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The inner integument of Jatropha curcas seeds is a non-photosynthetic tissue that acts primarily as a conduit for
the delivery of nutrients to the embryo and endosperm. In this study we performed a histological and transmis-
sion electron microscopy analysis of the inner integument in stages prior to fertilization to 25 days after pollina-
tion, to establish the structural changes associatedwith the plastid to gerontoplast transition. This study showed
that plastids are subjected to progressive changes, which include the dismantling of the internal membrane sys-
tem, matrix degradation and the formation of stromule-derived vesicles. A proteome analysis of gerontoplasts
isolated from the inner integument at 25 days after pollination, resulted in the identification of 1923 proteins,
which were involved in a myriad of metabolic functions, such as synthesis of amino acids and fatty acids.
Among the identified proteins, were also a number of hydrolases (peptidases, lipases and carbohydrases),
which presumably are involved in the ordered dismantling of this organelle to provide additional sources of
nutrients for the growing embryo and endosperm. The dataset we provide here may provide a foundation for
the study of the proteome changes associated with the plastid to gerontoplast transition in non-
photosynthetic tissues.
Significance:Wedescribe ultrastructural features of gerontoplasts isolated from the inner integument of develop-
ing seeds of Jatropha curcas, togetherwith a deep proteome analysis of these gerontoplasts. This article explores a
new aspect of the biology of plastids, namely the ultrastructural and proteome changes associatedwith the tran-
sition plastid to gerontoplast in a non-photosynthetic tissue.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Plants possess a variety of plastid types, displaying crucial roles in
growth, development and reproduction. Due to their remarkable plas-
ticity, plastids can differentiate, dedifferentiate and redifferentiate as il-
lustrated by the differentiation of chloroplasts in chromoplasts, the
reversible differentiation of etioplasts in chloroplasts, which in turn
can differentiate in gerontoplasts in senescent leaves [1–3]. The prote-
ome dynamics of these transitions are poorly understood, but the avail-
ability of the partial proteome of several plastid types such as
chloroplasts [4–6], chromoplasts [7,8], etioplasts [9,10], embryoplasts
[11,12], amyloplasts [13], root [14], and endosperm plastids [15] are a
step forward in the understanding of these transitions. The differentia-
tion of chloroplasts in gerontoplast in senescent leaves is the most
ioplant@ufc.br (F.A.P. Campos).
studied case of plastid differentiation (for a thorough review see [16]),
but gerontoplasts are thought to occur in other photosynthetic and
non-photosynthetic senescent organs, where they have the adaptive
role of providing nitrogen and carbon sources to the growing leaves,
fruits, and seeds. While there are good examples of proteomic studies
on the transition from chloroplasts to chromoplasts [17,18], such stud-
ies are lacking for the transition from chloroplast and other (non-photo-
synthetic) plastids to gerontoplast.

The seeds of Jatropha curcas (hereafter called Jatropha) are a poten-
tial source of rawmaterial for the production of biodiesel and the under-
standing of its developmental biology is being aided by the availability
of the complete genome of the chloroplast [19], of a draft genome that
covers ∼95% of the gene-containing regions [20,21] and of several pro-
teomic studies of whole seeds [22], embryo [23], oil bodies [24], devel-
oping endosperm [25], plastids from developing endosperm [15] and of
the inner integument of developing seeds [26]. The latter study revealed
that the inner integument is under programmed cell death (PCD) as in-
dicated by the accumulation of peptidases, carbohydrases and nucleases
in the proximal region of the inner integument close to the developing
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embryo and endosperm. This study brought to light the fact that the
seed integument is not only amaternal conduit for the delivery of nutri-
ents to the developing embryo and endosperm, but it is, in itself, a
source of carbon and nitrogen to these developing organs. As plastids
from the inner integument are the site of synthesis of fatty acids,
amino acids, starch and several compounds of the secondary metabo-
lism, it is apparent that the ordered and complete dismantling of this or-
ganelle may provide additional source of nutrients for the growing
embryo and endosperm. In this manuscript, we endeavor to present
an in-depth proteome analysis of gerontoplasts isolated from the
inner integument of Jatropha seeds; this analysis was preceded by a his-
tological study of the inner integument and by a transmission electron
microscopy analysis of the plastids present in cell layers of this tissue
at successive developmental stages, so as to highlight the ultrastructural
changes associated with the differentiation of the plastids into
gerontoplasts. The functional classification of more than 1900 proteins
identified, highlighted the high catabolic state of this organelle.

2. Material and methods

2.1. Histological analysis

Jatropha ovule and developing seeds at 5, 10 and 25 days after polli-
nation (DAP) were processed as described previously [27]. Samples
were fixed in Karnovsky solution [28] for 24 h at 4 °C. After, they were
washed three times in 100 mM phosphate buffer, pH 7.2 and
dehydrated in a graded series of ethanol (10, 20, 30, 40, 50, 60, 70, 80,
90 and 100%, 1 h for each step). Samples were embedded in plastic
resin glycol methacrylate (Historesin, Leica Microsystems) according
to the manufacturer's instructions for at least 20 days. Thin sections of
5 μm were prepared on a rotatory microtome LEICA 2065 and stained
with 0.5% toluidine blue in 0.12% borax followed by 0.5% basic fuchsin
[29].

2.2. Electron microscopy analysis

Slices of 1 mm thickness from Jatropha ovule and developing seeds
at 5, 10 and 25 DAP were fixed for 24 h in Karnovsky solution [28]
followed by 3 washes of 10 min with 100 mM phosphate buffer,
pH 7.2. After, a post-fixation was performed with 1% osmium tetroxide
in the same buffer for 2 h followed by 5 washes in phosphate buffer for
10 min. En bloc staining was realized with 2% aqueous uranyl acetate,
overnight at 4 °C followed by dehydration in graded ethanol series of
17%, 35%, 50%, 70%, 85%, 95% (2 times), 100% (3 times) for 10 min to
each step and acetone (2 times) for 15 min. The samples were embed-
ded in increasing concentrations of Spurr EMS© resin at 4 °C for
4 days and polymerized at 60 °C for 24 h. Ultrathin sections of 70 nm
were prepared in Reichert OMU3 ultramicrotome, collected in Formvar
and Carbon coated cupper grids of 200mesh, stainedwith 5% uranyl ac-
etate for 40 min followed by 0.5% lead citrate for 10 min and then visu-
alized on a Zeiss EM 109 transmission electron microscopy operating in
an accelerating voltage of 80 kV.

2.3. Isolation of gerontoplasts from the inner integument of developing
J. curcas seeds

Gerontoplasts were isolated following a protocol that we previously
used for the purification of plastids from the endosperm of developing
J. curcas seeds [15]. For this purpose, developing (25 DAP) J. curcas
seedswere harvested from 30 fruits and the inner integument was sep-
arated using a surgical spatula. Isolated inner integument was cut into
small pieces and soaked in homogenization buffer (HB): 50 mM
HEPES-KOH, pH 7.5, containing 0.4 M D-Sorbitol, 2 mM EDTA, 1 mM
MgCl2·6H2O, 1 mMDTT, 20 mMNaF, 1% BSA, and 1% Ficoll. This mate-
rial was homogenized twice inmortar and pestle for 10min and filtered
through cheeseclothmembrane. Filtrateswere centrifuged for 10min at
200 g and4 °C. After discarding the precipitate the supernatantwas cen-
trifuged at 6000 g and 4 °C for 15 min. Precipitate was resuspended in
2.5 mL of HB without BSA and Ficoll while the supernatant was
discarded. The resuspension was place on the top of a discontinuous
(35, 22 and 10%) PBF-Percoll gradient in a falcon tube constituted of
3% (w/v) PEG-4000, 1% (w/v) BSA, and 1% (w/v) Ficoll in Percoll, and
centrifuged in a swing-out rotor (Sigma, 4K15) with acceleration 8
and deceleration 0 at 4 °C for 45 min. Band at the interface of 22 and
35% was collected and to it added 20 mL of HB without BSA and Ficoll,
centrifuged at 1000 g for 10 min. The enriched plastid precipitate was
stored for further protein extraction and the supernatantwas discarded.
Plastid isolation was performed in 7 different biological replicates.

2.4. Protein extraction and sample preparation for proteomic analysis

Protein extractionwas performed using a previously developed pro-
tocol [30]. Plastids were homogenized in pyridine containing buffer
(50 mM pyridine, 10 mM thiourea and 1% SDS, pH 5.0) with polyvi-
nyl–polypyrrolidone in a proportion of 1:40:2 (w/v/w). This mixture
was stirred for 2 h at 4 °C and centrifuged at 10 000g for 30min. Proteins
were precipitated from supernatant using cold 10% trichloroacetic acid
(TCA) in acetone. Pellets were washed with cold acetone three times,
dried under vacuum, and dissolved in 7 M urea/2 M thiourea. Protein
concentration was determined by the Bradford assay [31] using BSA as
a standard. Protein digestion was performed using two different strate-
gies. Firstly, 100 μg of proteinswere subjected to in-solution digestion as
performed previously [15,32]. Briefly, proteins were reduced using
10 mM dithiothreitol (DTT) for 30 min at 56 °C and alkylated using
55 mM iodoacetamide for 30 min at room temperature in dark. Urea
concentration was diluted to less than 1 M and proteins were digested
with trypsin (Promega) overnight at 37 °C. Formic acid (FA) was
added (final concentration 2%) in order to stop digestion and peptides
were passed through spin columns (Harvard Apparatus) filled with C-
18material, dried under vacuumand stored for further use. Four biolog-
ical replicates were subjected to in-solution digestion. Three protein bi-
ological replicates were processed to in-gel digestion. For this purpose
30 μg of proteins were subjected to 1-D gel electrophoresis using
Mini-PROTEAN Tetra Cell vertical electrophoresis system (Bio-Rad)
and EPS 3501 XL power supply (GE Healthcare), following
manufacturer's instructions. Coomassie Brilliant Blue R-250 was used
to stain the gels. Proteins from all the three biological replicates were
applied to three different lanes of a single 1D-SDS-PAGE gel. In order
to perform in-gel digestion, gel was rinsed with water and protein
lanes of each of the three biological replicates were independently di-
vided into seven slices and stored in separate eppendorf tubes. Gel
pieces were dehydrated with acetonitrile (ACN) and destained with
100 mM ammonium bicarbonate (NH4HCO3)/50% ACN (1:1 v/v). Pro-
teins in gel pieces were reduced with 10 mM dithiothreitol (DTT) for
30 min at 56 °C, alkylated with 55 mM iodoacetamide (IAA) for
30 min at room temperature in the dark, and digested overnight with
trypsin (Promega). Peptides extraction from gel pieces was performed
using 50 μL of 50% ACN and 5% FA solution. This process was performed
two times. Peptides were passed through C-18 spin columns (Harvard
Apparatus), dried under vacuum, and stored at −20 °C for further
analyses.

2.5. LC–MS/MS and data analysis

Peptides from both in-solution and in-gel digested samples were
separately dissolved in 0.5% FA and analyzed through a nano-LC–MS/
MS system consisting of an EASY II-nano LC system (Proxeon
Biosystem) and a nanoESI LTQ-OrbitrapVelosmass spectrometer (Ther-
mo Fisher Scientific). Peptides were eluted from a trap column
(150 μm × 2 cm) packed in-house with C-18 ReproSil 3 μm resin (Dr.
Maisch) and an analytical column (100 μm × 15 cm) packed with the
same material. The gradient applied was 100% phase A (0.1% FA) to
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35% phase B (0.1% FA, 95% ACN) for 120 and 180 min for in-gel and in-
solution digested samples, respectively, followed by 20min of washing.
Mass spectra were acquired in a positive mode using the data-
dependent automatic (DDA) survey MS scan and tandem mass spectra
(MS/MS) acquisition. Each DDA consisted of a scan of the m/z range
350–2000 and resolution 60 000 with a target value of 1 × 10e6

ions. This was followed by the collision-induced dissociation (CID)
MS/MS of the 10 most intense ions in LTQ at 35 normalized collision
energy (NCE). Previously fragmented ions were dynamically excluded
for 60 s.

Raw data were viewed in Xcalibur v.2.1 (Thermo Scientific). Two
and three raw files were generated for in-gel and in-solution digested
samples, representing two and three technical replicates, respectively.
MS2 files were generated from RAW files using RawXtractor software
[33] and searched with ProLuCID v1.3 [34] against a sequence database
containing 170,681 protein sequences. This database was created by
combining the J. curcas genome encoded proteins [21] downloaded
from (http://www.kazusa.or.jp/jatropha/) in October 2014, and the
J. curcas chloroplast genome encoded proteins [19] downloaded from
the National Center for Biotechnology Information (NCBI) in October
2014. Searches were performed using the following parameters: full
tryptic hydrolysis, two missed cleavages, oxidation of methionine as
variable modification, carbamidomethylation of cysteine as fixed modi-
fication, precursor tolerance of 50 ppm and fragment tolerance of
500 ppm. Peptide spectrum matches (PSM) obtained from ProLuCID
were post processed using Search Engine Processor (SEPro) [35], a
tool for filtering and organizing the PSMs and is embedded in
PatternLab version 3.0.0.30, as previously performed [25]. For adding
descriptions to the identified proteins, they were blasted against the
NCBI non-redundant database (NCBInr) using Blast2GO [36] annotation
tool while for determining the Ricinus communis and Arabidopsis
thaliana orthologs a local BLAST [37] of the identified proteins was
done against R. communis and A. thaliana protein databases downloaded
from UniProt (http://www.uniprot.org) and TAIR (http://www.
arabidopsis.org/) in October 2014, respectively, using an e-value of
1 × 10−20.
Fig. 1. Anatomy and ultrastructural changes in the inner integument of developing Jatropha c
respectively. E. Proximal region represented in the left square on D. F. Distal region represen
different developmental stages. G, H. Ovule; I, J. 5 DAP; K, L. 10 DAP; M, N. Proximal region at
square area in the figures immediately above. cc, central cavity; cw, cell wall; d, distal; en, e
epidermis; p, plastid; pr, proximal; s, starch; sv, stromule-derived vesicle; t, testa; v, vacuole; a
Six independent target programswere used for prediction of cellular
location: TargetP (http://www.cbs.dtu.dk/services/TargetP/) [38],
ChloroP (http://www.cbs.dtu.dk/services/ChloroP/) [39], Plant-mPloc
(http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/) [40], Y-Loc (http://
abi.inf.unituebingen.de/Services/YLoc/webloc.cgi) [41], Predotar v.1.03
(https://urgi.versailles.inra.fr/predotar/predotar.html) [42] and iPSORT
(http://ipsort.hgc.jp/) [43] and four publically available plastid protein
databases were used to search for homologs of the identified proteins,
i.e. PPDB (http://ppdb.tc.cornell.edu/) [44], PlantSecKB (http://
proteomics.ysu.edu/secretomes/plant/index.php) [45], PlProt (http://
www.plprot.ethz.ch/) [46] and SUBA (http://suba3.plantenergy.uwa.
edu.au/) [47].

3. Results and discussion

3.1. Anatomical and ultrastructural changes of the inner integument during
seed development

The anatropous, crassinucellar, and bitegmic mature ovule of
Jatropha is composed by three tissues, i.e. outer epidermis, mesophyll
and inner epidermis, which correspond respectively to exotegmen,
mesotegmen and endotegmen (Fig. 1A). The exotegmen and
endotegmen are composed of one cell layer containing small cells
with dense cytoplasm and undergoing anticlinal divisions, whereas
the mesotegmen is constituted by approximately 20 cell layers of vacu-
olated cellswithperipheral nuclei and undergoingpericlinal and anticli-
nal divisions (Fig. 1A). At 5 DAP (Fig. 1B) the three tissues are still
present and the cells in the mesotegmen are under active periclinal
and anticlinal division which lead to an increase in the seed size due
to an increase in the number of cell layers in the mesotegmen. At 10
DAP (Fig. 1C) the endotegmen is no longer present, cells in the
mesotegmen are in division and expansion,while those close to the cen-
tral cavity are highly vacuolated. At 25 DAP (Fig. 1D and F) cells of the
mesotegmen close to the central cavity are highly vacuolated, expanded
and gradually consumed forming a layer of cell debris, while those cells
close to the testa are smaller.
urcas seeds. A, B, C and D. Anatomy of the inner integument at ovule, 5, 10, and 25 DAP,
ted in the right square on D. G–P. Ultrastructure of the inner integument of J. curcas at
25 DAP; O, P. Distal region at 25 DAP. Figures in the third line are the amplification of the
ndosperm; ie, inner epidermis; n, nucellus; m, mitochondria; ms, mesophyll; oe, outer
rrow, plastogobule; arrowhead, plasma membrane detachment from the cell wall.
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Previous proteome analysis of proximal and distal layers of the inner
integument of Jatropha seeds [26] showed that cells at these two sec-
tions are at different metabolic states and experiencing PCD at
different degrees. To ascertain the existence of a plastid to gerontoplast
transition associatedwith the onset of PCD,we performed anultrastruc-
tural analysis of the inner integument at different developmental stages
(Fig. 1G and P). The mesophyll cells of the mature ovule have a large
central vacuole and cytoplasm with mitochondria and plastids of irreg-
ular shape; these plastids contain an internal membrane system, starch
granules and plastoglobuli (Fig. 1G and H). At 5 DAP the starch granules
in the plastids are osmiophilic and we could not observe plastoglobuli
(Fig. 1I and J). At 10 DAP, the plasma membrane is detached from the
cell wall, and plastids (Fig. 1K and L) still preserve the features observed
at 5 DAP. At 25 DAP, the plastids from the proximal region showed sig-
nals of senescence such as degradedmatrix, disassembling of themem-
branes system and plastoglobuli (Fig. 1M andN). Meanwhile, plastids in
the distal region present stromule-derived vesicle and still preserve
some internal membranes indicating that at the same developmental
stage plastids are experiencing different changes depending on the po-
sition where they are located (Fig. 1O and P). Thus, in the inner integu-
ment of developing Jatropha seeds, the transition from plastids to
gerontoplasts is, in many ways, similar to that from chloroplasts to
gerontoplasts in senescent leaves [16], such as the dismantling of the in-
ternal membrane system, matrix degradation and the formation of
stromule-derived vesicles.

3.2. Deep proteome analysis of gerontoplasts: protein identification and
localization

After processing the plastid proteins samples using two different
strategies, LC–MS/MS and database searches were performed. In-
solution digestion resulted in the identification of 1326, and in-gel di-
gestion resulted in 2722 proteins identified. Proteins appearing in at
least two biological replicates in either of the two strategies used here
were considered as true identification and used for further analysis.
This resulted in 812 (in-solution digestion) and 1895 (in-gel digestion)
proteins, summing up to a total of 1923 unique proteins (Supplementa-
ry Table I). These results evidentiate that these two different strategies
are complementary.

Of the 1923 identified proteins only 6 namely ATP synthase cf1 alpha
subunit, ATP synthase beta subunit, ribulose-bisphosphate carboxylase
oxygenase large subunit, acetyl-carboxylase carboxyltransferase beta
subunit, ycf1 and ycf2, were encoded in the plastid genome of Jatropha,
which genome encode 110 distinct genes [19]. As most of the plastid
encoded genes code for proteins with photosynthesis-related functions,
the absence of these proteins in our studies, bear witness to the non-
photosynthetic nature of the plastid from the inner integument of
Jatropha seeds. It is thus not unexpected that our analysis did not iden-
tify any RNA polymerase or sigma factors.

Subcellular locations of the 1923 identified proteins by the six inde-
pendent subcellular prediction programs were made and 90 were pre-
dicted to have a plastid transit peptide by all the six prediction
programs, 91 by five programs, 75 by four programs, 108 by three pro-
grams, 297 by two programs and 663were predicted as plastidic by one
of the prediction program, totaling 1324 proteins (Supplementary
Table II). Similarly, searching of the identified proteinhomologs in the
four plastid protein databases revealed, that of the 1923 Jatropha pro-
teins, 351, 466, 924 and 1528 have homologs in PPDB, PlantSecKB,
PlProt and SUBA, respectively. In summary, 1691 of the identified pro-
teinswere found to have homologs in the four plastid protein databases,
of which 295 were present in all the four databases, 105 in three data-
bases, 483 in two databases while 808 had their homologs in one of
the four plastid protein databases used here (Supplementary table II).
A protein was assigned to be plastid located if either it is marked as
plastidic by at least one of the six prediction programs or if its homolog
is present in at least one of the four sub-cellular protein databases used
here. By combining these two strategies, out of 1923 identified proteins,
1800 could be assigned to the plastids (Supplementary table II). Occur-
rence of non-plastid proteins in the plastids enriched fraction is a com-
mon phenomenon in this kind of sub-cellular proteomic analysis [1],
but can also be explained by theuptake of extra-plastid proteins concur-
rent with the dismantling of the gerontoplast.

Previously we performed several proteomic analyses of Jatropha
seeds, including a proteome analysis of plastids isolated from the
endosperm [1], and the inner integument of developing seeds [25]
and a detailed proteomic analysis of the endosperm at five different de-
velopmental stages [12]. This current study has added 670 newproteins
to the extant protein repertoire of J. curcas established in our lab, raising
the number of total identified proteins to 3270.
3.3. Functional classification

The 1923 proteins were classified to different functional plant cate-
gories of MapMan [48] using Mercator pipeline [49] (Fig. 2). This func-
tional classification highlight the biosynthetic capabilities of the inner
integument of developing seed plastids, which is similar to that of plas-
tids isolated from the developing endosperm [15]. This is especially true
in relation to the enzymatic machinery for the synthesis of fatty acids
and amino acids (Supplementary Tables III and IV, respectively),
coupled with the presence of transporters (Table 1 and Supplementary
Table V) for the delivery of these compounds in the cytoplasm. Also, the
whole set of identified proteins (Supplementary Table I) reveals the ca-
pability of gerontoplasts from the inner integument of producing the
energy sources (ATP and reducing power) needed for the biosynthesis
of fatty acids and amino acids. In this aspect, it isworthwhile to bring at-
tention that in the present analysis, the whole set of enzymes for meta-
bolic pathways such as glycolysis, oxidative pentose phosphate
pathway and TCA cycle were fully identified. Notwithstanding these an-
abolic capabilities, identifications of hydrolases such as peptidases and
lipases also suggested to be in place a progressive recycling of proteins,
lipids and carbohydrates to provide carbon and nitrogen sources to the
growing embryo and endosperm.
3.3.1. Peptidases
The gerontoplasts of Jatropha seeds inner integument are populated

by a diverse array of peptidases and peptidase inhibitors, encompassing
those related to the transport and processing of proteins from the cyto-
plasm to plastids (Table 2 and Supplementary Table VI) and endo- and
exopeptidases from serine-, aspartic-, cysteine- and metallo peptidase
mechanistic classes (Table 2), which have a general role in proteolysis,
such as the removal of unwanted proteins in response to environmental
or developmental cues. Such a diversity of peptidases was not observed
in a proteome analysis conducted with plastids isolated from the devel-
oping endosperm of Jatropha seeds [15], which is consistent with the
anabolic state of these plastids.

Some of the peptidases identified in this study (Table 2 and
Supplementary Table VI) do not display a N-terminal transit peptide
for entering plastids by the canonical import pathway [50]. In line
with the suggestion of Mulisch and Krupinska [16], we propose that
these peptidases, targeted to the unspecific hydrolysis of proteins in
the gerontoplast, are synthesized in the endoplasmic reticulum and
transported into the plastids via vesicles formed during the progressive
dismantling of the plastids (see Fig. 1) as PCD proceeds. It is thus signif-
icant that we have identified a cysteine peptidase (Jcr4S03144.30) that
is encoded by a senescence associated gene known to exist in a special-
ized type of vacuole called senescence associated vacuole. However, it is
important to note that the identification of four peptide transporters of
the opt (one), ptr1-like (two) and ptr2-like families, suggest that some
proteinsmay be exported from the gerontoplast to cytoplasm for a com-
plete hydrolysis.



Fig. 2. Functional classification of the identified proteins of gerontoplasts from the inner integument of Jatropha curcas seeds based on MapMan classification.
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3.3.2. Lipases
We identified several (13) lipases (Supplementary Table I), includ-

ing monoglyceride lipase, phospholipases c and d, non-specific phos-
pholipase, triacylglycerol lipase and esterase lipase, which were not
identified during a proteome analysis of plastids from the developing
endosperm of Jatropha [15]. Our ultrastructural analysis showed that
initially the plastids from the inner integument of Jatropha ovule have
a well-developed internal membrane system which is lost during tran-
sition to gerontoplast in the developing seed (Fig. 1G and P), and this
could explain the fair amount of lipases observed in this study. For ex-
ample, most of the lipases identified here were phospholipases, en-
zymes which degrade the predominant lipids in most membranes
[51]. As expected from the non-photosynthetic nature of the
gerontoplasts, we did not identify lipases which are able to hydrolyse
the predominant lipids in the thylakoid membrane, the galactolipids.
Table 1
Metabolite transporters identified in gerontoplast from the inner integument of developing Jat

Protein_ID Description

Jcr4S00240.10 Sugar transporter, putative
Jcr4S04849.20 Sugar transporter, putative
Jcr4S01103.80 Sugar transporter erd6-like 5-like
Jcr4S00117.180 Sugar transporter erd6-like 6
Jcr4S06679.20 Sugar transporter erd6-like 6-like
Jcr4S06679.10 Sugar transporter erd6-like protein
Jcr4S00034.140 Sugar transport protein 14
Jcr4S00610.130 Sugar transport protein 15
Jcr4S00459.30 Sucrose transporter
Jcr4S00632.10 Plastidic glucose transporter 4
Jcr4S00126.150 Glucose-6-phosphate phosphate translocator-like protein
Jcr4S04463.20 Glucose-6-phosphate phosphate translocator 2
Jcr4S01452.10 Glucose-6-phosphate phosphate translocator chloroplastic-like
Jcr4S00700.110 Triose phosphate/phosphate translocator, non-green plastid, c
Jcr4S01788.40 udp-galactose udp-glucose transporter 3-like
Jcr4S05712.30 D-xylose-proton symporter-like 2
Jcr4S03022.10 Predicted protein (sugar transporter)
Jcr4S00407.10 Sorbitol transporter
Jcr4S03081.20 Nucleotide-sugar transporter family protein
Jcr4S01766.20 Root cap 1 (maltose transporter?)
Jcr4S00042.30 2-oxoglutarate/malate translocator, chloroplast precursor, puta
Jcr4S04373.10 Dicarboxylate tricarboxylate carrier
Jcr4S02079.20 Mitochondrial dicarboxylate carrier
Jcr4S10886.20 Mitochondrial substrate carrier family protein
Jcr4S10665.10 Mitochondrial carnitine acylcarnitine carrier-like protein
Jcr4S07330.30 Mitochondrial carnitine acylcarnitine carrier protein cacl-like
Jcr4S05811.10 Brain protein 44-like
Jcr4S03605.110 Light induced protein like
Jcr4S15539.10 Light induced protein like
Jcr4S10207.10 Brain protein 44-like protein
Jcr4S01214.40 Dolichol-phosphate mannosyltransferase
The increased expression of genes related to the hydrolysis of lipids is
a common feature of senescent tissues [52] and in our case this must
be explained specially by the dismantling of the internalmembrane sys-
tem followed by the degradation of the outer and inner envelope of the
gerontoplast.

3.3.3. Transporters
Consistent with the fact that plastid resident proteins are over-

whelmingly synthesized in the cytoplasm, in this study were identified
a great diversity of proteins directly or indirectly involved in the trans-
location of these cytoplasm synthesized proteins into the plastids
(Table 1 and Supplementary Table V). These translocation-related pro-
teins include those belonging to the well characterized TIC/TOC system,
chaperones of the heat shock protein (Hsp) 70 family, chaperones from
other families involved in the folding of freshly imported proteins, as
ropha curcas seeds.

TAIR_HIT TCDB classification

AT4G35300.1 2.A.1.1.84
AT4G35300.1 2.A.1.1.84
AT1G54730.2 2.A.1.1.97
AT1G75220.1 2.A.1.1.98
AT1G75220.1 2.A.1.1.98
AT1G75220.1 2.A.1.1.98
AT1G77210.1 2.A.1.1.50
AT1G77210.1 2.A.1.1.50
AT1G09960.1 2.A.2.4.6
AT5G16150.1 2.A.1.1.102
AT5G46110.4 2.A.7.9.1
AT1G61800.1 2.A.7.9.6
AT5G54800.1 2.A.7.9.6

hloroplast precursor, putative AT5G33320.1 2.A.7.9.2
AT1G14360.1 2.A.7.11.4
AT5G17010.1 2.A.1.1.45

AT2G43330.1 2.A.1.1.66
AT2G16120.1 2.A.1.1.75
AT5G25400.1 2.A.7.9.17
AT5G17520.1 2.A.84.1.2

tive AT5G64290.1 2.A.47.3.1
AT5G19760.1 2.A.29.2.6
AT2G22500.1 2.A.29.2.9
AT5G01340.1 2.A.29.13.1
AT5G46800.1 2.A.29.8.2
AT1G79900.1 2.A.29.8.5
AT4G22310.1 2.A.105.1.4
AT4G22310.1 2.A.105.1.4
AT4G22310.1 2.A.105.1.4
AT5G20090.1 2.A.105.1.4
AT1G20575.1 4.D.2.1.6

tair:AT5G62790
tair:AT2G02500
tair:AT2G33150
tair:AT2G33150
tair:AT2G26930
tair:AT5G60600
tair:AT1G50430
tair:AT5G48230
tair:AT5G48230
tair:AT1G20050
tair:AT1G20050
tair:AT3G63520
tair:AT1G03475
tair:AT2G07050
tair:AT5G50375
tair:AT3G19820
tair:AT1G69740
tair:AT2G30920
tair:AT5G25900
tair:AT1G79460
tair:AT1G74470
tair:AT4G38460
tair:AT3G48730
tair:AT5G54080
tair:AT2G18950
tair:AT3G11945
tair:AT3G10230
tair:AT5G14220
tair:AT3G24200
tair:AT3G63410
tair:AT4G14210


Table 2
Peptidases identified in gerontoplast from the inner integument of developing Jatropha
curcas seeds.

Protein ID Description TAIR_HIT

Jcr4S01697.60 Mitochondrial processing peptidase alpha
subunit, putative

AT1G51980.1

Jcr4S01222.40 Mitochondrial processing peptidase beta subunit,
putative

AT3G02090.2

Jcr4S01233.40 Signal peptide peptidase-like 2b-like AT1G05820.1
Jcr4S00637.70 Signal peptidase complex subunit 3b AT5G27430.1
Jcr4S06123.40 Signal peptidase complex subunit 3b AT5G27430.1
Jcr4S01850.60 Microsomal signal peptidase 18 kDa AT1G52600.1
Jcr4S07359.10 Presequence protease 2 AT1G49630.1
Jcr4S00387.80 Prolyl oligopeptidase-like protein AT1G76140.1
Jcr4S04736.60 Protease do-like 14-like AT5G27660.1
Jcr4S00150.70 Rhomboid family protein AT1G63120.1
Jcr4S00494.30 Nicastrin/Zn-dependent exopeptidases AT3G52640.2
Jcr4S01808.60 Aspartic proteinase AT1G62290.1
Jcr4S00674.20 Aspartic proteinase nepenthesin-1 AT5G43100.1
Jcr4S00223.70 Aspartyl protease AT1G09750.1
Jcr4S00051.120 Cysteine protease AT3G45310.1
Jcr4S09311.10 Cysteine protease AT5G45890.1
Jcr4S00378.10 Serine carboxypeptidase-like 49 AT3G10410.1
Jcr4S01569.70 Probable zinc protease-like AT5G56730.1
Jcr4S00664.40 Zn-dependent exopeptidase-like protein AT1G67420.2
Jcr4S03144.30 Senescence-associated gene 12 AT5G45890.1
Jcr4S00343.100 Leucine aminopeptidase, putative AT4G30920.1
Jcr4S01500.30 Tripeptidyl peptidase ii AT4G20850.1
Jcr4S02605.20 Peptidase m20 m25 m40 family protein AT4G38220.2

Table 3
Proteins involved in terpenoidmetabolism identified in gerontoplast from the inner integ-
ument of developing Jatropha curcas seeds.

Protein ID Description TAIR_HIT

Jcr4S00089.150 1-deoxy-D-xylulose 5-phosphate
reductoisomerase, chloroplast precursor,
putative

AT5G62790.1

Jcr4S00528.60 2-C-methyl-D-erythritol 4-phosphate
cytidylyltransferase, chloroplast precursor,
putative

AT2G02500.1

Jcr4S01018.60 3-ketoacyl-thiolase AT2G33150.1
Jcr4S15816.20 3-ketoacyl-thiolase peroxisomal-like AT2G33150.1
Jcr4S05483.10 4-diphosphocytidyl-2-c-methyl-D-erythritol

kinase
AT2G26930.1

Jcr4S01187.50 4-hydroxy-3-methylbut-2-en-1-yl
diphosphate synthase

AT5G60600.1

Jcr4S00049.110 7-dehydrocholesterol reductase-like AT1G50430.1
Jcr4S00742.70 Acetyl-CoA acetyltransferase AT5G48230.2
Jcr4S05012.10 Acetyl-CoA acetyltransferase AT5G48230.2
Jcr4S14333.10 C-sterol isomerase AT1G20050.1
Jcr4U31134.10 C-sterol isomerase AT1G20050.1
Jcr4S07308.30 Carotenoid cleavage dioxygenase AT3G63520.1
Jcr4S09217.20 Coproporphyrinogen-iii chloroplastic-like AT1G03475.1
Jcr4S00345.110 Cycloartenol synthase AT2G07050.1
Jcr4S00111.120 Cycloeucalenol cycloisomerase AT5G50375.2
Jcr4S03988.40 Delta-sterol reductase-like AT3G19820.1
Jcr4S03868.30 Delta-aminolevulinic acid dehydratase AT1G69740.2
Jcr4S05771.10 Dihydroxypolyprenylbenzoate

methyltransferase
AT2G30920.1

Jcr4S00030.70 Ent-kaurene oxidase AT5G25900.1
Jcr4S06457.10 Ent-kaurene synthase AT1G79460.1
Jcr4S00092.40 Geranylgeranyl hydrogenase AT1G74470.1
Jcr4S07015.40 Geranylgeranyl pyrophosphate

synthase-related protein
AT4G38460.1

Jcr4S01820.40 Glutamate-1-semialdehyde-aminomutase 2 AT3G48730.1
Jcr4S02733.20 Homogentisate-dioxygenase AT5G54080.1
Jcr4S05363.10 Homogentisate phytyltransferase AT2G18950.1
Jcr4S00228.60 Homogentisate solanesyltransferase AT3G11945.2
Jcr4S00947.40 Lycopene beta-cyclase AT3G10230.1
Jcr4S01162.50 Mitochondrial protoporphyrinogen oxidase AT5G14220.1
Jcr4S00651.50 Monoxygenase, putative AT3G24200.2
Jcr4S02359.30 mpbq msbq methyltransferase 2 AT3G63410.1
Jcr4S00580.50 Phytoene desaturase AT4G14210.1
Jcr4S01302.90 Protoporphyrinogen oxidase, chloroplast

precursor, putative
AT4G01690.1

Jcr4S00004.100 S-adenosyl-l-methionine:delta24-sterol-C-
methyltransferase, putative

AT1G20330.1

Jcr4S01385.80 Tocopherol cyclase AT4G32770.1
Jcr4S26264.20 Tocopherol cyclase AT4G32770.1
Jcr4S01529.60 Zeta-carotene desaturase AT3G04870.1
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well as a diverse array of proteins acting in proteolytic processing
(Table 2 and Supplementary Table VI). The complement of
translocation-related proteins identified in a previous study of the pro-
teome of plastids from the developing endospermof Jatropha seeds [15]
resemble the ones identified in the present study, arguing for the exten-
sive protein transportation process in plastids from maternal and filial
tissues in the developing Jatropha seed.

As amaternal conduit for the transfer of carbon and nitrogen sources
to the embryo and endosperm, the seed integument possesses an array
of transporters to allow for the delivery of these nutrients into the
relevant tissues, as demonstrated in a proteome analysis of the inner
integument of Jatropha seeds [26]. In the present study were identified
several metabolite transporters (Table 1), including transporters
for amino acids, phosphate, copper, nitrate etc., and transporters for su-
crose, glucose, triose phosphate, and malate/oxoglutarate (Supplemen-
tary Table V). As mentioned earlier, were identified four peptide
transporters, which could possibly be related to the export of partially
degraded proteins for complete hydrolysis in the cytoplasm.
3.3.4. Proteins involved in secondary metabolism
The phorbol esters are a class of toxic diterpenes constituting the

main hindrance for the use, as animal feed, of the protein rich cake
resulting from the extraction of oil from the seeds [53]. Interest in the
identification of the metabolic pathway for the biosynthesis of these
compounds has impelled us [15,26] and others [54,55] to use
transcriptomic and proteomic approaches to identify the main compo-
nents in this pathway. Our in-depth proteome analysis of maternal
(inner integument) and filial (endosperm and plastids from developing
endosperm) tissues of Jatropha seeds failed to identify any terpene syn-
thase which could be responsible for the synthesis of casbene from
geranylgeranyl diphosphate. In the present study, although we identi-
fied a number of proteins involved in terpenoids metabolism
(Table 3), including enzymes involved in the biosynthesis of gibberel-
lins, we were again unable to identify any terpene synthase. This gives
further credence to the hypothesis that the phorbol esters are synthe-
sized either in leaves and/or roots and subsequently translocated to
the developing seed [26].
4. Conclusions

The results presented here are a first step towards the understand-
ing of the proteome changes associatedwith the transition fromplastids
to gerontoplasts in senescing, non-photosynthetic seed tissue. Histolog-
ical and transmission electron microscopy analysis brought to light the
progressive dismantling of plastid structure, while the proteome analy-
sis resulted in the identification of several hydrolaseswhich presumably
are involved in complete hydrolysis of proteins, lipids and carbohy-
drates to provide to the growing embryo and endosperm carbon and ni-
trogen sources for biosynthetic purposes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2016.02.025.
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