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Abstract Proteome analysis of embryo and endosperm of
Givotia moluccana, a promising angiosperm tree species
was carried out using two-dimensional electrophoresis
combined with matrix-assisted laser desorption/ionization
time of flight to identify differentially abundant proteins
and their possible functions. The study revealed the pres-
ence of 492 protein spots in the embryo and 432 in the
endosperm, and the relative abundance of 44 spots varied
significantly between the two. Of the 21 functionally
characterized protein spots, 14.3% were involved in
metabolism and energy, 28.6% in protein destination and
storage, 14.3% in defense and stress and 19% in cell
growth and division. The embryo-specific protein ATP-
dependent zinc metalloprotease FtsH is predicted to be
involved in chloroplast biogenesis and the endosperm-
specific protein hydroxyacyl-ACP dehydratase in fatty acid
synthesis. These results suggested that the seeds have
proteins required for germination and for stress responses.
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Introduction

The seed of a plant is a structurally and physiologically
organised entity; the embryo develops into the plant, the
endosperm is enriched with storage compounds to nurture
the embryo during primordial growth stages, and a seed
coat protects the seed from adverse conditions. Seed for-
mation begins after a double fertilization event followed by
embryogenesis with three phases of cell divisions, a mat-
uration phase in which seed storage compounds accumu-
late, differentiation of the embryo and acquisition of
desiccation tolerance. The embryo and endosperm differ in
ploidy level and coordinately interact to regulate plant
development (Chaudhury et al. 2001). Apart from provid-
ing nutrients during seed germination, the endosperm also
sustains a high osmotic potential and provides mechanical
strength during embryo growth (Lopes and Larkins 1993)
and plant growth substances such as cytokines promote
cytokinesis and signalling molecules for embryogenesis
(Hong et al. 1996; van Hengel et al. 1998).

Seeds occupy immense economic and social relevance
to humankind and animals (Shewry and Casey 1999).
Majority of the proteins and oil consumed by humans and
animals are derived from seeds. Givotia moluccana (L.)
Sreem. (white catamaran tree; Euphorbiaceae) is an eco-
nomically important tree with softwood that is used
extensively for making toys, boxes and fancy articles. The
genus Givotia is represented by four species that are con-
fined to India, Sri Lanka, Madagascar and Eastern Equa-
torial Africa (Sreemadhavan 1975). The seeds of
G. moluccana have been reported to be rich in oil used to
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lubricate fine machinery. In addition, its endosperm
extracts have been used to improve the digestion of chil-
dren by Palliyar tribes of Tamilnadu (Geetha and Vijay-
alakshmi 2013). The endospermic seeds of G. moluccana
have a pronounced dormancy of 1-1.5 years with low
natural regeneration. The molecular mechanisms underly-
ing this seed dormancy have been unexplored, but under-
standing the mechanism may lead to improvements in
propagation and regeneration. Proteomic analysis is a
powerful tool for understanding such complex biological
processes as seed dormancy and germination.

Two-dimensional electrophoresis (2-DE), followed by
identification of particular spots through matrix-assisted
laser desorption ionization—time of flight mass spectrome-
try (MALDI-TOF-MS/MS) is a powerful technique for
obtaining an overview of the differentially expressed pro-
teins in numerous plant parts and also at different stages of
plant development (Lin et al. 2003; Canovas et al. 2004).
Studies of proteome differences between embryo and
endosperm in tomato, Arabidopsis, rice, wheat, maize and
barley have shown changes in abundance of storage pro-
teins, housekeeping enzymes, defense-related enzymes and
proteins involved in metabolic processes (Runeberg-Roos
et al. 1994; Gallardo et al. 2001; Méchin et al. 2004;
Komatsu 2005; Sheoran et al. 2005; Bgnsager et al. 2007,
He et al. 2015). Liu et al. (2009) reported that significant
groups of differentially abundant proteins in the embryo
and endosperm of Jatropha curcas were associated with
metabolism and disease/defence. The seed morphology of
Givotia shares similarities with those of the most-studied
species of Euphorbiaceae, Jatropha and Ricinus, but
despite the economic importance of Givotia species, there
are no reports on the proteomes in their seeds. The present
study is thus aimed at analyzing the proteome of embryo
and endosperm to discern differentially abundant proteins
and understand their function.

Materials and methods

Plant material

Mature fruits of G. moluccana were collected from the
Forest Research Station, Mulugu, Telangana during Jan-
uary—February 2016 and dried in the sun until the moisture
content was lower than 10%.

Seed size and mass

The seeds were removed manually from the dried fruits
with the help of secateurs, and seed coats were broken with

the help of a bench-vice tool. The seed coat, embryo and
endosperm were separated manually using sterile forceps
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and weighed. Embryo and endosperm from freshly har-
vested dried fruits (< 10% moisture content) were frozen
in liquid nitrogen and stored at — 80 °C until further use.

Protein extraction

Proteins were extracted from embryos and endosperms
separately using the protocol described of Shen et al.
(2003). About 100 mg each of embryo and endosperm
were ground into fine powder in liquid nitrogen with
100 mg of polyvinylpolypyrrolidone and transferred into
microcentrifuge tubes containing pre-chilled extraction
buffer (50 mM Trizma base pH 7.5, 250 mM sucrose,
10 mM EDTA, 1 mM phenylmethanesulfonyl fluoride
(PMSF), 1 mM dithiothreitol (DTT) and 1% Triton
X-100). The homogenate was stirred at 4 °C for 10 min
and centrifuged at 13,000xg for 30 min at 4 °C. The
supernatant was collected into a fresh tube and mixed with
equal volumes of 30% trichloroacetic acid (v/v) and incu-
bated at — 20 °C overnight, then centrifuged at
12,000x g for 15 min at 4 °C. The pellet was washed thrice
with pre-chilled 100% acetone containing 6.5 mM DTT,
then centrifuged. Finally, the pellet was vacuum-dried for
3 min at 30 °C and allowed to dissolve overnight in sample
buffer containing 7 M urea, 2 M thiourea, 4% w/v 3-[(3-
cholamidopropyl) dimethylammonio]-1-propanesulfonate
hydrate (CHAPS), 2% w/v ampholytes and 6.5 mM DTT.
Protein concentration was determined using the amido-
black method with BSA as the standard (Henkel and Bieger
1994).

2-D electrophoresis and image analysis

2-DE was performed according to Rani et al. (2015). In
brief, proteins were separated at 20 °C in the first dimen-
sion (GE Healthcare Ettan IPGphor 3 Isoelectric focusing
system) by loading 500 pg of protein sample on 18 cm
immobilized pH gradient (IPG) strips with linear pH gra-
dient of 4-7 (GE Healthcare). Before SDS-PAGE in the
second dimension, the strips were equilibrated for 20 min
with equilibration buffers containing 6 M urea, 30% v/v
glycerol, 2% w/v SDS, 50 mM Tris-HCI pH 8.8 with 2%
w/v DTT, followed by 2.5% (w/v) iodoacetamide. After
equilibration, the IPG strip was separated on 12% SDS-
PAGE in EttanDalt6 vertical electrophoresis system (GE
Healthcare) at 20 °C at 150 V and stained with Coomassie
blue G-250.

Image and data analyses
The 2-DE of embryo and endosperm protein samples was

performed with three biological replicates, and 2-DE gel
images were obtained by scanning the gels with a Magic
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Image scanner (GE Healthcare). Differentially expressed
spots in 2-DE gels were analysed through ImageMaster 2D
platinum software version 7.0 (GE Healthcare). Triplicate
2-DE gel images of embryo and endosperm were aligned,
and spots were detected automatically. Match set classes
were created, and gels were further aligned by selecting
four spots as landmarks. Normalization of spots was done
by considering percentage of the volume of each spot rel-
ative to the total volume of all spots in the gel. The relative
change in protein abundance between embryo and endo-
sperm was determined by comparison with embryo gels.
The protein spots that differed by > 1.5-fold between
embryo and endosperm were considered as more abundant
and < 0.6 as less abundant. This arbitrary cut-off was
found to be statistically significant in proteome studies
(Rani and Podile 2014). The differentially expressed pro-
tein spots were selected for further analysis after Student’s
t test (p < 0.05).

Protein identification

Spots of interest were excised from the stained 2-DE gels
and digested by sequence-grade trypsin (Promega, Madi-
son, WI, USA) as described by Rani and Podile (2014).
After trypsin digestion, peptides were analyzed by
MALDI-TOF mass spectrometry using a BrukerAutoflex
[T Smartbeam (Bruker Daltonics, Bremen, Germany). The
obtained data were used in a search of the National Center
for Biotechnology Information (NCBI) or Swiss-Prot
databases  using  Mascot  software  (http://www.
matrixscience.com) and BioTools 3.1 software (Bruk-
erDaltonics, Bremen, Germany). The taxonomic category
was set to Viridiplantae (green plants), and other search
parameters included fixed modification of car-
bamidomethyl (C), variable change of oxidation (M),
enzyme trypsin, peptide tolerance of 100 ppm and MS/MS
tolerance of 0.4 Da. The protein identity was accepted only
if the MASCOT probability was at a significant threshold
level (p < 0.05), and at least two peptides matched.

Results
Seed size and mass

Seeds of G. moluccana are oval with a diameter of
11-16 mm and comprise embryo with two thin cotyledons
that are embedded in the large endosperm (Fig. 1). The dry
mass of a single seed varied from 0.6 to 1.1 g. The seeds
constituted 17.7% of the fruit mass. It is composed of the
seed coat, embryo and endosperm, which constituted
62.8%, 2.3% and 34.9% of the total seed mass, respectively

(Fig. 2). The seed coat comprises two layers: a hard brown
episperm with a strongly attached thin, white endopleura.

Embryo and endosperm proteome profiles

The total soluble proteins of the embryo and endosperm
were profiled by 2-DE gels. Scatter plots drawn between
three independent gels of the embryo and endosperm pro-
teome revealed similar spot pattern in each experiment
(Fig. 3). Coomassie blue staining followed by imaging of
the gel by Image scanner revealed 492 spots in the embryo
and 432 spots in the endosperm (Fig. 4). The protein spots
visualized on the 2-DE gels were found in the range of 4—7
pH. Based on the protein distribution, molecular mass and
pl range, the spotting pattern of embryo and endosperm
proteins on the 2-DE maps had many similarities; a few
protein spots differed in abundance (Fig. 5). The protein
distribution between the embryo and endosperm was
compared by grouping the spots horizontally (0.5 pI was
considered as 1 unit, and pI ranged from 4 to 7; Fig. 6) and
vertically (using known protein molecular mass markers;
Fig. 7). Both histograms had high similarities in proteome
distribution patterns for the embryo and endosperm
(Figs. 6, 7). Most of the proteins from the embryo and
endosperm were distributed similarly in the pI range from 4
to 6, comprising 70% of the total proteins (relative quan-
tity). The protein spots of the embryo were found to be 8%
less at pI of 6-6.5 and 3% higher in the pl range from 6.5 to
7 compared to endosperm proteome map (Fig. 6). Both
proteomes were in the molecular mass range starting from
200 kDa to less than 30 kDa (Fig. 7) and revealed many
similarities in the distribution pattern of protein spots
between these tissues with respect to molecular mass. The
majority of the proteins (80%) were in the range of
molecular weight from 100 to 25 kDa as calculated by
ImageMaster software. However, certain protein spots
differed between the endosperm and embryo (Fig. 7).

With the 2-DE proteome map of the embryo as a ref-
erence, the endosperm proteome was compared. About 368
proteins (66.2%) were commonly present in both tissues,
whereas 124 protein spots were found only in the embryo
and 64 protein spots were explicitly present in the endo-
sperm. Based on the relative spot volume, 44 proteins were
significantly (p < 0.05) more abundant in the embryo than
in the endosperm.

Protein identification

Of the 21 major differentially abundant protein spots ana-
lyzed by MALDI-TOF-MS/MS, eight spots (11, 74, 125,
128, 134, 135, 147 and 180) were significantly higher in
relative volume in the endosperm than in the embryo
(Figs. 5, 8) and eight (spots 27, 72, 105, 119, 132, 271, 300
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Fig. 1 Morphology of different
parts of Givotia moluccana

fruit. Scale bar = 1 cm
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0.00 -

Dry mass (g)

Fig. 2 Mean dry mass (& SD) of different parts of Givotia fruit.
Three independent experiments were done, each with three replicates

and 302) were higher in the embryo. Three protein spots
(493, 512 and 514) were endosperm-specific, and 2 (414
and 427) were embryo-specific (Table 1).

The embryo-abundant protein spots were functionally
classified into six classes: metabolism and energy (20%),
defense and stress (20%), protein destination and storage
(20%), cell growth and division (20%), and unclassified
proteins (20%) (Fig. 9a). Endosperm-abundant proteins
were also classified into six classes: metabolism and energy
(9.1%), defense and stress (9.1%), protein destination and
storage (36.3%), cell growth and division (18.2%), pre-
dicted and unknown proteins (18.2%), and unclassified
proteins (9.1%) (Fig. 9b).

Discussion

The small embryo of G. moluccana has two thin cotyledons
and is embedded in an enlarged and bulky endosperm. The
2-DE protein profiles of the embryo and endosperm
showed high similarities in terms of distribution of proteins
spots. A significant similarity in the distribution of protein
spots and protein types with variations in protein abun-
dance between the mature embryo and endosperm was also
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reported for J. curcas and tomato (Sheoran et al. 2005; Liu
et al. 2009). In angiosperms, the embryo and endosperm
develop after distinct fertilization events and differ in
function, morphology and ploidy. The endosperm results
from the fusion of two polar nuclei (2n) with a second
sperm nucleus () and is triploid (3n), whereas the embryo
is diploid (2n) formed by the fusion of the sperm nucleus
(n) with the egg (n) (Lopes and Larkins 1993). Our results
indicated that the proteomes of embryo and endosperm
were highly comparable in terms of distribution of protein
spots though the structures differ in ploidy and
morphology.

However, 44 protein spots were differentially abundant
between the embryo and endosperm. Around 368 proteins
matched between the two, greater than 60% using the
embryo as the reference. Unmatched proteins constituted
approximately 34% of the total; 124 proteins were specific
to the embryo, and 64 were specific to the endosperm.
These unique protein spots suggest different functions in
the embryo and endosperm.

Proteins related to metabolism and energy

Chloroplast and photosynthesis are important for germi-
nation and subsequent vigour of seedlings (Allorent et al.
2015). The purpose of seed photosynthesis is fascinating
even though seeds are considered to be sink organs which
acquire with storage molecules such as carbohydrates,
proteins, mRNAs and other nutrients from maternal tissues
(Hua et al. 2012). In the present study, cytochrome f (spot
27A) and tRNA (Ile)-lysidine synthase (spot 271A) (TilS),
involved in photosynthesis and amino acid synthesis, were
more abundant in the embryo than in the endosperm.
Cytochrome f, an intrinsic membrane-bound protein that is
part of the cytochrome b6f complex in the photosynthetic
electron transfer chain, is engaged in the transmission of
electrons from the Rieske Fe-S protein to plastocyanin in
the thylakoid lumen (Gray 1992). Allorent et al. (2015)
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Fig. 3 Scatter plots of proteins that matched from the two 2-DE gels
of (a) embryo and (b) endosperm. Plots were constructed using
ImageMaster 2D Platinum software. The x-axis indicates protein

reported that Arabidopsis thaliana seeds lacking cyto-
chrome b6f had poor germination. tRNA (Ile)-lysidine
synthase (TilS) is involved in changing the specificity of
tRNA from met to Ile. TilS binds to the tRNA ending with
a purine and modifies cytidine in the first position to lysi-
dine. Metabolic activities of cells are reactivated after the
onset of germination, and the abundance of the proteins
related to photosynthesis and amino acid biosynthesis is an
indication that seeds, upon receiving signals for germina-
tion, can activate photosynthetic machinery to generate
energy needed for plant growth.

Count: 432

6 7
CEnd 83504(1)

abundance from one 2-DE map, and the y-axis indicates abundance
from the other

The maturation phase in oil-seed plants is exemplified by the
differentiation of a photosynthetic stage in which photosyn-
thesis may play a direct role in lipid storage accumulation
(Eastmond et al. 1996; Goffman et al. 2005). Hydroxyacyl-
ACP dehydratase (spot 493D) (HAD), related to mitochondrial
fatty acid synthesis, was specifically present in the endosperm
and participates in the synthesis of unsaturated fatty acids and
involved in the dehydration of long and short chain hydroxyl
acyl-ACPS (Kastaniotis et al. 2004). HAD also plays a key role
in mitochondrial function and morphology in yeast and crucial
for promoting photorespiration in plants (Guan et al. 2017).

@ Springer
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Fig. 4 2-DE maps of (a) embryo and (b) endosperm. Circles indicate significantly abundant in embryo (A) and endosperm (B) or specific to

embryo (C) and endosperm (D)
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Fig. 5 Enlarged area showing differences in abundance of 16 representative protein spots in (a) embryo and (b) endosperm

Defence- and stress-related proteins

Two protein spots identified as phenylalanine ammonia
lyase (PAL) (spot 72A) and glutathione S-transferase
DHAR2-like (GST) (spot 119a) were abundant in the
embryo compared to the endosperm. On the other hand,
isoflavone reductase-like protein (IFR) (spot 147B) was
abundant in the endosperm. PAL catalyzes the first rate-

@ Springer

limiting step in the phenylpropanoid pathway and protects
the plant from several biotic and abiotic stresses in plants.
The products of the phenylpropanoid pathway have
antioxidative properties, thereby reducing the oxidative
damage from reactive oxygen species (ROS). Seeds are
exposed to ROS from seed development and germination
(El-Maarouf-Bouteau and Bailly 2008). GST protects the
cells from oxidative damage, dehydration, herbicides and
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toxic substances. They are involved in fusion of non-ri-
bosomally synthesized reduced glutathione to various toxic
molecules and hydrophobic electrophiles. DHAR-like
GSTs are unique and hold a cysteine molecule in the active
site, catalyze the reduction of dehydroascorbate to ascor-
bate (Dixon et al. 2002). IFRs are a major group of phy-
toalexins derived from the phenylpropanoid pathway
involved in isoflavonoid biosynthesis and help protect

Fig. 8 Mean relative spot 8
volume (4 SD) of the abundant
proteins in the embryo and 7
endosperm

6
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N
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against phytopathogens (Kim et al. 2008). IFR levels
increase in Ginkgo biloba seeds exposed to UV-B, and
after treatment with abscisic acid (ABA) and salicylic acid
(SA) (Cheng et al. 2013). The high abundance of stress-
related proteins in the embryo and endosperm of Givotia
indicates the potential ability to withstand biotic and abi-
otic factors like high temperature, desiccation tolerance
along with regulating the plant growth.

Protein destination and storage

Many seeds can withstand harsh environmental conditions
and produce a well-developed plant in suitable conditions.
The evolution of flexible mechanisms allows the seeds to
protect themselves from stress; failure of this process can
lead to death of the new seedling. One such mechanism
protects proteins from dysfunction due to environmental
stress. Chaperones hold the responsibility of preserving the
proteins in their functionally active conformations. In seeds
in the present study, chaperonin CPN60-2 (spot 74B) and
aspartic proteinase Al (AP-spot 125B and 134B) were
more abundant in the endosperm while HSP70-HSP-90
organising protein 3-like (HOP3) (302A) was abundant in
the embryo. These proteins are involved in protein
assembly, folding and stability, and proteolysis (Lindquist
and Craig 1988). Chaperonin CPN60-2, a mitochondrial
chaperonin HSP60 that functions in an ATP-dependent
manner, acts in the import and assembly of mitochondrial
proteins (Wang et al. 2004). Under abiotic stress, CPN60
promotes refolding and assembly of misfolded or unfolded
proteins in the mitochondrial matrix and the proper
development of chloroplasts and subsequently embryo and
seedling growth (Apuya et al. 2001).

HOP3 is a molecular cochaperone that protects the plant
from both the biotic and abiotic stresses. Most of the
pathogenesis-related proteins and the proteins associated
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Protein spot number

@ Springer



D. Pullaiahgari et al.

2104

AMAAdATASVAADASIHIHANLHAD ™
LAVAAAVHAIAAANDAISdIA A

A MAAANDIASdAA 969
HIATALLIHOV'S  1°SSITHOLO0 dX L1 /€°LE 0DIVI PUI0IGONY ] So[owOY ASEIONPAI QUOABPOS] /]
HddHOSSOLLSTAY
AATYINAIANTOSVY N I990S” V1dSD 1 1¥°9/0¢ 10]021q UY5.10§ 1ag uord oNI-dSVD  4S€l
AAHAOSAADSIVOLOAHIAVIION
AMVATILISAAILYAIIION S 16%
N UNAMASAAA N 1'6285SXIV 01 /S¥°0€ DULISSI]]OUL DIUDISDY) [ oseurojord onredsy  peT
A IHITANAVIIHIAAHOV S
I MASVATVANOVIVVAAM  LVAHM ¢CO£D 8  6T9/0¢ WNALSID WNIHLL], T-C oseuddAxolp-eloq-¢ ulareqqry  rel
A YOATLADIDOVIA'S
O SIMNOODALT Y 1'2L9L0TOM L 8S/9LT DIUDIL DIDIAS Sw 09700 LLLAS ureoxd [eonoyodAH (871
ADSHAADVASAAD ™M h'c IS
NUNTMASIADES  1°856L8TH00 dX v /9°LT “dsqns posaa pLDSDL] oNI-1V oseurdjord onredsy  GT1
68’
V' IOSAdOADTANAVOAVY ST M MAHOTVAITHA T 1°$86Z1€100 AN vl /9°ST wnopqp) PUDYOIIN NI[-CYVHA oseIojsuen-g suorpen[n 611
N YHADAISODOVSONNISSSA' N 0TS
FAVVOOOIDATI  TNTAS 91dSO €l /8TT  Mfluopuapipout vjjauISv]2g 01Ng uord aI-dSVD  ,S0T
VASYINLAAVAAVILIOY ¥
A MSALAMNMOSOTNATAA M
AN TdANOSIAINAAAAD S
AM@INADAAVASYOOI
IMAAVVANIVMSY I
A A TANYNADVVAS
ANTdAIDS SI9TPYTOLIS  T8TT  TH'S/cT sipup.8 sniddjponzy [eLIPUOYOOIIU ‘Z-O9NdD) Uruosadey) aPL
AN TOATISAINOONINYIAA M S
O DNSANAMASSY OvVdOL T1vd W el wnovq) PUPHOIIN oseA[-gruownue surue[e[Ausyd )
A ASINOAIAM SALNINO N RS
SIONVIAON TONA AL Y HA¥ID 4AD 6  /STIT  wnsiowap wnjkydoip.ia) S oworypoik) LT
A ILLOHOONAVNADOL M
A MOSANAAANILLOHOO M
I MHANTLLSOALSYO M
SIVIHL THAAXSAT e
A IVHVYAOJANdS I 0LTS8ETIINE  $6°01 /8°8¢C soutspad sn2208yIvg urojord umowyup all
(%) ‘ou
sopndad payore|y UOISS0Y 0S 1d/1N wstue3I0 urajoid jodg

SIN/SIN-HOL IQTVIA Suisn aouepunqge urajold [enuaropjip yim sjods urodsopud pue oA1quuo Jo sisA[euy | J[qel,

pringer

as



2105

Proteomic analysis of differentially abundant proteins in the embryo and endosperm of...

A YVNAHSAHNSILST
SN TNHIAAVAIN Y
VALVAIFATIH T

A IADINIIVOHSSY I
LYIHSVIN

A MIONOIVA'

AN TAIVVAVVAVLA Y
VATTASALOTT Y
TYANEONTE

A AdIIAdM

T INGI T

O YADAITAD I
A'NTIADTVONAYOA
S"INSATAHNSAV ISIVOLAH
[ILSODATAAQHAOSYALS
O JOSANAAVIALIAVN
TINAIAIOOTHLADVLY
YA TANNTIHAEV
TYALALIVAASALL Y
AAOIVIdAVITIEIA T

N IILTASN T I

A YIVOILIAODAd THANIHASSSS
VAN TdVALTIAdHIAdVA S
SAVIATHOFAATVAAV T
JYIVOILIAODAd THAN
D MYHAISIOSHAATD M

A TANALLHHMI

M IHAISdOSHAATD S

O WISOVAAOAAVA'
HYdIDAISIIAY I

YAV LLIANAD Y

A SIODNDANADIH Y
TYTVHAIVAD

M YAddVAAIT S

vV 4dvAanv4aov-

SLSTL60S6IIS

SL80TIEOLIS

1°921L80T10 dX

I'ST6ESMOM

YODAZ STIL

L6T
YE61H L1£T806I18

8'LE

9¢

I

S

14

9y
/ev'0€

L9
/€01

c9/LTl

yee
Y1°L8
3:59
/L8'TL

we
/S1°9%

DIDIPDA DA DIDIPDL DUSIA

$171qI0U SO

SDVIUNI B&QG\NB\.

sipup.a3 smd{pong

WNIDULIDIWNIALD DUIUSKZ

snnuup SnyjuvljoHq

81€19L901D01
urdjoxd pazuejoereyoun :qHIOIATId

Hs149osearo1dofreiow ourz juspuadop-4 1y

1-¢ urajod Surziue3io edsH-0LdSH

LTI€01 ZNSYONA uoid [eonoyrodAy

onsedoIoyo ‘aseyiuAs uIpIsA[-(I) VNI

unoy

SLTH

SIb

+20€

J00€E

VILT

4081

sopndad payorey

UOoISSA00Y

(%)
N

191N

wstue3IQ

urd01d

‘ou
jodg

penunuod T dqe],

pringer

as



D. Pullaiahgari et al.

2106

oyroads-urradsopue ‘(q
‘ogroads-oA1quid ) Yuepunqe-urradsopus ‘g Sjuepunge-oAiquid ‘y :s1oquunu jods £q syduosiadng 0510409 9ouanbas H¢ ‘surajord ayp Jo Jurod SLIIOS[A0ST PUB SSBW JR[NII[OW [BONI0Y) Jd/4

HIOHASOAd LADIANAIA A
N AISSISASLY ADALNS ¥
SN VAAIHIOAT
SUSASLYADALAS Y
NI TVIINSSSINY b6v61
SAUSAADNYOD Y 8566971201118 78 $8'9/0¢ sisuavdi suovLy 66L879L01D0T UIejoxd pozuooeieyoun)  HI§
D LISVSVAVOINVADVAVNML Y
A YAAHSITTHIAY I
SYAIONVIASHTY ¥
VIAVII T 1dLY
HIAVIHAAONYIS Y
AISSASOVISYSAY
VHIAGONVIS 9°9 SPSTdNDD
VASVSAT IV Y LYETLTEOENS 96 18°T€ vjjisnd spUOUOLIN urojord papIpald  TIS
ANAATTAdAIHd T
HIIONIANALIAVAA
HIIONIANALIAVAA
NMIVAVSADALAHIA Y
A IANAIDVALING
AMAATOLAAAHS I
ANAIDVAIANA Y
ANAATTAA Y
VIDANNVIOA Y €8°c
INSIVIOLT S PSEVEPPTOIS GBI /8791 sp2.n> pydoavf aseieIpAyep JOV-1AoeAx0IpAH  €6¥

(%) ‘ou
sopndad payorey UOISSAIIY S 1d/an wstue3IQ urajoid jodg

penunuod T dqe],

pringer

A's



Proteomic analysis of differentially abundant proteins in the embryo and endosperm of...

2107

Fig. 9 Classification of
identified proteins in (a) embryo
and (b) endosperm according to
their notated functions
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with heat stress such as HSP70 cognates induce binding
proteins in the endoplasmic reticulum, which guides them
in proper synthesis, folding, assembly and transport
(Yangiiez et al. 2013). In this study, APs were abundant in
the endosperm. A1 APs are the most-studied plant pro-
teinases involved in proteolysis and protein processing in
various plant organs, and are believed to play a role in plant
senescence, stress responses, programmed cell death (PCD)
and reproduction (Simoes and Faro 2004). Proteolysis and
mobilization of storage proteins, globulins and gliadins are
induced during rice and wheat seed germination. Chen and
Foolad (1997) hypothesized that APs might be involved in
the synthesis of new proteins from nucellar cell death
proteins for embryo and endosperm development as part of
the nucellar cells degeneration during PCD in barley after
pollination.

The embryo-specific ATP-dependent zinc metallopro-
tease FtsH (spot 414C) is an ATP-dependent protease
associated with diverse cellular activities (AAA) that
control the quality of integral membrane proteins. They are
similar to bacterial FtsHs and are localized in chloroplast
and mitochondria of plants. FtsHs proteases are highly
conserved, consisting of three functional domains in a
single polypeptide chain where the N-terminal membrane-
spanning helices are exposed to ATPase of AAA super-
family and zinc-binding domain toward the stroma
(Leonhard et al. 1999). Single or double mutant analysis of
FtsH proteases revealed their importance in thylakoid
biogenesis (Zaltsman et al. 2005). AtFtsH 1 is believed to
be involved in the assembly and maintenance of PSII
complexes by proteolysis of damaged D1 proteins due to
photo-oxidation. A mutation in AtFtsH 4 also resulted in
abnormalities in the structure of mitochondria (Rigas et al.
2009), and the functional protein is required for the
dynamic assembly and stability of complex I (Kolod-
ziejczak et al. 2007).

Cell division and growth

Embryo spots 132A, 105A and endosperm spots 135B and
180B are expected to play an essential role in cell division
and growth of the plant. Gibberellin 3-beta-dioxygenase
2-2 (GA200x) (spot 132A) play an important role in hor-
monal biosynthesis and root hair formation. Gibberellins
(GAs) are involved in diverse functions such as seed for-
mation, germination, stem elongation, development of leaf
and trichomes, pollen maturation and induction of flower-
ing (Daviere and Achard 2013). Chemically, they are
diterpenoids, and their synthesis occurs in three phases in
different compartments of the cell. The first phase occurs in
plastids with the cyclization of geranylgeranyldiphosphate,
followed by formation of ent-kaurene takes place. The
second phase, oxidization of ent-kaurene to GA12, occurs
in the endoplasmic reticulum, and the final phase in cytosol
involves the formation of bioactive GAs by the action of
2-oxoglutarate-dependent dioxygenases, GA 20-oxidase
(GA200x) and GA3-oxidase (GA3ox) (Yamaguchi 2008).
Gibberellin 3-beta-dioxygenase 2-2 converts the inactive
GA9 and GA20 into bioactive GA1 and GA4, which are
active in the regulation of shoot elongation and in floral
induction in short-day conditions (Eriksson et al. 2006).
CASP-like protein 2U10 (spot 105A) was found in the
embryo and CASP-like protein 2D1 (spot 135B) in the
endosperm. CASP-like proteins (CASPLs) are membrane-
bound proteins that are important in the regulation of cell
wall component deposition in the root endodermis (En-
stone et al. 2002), thereby they are crucial for root for-
mation (Roppolo et al. 2014). CASPLs also prevent the
lateral diffusion of solutes by regulating the apoplastic
barrier among inter- and intraorganismal apoplasms.
Though the endosperm may not be involved in the root hair
formation during seed germination, the presence of
CASPLs in the endosperm is unclear and unexplored. Actin
(spot 180B), highly conserved and abundant in eukaryotes,
is expressed throughout the life of plants and involved in
developmental processes including cell division and
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polarity, cell wall deposition and cell elongation (Meagher
et al. 2000).

Conclusions

The proteome analysis of G. moluccana showed marked
differences in the abundance of 44 protein spots between
embryo and endosperm, and 21 were selected and identi-
fied through MALDI-TOF-MS/MS. The identified pro-
teins are involved in cell division, root formation, hormone
biosynthesis, photosynthesis, chloroplast biogenesis, fatty
acid, amino acid synthesis including cellular redox home-
ostasis and stress responses. This study provides a foun-
dation for further studies related to seed development and
germination of this important tree species.
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