatic embryos at
different stages (lower). The
panels represent a 0 WAL b 3
WALI and ¢ 4 WALI of embryo;
d globular embryo, e heart-
shaped embryo, f torpedo-
shaped embryo, g cotyledon-
shaped embryo. The WAI
represents weeks after initiation.
Bar = 1 mm

20 min and then lyophilizated. Each spot was digested
overnightin2 pl 12.5 ng/pltrypsinin 0.1 MNH,4HCOj3. The
peptides were extracted with 50% ACN, 0.1% TFA for three
times. All mass spectra were acquired on an AutoFlex
MALDI-TOF/TOF mass spectrometer with LIFT technol-
ogy (Bruker Daltonics, Bremen, Germany). Tryptic digests
were prepared on AnchorChip sample plate (Bruker Dal-
tonics, Bremen, Germany) according to the manufacturer’s
instructions. Both MS and MS/MS data were acquired with a
N, laser at 25-Hz sampling rate. PMF data and MS-MS data
were combined using Flex Analysis and the data set was
submitted to MASCOT program for protein identification.
EST_viridiplantae viridiplantae_20080108 (86,321,490
sequences; 15,273,276,944 residues) and National Center
for Biotechnology non-redundant (NCBInr 20080221) pro-
tein database (6,122,577 sequences; 2,096,230,148 residues)
were searched against. The search was performed taking
green plants as taxonomy, which contained 74,605,494
sequences (EST) and 473,596 sequences (NCBInr). The
other parameters for searching were the enzyme of trypsin;
one missed cleavage; fixed modifications of carbamidom-
ethyl (C); variable modifications of oxidation (Met). Peptide
tolerance of 100 ppm; fragment mass tolerance of £0.5 Da;
peptide charge of 14 were selected. Only significant hits, as
defined by the MASCOT probability analysis (P < 0.05),
were accepted.

Results

Identification of differentially expressed proteins during
citrus SE

Somatic embryos were induced from embryogenic callus
(Fig. 1a) cultured on MT medium containing glycerol.
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Massive globular embryos were produced after 3 weeks
(Fig. 1b); globular, heart-shaped, torpedo and cotyledon
embryos were emerged as a mixture in 4 weeks (Fig. 1c).
Total proteins were extracted from embryogenic cultures at
0, 1, 2, 3 and 4 weeks and analyzed by 2-DE (Fig. 2a—e).
The average number of spots varied with developmental
stages, ranging from 746 (0 week) to 825 (3 weeks) spots.
To construct a master gel, we chose one image of 0-week
stage gel as a reference and then added the spots detected
on the reference gels of the other stages. Finally, 928 spots
were pooled to create this synthetic master gel (Fig. 2f).
Relative quantity data of each spot in all triplicate gels was
exported to excel and was submitted to a one-way ANOVA
analysis. A total of 62 protein spots were found to be
significantly changed (P < 0.05). All these spots were
excised from CBB G250 stained gels, and were submitted
to MALDI-TOF or MALDI-TOF-TOF after in-gel diges-
tion. Because only limited citrus-specific protein sequences
are available in the databases, we searched against EST
databases combined with the non-redundant protein data-
base at the NCBI. In total, 24 proteins were successfully
identified (Table 1). These protein spots were marked in
the master gel (Fig. 2f). Out of these 24 proteins, 11 were
up-regulated, 9 down-regulated and 4 transiently up/down-
regulated during the SE. Among these proteins, spot 7 and
20 were identified to be two forms of a same ferritin-3.
These two proteins may undergo posttranslational modifi-
cation because of their different pI and similar molecular
mass. Three proteins (spot 16, 26 and 29) were identified as
members of glutathione S-transferase families. As for spot
15 and 28, each was identified as a mixture of two different

Fig. 2 The development of
somatic embryos from Valencia
sweet orange as analyzed by 2-
DE. The images represent the
expressed protein profiles
obtained from samples collected
ata 0 WAL b 1 WAL ¢ 2 WAL,
d 3 WAI and e 4 WAL The
WAL represents weeks after
initiation. The master gel (f)
was constructed by adding the
spots detected on the reference
gels of other stages to one image
of 0 WALI stage gel
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proteins (Table 1). In summary, 24 proteins were identified
from the 22 protein spots.

Based on predicted biochemical functions, most of the
24 proteins are likely to be involved in oxidative stress
responses, cell division, photosynthesis and detoxification.
Specifically, five proteins may be associated with oxida-
tive stress responses: one phospholipid hydroperoxide
glutathione peroxidase (PHGPx, spot 18), one cysteine
synthase (spot 23) and three isoforms of glutathione
S-transferase GST, spot 16, 29, 26; spot 26 being a
putative dehydroascorbate reductase also belonging to the
GST family in plant (Dixon et al. 2002). Interestingly, as
shown in Table 1, the expression patterns during SE
varied for these anti-oxidative proteins. The abundance of
the PHGPx (spot 18), the cysteine synthase (spot 23) and
one of the GSTs (spot 16) gradually decreased, but that of
the dehydroascorbate reductase (spot 26) increased to a
higher level in the last two weeks of SE induction. For
the GST identified in spot 29, it showed a transient down-
regulation in the first 3 weeks but restored to the original
level in the 4th week. Three proteins, i.e. two forms of
tubulin (spot 15) and a putative DNA-damage-repair/tol-
eration protein DRT102 (spot 17), are predicted to be
involved in cell division and they exhibited gradual up-
regulation during citrus SE. In addition, two forms of
ferritin-3 (spot 7 and 20) (known to be involved in pho-
tosynthesis) were shown to be up-regulated in the late
phase of citrus SE. A spermidine synthase (spot 11)
showed transiently up-regulation in 2 weeks after SE
induction, and a putative rhodanase (spot 9) was strongly
up-regulated in the 4th week of SE.
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Table 1 Identified proteins
whose expression level changed
during somatic embryogenesis
Each entry contains a spot
number, which corresponds to
the protein spots marked in

Fig 2f. Graphical representation
of relative expression at five
stages is given for each protein
spot. The WAI represents
“weeks after initiation”. The
maximum level of protein
expression at specific stage for
each spot is also given. The
quantity of protein expression is
the total intensity of a defined
protein spot which is calculated
by PDQuest software (see
“Materials and methods” for
details). Each entry also
contains the best matching EST
gi, the experimental pI/MM, the
homologous protein and its pl/
MM, and the Mowse score. The
Mowse represents an
algorithmic method which
searches protein based on the
molecular weight search
(Mowse)

Spot Spot Maximum Experimental Best MOWSE Homologous Protein pI/MM
No. Pattern Level pI/MM Matching Score (KD) of
‘WAIL:0-1-2- (Satge in (kD) EST gi homologous
34 WAI) proteins
2 13008+1091 4.68/19.2 2il345245 97 early tobacco anther 1 4.86/17.4
‘ ‘ \ e) 41
S 1703x118 4.77/31.3 gil454516 62 ubiquitin carboxyl-terminal 5.35/27.8
‘ ‘ [ 0} 90 hydrolase
7 2221+402 5.08/23.2 £il630721 96 Ferritin-3, chloroplast 5.36/28.9
‘ ‘ ] ‘ ‘ ()] 12 precursor
9 1824+113 5.17/18.8 £il400009 92 putative rhodanese 9.32/23.6
| ) 81
11 98066 5.12/36.9 2il578757 105 Spermidine synthase 5.05/34.5
1 e o
12 2639+128 5.12/34.9 £il682751 191 pfkB-type carbohydrate kinase 5.21/35.0
ln "
13 1858+158 5.17/38.9 gil462100 116 fructokinase 5.11/37.5
LT () 4
15 8658628 5.30/49.2 2il157536 100 alpha tubulin-1D 4.95/49.6
l ‘ ‘ 4) 562
15 8658+628 5.30/49.2 2il221438 99 alpha tubulin 4.93/49.6
M e
16 5034+295 5.49/25.4 2il286184 127 Glutathione S-transferase 4.97126.7
[Tt © 66 @sT)
17 809+£55 5.39/30.3 gill10857 121 DNA-damage-repair/toleratio 5.22/33.0
Nis ) 131 1 protein DRT102
18 10523+1249 5.70/18.7 gil544437 82 Phospholipid hydroperoxide 5.70/18.7
‘ H ‘ 0) glutathione peroxidase
(PHGPx)
19 1708+309 5.82/17.0 gil565361 94 phosphatidylethanolamine-bin 5.33/17.8
T ‘ “4) 51 ding family protein
20 2397+242 5.92/23.7 2il579323 175 Ferritin-3, chloroplast 5.36/28.9
‘ ‘ “) 51 precursor
21 - 349680 6.0/45.0 2il579316 114 S-adenosyl-L-methionine 5.42/43.1
‘ ‘ 2) 20 synthetase (SAMs)
22 186794 6.35/26.8 2il454473 113 unknown protein 5.43/30.2
T ©) 68
23 1693+304 6.05/33.1 £il565877 92 cysteine synthase 5.69/32.5
[ [ (©0) 39
24 1144279 6.28/36.6 2il553922 143 perakine reductase 591/37.2
[l @ 02
25 952494 6.3/34.9 gill110863 111 epoxide hydrolase 5.10/35.4
ﬂ ‘ ‘ 4) 310
26 2966+411 6.47/22.4 gil616929 99 dehydroascorbate reductase 7.70/23.7
\ ‘ @ 18
27 1644101 6.69/37.0 2il630565 174 Aldo/keto reductase 5.60/37.7
[l @ a1
28 1378+237 6.47/45.8 2il565298 111 GDP-D-mannose-3',5'-epimer 5.84/42.6
( ‘ ‘ 0) 57 ase
28 13784237 6.47/45.8 2il296693 106 NAD dependent epimerase 5.99/40.9
e o
29 11436+1785 6.75/21.6 £il216508 157 putative glutathione 5.38/17.0
‘ ‘ ) 77 S-transferase
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Protein expression in globular, heart/torpedo and
cotyledon-shaped embryo stages

Because the induction of SE from individual cell is not a
synchronized process, a mixture of heterogeneously
developed somatic embryos was often found in the starting
citrus callus material four weeks after induction of SE. To
further gain, the accurate protein expression associated
with specific SE stages, we hand-picked out the embryos in
globular, heart, torpedo and cotyledon-shaped stages under
a microscope (Fig. 1d—g). Due to the difficulty in distin-
guishing heart-shaped and torpedo-shaped embryos,
embryos at these two stages were pooled together, and
designated as heart/torpedo-shaped embryos. Based on the
position of spots in the 2-DE gel, expression levels of the
above identified proteins extracted from the embryos of
these three stages were compared with those extracted from
the embryogenic callus (0 week). Due to the use of a dif-
ferent electrophoresis system, four protein spots (spot 2, 9,
18 and 19) ran out of the gels because of their small
molecular mass. Thus, 18 protein spots corresponding to 20
proteins were investigated. The results summarized in
Fig. 3 showed that the general expression patterns of these
proteins were similar with the data collected from the time-
course study of citrus SE (Table 1). In detail, 7 spots (spot
5,12, 13, 16, 22, 23 and 29) and 9 spots (spot 7, 15, 17, 20,
24, 25, 26, 27, 29) found to be down-regulated and up-
regulated, respectively, during the time-course of citrus SE,
were indeed down-regulated and up-regulated in globular,
heart/torpedo-shaped and cotyledon-shaped embryos com-
paring with embryogenic callus. Spot 11 and 21 were
sustained in these three stages, consisting with the result
that they were transiently up-regulated in the first 3 weeks
but restored to the original level in the 4th week. Inter-
estingly, within these three stages, the 7 down-regulated
spots were sustained; two of the 9 up-regulated spots (spot
15 and 25) were gradually up-regulated and three (spot 20,
24 and 29) were transiently up-regulated (Fig. 3).

Discussion

SE is a method of regeneration for citrus in nature from
nucellar cells and laboratories from embryogenic callus. SE
provides an important approach of regeneration for citrus
in nature from nucellar cells and laboratories from
embryogenic callus. The process obviously involves
extensive reprogramming of gene/protein expression
(Chugh and Khurana 2002). In the present study, we have
identified 24 proteins whose expression was shown to be
altered during SE of in vitro-cultured citrus callus. Some of
these proteins may play important roles in initiation of the
SE process or the changes of their expression may reflect
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direct consequences of the cellular reprogramming in the
cultured tissue during SE.

Preferential representation for anti-oxidative proteins
implies a role in SE

Though accumulating data indicated that oxidative stress
caused by radical oxygen species (ROS) enhanced SE in
many plant species (Luo et al. 2001; Pasternak et al. 2002;
Caliskan et al. 2004; Ganesan and Jayabalan 2004), few
investigated the dynamic expression of oxidative stress-
related proteins during SE.

The most striking feature of our results was that five
differentially expressed proteins (spot 16, 18, 23, 26 and
29) are predicted to be involved in oxidative stress and
metabolism of glutathione (GSH) which acts as a donor of
reducing equivalents for the scavenging of ROS (May et al.
1998). Three of these proteins (spot 16, 18 and 23) were
down-regulated during citrus SE, which agrees well with
the speculation that oxidative stress stimulates cell dedif-
ferentiation and promotes somatic embryo formation
(Fehér et al. 2003). However, one anti-oxidative protein
(spot 26) showed up-regulation in late stages of SE, while
the last (spot 29) showed only transient down-regulation in
the second and third week after SE induction. These two
proteins (spot 26 and 29) and the one from spot 16 are
classified as different isoforms of the glutathione S-trans-
ferase (GST). Because GSTs are known to catalyze
conjugation of a broad range of substrates to GSH, they
may be involved in many different stress responses,
including those arising from pathogen attack, oxidative
stress, and heavy-metal toxicity (Kathleen 1996). Thus, it is
possible that some of these five anti-oxidative proteins
identified in our analysis may play roles in regulation of the
redox homeostasis critical for maintaining cell differenti-
ation status (Phyllis 2007), and the redox changes resulting
from the down-regulation of these proteins may trigger SE,
whereas other antioxidative proteins may serve a different
function(s) such as protecting the cultures cells from tox-
icity caused by long time in vitro-culturing.

It is interesting to note that one of the down-regulated
anti-oxidative proteins (spot 18), a phospholipid hydro-
peroxide glutathione peroxidase (PHGPx), has been shown
to be involved in defense against various stresses such as
salt treatment, mechanical stimulation and pathogen attack
(Holland et al. 1993; Depege et al. 1998; Levine et al.
1994). In citrus, PHGPx was validated to be up-regulated
in response to high concentration of salt. It was purified and
the enzyme activity was determined (Holland et al. 1993;
Beeor-Tzahar et al. 1995). Furthermore, PHGPx is essen-
tial for embryogenesis in mammalian and the targeted
disruption of the PHGPx gene can cause early embryonic
lethality in mouse (Hirotaka et al. 2003). Thus, we propose
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Fig. 3 Expression of identified proteins in embryogenic callus,
globular embryo, heart/torpedo-shaped embryo and cotyledon-shaped
embryo. An independent experimental system was carried out, and 18
proteins were investigated according to the position of spots existed in
2-DE gel. Spot number and protein name were presented in the

that PHGPx in citrus may regulate certain cellullar sig-
naling pathways associated with embryogenesis via its
ROS scavenging activity.

Cell division-associated proteins accumulated to higher
levels during SE

Embryogenesis is accompanied with a morphogenesis
process during which the embryo differentiates through
several distinct stages (globular, heart-shaped, torpedo and
cotyledon stages). The morphogenesis is based on co-
ordinated cell elongation and division. Thus, it is not sur-
prising that we identified three proteins associated with cell
division during citrus SE, two of which are tubulins (spot
15) and the third a putative DNA-damage-repair/toleration
protein DRT102 (spot 17). Tubulins are known to be
associated with cell division and cell elongation and played
an important role in separation of the organelles and
daughter chromosomes (mitosis). For example, some tub-
ulins correlating with cell-size increase were shown to be
up-regulated during the late stages of carrot SE (Cyr et al.
1987). Likewise, the two tubulin proteins identified in this
analysis also showed gradual increase in the treated tissues
over the whole period of the SE. DRT102 was first prim-
itively isolated in E. coli on the basis of the ability to
partially complement the UV-sensitivity of an E. coli
mutant, and was suggested to encode a UV-specific exci-
sion repair enzyme w42x (Edward et al. 1998). Besides the
role concerned with repair of UV-induced lesions, DNA
repair plays vital roles in DNA replication and cell division

O embryogenic callus

O globular embryo

B heart/torpedo-shaped embryo
M cotyledon-shaped embryo a

abscissa. The quantity of protein expression was presented in
ordinate. The quantity of protein expression is the total intensity of
a defined protein spot which is calculated by PDQuest software (see
“Materials and methods” for details). Columns and bars represent the
mean values and standard errors (n = 3), respectively

(Edward et al. 1998). Our observation that a putative citrus
DRT102 (spot 17) showed a four-fold increase in the late
phases of citrus SE in comparison with the original
embryogenic callus (Fig. 3) supports the speculation that
DRT102 may participate in a late stage of morphogenesis
of citrus SE.

Two forms of Ferritin-3 accumulated in mature
embryos

As shown in Table 1 and Fig. 3, two forms of Ferritin-3
(spot 7 and spot 20) had higher expression levels in mature
embryos. Ferritins are ubiquitous iron storage proteins that
exist in plants, animals and micro-organisms. Lobreaux
and Briat (1996) found that ferritin accumulated in mature
pea seeds but degraded upon germination. The iron derived
from ferritin degradation was necessary for seedling
growth (Ragland and Theil 1993). These results suggest
that ferritins play an important role in early plant devel-
opment which might help establish the photosynthesis
system and lead to the autotrophical state. Increasing
reports also suggest that ferritins play a role in responses to
broad physiological or pathologic stresses such as those
induced by abscisic acid, oxidative damage and fungal
infection (Pauline and Paolo 1996; Maria et al. 1999; Jean-
Michel et al. 2001). Hence, we provide two possible
explanations for the accumulation of ferritins in mature
citrus somatic embryos: (1) When somatic embryos are
formed and heterotrophically grown on medium, resem-
bling zygotic embryos (seeds), ferritins are more actively
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synthesized and stored in mature embryos, providing a rich
source of iron required for photosynthesis of early green
seedlings; (2) Ferritins may help the cultured tissues better
cope with the stresses occurring in the late phases of SE.

Spermidine synthase and rhodanese

Our analysis also identified a spermidine synthase (spot 11)
to be up-regulated during the citrus SE. Early studies
showed that spermidine (a polyamine) positively affected
the embryogenic capability in Pinus radiate (Rakesh et al.
1999), Panax ginseng (Kevers et al. 2000), Picea rubens
Sarg (Minocha et al. 2004) and citrus sinensis (Wu et al.
2008). Liu et al. (2005) reported that during SE of
Valencia, spermidine increased with the development of
somatic embryo and peaked at the globular embryo stage,
suggesting that it may promote globular embryo formation.
Our finding that a transient increase of a spermidine syn-
thase preceded the appearance of globular embryo stage is
in full agreement with the above speculation.

Another protein, a putative rhodanese (spot 9), was
accumulated at a higher level in late phase of citrus SE. A
rhodanese is a sulphur transferase that can transform cya-
nide into a less toxic compound, thiocyanate (Saidu 2004).
The cyanide, which kills the cell by inhibiting cytochrome
oxidase of the mitochondrial electron transport chain, is
produced by hydrolysis of cyanogenic compounds and is
also released as a co-product of ethylene biosynthesis
(Irena and Renata 2006). During SE, ethylene is often
detected at high levels in cultures and has negative effects
on both number and quality of embryo formation (Stasolla
and Yeung 2003; Kumar et al. 1989). It was believed that
embryos cultured in the presence of high ethylene levels
could prevent post-embryonic growth. Based on this
information, we speculated that, in the late phase of citrus
SE, cyanide arising from ethylene biosynthesis might have
accumulated, and affected the post-embryonic growth. As a
cell detoxification mechanism, rhodanese may thus be up-
regulated to lower the cyanide level. Consistent with this
idea, cyanide has been shown to stimulate the synthesis of
rhodanese in Lotus corniculatus (Smith and Urbanska
1986). A strong up-regulation of a rhodanese during citrus
SE implies a potential role of rhodaneses in maintaining
embryogenic competence during somatic embryo devel-
opment and maturation.

Conclusion
In this study, 24 differentially expressed proteins were
identified during the process of SE in Valencia sweet

oranges. Several proteins involved in anti-oxidative stress
response (GSTs and a PHGPx), cell division (tubulins),

@ Springer

photosynthesis (ferritins), and cyanide detoxification (rho-
danese) were likely to be associated with SE. These data
will provide important information for understanding the
molecular process of SE in citrus. This investigation will
facilitate further studies in improving germplasm conser-
vation, genetic transformation and vegetative propagation.
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