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Abstract Differential protein profiles of three stages of
somatic embryogenesis, including globular, torpedo, and
cotyledonary somatic embryos, of Coffea arabica cv. Catuai
Vermelho were analyzed in an attempt to better understand
somatic embryogenesis in coffee plants. Somatic embryos at
these different stages of development were collected from in
vitro-grown cultures, and then macerated in liquid nitrogen.
Proteins were extracted with phenol and further quantified
using the Bradford method. The bidimensional electropho-
resis analysis revealed a wide range of proteins ranging
between 10 and 160 kDa and of pH values ranging from 3
to 10. Several differentially expressed proteins were identi-
fied by mass spectrometry, and some were found to be
specific to these different stages of somatic embryogenesis
in coffee. The enolase and 118 storage globulin proteins, for
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example, could be used as molecular markers for somatic
embryo development stages and for embryogenic and non-
embryogenic genotype differentiation, respectively.
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Introduction

Coffee is one of the most important agricultural products
cultivated worldwide and is of high importance for the
Brazilian economy. Brazil accounts for 50 % of global
coffee production, together with Vietnam and Colombia,
and is responsible for more than one third of the world’s
production and exportation (Vieira et al. 2006). Coffea
arabica is the most cultivated species, occupying approxi-
mately 75 % of the total area of coffee production with
excellent beverage quality, and therefore it is of great impor-
tance for the coffee industry (Vieira et al. 2006). Several genetic
improvement studies have been performed to obtain varieties
with important agronomic traits such as tolerance to biotic and
abiotic stresses, as well as higher productivity. Genetic im-
provement programs have delivered to coffee growers several
cultivars with high productivity to attend consumer needs
(Pereira et al. 2007). However, conventional breeding meth-
ods, such as hybridization, backcrosses and interspecific
crosses, selection and progeny evaluation, can take over
30 years in order to obtain a new cultivar. This situation
clearly shows the need to develop more accelerated propaga-
tion techniques in order to obtain new cultivars more rapidly.

Somatic embryogenesis (SE) is an important in vitro tech-
nique for the multiplication of coffee plants. This method
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consists of developing embryoids from haploid cells or somatic
diploids, without gamete fusion, allowing an accelerated micro-
propagation of superior clones and the maintenance of inter-
specific hybrids (Pereira et al. 2007). SE studies have been
widely performed in order to better understand the mechanisms
associated to this process and help in vitro micropropagation.
The differential gene expression in somatic cells is involved in
developmental reprogramming of these cells, and confers the
capacity to manifest the embryogenic potential (Zeng et al.
2006). SE is used to obtain a large number of plants of high
economic value, genetically uniform and free from diseases.
Through this approach, it is possible to obtain better adapted
cultivars with a high multiplication rate when compared to
other propagation methods. It is also possible to transfer genes
and therefore, this method is frequently used in genetic im-
provement studies of clonal propagation.

The objective of this work was to analyze the differential
protein profile of C. arabica cv. Catuai Vermelho by using a
combination of bidimensional electrophoresis (2-DE) and
mass spectrometry (MS) technologies in three different SE
stages (Torpedo, Globular and Cotyledonar) in order to
better characterize the SE process of this species.

Materials and Methods
Induction of Somatic Embryogenesis

The third leaf pair (from top to bottom) of “Catuai Ver-
melho” plants maintained in greenhouse conditions was
collected, cleaned with alcohol 70 % and sodium 2 %. Leaf
sections of 0.5 cm® were cut and inoculated in Petri dishes
containing culture medium C according to Boxtel and Ber-
thouly (1996), with an increased 2,4-dichlorophenoxyacetic
acid (2,4-D) concentration of 20 uM. After 1 month, the
explants were transferred to new plates containing the cul-
ture medium C with a reduced concentration of 2,4-D
(10 uM). The explants were maintained in this medium for
3—4 months until the formation of embryogenic sectors.
These sectors were isolated from the original explants, cul-
tivated in liquid C medium with a 2,4-D concentration of
5 uM, and maintained in this medium for cellular mass
increase. A part of this mass was transferred to a modified
C medium in which 2-isopentenyl adenine (2-iP), indole-3-
butyric acid (IBA) and 2,4-D were replaced by 6-
benzyladenine (BA) 10 uM and napthalene acetic acid
(NAA) 2.5 uM for differentiation over a period of 1 month.
The globular embryos were then transferred to a new flask
containing the same medium for the formation of the torpe-
do embryos. These embryos were placed in the EG medium
(Boxtel and Berthouly 1996) for maturation and formation
of cotyledonary embryos.
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Protein Extraction

Each sample was separately ground in liquid nitrogen and
total proteins were extracted according to de Mot and Van-
derleyden (1989) from at least three different experiments.
Approximately 0.1 g of ground tissue was placed in a 1.5-ml
Eppendorf tube with 1 ml extraction buffer consisting of
0.7 M sucrose, 0.5 M Tris—HCI, 30 mM HCI, 50 mM
EDTA, 0.1 M KCI and 40 mM DTT. An equal volume of
phenol was added and after 15 min of vigorous shaking, the
samples were centrifuged at 4,000xg and re-extracted twice
with the extraction buffer. Proteins were precipitated in 5
volumes of 0.1 M ammonium acetate in chilled methanol at
—20°C for 2 h. Precipitates were washed in acetone and
resuspended in 40 uL of rehydration buffer consisting of
2 % CHAPS, 8 M urea, 2 M thiourea, 1 % dithiothreitol
(DTT), traces of bromophenol blue and 1 % IPG Buffer. The
total protein content was estimated according to Bradford
(1976).

Gel Electrophoresis Analyses

Isoelectric focusing and molecular mass separation were
conducted according to Gorg et al. (1988) using 11-cm
immobilized pH gradient (IPG) strips with a pH range of
3—10 and a Multiphor II electrophoresis system (GE Health-
Care). Strips were hydrated in 250 pl of rehydration buffer
for 16 h. The strips were then maintained in equilibration
buffer (Tris—HCI 1.5 M pH 8.8; Urea 6 M; Glycerol 30 %;
SDS 2 %; bromophenol blue 1 %) with 1 M DTT for 15 min
followed by 15 min in the same buffer containing 2.5 %
iodoacetamide. The second dimension was performed as
described by Laemmli (1970) in 16x16 cm SDS-PAGE
using 12 % acrylamide gels and the molecular mass marker
“Benchmark Protein Ladder” (Invitrogen). Gels were
stained with silver nitrate according to Blum et al. (1987)
or with Coomassie blue and each protein sample was ana-
lyzed in triplicate.

Image Analysis

Three 2D gel images from each sample were analyzed using
the Bionumerics software v. 4.6 (Applied Maths NV, Bel-
gium). First, a calibration with a grey scale was performed
to transform grey levels into optical density (OD) values for
each pixel (px) of the gel image. The gel pictures were
analyzed as tiff files and the wizard detection method pro-
posed by the software was used to detect the spots with the
following parameters: 30 px for estimated spot size, 3 px for
minimum spot size and a spot contrast enhancement of
75 %. Automatically detected spots were manually checked,
and some of them were manually added or removed.
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Following the detection procedure, the normalization step was
carried out to attribute a common spot identity for the same
spots derived from different images using the reference gel
construct and automatically matching options of the Bionu-
merics software. The overlapped images were based on land-
mark spots showing same p/ and M,, in both gels. A
regression curve was generated according to the spot volumes
to analyze the overlapping efficiency. Statistically validated
differential spots observed in Coomassie-stained gels were
excised from the gels for trypsin digestion and mass spec-
trometry analysis.

Trypsin Digestion and Mass Spectrometry Analysis

Proteins were excised from the 2D gels and enzymatically
digested into peptide fragments using Trypsin Gold (Prom-
ega) according to Shevchenko et al. (1996). Aliquots of each
hydrolysate sample were mixed with a saturated matrix
solution of x-cyano-4-hydroxycinnamic acid, spotted onto
MALDI target plates, and allowed to air dry. Monoisotopic
masses of the molecular components ranging from m/z 600
to 6,000 were determined by mass spectrometry using an
UltraFlex Il MALDI-TOF/TOF (Bruker Daltonics, Bilerica,
MA) or a 4700 MALDI-TOF/TOF (Applied Biosystems,
Framingham, MA) controlled by the manufacturer’s soft-
ware. All spectra were obtained in a positive reflector mode,
using an accelerating voltage of around 20 kV for MS mode.
Molecular ions displaying sufficient signal were submitted
to MS/MS analyses, carried out in the positive mode pre-
cursor ion fragmentation at a laser frequency of 50 Hz. The
MS/MS spectra were acquired in the reflector positive mode
after collision induced dissociation (CID) or LIFT™ (Bruker
Daltonics) fragmentation with external calibration. Resulting
data were analyzed using FlexAnalysis 2.4 or Data Explorer
4.5 and MS/MS spectra were further interpreted automatically
and manually (de novo sequencing) using the PepSeq soft-
ware running under MassLynx 4.0 (Micromass, Manchester,
UK). Peptide masses obtained were used for identification by
the Mascot program (Matrix Science, London, UK) using the
NCBI database. Peptide sequences obtained by de novo se-
quencing were analyzed using the Blast program.

Results and Discussion

The 2D protein maps of coffee somatic embryos in the
different embryogenic stages were analyzed in this study.
The gels were stained with silver nitrate and revealed pro-
teins varying in size from 10 to 160 kDa and in pH from 3 to
10. The number of spots was determined by the Bionumer-
ics software v. 4.6 (Applied Maths NV) and approximately
120 proteins could be clearly visualized in each gel (Fig. 1).
It is possible that this number may be an underestimation of

Globular

Cotyledonary
Pl

Fig. 1 2-DE protein profiles of different somatic embryos of Coffea
arabica cv. Catuai Vermelho. Somatic embryos in the globular (a),
torpedo (b) and cotyledonary (¢) phases. Protein spots indicated in the
gels were identified by mass spectrometry
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the total spots present in the gel due to difficulties in deter-
mining the spot area for some proteins, especially in the
basic region. The agglomeration of some groups of proteins
is a common event in these types of tissues and was ob-
served in all repetitions. The areas where spot volume could
not be accurately calculated were not considered in the
differential analysis.

The comparison of the three protein maps of the embryo-
genic stages revealed several differentially expressed pro-
teins and those visualized in Coomassie blue-stained gels
were excised and analyzed by mass spectrometry. Table 1
shows the 14 proteins identified by this method as well as
their relative expression, evaluated by the mean value of the
“spot relative volume”, as determined by the Bionumerics
software v. 4.6 (Applied Maths NV). The general analysis of
the protein profiles of the three somatic embryogenic phases
also showed that the torpedo stage presented a more differ-
entiated protein expression, since a higher number of exclu-
sive proteins were visualized in this phase (Fig. 2).

SE is used in plant tissue culture for the development of
embryos from somatic cells in response to an external sig-
nal, which triggers several biochemical changes in the cell.
A genetic reprogramming of gene expression occurs, result-
ing in cell division. During SE, several genes are induced in
the transition from disorganized cell growth to embryonary
development, including those related to stress (Fehér et al.
2003). Some genes have been associated to the induction of
SE, such as the receptor-like kinases (SERK), which have
been isolated from different plants (Huang et al. 2010; Ma et
al. 2012; Yang et al. 2011). Although information on gene
expression during SE has been increasingly accumulated, the
molecular changes that occur are not yet well understood.

The proteomic approach has been widely used to better
understand the somatic embryogenic process and several
differentially expressed proteins have been recently reported
(Bian et al. 2010; Li et al. 2010; Sharifi et al. 2012). In our
study, proteins associated to energy production were identi-
fied, such as ribulose biphosphate carboxylase/oxygenase
(Rubisco) (spot CV 33), enolase (spot CV 24), 2,3-bisphos-
phoglycerate-independent phosphoglycerate mutase (spot
31) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (spot CV 16), which are essential for glycolysis
and glycogenesis. In developing secondary embryos of cas-
sava (Manihot esculenta), the abundance of proteins related
to energy metabolism was attributed to the high metabolic
activity that is necessary to maintain intense cell division
activity in the developing embryos (Baba et al. 2008).

Enolase, one of the protein spots identified in this study,
is a glycolytic enzyme that catalyses the reversible conver-
sion of 2-phospho-D-glycerate to phosphoenolpyruvate
(PEP) (Wold and Ballou 1957; Van der Straeten et al.
1991). Enolase is also part of gluconeogenesis and therefore
is important in starch accumulating seeds such as maize
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(Mechin et al. 2007). The expression of enolase during SE
has been previously reported. Andriotis et al. (2010) found
maximal amounts of enolase transcripts in torpedo embryos
of Arabidopsis. Similarly, Lippert et al. (2005) detected a
high expression of this protein only in the torpedo stage of
Picea glauca, and therefore suggested that enolase could be
an interesting candidate to be used as a molecular marker of
embryogenesis maturation. In our study, enolase was also
expressed only in the torpedo stage (Table 1), indicating that
this protein could be used as a molecular marker of the
torpedo stage in different plants.

Another protein identified involved in energy production
was 2,3-bisphosphoglycerate-independent phosphoglycer-
ate mutase (iPGAM) (spot CV31), which shows a phospha-
tase activity and is important for carbohydrate degradation
and glycolysis (Grana et al. 1989; Collet et al. 2001). This
protein, as enolase, was identified only in torpedo embryos
and therefore represents another potential molecular marker
of this stage.

Glyceraldehyde-3-phosphate dehydrogenase is a key en-
zyme of glycolysis; however, an additional role in the me-
diation of ROS signaling in plants has been proposed.
Hancock et al. (2005) identified several proteins that might
be potential targets of H,O, in Arabidopsis, the most prom-
inent of which was cGAPDH that is reversibly inhibited by
H,0,. In our study, GAPDH was highly expressed in the
globular phase and showed a reduced expression in the other
SE stages. It is possible that the up-regulation of GAPDH
may be related to the control of ROS in the globular phase.
The up-regulation of cyclophilin (spot CV 4 and CV 5) in
the globular and cotyledonary phases may also be related to
the control of ROS levels. A higher expression of cyclo-
philin in the early stages of embryogenesis and in response
to various stresses has been reported (Marivet et al. 1994;
Scholze et al. 1999; Ruan et al. 2011), as well as its involve-
ment in the control of ROS (Ruan et al. 2011). These results
indicate that at the early development stages there may be a
higher generation of ROS. Indeed, a higher activity of
antioxidant enzymes such as superoxide dismutase, peroxi-
dase and catalase has been reported in these stages (Kairong
et al. 1999). Therefore, it is possible that a higher accumu-
lation of ROS occurs in the globular stage and may account
for the higher expression of GADP and cyclophilin to con-
trol ROS levels in the cell.

Isoforms of the storage globulin 11S (spots CV 6 and CV 7)
were also identified in this study. Globulins are the largest
sources of protein reserve in dicotyledonous plant seeds
(Shewry et al. 1995). The expression of spot CV 6 was higher
in the torpedo phase than in the globular and cotyledonary
phases, and CV 7 was not observed in the globular stage,
showing a higher expression in the torpedo phase than in the
cotyledonary phase. According to King and Gifford (1997),
reserve proteins synthesized at the end of seed development are
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Table 1 Differentially expressed proteins identified by mass spectrometry analysis at the different stages of C. arabica somatic embryogenesis

Spot Sequence ID peptide Correspondent Relative Volume Access Experimental Experimental Theoretical Theoretical Species
number protein number molecular pI molecular pl
mass mass

CV4 VFFDMTVGGSPAGR Cyclophilin gil38708272 193 9.0 18.4 8.65 Thellungiella

halophila

CVs VFFDMTVGGSPAGR Cyclophilin . £il38708272 19.0 8.7 18.4 8.65 Thellungiella

halophila
. rr .
CVeé6 LSENIGLPQEADVFNPR 118 storage globulin ~ * gil2979526 25.5 6.0 54.1 6.5 Coffea
arabica
'
p
Ccv17 IPILSSLQLSAER 118 storage globulin ~ + £il2979526 26.0 5.6 54.1 6.5 Coffea
3 arabica
2
" Sl
CV g VAPEVIAEYTVR cytoplasmic aldolase ~ ** gil218157 45.0 7.7 38.7 6.55 Oryza sativa
e Japonica
Group
sl W shotmalan e b
CV9 KVAPEVIAEYTVRT cytoplasmic aldolase '+ gil218157 46.58 5.53 39 6.5 Oryza sativa
Japonica
: Group
N Aol
CV 15 KGILGYTEDDVVSTDFVGDSRS Glyceraldehyde-3- 12 gil22094840 42.11 6.13 37 6.3 Solanum
phosphate ! tuberosum
dehydrogenase : :
01
. e . =
CV 16 GILGYTEDDVVSSDFIGDSR glyceraldehyde-3- e gil120666 31.0 8.2 36.7 8.30 Antirrhinum
phosphate majus
dehydrogenase :
CV 18 SGCEAFGTDELCCR hypothetical protein . gil147815376  27.0 8.1 274 7.19 Vitis vinifera
.
:
CvV 19 LVLLWTLDPPER Annexin ! gil2459926 41.0 6.2 36.1 6.06 Lavatera
thuringiaca
o
» et o et
CV 24 IEEELGAEAVYAGASFR Enolase o gil158144895  59.5 6.0 47.8 5.49 Gossypium
e hirsutum
o
01
o
. [ Foey =
CV 28 FEELNMDLFR HSP70 (AA6-651) £il20559 80.0 4.9 70.7 5.07 Petunia x
hybrida
'
o1
2 » . > "

CV 31 LPSHYLVSPPEIER 2.3- o3 gil1346735 57.335 5.31 60.8 5.52 Ricinus
bisphosphoglycerate- communis
independent
phosphoglycerate
mutase *

T

Cv33 SQYLDDIAILTGGTVIR RuBisCO large o £il2506277 575 5.27 62.9 5.85 Pisum

subunit-binding sativum

protein subunit beta.
chloroplast precursor
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Globular Cotyledonary

Torpedo

Fig. 2 Spots detected in the different somatic embryogenesis phases,
as determined by the Bionumerics software v. 4.6 (Applied Maths NV,
Belgium)

hydrolyzed during germination to serve as a source of nitrogen
and amino acids for the plant. Therefore, the accumulation of
this protein in the torpedo phase could be to guarantee the
energy necessary during embryo maturation in the cotyledon-
ary phase.

Proteins involved in stress response were also identified
in our study. The molecular chaperone Heat Shock Protein
70 (HSP 70) (spot CV 28) was more abundant in the
cotyledonary phase when compared to the torpedo stage,
and was not observed in the globular stage. HSP 70 is a
protein expressed under stress conditions and is essential for
cellular recovery and normal functioning of the cell. This
protein acts as a molecular chaperone, preventing protein
denaturation (Zhu et al. 1993). Cytoplasmic aldolase is
another protein related to stress conditions, induced in rice
vegetative tissues in response to exogenous ABA and salin-
ity (Karuna et al. 2000). This protein is also induced during
zygotic embryogenesis and may be related to desiccation
tolerance (Sghaier-Hammami et al. 2009). In the present
study, this protein (spot CV 8) was expressed in the globular
phase, up-regulated in the torpedo phase and down-
regulated in the cotyledonary phase.

Finally, the protein annexin was also identified in this
study (spot CV19) and was observed only in the cotyledon-
ary stage. Annexins are multifunctional proteins that play
important roles in the cell (Gerke and Moss 2002). They
interact with several membrane components that are in-
volved in structural organization of the cell, acting in intra-
cellular signaling and in growth control (Moss and Morgan
2004). Annexins have been identified in cotyledons of cassava
somatic embryos undergoing secondary SE (Baba et al. 2008)
and there is strong evidence that they are directly involved in
cell division (Gallardo et al. 2003).

The examination of differentially expressed proteins in the
three stages (globular, torpedo, and cotyledonary) of C. arab-
ica cv. Catuai Vermelho SE provided interesting insights into
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the SE process in coffee. Overall, during SE, a clear differen-
tial protein expression was observed in the different stages.
Proteins related to stress response, maintenance of protein
complexes in the chloroplasts, energy metabolism, intracellu-
lar signaling and growth control, as well as storage proteins,
were identified. The results obtained in coffee are in agree-
ment with the molecular model previously proposed, which
showed that during SE a complex molecular system is turned
on to control processes such as glycolysis, protein synthesis,
cell division, ROS detoxification, among others. Our results
also suggest that stress is an important factor that significantly
contributes to SE. Changes in mRNA abundance of certain
genes involved in oxidative stress and cell division during SE
suggest that the arrangement of new cells into organized
structures may depend on a genetically controlled balance
between cellular proliferations and death (Thibaud-Nissen et
al. 2003). An interesting outcome of these expression studies
is the potential use of certain proteins as molecular markers for
specific developmental stages or to differentiate embryogenic
from non-embryogenic genotypes. The enolase and 11S
storage globulin proteins could be molecular marker candi-
dates for somatic embryo developmental stages and for
embryogenic and non-embryogenic genotype differentia-
tion, respectively. Proteomic analyses are notoriously
under-represented in the literature when compared to
genomic studies; however, the comparison of protein ex-
pression data with that of transcriptomics and metabolomics
will certainly help understand the embryogenesis process and
allow the development of more effective SE protocols for
different plant species.
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