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Somatic embryos are comparable to their zygotic counterparts for morphological traits but are 
derived from somatic cells through various metabolic regulations, collectively referred as somatic 
embryogenesis (SE). It has been well exploited for germplasm conservation, genetic engineering, 
mutation breeding, for artificial seed technology and as a tool for mass multiplication. Though somatic 
embryo development is an important area of interest in growth, and developmental studies, the 
underlying molecular mechanism remains unclear. Therefore, understanding the molecular basis 
behind somatic embryo development can provide insight into the signaling pathways integrating this 
process. Proteomic analysis of somatic embryo development in cv. Grand Naine (AAA) was carried 
out to identify the differentially expressed protein during somatic embryo development stages, using 
two dimensional gel electrophoresis together with mass spectrometry. In total, 25 protein spots were 
differentially expressed during sequential developmental stages of somatic embryos. Among these, 
three proteins were uniquely present in 30 days globular stage and six proteins in 60 days old mature 
somatic embryo. Functional annotation of identified spots showed that major proteins are involved in 
growth and developmental process (17%) followed by defense response (12%) and signal transportation 
events (12%). In the early stage, cell division and growth related proteins are involved in the induction 
of somatic embryos whereas in the late developmental stage, cell wall associated proteins along with 
stress related proteins played a defensive role against dehydration and osmotic stress and resulted in 
the maturation of somatic embryo. The identified stage specific proteins are valuable indicators and 
genetic markers for screening and for media manipulation to improve SE efficiency in recalcitrant crops 
and varieties.

Somatic embryogenesis (SE) is a developmental process, in which somatic cells differentiate into embryos which 
eventually develop and regenerate into plants. SE is exploited to generate a large quantity of very high economic 
value, genetically identical and disease free plantlets1. SE is considered as the model development system for 
understanding the various mechanism/s involved in the regulation of plant embryogenesis. The growth and 
development of somatic embryos are closely related to zygotic embryos by their morphology at different develop-
mental stages like globular, heart shaped, torpedo shaped and cotyledon in dicots and as globular, scutellar and 
cotyledon/coleoptilar in monocots2,3. SE has several advantages over zygotic embryogenesis like ease of mon-
itoring and manipulation of culture strategies for the synchronized development of somatic embryos in large 
numbers4. SE in banana is well reported in many commercial cultivars5–8.

Though somatic embryo development is an important area in the growth and development of plant research, 
clear understanding of the molecular mechanism behind this developmental process still remain elusive. Very 
little information is known on the sequence of molecular events that enables the conversion of somatic cells into 
somatic embryos1,9. Embryo developmental processes are mainly associated with the morphogenetic events that 
form the fundamental cellular pattern for the formation of shoot and root primordia and also related to the mat-
uration of embryos through cell growth and storage of reserve energy source10. Maturation is the critical stage 
during somatic embryo development for the conversion of embryo into plantlets as this stage is characterized by 
cellular differentiation and expansion9. However, physiological disorders observed in the emerged embryos and 
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asynchronous developments pose limitation for its wider application. But, understanding the molecular mecha-
nism of somatic embryo development may help in overcoming these limitations and assist commercial exploita-
tion of this phenomenon.

Proteins are mainly responsible for the biological function and phenotype of the cells10,11. Proteomic approach 
has been considered as a powerful tool for examining the physiological condition of plant tissues, and organs, 
under specific developmental processes12. Since proteins are directly involved in cellular biochemistry, identi-
fication of proteins related to the embryo development may reveal the molecular basis of SE13. Research on the 
development of somatic embryo has been carried out over three decades, but most of the studies focused on physi-
ological aspects and improvement of culture practice. More recently efforts have been put forth to examine the pro-
cess of somatic embryo development at the molecular level. Proteomic analysis of different developmental stages 
of embryos were carried out in many commercial crops like Citrus sinensis Osbeck13, Coffea arabica1,14, Oryza 
sativa10, Manihot esculenta15, Picea glauca16, Carica papaya L.9, Cyclamen persicum17, Araucaria angustifolia18,  
Fraxinus mandshurica2 and Acca sellowiana4. Most of the study revealed that the formation and development 
of somatic embryos follow complex metabolic process and involve many proteins that are associated with the 
growth and developmental pathway.

Understanding the molecular basis of somatic embryo development along with signaling pathways can pro-
vide insight into the growth and developmental process. Therefore, the study on proteomic analysis of somatic 
embryo development in Musa spp. cv. Grand Naine (AAA) was carried out with the main objective to examine 
and characterize the differential proteins expressed during various developmental stages of somatic embryo. The 
determination of differential protein expression will provide a novel insight into banana somatic embryo devel-
opment and helps in the improvement of SE protocols in recalcitrant banana varieties.

Materials and Methods
Plant materials and sample collection.  The embryogenic cell suspension (cell line accession no: 
NGFB0189) generated from male flower bud of cv. Grand Naine (AAA) as per the procedure described by 
Kumaravel et al.7 was used as an initiating material. After checking the viability of six months old embryogenic 
cell suspension using fluroscein diacetate (FDA) stain, one mL settled cell volume (SCV) of fine yellowish white 
homogenous suspension was plated on the somatic embryo regeneration medium. This was supplemented with 
80 µg/L kinetin, 200 µg/L napthaleneacetic acid and 40 µg/L zeatin, as suggested in INIBAP technical guidelines19 
and maintained in complete darkness at 25 ± 2 °C for 60 days. Five plates of somatic embryos were used as repli-
cation. Embryos were collected in triplicates at 0, 30, 45 and 60 days after initiation of embryogenic cells on the 
regeneration medium. Samples collected were weighed, frozen with LN2 and stored in deep freezer for proteomic 
analysis.

Protein extraction and 2DE.  Proteins were extracted from three biological replicates of each 200 mg of 
sample as per the phenol ammonium acetate method as described by Kumaravel et al.11. The extracted protein 
pellets were resuspended in lysis buffer [7 M Urea, 2 M Thiourea, 4% CHAPS (3-[(3-Cholamidopropyl) dimeth-
ylammonio] propanesulfonic acid), 40 mM DTT and 2% IPG buffer (pH 4–7)]. The protein mixture was vortexed 
for 1 hr at room temperature. The samples were then quantified using 2D quantification kit (GE Healthcare Bio- 
Science Crop, USA) at 480 nm using Bovine serum albumin (BSA) as standard and purified using 2D clean up 
kit (GE Healthcare Bio- Science Crop, USA) before applying on immobiline pH gradient (IPG) strips. A total of 
200 µg of each sample protein extracts were loaded on to 13 cm IPG strips (pH 4–7) (GE Healthcare Bio-Sciences 
AB, Sweden) for overnight rehydration. After 12–14 h, the rehydrated strips were subjected to first dimensional 
separation of proteins using Iso electric focusing (IEF) 100 unit (Hoefer Inc, San Francisco, USA) adopting the 
IEF conditions described by Kumaravel et al.11. The focused strips were then subjected to two equilibration pro-
cess as described by Sharifi et al.3. Then the equilibrated strips were placed on top of SDS - polyacrylamide gel 
(12%) for second dimensional separation of proteins using SE 600 unit (Hoefer Inc, San Francisco, USA) at 80 V 
for 30 min followed by 150 V for 5 h. Three biological replicates were performed for all the samples.

Staining and image analysis.  The gels were stained overnight with colloidal Coomassie Brilliant Blue 
(CBB) stain followed by destaining with several washes of distilled water. The destained gels were documented 
using EPSON scanner (EPSON PERFECTION V 750 PRO, Seiko Epson Corp, Japan) at 800 dpi. The documented 
images were analyzed using Hoefer- 2D software (Hoefer Inc, San Francisco, USA) and spots with more than 1.5 
folds were selected for further analysis. The volumes of reproducible spots from replicate gels were normalized 
against total spot volume.

In gel digestion and protein identification.  The excised gel spots were sent to Molecular Biophysics Unit, 
Indian Institute of Science, Bengaluru, India for in-gel digestion and processed for MALDI TOF-TOF (Matrix 
assisted laser desorption ionization time of flight) instrument (UltrafleXtreme, Bruker Daltonics, Germany). 
The steps were followed based on the instructions available on the website (http://proteomics.mbu.iisc.ac.in/). 
The PMF and MS/MS data were analysed using Flex analysis 3.1 software. The proteins were identified using 
MASCOT tool (www.matrixscience.com) and the search parameters were set as suggested by Kumaravel et al.11. 
Finally the MS/MS analysis was carried and proteins were identified by performing the following search criteria: 
Swissprot/ NCBIprot for database, Trypsin for enzyme, no. 1 for missed cleavage, viridiplantae for taxonomy, 
carbamidomethyl (C) for fixed modification, oxidation (M) for variable modification, 5 to 200 ppm for peptide 
tolerance, + 1 for peptide charge, default for data format, error tolerant, decoy and precursor, MALDI-TOF-TOF 
for instrument and auto for report top. The homologous protein spots were again subjected to blast with Banana 
Genome Hub- South Green (https://banana-genome-hub.southgreen.fr/) to get protein identity. The identified 
proteins were successfully annotated through BLAST2GO and Uniprot analysis and functionally categorized 
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based on their specific role during embryo development process. The generated protein data has been submitted 
to the ProteomeXchange Consortium via the proteomics identifications partner repository with the dataset iden-
tifier PXD01555120.

RNA isolation, c-DNA synthesis and qRT- PCR analysis.  The transcription expression of three genes 
were analysed by qRT- PCR analysis with Light Cycler 480 instrument (Roche Diagnostics, Germany) using 
the 2X SYBR Green Real Master Mix (Roche, Germany). The primers were designed and synthesized based on 
the mRNA sequences encoded for the identified proteins using NCBI primer designing tool (Table 1). RNA 
was extracted from all four samples like 0, 30, 45 and 60 day somatic embryos using Spectrum Plant Total RNA 
kit (Sigma-Aldrich, St. Louis, USA) and the concentration was estimated using Colibri spectrometer (Berthold 
Detection Systems GmbH, Pforzhelm, Germany) by calculating the absorbance at 260 and 280 nm. Using MRN70 
miniprep kit (Sigma-Aldrich, St. Louis, USA), mRNA was extracted from total RNA according to manufacturer’s 
instruction. The first strand cDNA was successfully synthesized from mRNA using cDNA reverse transcription 
kit (Applied Biosystems, California, USA) with oligo- dT primers. The synthesized cDNA’s were further diluted 
three fold with double distilled water for qRT- PCR analysis. For each cDNA, 20 µl of reaction volume was set 
with 5 µM of both forward and reverse primers, 10 µl of 2X master mix and the final volume was made up with 
nuclease free double distilled water. The endogenous reference gene (RPS2) was used as an internal standard. 
Thermal cycling was performed as follows: 95 °C for 10 min; 94 °C for 10 s, 59–63 °C for 10 s, 72 °C for 20 s. At the 
end of PCR, the transcriptional expression level of each gene was quantified based on the normalized ratio with 
advanced relative quantitation.

Results
Development of somatic embryos.  Somatic embryos were induced from the embryogenic cell suspen-
sions that were plated on the regeneration medium supplemented with zeatin and incubated under dark con-
dition. The incubated plates were monitored at regular intervals 30, 45 and 60 days. The formation of globular 
somatic embryos at 30 days (Fig. 1e), scutellar staged embryo at 45 days (Fig. 1f) and cotyledon/coleoptilar staged 
embryo at 60 days (Figure g and h) were observed. On an average, around 5877 mature somatic embryos were 
produced from one mL SCV of NGFB0189 embryogenic cell line.

Proteomic analysis.  Total proteins were extracted from different developmental stages viz., ECS/0, 30, 45 
and 60 day somatic embryo (Dse) samples and analyzed using 2DE. In total 25 spots were differentially accu-
mulated during the developmental stages of somatic embryos (Fig. 2). Gel replicates of all the samples are given 
in the supplementary data info file I. Among them, three proteins (spots 1, 22 and 24) were uniquely present in 
30 days globular staged somatic embryos and six proteins (spots 2, 5, 8, 9, 10 and 11) in 60 days mature somatic 
embryo. Quantitative analysis showed that five proteins (spots 3, 7, 12, 13 and 21), two proteins (spots 6 and 23) 
and nine proteins (spots 4, 14, 15, 16, 17, 18, 19, 20 and 25) were highly abundant in 30 days, 45 days and 60 days 
old somatic embryos, respectively. The statistical data of the analyzed spots are presented in the supplementary 
data info file II. The theoretical MWs of maximum number of identified spots matched with the experimental 
MWs except for six spots (1, 4, 17, 21, 22 and 24) which showed variations in experimental MWs due to possible 
protein degradation. Low correlation was also found between the theoretical and experimental pI values of three 
identified protein spots (1, 18 and 23). The reasons could be that the experimental values were directly analysed 
from the gel images that are allowed for perturbation and possible for variation in pH gradient across rehydrated 
gel strips and difference in protein movement during IEF program.

Among the identified proteins, two forms of pectinesterase (spots 4 and 6), two forms of 14-3-3-like protein 
GF14-C (spots 10 and11) and two forms of alpha-amylase isozyme 3D-like (spots 8 and 20) were highly accumu-
lated in the mature somatic embryos. The possibilities for correlation of more than one spot to a single protein 
could be the occurrence of the same protein in different isoforms and/or its post translational modifications3. In 
total, 32% of the identified proteins were found to hit with Musa species. The functional classification of identified 
proteins were carried out by following BLAST2GO and Uniprot analysis which indicated that maximum number 
of proteins being involved in growth and developmental processes (17%) followed by defense response (12%) and 
signal transportation events (12%) (Fig. 3). With respect to their molecular functions, around 19% of the pro-
teins were found to be involved in both protein and metal binding activities. Most of the identified proteins were 
located in cytoplasm (18%), followed by chloroplast and nucleus region (14% each). The list of identified proteins 
which were differentially accumulated during different stages of somatic embryo development of cv. Grand Naine 
are represented in Table 2.

The clustering of differentially accumulated proteins were based on their expression levels displayed during 
the developmental stages. The expression pattern of proteins were based on the intensity of the spot average nor-
malized volume and are expressed using linear scale. The larger number 6 (maximum positive expression: blue) 
represents the higher expression and the least value 0 (maximum positive expression: red) representing lower 

Protein Forward Primer Reverse Primer

Late embryogenesis abundant protein D-34 like (spot 5) 5'AACCGATCGAGATGAGCGAC3' 5'CCTCGTCACGGGTAATTCGT3'

Alpha-amylase isozyme 3D-like (spots 8 and 20) 5'ATTCGTCGACAACCACGACA3' 5'GGAACCCCTGGGTGTGTTAG3'

Pollen coat oleosin-glycine rich protein (spot 18) 5'TGTCGTTGCTGGTGCTATCG3' 5'TCCTTGTACATCCACCACAGC3'

Table 1.  List of primers used in quantitative RT-PCR.
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expression. Around 60% of the identified proteins were highly expressed in mature somatic embryos, indicated 
in the blue color of the map (Fig. 4).

The validation of proteins identified with respect to the transcripts was carried out for three differentially 
accumulated proteins- alpha amylase isozyme 3D-like protein (spots 8 and 20), late embryogenesis abundant pro-
tein (LEA, spot 5) and pollen coat oleosin glycine rich protein (spot 18) are highly expressed in mature somatic 
embryos, were selected for quantitative real time PCR analysis. Ribosomal protein (RPS2) gene was used as 
the internal standard throughout the experiment as it has been validated as the most suitable reference gene in 
banana21. The transcript expression level of LEA and pollen coat oleosin glycine rich proteins showed good cor-
relation with the protein expression found in the 2D gels. In mature somatic embryo, LEA recorded a maximum 
of 6.2 folds changes in expression and pollen coat oleosin glycine rich protein showed 2.8 folds change in expres-
sion (Fig. 5). Though the transcript level of alpha amylase correlated well with the protein expression in mature 
embryo, we failed to record a correlation between protein expression at transcript level, during the globular stage 
of the somatic embryo development. This lack of correlation is attributed to the possible post translational mod-
ification of proteins and unstable nature of mRNA22,23.

Discussion
Somatic embryo development is a complex process in which many proteins are associated with induction, devel-
opment and maturation. In the present study, we have identified 25 proteins that are differentially expressed 
between the developmental stages of somatic embryo of cv. Grand Naine. The function of the identified proteins 
during specific stage of development has been briefly discussed below.

Proteins involved in early stages of somatic embryo development.  Two cytoskeleton related pro-
teins, like ankyrin protein kinase (spot 1) and tubulin alpha chain (spot 13), were highly expressed during the 
globular stage (30 days) of somatic embryo development. Ankyrin protein kinase is adaptor proteins that associate 
the membrane proteins to the cytoskeleton proteins, expressed only in the globular stage somatic embryos. These 
ankyrin proteins form a complex network consisting of signaling molecules, membrane proteins and cytoskeletal 
components resulting in the establishment of infrastructure of membrane domains with specific functions24. The 
membrane cytoskeleton is reported to be a key factor for maintaining the shape of cells and avoiding lateral dis-
persion of integral membrane proteins25. Ankyrins are involved mainly in the attachment of cytoskeleton to the 
plasma membrane of the cells of developing somatic embryos through vertical interactions, while, cytoskeletons 
are known to be actively involved in embryo polarization and formation. The linkage between plasma membrane, 
cytoskeleton, cell wall continuum and other associated adhesive domain playing a crucial role in the regulation 
of early somatic embryo formation26. Tubulin alpha chain (spot 13) was found to be upregulated in globular stage 
embryo. The alpha tubulin protein, one of the building blocks of microtubules, is known to play a major role 
in cell division and mobility, intracellular transport and the regulation of cell shape27. The expression of alpha 
tubulin was observed during the somatic embryo development of Manihot esculenta Crantz15 and played a role 

Figure 1.  Induction and development of somatic embryo. (a) Embryogenic cell suspension (NGFB0189 cell 
line), (b) FDA stained viable cells, (c) Unstained normal cells, (d) ECS/ 0 day somatic embryo, (e) 30 days 
globular somatic embryo, (f) 45 days scutellar somatic embryo, (g) 60 days cotyledon stage somatic embryo, (h) 
60 days coleoptilar stage somatic embryo.
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in creating cellular division planes. In contrast, the expression level of alpha tubulin was highly abundant in later 
stage than the early stages of somatic embryo development in carrot and found that the level of tubulin proteins 
increasing simultaneously with the increase in cell size during the developmental phase28. Hence it is speculated 
that ankyrin protein kinase along with tubulin alpha chain plays a major role in the association of cytoskeleton 
with the plasma membrane and microtubule formation of newly divided cells during the early somatic embryo 
development of banana.

Pathogenesis related (PR) protein (spot 3) was found to be overexpressed in the globular stage somatic 
embryo. Apart from being involved in the plant defense system, PR proteins are known to be associated with 
organ and tissue developmental program29. Often PR proteins are highly expressed during osmotic stress condi-
tions. In accordance with our results, PR proteins are reported to be highly expressed during the somatic embryo 
development of various species like Vitis vinifera30, Vitis pseudoreticulata31, Cichorium29 and Pinus nigra Arn.32. In 
Cichorium, callose present in the cell wall of embryogenic cells was degraded and disappeared by the involvement 
of PR proteins and played a significant role in embryo development29. Therefore, we present that PR proteins 
together with cytoskeleton related proteins are necessary for the stabilization of cytoskeleton and modification of 
cell wall during initial stages of banana somatic embryo development.

Growth regulating factor 4 (spot 12) was also highly expressed at globular stage of the embryo which plays 
an important role in controlling growth under various stress conditions and known for regulating the plant lon-
gevity. In Arabidopsis, atgrf4 which belongs to small transcription family, involved in both cell proliferation as 

Figure 2.  Two Dimensional gel images. (a) 0th Day somatic embryo, (b) 30th Day somatic embryo, (c) 45th Day 
somatic embryo and (d) 60th Day somatic embryo.
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well as embryonic development33. Growth factor plays a vital role in controlling cell fate and performance during 
the developmental process34. Calcium-dependent protein kinase 7-like (spot 21) protein involved in calcium ion 
signaling pathway was found to be overexpressed in globular embryos. CDPK are encoded by multigene family 
and are implicated to participate in the regulatory functions of various developmental and metabolic events. In 
support to our findings, the expression of CDPK isoform was found to be highly expressed in early developmental 
process of embryogenesis in sandalwood35. Kiselev et al.36 demonstrated that CDPK was highly expressed during 
SE of Panax ginseng and playing a vital role in the development of somatic embryo. Besides embryo development, 
CDPK is also known to be involved in transmitting calcium signals associated with stress response and regulation 
of carbohydrate metabolism36.

Two nucleic acid binding proteins like Pentatricopeptide repeat-containing (PPR) proteins (spot 22) and rep-
lication protein A 70 kDa (spot 24) were overexpressed in globular stage of the somatic embryo. PPR are RNA 
binding proteins are involved in various processes like transcription, RNA splicing, editing and translation of 
RNAs into proteins37. These PPR proteins were uniquely expressed in globular somatic embryos and may play 
a crucial role in the synthesis of new proteins related to growth and development of somatic embryos. This PPR 
protein also acts as an adaptor molecule by processing interaction between cognate transcripts and their effector 
molecules. The mutants of mitochondrial and chloroplast PPR have been reported in the development of defec-
tive embryo development in Arabidopsis37,38 clearly indicating the role of PPR in normal development of embryo 
and organelle biogenesis. Replication protein A 70 kDa is a DNA-binding protein which is uniquely expressed in 
globular somatic embryo, is involved in various process of DNA metabolism like replication, repair and recom-
bination. Therefore, the results of the present study reveals that nucleic acid binding proteins play a predominant 
role during early somatic embryo development in banana.

Proteins involved in late developmental stages of somatic embryo.  During later stages of somatic 
embryo development, higher accumulation of three stress related proteins, which includes 18.1 kDa class I heat 
shock protein (spot 2), late embryogenesis abundant (LEA) protein (spot 5) and ascorbate peroxidase (APOX) 
(spot 25) were observed in mature cotyledon stage of somatic embryo development. Small heat shock proteins 
(sHSP) are molecular chaperons and engaged in dessication tolerance of somatic embryo. 18.1 kDa heat shock 
protein is one of the sHSPs which was uniquely expressed in mature cotyledon stage of somatic embryo. These 
sHSPs are associated with membranes, cytoskeleton and nucleus, mainly involved in protein – protein interac-
tions like folding of partially folded and denatured proteins. They play a key role in proper functional protein con-
formation and restraining unwanted irreversible protein complexes39. These cytosolic sHSPs are highly expressed 
in mature somatic embryos of various species like alfaalfa, arabidopsis, maize, pea, sunflower, tobacco, tomato 
and wheat40. In Picea asperata, 18.1 kDa HSP was upregulated during the partial desiccation of somatic embryo 
and was related to the elevated levels of hydrogen peroxide and embryo development41. Transient accumulation 
of sHSP has been reported during the maturation of somatic embryo of cork oak42. Based on the characteristics of 
these chaperones, sHSP may be regarded as one of the functional components in the somatic embryo maturation.

Late embryogenesis abundant (LEA) protein was uniquely expressed in 60 days old somatic embryos. Since 
LEA proteins are highly expressed in mature somatic embryo and are considered to play a pivotal role in late 
embryonic development. These proteins are also known as late embryogenesis abundant protein43. Important 

Figure 3.  Gene Ontology of differentially accumulated proteins. (a) Biological process, (b) Molecular function 
and (c) Cellular location.
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Spot 
No Protein Name

Protein view 
form MASCOT

Protein Id 
from Banana 
Genome Hub Database

Mascot 
score

Sequence 
coverage Taxonomy

Theoretical 
pI/MW

Experimental 
pI/MW

Spots pattern (Avg. Normalize 
volume)

1 Ankyrin protein 
kinase gi|224141125 Ma08_p0831 

0.1 NCBInr 74 31% Populus 
trichocarpa 9.03/53.73 6.2/15

2 18.1 kDa class I heat 
shock protein-like XP_009409760.1 Ma01_

p14490.1 NCBIprot 85 48% Musa acuminata 
subsp. malaccensis 7.71/ 25.71 5.9/17

3
Pathogenesis-
related protein 
1-like

XP_009414461.1 Ma08_
p34150.1 NCBIprot 100 85% Musa acuminata 

subsp. malaccensis 5.41/17.67 5.7/16.3

4 Proteinase inhibitor 
PTI IP21_SOLTU Ma05_

p18580.1 SwissProt 50 94% Solanum 
tuberosum 8.19/6.05 6.35/28.5

5
Late embryogenesis 
abundant protein 
D-34-like

XP_009396738.1 Ma04_
p14790.1 NCBIprot 105 59% Musa acuminata 

subsp. malaccensis 4.78/29.02 4.75/30

6 Pectinesterase 
PPME1 PPME1_ARATH Ma05_

p24470.1 SwissProt 40 19% Arabidopsis 
thaliana 8.74/39.4 6.7/17

7 Abscisic acid 
receptor PYL9-like XP_009603677.1 Ma04_

p08530.1 NCBIprot 69 34% Nicotiana 
tomentosiformis 6.5/21.55 6.25/36

8 Alpha-amylase 
isozyme 3D-like XP_009410104.1 Ma07_

p20300.1 NCBIprot 79 29% Musa acuminata 
subsp. malaccensis 5.63/47.38 6/41

9 Pectinesterase 
PPME1 PPME1_ARATH Ma05_

p24470.1 SwissProt 60 31% Arabidopsis 
thaliana 8.74/39.4 4.8/27

10 14-3-3-like protein 
GF14-C XP_009419276.1 Ma09_

p29100.2 NCBIprot 155 64% Musa acuminata 
subsp. malaccensis 4.79/29.56 4.85/28

11 14-3-3-like protein 
GF14-C XP_020586064.1 Ma09_

p29100.2 NCBIprot 86 50% Phalaenopsis 
equestris 4.79/29.56 4.75/27.5

12 Growth regulating 
factor 4 GRF4_ORYSJ Ma02_

p06600.1 SwissProt 40 33% Oryza sativa 
subsp. japonica 8.58/42.03 5/51.5

13 Tubulin alpha chain TBA_PRUDU Ma06_
p02330.1 SwissProt 46 49% Prunus dulcis 4.92/50.18 5.3/48

14 Fimbrin-2 FIMB2_ARATH Ma05_
p27650.1 SwissProt 62 26% Arabidopsis 

thaliana 8.52/74.07 5.5/28

15 Aspartyl 
aminopeptidase DNPEP_RICCO Ma06_

p13900.1 SwissProt 59 24% Ricinus communis 6.36/54.32 5.3/28

16

Ribulose 
bisphosphate 
carboxylase 
small chain 1, 
chloroplastic

RBS1_SOLTU Ma02_
p24600.1 SwissProt 67 60% Solanum 

tuberosum 8.23/20.82 5.45/33

17 Serine/threonine-
protein kinase XP_010530874.1 Ma04_

p34740.1 NCBIprot 57 28% Tarenaya 
hassleriana 4.88/41.65 5.55/103

18 Pollen coat oleosin-
glycine rich protein AAR15494.1 Ma05_

p16840.1 NCBIprot 72 44% Arabidopsis 
arenosa 10.25/49.58 5.8/28

19 Patatin-like 
protein 1 PLP1_ORYSI Ma10_

p25600.1 SwissProt 53 37% Oryza sativa 
subsp. indica 8.8/44.99 5.65/29

Continued
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role of LEA protein in cellular protection during various stress tolerance responses including dehydration phase 
of embryo development is well documented44,45. Besides protecting the cellular structure, it is also involved in the 
protection of proteins from various stress induced damages and also acts as a molecular chaperon by folding of 
denatured proteins. As incase high expression of LEA protein has been observed in the mature embryos of maize, 
Norway spruce, chickpea and carrot43,46–48. During the maturation process, the developed embryo may undergo 
cellular expansion and increased dry mass to provide energy for germination49.

Spot 
No Protein Name

Protein view 
form MASCOT

Protein Id 
from Banana 
Genome Hub Database

Mascot 
score

Sequence 
coverage Taxonomy

Theoretical 
pI/MW

Experimental 
pI/MW

Spots pattern (Avg. Normalize 
volume)

20 Alpha-amylase 
isozyme 3D-like XP_009410104.1 Ma07_

p20300.1 NCBIprot 74 35% Musa acuminata 
subsp. malaccensis 5.63/47.38 5.85/40

21
Calcium-dependent 
protein kinase 
7-like

XP_003572469.2 Ma03_
p22480.1 NCBIprot 68 50% Brachypodium 

distachyon 6.5/64.2 5.4/95

22
Pentatricopeptide 
repeat-containing 
protein

PP380_ARATH Ma09_
p29860.1 SwissProt 70 23% Arabidopsis 

thaliana 6.22/110.22 5.5/16

23
Iron-sulfur protein 
NUBPL-like 
isoform X1

XP_013672706.1 Ma07_
p18050.2 NCBIprot 78 42% Brassica napus 9.32/41.23 4.7/32

24
Replication protein 
A 70 kDa DNA-
binding subunit B

RFA1B_ARATH Ma04_
p14340.1 SwissProt 66 28% Arabidopsis 

thaliana 6.15/67.7 5.35/30

25 Ascorbate 
peroxidase AIP90104.1 Ma07_

p15360.1 NCBIprot 79 55% Musa AB Group 5.41/27.42 5.8/25.25

Table 2.  List of identified differentially expressed proteins in developmental stages of somatic embryo in cv. 
Grand Naine (AAA).

Figure 4.  Hierarchical clustering of differentially accumulated proteins. The heat map represents the protein 
expression based on the level of average normalized volume of spots.
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Ascorbate peroxidase (APOX) is an antioxidant enzyme involved in the removal of H2O2, was highly expressed 
in mature embryos, playing a crucial role in detoxification process. It is closely related to endogenous ascorbic 
acid that controls cellular metabolisms and also acting as a key regulator of cell division50. Apart from its role as 
antioxidants, APOX is known to be associated with various cellular processes like auxin metabolism, response to 
various environmental stress, crosslinks in cell wall and involved in the maturity and differentiation of plant tissue 
and organs51. Elevated levels of APOX was reported in the torpedo staged embryo of Juglans regia L52, microspore 
derived embryo of Brassica napus53 and initial phase of somatic embryo development of Picea glauca50. Thus it is 
speculated that APOX along with LEA and molecular chaperons plays a defense role against various stresses and 
could be involved in the maturation of banana somatic embryo.

In this study, two forms of alpha amylase isozyme 3D like protein (spots 8 and 20) were found to be overex-
pressed in the mature cotyledon stage somatic embryo. Alpha amylase plays a major role in hydrolyzing starch 
into simple sugars and acts as an energy source for the development of roots and shoots during the germination 
of embryos54. The endogenous Gibberellic acid (GA) secreted in the embryo, along with metabolite signals, reg-
ulates the expression of amylase54,55. In zygotic embryos, the biosynthesized GA transferred from embryo to 
aleurone layer, where the alpha amylase secreted gets deposited in endosperm to hydrolyse starch into metab-
olizable sugar. On the other hand, somatic embryos of monocots like banana and bamboo lack aleurone layer 
and hence the scutellum of the somatic embryos acts as a potential site for starch deposition and amylase accu-
mulation (Kepczynska and Zielinska, 2006). In Dendrocalamus hamiltonii, amylase was highly accumulated in 
mature somatic embryos and indicated that reduced size of scutellum during embryo maturation could be the 
result of increased level of amylase55. Similar to our present result, high amylase activity was observed in mature 
somatic embryo of Triticum aestivum L and Crocus sativus L than in the other developmental stages of somatic 
embryos56,57. Hence it is resumed that starch deposited in the mature somatic embryo of banana was hydrolyzed 
by the increased activity of alpha amylase and as a result, energy source was provided during the germination of 
somatic embryos. Two forms of pectinesterases (spots 6 and 9) were overexpressed in late developmental stages of 
somatic embryos. Pectinesterases are pectinolytic enzymes that hydrolyse the glycosidic bond of pectin substance 
in the cell wall58. Plant cells experience cell expansion during a temporal imbalance between hydraulic pressure 
of vacuole and extensibility of cell wall results in the increase in cell volume59. The pectinesterase enzyme might 
assist in loosening of the cell wall by degrading pectin, which may result in the cell expansion during maturation 
and eventual development of the somatic embryo.

Serine /threonine- protein kinase (spot 17) was found to be highly expressed in mature somatic embryo. 
These kinases are receptor proteins mainly involved in various developmental processes like cell proliferation, 
modification of cell shape and apoptosis. During embryonic developmental process, these proteins are associated 
with pattern formation and tissue specification60. There are several proteins connected with Serine /threonine- 
protein kinase transmembrane recptors.14-3-3 like protein was one among the mostly associated proteins with 
the kinase receptor. In the present study, two forms of 14-3-3-like protein GF14-C (spots 10 and 11) was found 
to be uniquely expressed in mature somatic embryo. 14-3-3- like proteins are phosphoserine/ phosphothreo-
nine binding proteins that regulate many target proteins through phosphorylation and involved in growth and 

Figure 5.  Quantitative RT-PCR validation of 2DE protein results. Relative quantification was carried out to 
measure fold changes in selected gene expression among 0, 30, 45 and 60 Dse relative to internal reference gene.
RPS2 was used as a reference gene. Data (technical replicates of three biological experiments) are reported as 
means ± standard error.
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development of cells61. 14-3-3 proteins act as an adaptor involved in cell specific serine/threonine phosphoryl-
ation dependent signal cascade60. Also 14-3-3- like proteins are involved in various process like regulation of 
carbohydrates and nitrogen metabolism, activation of protein kinase C and induction of calcium dependent 
exocytosis62. 14-3-3- like proteins were found to be highly expressed in the embryogenic cultures of papaya and 
two forms of these proteins were highly expressed in the proliferating embryos of Oak and play a protective 
role against stress generated under in-vitro conditions during cell reprogramming. This gives a clear indication 
that carbon source required for the maturation event may be obtained from the metabolic process of carbohy-
drates regulated by the highly expressed 14-3-3 like protein. Pollen coat oleosin- glycine rich protein (spot 18) 
belonging to a class of small proteins related with oil body membrane in plants was overexpressed in mature 
somatic embryo. The expression of oleosin glycine protein was found to be high during the germination of seeds 
of Arabidopsis thaliana and Carthamus tinctorius L.63,64. Thus, it is speculated that overexpression of oleosin gly-
cine protein aids the somatic embryo during germination process.

Conclusion
Somatic embryo development is a highly complex process associated with series of molecular events. Our results 
showed that the differentially expressed proteins during the developmental stages of somatic embryos are closely 
related with the various cellular processes. In the early developmental stage, cell division and growth- related 
proteins like ankyrin protein kinase, tubulin alpha chain and growth regulating factor were involved in the induc-
tion of somatic embryos, whereas in the late developmental stage, cell wall associated proteins along with stress 
related proteins like sHSP, LEA and APOX played a defense role against various abiotic stresses resulting in 
the maturation of somatic embryo. This knowledge will facilitate towards understanding of metabolic network 
and molecular mechanisms involved in the developing embryo. Furthermore, some identified stage specific pro-
teins are differentially expressed and are valuable indicators. They can be used as genetic markers to identify 
the specific stage of somatic embryo development. This study not only helps to understand the molecular basis 
of somatic embryo development but also will facilitate further experiments in the improvement of germplasm 
conservation, genetic engineering and vegetative propagation. Henceforth, the lists of differentially expressed 
proteins in this study provide the fundamental information required for studies on growth and differentiation 
of somatic embryogenesis process in banana. With these findings, the regeneration medium will be manipulated 
by supplementing additives that triggers the expression of stage specific proteins responsible for the formation of 
synchronized matured somatic embryos.
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