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A comparative proteomic approach was performed to identify differentially expressed proteins in plastids at three stages of tomato
(Solanum lycopersicum) fruit ripening (mature-green, breaker, red). Stringent curation and processing of the data from three independent
replicates identified 1,932 proteins among which 1,529 were quantified by spectral counting. The quantification procedures have been
subsequently validated by immunoblot analysis of six proteins representative of distinct metabolic or regulatory pathways. Among the
main features of the chloroplast-to-chromoplast transition revealed by the study, chromoplastogenesis appears to be associated with
major metabolic shifts: (1) strong decrease in abundance of proteins of light reactions (photosynthesis, Calvin cycle, photorespiration)
and carbohydrate metabolism (starch synthesis/degradation), mostly between breaker and red stages and (2) increase in terpenoid
biosynthesis (including carotenoids) and stress-response proteins (ascorbate-glutathione cycle, abiotic stress, redox, heat shock). These
metabolic shifts are preceded by the accumulation of plastid-encoded acetyl Coenzyme A carboxylase D proteins accounting for the
generation of a storage matrix that will accumulate carotenoids. Of particular note is the high abundance of proteins involved in
providing energy and in metabolites import. Structural differentiation of the chromoplast is characterized by a sharp and continuous
decrease of thylakoid proteins whereas envelope and stroma proteins remain remarkably stable. This is coincident with the disruption
of the machinery for thylakoids and photosystem biogenesis (vesicular trafficking, provision of material for thylakoid biosynthesis,
photosystems assembly) and the loss of the plastid division machinery. Altogether, the data provide new insights on the chromoplast
differentiation process while enriching our knowledge of the plant plastid proteome.

One of the most visible events occurring during fruit
ripening is the loss of chlorophyll and the synthesis of
colored compounds. In many fruit, such as the tomato
(Solanum lycopersicum), the change in color from green
to red is due to the differentiation of chloroplasts into
chromoplasts and is accompanied by the accumulation
of carotenoids.

Numerous studies have been devoted to ultrastruc-
tural events underlying the conversion of chloroplast
to chromoplast. The events investigated include, in par-
ticular, the formation of protein-accumulating bodies
and the remodeling of the internal membrane system.
At the structural level, the differentiation of chromo-
plasts consists mainly of the lysis of the grana and
thylakoids (Spurr and Harris, 1968) but also includes
new synthesis of membranes derived from the inner
plastid membrane and that become the site for the
formation of carotenoids (Simkin et al., 2007).
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At the biochemical and molecular level chromoplast
differentiation studies have been largely dedicated to the
synthesis of carotenoids (Camara et al., 1995; Bramley,
2002). However, although highly specialized, chromo-
plasts carry out a variety of functions, many of them
persisting from the chloroplast (Bouvier and Camara,
2007; Egea et al., 2010). The biochemical and structural
events during chromoplast differentiation have been
reviewed in a number of articles over the last decades
(Thomson and Whatley, 1980; Ljubesić et al., 1991;
Marano et al., 1993; Camara et al., 1995; Waters and
Pyke, 2004; Lopez-Juez, 2007; Egea et al., 2010; Bian et al.,
2011).
In the recent years high-throughput technologies have

provided novel and extensive information on the plastid
proteome of higher plants with strong emphasis on the
chloroplast (for review, see van Wijk and Baginsky,
2011). Less information is available on the chromoplast
proteome to the studies focusing on pepper (Capsicum
annuum; Siddique et al., 2006), tomato (Barsan et al.,
2010), and sweet orange (Citrus sinensis; Zeng et al.,
2011). A comparison of the chromoplast proteome of
sweet orange and tomato shows a high level of conser-
vation although some specificities have been encoun-
tered (Zeng et al., 2011). Nevertheless, the global
changes occurring during the differentiation of chro-
moplasts from chloroplasts have not been evaluated so
far. In this work, a quantitative proteomic analysis
was carried out to understand the regulation of the

metabolic and structural changes occurring in tomato
fruit plastids during the transformation of chloroplasts
into chromoplasts.

RESULTS AND DISCUSSION

Inventory of Proteins Present in Tomato Fruit Plastids
during the Chloroplast-to-Chromoplast Transition

The experimental design used for fruit sampling and
biological replications is presented in Figure 1. Plastids
from four sets of about 100 g of pericarp (corresponding
to 25–30 fruits) were isolated separately in three inde-
pendent replicates (Rep 1–3) for each developmental
stage, mature green (MG; 1–3), breaker (B; 1–3), and red
(R; 1–3). This procedure was repeated twice. Two protein
extracts from four individual plastid fractions were
pooled for each replicate. The raw data coming from the
analysis of the replicates of the tomato plastid proteins
were curated by comparing the set of proteins with
five databases (AT-CHLORO, Plprot, PPDB, SUBA,
and Uniprot) and three predictors for subcellular lo-
calization (TargetP, Predotar, iPSORT). Only proteins
present in at least two databases or predicted to be
plastid localized by one of the predictors were retained
for analysis. In addition manual curation was per-
formed on the basis of the information available in the
literature. By combining the curated list of proteins en-
countered in the three replicates of the tomato plastids

Figure 1. Summarized experimental design used in this proteomic study. Plastids from four sets of four fruits were isolated
separately in three independent replicates (Rep1, Rep2, and Rep3) for each developmental stage (MG 1–3; B 1–3; and R 1–3).
This procedure was repeated twice and plastids corresponding to each stage were pooled for each experiment before protein
extraction. The different steps from purification of plastids to curation of data are indicated and described in detail in “Material
and Methods.” The number of proteins encountered in each individual analysis is given under the denomination of total re-
sources, resulting in a nonredundant total list of 1,932 proteins that are reported in Supplemental Table S1. After normalization
and statistical analysis, the number of proteins that could be quantified is indicated under the denomination of total quantified
proteins. The list and quantitative information of the 1,529 quantified proteins is given in Supplemental Table S2.
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at three stages of development, an inventory of 1,932
proteins (including 47 proteins encoded by the plastid
genome) was drawn up and cataloged in Supplemental
Table S1. Previous work with fruit chromoplasts iden-
tified 988 proteins in tomato (Barsan et al., 2010), 151 in
pepper (Siddique et al., 2006), and 493 in sweet orange
fruit (Zeng et al., 2011). The inventory reported here is
in the same range of magnitude as other plastids da-
tabase: 1,345 in AT-CHLORO, 2,043 in plprot, 1,367 in
PPDB, and 2,112 in SUBA. Our work brings 362 pro-
teins that had not yet been referenced in plastid data-
bases and that are predicted to be plastid localized by at
least one predictor. Among these, 38 had already been
cataloged in the tomato chromoplast proteome (Barsan
et al., 2010). The size of the plant plastid proteome has
been evaluated by applying a combination of chloroplast
transit peptides predictors programs to the screening
of the nucleus-encoded amino acid sequences available
in databases. In Arabidopsis (Arabidopsis thaliana) pre-
dictions vary between 2,100 (Richly and Leister, 2004)
and 2,700 (Millar et al., 2006). Armbruster et al. (2011)
come to similar predictions of between 2,000 and 3,000
proteins. In rice (Oryza sativa), predictions estimate at
4,800 the number of chloroplast proteins (Richly and
Leister, 2004). Therefore it seems that marked differ-
ences exist between plant species. However discrep-
ancies are observed in the estimation of the size of the
plastid proteome probably due to the use of different
evaluation methods and to the fact that many plastid
proteins are not predicted by prediction tools (Kleffmann
et al., 2006). By combining three different approaches
for protein localization (experimental determination by
cell biology methods, homology-based identification,
and predictions by targeting programs), Pierleoni et al.
(2007) estimated the Arabidopsis plastid proteome size
at 4,875 proteins. With the availability of the tomato
sequence genome, we have been able to calculate that
the number of proteins predicted to be plastidial in the
tomato genome is of 2,696, 4,651, and 4,142 using Pre-
dotar, iPSORT, and TargetP, respectively. Therefore it
can be concluded that the present inventory of plastid
proteins in databases is probably not exhaustive.

The number of proteins of the tomato plastid pro-
teome referenced in each of the five databases is pre-
sented in Figure 2A. It indicates that the overlap is higher
than 50% for SUBA (55.7%) and Uniprot (63.3%), more
than 35% for Plprot (35.3%) and AT-CHLORO (44.2%).
PPDB has the lowest overlap with 23.9%. The percentage
of tomato proteins that are not referenced in any of the
five databases is 22.5% only while the percentage refer-
enced at least one, two, three, four, and five times is
77.5%, 56.9%, 44.9%, 28.3%, and 13.9%, respectively (Fig.
2B). A large majority of proteins (1,492 = 77.2%) were
predicted to be plastid localized by at least one predic-
tion software. The overlap of tomato plastid proteins
predicted by the three softwares is presented in Figure 3.
TargetP, iPSORT, and Predotar forecast a plastid locali-
zation of 45.4% (876 proteins), 37.9% (733), and 40% (734)
proteins, respectively. The percentage of proteins pre-
dicted by all three programs is only 7.3% (142). Previous

reports have indicated similar proportions of mitochon-
drial proteins predicted in common by four prediction
programs (Heazlewood et al., 2004). Predotar and Tar-
getP were the closest in terms of predictions with 485
proteins in common. It is noticeable that predictions
specific to iPSORT were the highest with 509 proteins
(Fig. 3). Predictions made by the three programs within
the existing chloroplast databases are extremely variable
from 83% with TargetP in PPDB to 43% with iPSORT in
SUBA (Table I).

The inventory of tomato fruit plastid proteins present
at different stages of plastid differentiation enriches the
knowledge of the plant plastid proteome. Most of the
data available were related to chloroplasts (Armbruster
et al., 2011; vanWijk and Baginsky, 2011), although some
information was also available for nonphotosynthetic
plastid structures such as amyloplasts (Andon et al.,
2002; Balmer et al., 2006), etioplasts (von Zychlinski
et al., 2005), proplastids (Baginsky et al., 2004), and
embryoplasts (Demartini et al., 2011). The present
inventory also provides information that comple-
ments previous articles published on the chromoplast
proteome (bell pepper: Siddique et al., 2006; tomato:
Barsan et al., 2010; and sweet orange: Zeng et al.,
2011).

The plastid proteome of tomato fruit at the MG stage
was compared with the proteome of Arabidopsis

Figure 2. Proteins of the tomato plastid proteome referenced in five
plastid databases. A, Number and percentage of proteins (in black
bars) referenced in each of the five databases, calculated on the basis
of the 1,932 proteins listed in Supplemental Table S1. B, Percentage
of the tomato plastid proteins not referenced (0) or referenced at least
one, two, three, four, and five times in the different databases. The
five databases are the following: AT-CHLORO, Plprot, PPDB, Uni-
prot, and SUBA.
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chloroplasts reported in the AT-CHLORO database
(Ferro et al., 2010) and in Zybailov et al. (2008). It ap-
pears that the percentage of proteins classified accord-
ing to the MapMan functional classes is very similar in
the two proteomes, particularly for the class corre-
sponding to photosynthesis (Supplemental Fig. S1).
This indicates that MG plastids have the general char-
acteristics of chloroplasts although fruit photosynthesis
is very low compared with leaf photosynthesis (Blanke
and Lenz, 1989; Hetherington et al., 1998) and plays an
unimportant role in fruit metabolism (Lytovchenko
et al., 2011).

Proteomic Specificities of the Three Stages of Plastid
Differentiation in Terms of Protein Abundance

After normalization and statistical analysis, 1,529
proteins out of the inventory of 1,932 were quantified
and their pattern of abundance determined (Fig. 1;
Supplemental Table S2). A comparison of the protein
pattern at different stages two by two is presented as
scatter plots in Figure 4. Between the MG and B stages
(Fig. 4A) a large number of proteins underwent no
significant change in abundance (975 = 63.7%). Only 17
proteins were significantly more abundant at the green
stage and 28 at the B stage, while 75 proteins are
specific to the MG stage and 89 to the B stage. Between
the B and R stages 797 (52.1%) proteins underwent
no quantitative changes. Among proteins showing

differences in abundance, 43 are more abundant at the
B stage and 15 at the R stage while 182 and 43 are
specific to the B and R stages, respectively (Fig. 4B).
Comparing the two most distant stages (MG and R),
the number of proteins undergoing no changes be-
tween the two stages was found to be only 578, rep-
resenting 37.8% of the proteome. Therefore around
60% of the proteins change in abundance during the
whole differentiation process (Fig. 4C) with 134 pro-
teins overexpressed in the MG and 92 in the R plastids.
The number of proteins encountered at one stage only
was 286 in the MG and 86 in the R plastids (Fig. 4C).

Proteomic data on the whole tomato fruit are avail-
able in which quantitative data on plastidial proteins
can be encountered (Rocco et al., 2006; Faurobert et al.,
2007). Forty-seven proteins have been identified both
in the plastid proteome described in this work and in
the whole fruit proteome of Rocco et al. (2006) and
Faurobert et al. (2007). Although the tomato varieties
and the quantification methods were very different,
the ratios of abundance between the three stages of
plastid development (MG, B, and R) were identical or
similar, thus confirming the accuracy of the quanti-
fication methods.

Changes in Abundance of Proteins Encoded by the
Plastid Genome

Among the 87 proteins predicted to be encoded by
the plastid genome, 47 were encountered in our study
(Supplemental Table S1) and the abundance of 32 of
them is presented in Figure 5 for all three stages of plastid
development (Supplemental Table S2). These comprise
several proteins participating in photosynthesis whose
abundance remains essentially stable between the MG
and B stages but disappear or strongly decrease at the R
stage when the photosynthetic system is dismantled: two
proteins of PSI, five of PSII, three of PS cytochrome b6,
and five of PS ATP synthase. Only one protein of PSII
(PSBC), and two proteins of cytochrome b6 (PETA and
PETB) are present at the R stage at substantial amounts.
Immunoblots were performed for the PSAD protein of
PSI and PSBA/D of PSII (Fig. 6). They are decreasing
in abundance between the MG and B stages and are to-
tally undetectable at the R stage, which is globally in
agreement with the proteomic analysis. Surprisingly
all the six ATP synthase subunits encoded by the plastid

Table I. Number of proteins predicted by three predictors in the tomato plastid proteome and in four
plastid databases

Predictions are made only on nuclear-encoded proteins. For plprot and PPDB, only the subset of Ara-
bidopsis plastidial proteins was considered (indicated by an asterisk).

Database No. of Nuclear-Encoded Proteins TargetP iPSORT Predotar

Tomato plastid 1,885 876 (46.5%) 733 (38.9%) 730 (38.7%)
AT-CHLORO 1,345 928 (68.9%) 660 (49%) 764 (56.8%)
plprot* 1,006 493 (49.0%) 489 (48.6%) 546 (54.3%)
PPDB* 1,178 980 (83.2%) 771 (65.4%) 908 (77.1%)
SUBA 2,112 1,208 (57.1%) 913 (43.2%) 1,039 (49.2%)

Figure 3. Venn diagram of the number of proteins of the tomato
plastid proteome predicted to be plastid localized by three predic-
tors. A total of 1,492 proteins are predicted by at least one predictor,
TargetP, Predotar, or iPSORT. The 47 plastid-encoded proteins are not
concerned.
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genome were found. They all undergo a continuous
decrease in abundance, but are still present at significant
amount at the R stage, indicating that the ATP synthesis
machinery is maintained at a good level throughout
chromoplast development. The large subunit of Rubisco
(RBCL) continuously decreases in abundance but is
present at significant levels in red plastids (Fig. 5). The
pattern of changes of RBCL is identical when evaluated
by western blot (Fig. 6), thus providing another confir-
mation of the reliability of the quantification procedure.
Another interesting information given in Figure 5 is that
the sum of ribosomal proteins of the small 30S subunit
(RPS) and of the large 50S subunit (RPL) strongly de-
cline in abundance, with the RPL proteins absent at the
R stage. This is in agreement with the gradual down-
regulation of plastid translation observed by Kahlau and
Bock (2008) during chromoplast differentiation in to-
mato. In contrast, the only caseinolytic protease encoded

by the plastid genome, CaseinoLytic Plastidial Protease1
(CLPP1) is not changing in abundance, indicating a high
level of protein processing throughout the differentia-
tion process. This is in line with the sustained abun-
dance of elements of the protein import machinery
discussed below. In our study special attention has been
given to the acetyl CoA carboxylase (ACCD) protein
involved in fatty acid biosynthesis because previous
work has shown that chromoplast gene expression
largely serves the production of ACCD (Kahlau and
Bock, 2008). In our proteomic analysis it is decreasing in
abundance, although at a significance of P = 0.06 only
(Supplemental Table S2). Western blot of ACCD also
shows a decrease in abundance between the MG and R
stages (Fig. 6). This is in apparent contrast with the
western-blot data of Kahlau and Bock (2008) showing
an increase of the ACCD protein between the green
and the turning stages. To explain the discrepancy, we

Figure 4. Scatter plots comparing log2 protein abundance between two differentiation stages of tomato fruit plastids. A, MG
versus B. B, B versus R. C, MG versus R. Shades of gray represent proteins that are equally abundant in both stages; open squares
correspond to proteins overexpressed at the MG stage; open circles are proteins overexpressed at the B stage, and open triangles
represent proteins overabundant at the R stage. Data along the axis of the scatter plots indicate proteins that have been
quantified at one of the two stages only and totally absent at the other stage. Numbers correspond to the number of proteins in
each category. To draw the graphs, a log2 value of 217 was arbitrarily affected to proteins for which no abundance value was
available in Supplemental Table S2.

Figure 5. Abundance of proteins en-
coded by the plastid genome. Proteins
present at all three stages of plastid
development (MG: white bars; B: gray
bars; and R: black bars) were classified
according the MapMan functional clas-
ses. Protein abundance is expressed as a
log2. The graphs were generated using
the data and symbols of Supplemental
Table S2. PSA, PSB, PET, and ATP cor-
respond to proteins of the subunits of
PSI, PSII, cytochrome b6, and ATP syn-
thase complexes, respectively. RBCL
corresponds to the large subunit of
Rubisco, ACCD to the D subunit of
acetyl CoA carboxylase, and CLPP1 to
the caseinolytic protease P1. SRPS and
SRPL represent the sum of proteins of
the small 30S and the large 50S sub-
units, respectively.
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performed another series of immunoblots blots by in-
cluding an earlier stage of fruit development. The
tendency observed in Figure 6 of a decline of ACCD
protein between the MG and R stages was confirmed,
but, most importantly the abundance of the protein was
much lower in immature green fruit (Supplemental Fig.
S2). These data indicate that the green fruit of Kahlau
and Bock (2008) were probably sampled well before the
MG stage. In our conditions, the MG stage was selected
because the fruit has gained the capacity to ripen and to
respond to the plant hormone ethylene (Pech et al., 2012)
but plastids still have a chloroplastic structure with high
chlorophyll, low carotenoid content, and absence of ly-
copene. Western blots of the ACCD protein indicate that
important changes occur in plastids between the green
and MG stages of development (Fig. 6). Whether these
changes are part of the chromoplast differentiation pro-
cess may be a matter of discussion. However, a unified
view could be that plastid differentiation is a continuous
process during fruit development in which the final steps
of the differentiation corresponding to the chroma-
togenesis process per se are triggered by the plant
hormone ethylene. In such a scheme, the early accu-
mulation of the ACCD protein that is involved in fatty
acid biosynthesis can be considered as a prerequisite
for chromoplast differentiation by providing a storage
matrix for the accumulation of carotenoids.

Changes in Subplastidial Compartmentation

The tomato plastid proteome referenced in Supplemental
Table S2 has been screened with the AT_Chloro database
(Ferro et al., 2010) to isolate proteins present in the stroma,
thylakoids, and envelope membrane (Supplemental Table
S3) and with the list of proteins of the plastoglobules
established by Lundquist et al. (2012). In agreement with
the structural remodeling of the internal membrane system
(Spurr and Harris, 1968), this study clearly shows that the
abundance of thylakoid proteins fell mostly during the
transition from B to R stages while the abundance of pro-
teins of the envelope and of the plastoglobules remained
essentially unchanged and proteins of the stroma under-
went a slight decrease in abundance (Fig. 7). The observa-
tion that the plastoglobule proteins underwent no changes
during the transition from chloroplasts to chromoplasts is in
line with the fact that the bulk of the carotenoids of tomato
fruit are stored predominantly in the form of lycopene
crystalloids in membrane-shaped structures (Harris and
Spurr, 1969).

Kinetics of Changes in the Functional Classes during the
Chloroplast-to-Chromoplast Transition

The kinetics of changes in protein abundance occur-
ring during the three stages of chromoplast development
have been classified into seven categories: stable, de-
creasing early, decreasing late, decreasing continuously,
increasing early, increasing late, and increasing continu-
ously (Table II). Among the seven categories, proteins
whose abundance remained statistically constant slightly
outweighed (569) proteins undergoing an increase in
abundance (104 + 289 + 186 = 547). Those of the in-
creasing category are the less abundant (72 + 82 +
100 = 254). Proteins showing a late decrease are the

Figure 6. Comparison of protein abundance determined by proteomic
analysis and immunoblotting. The abundance of proteins determined by
proteomic analysis is expressed as log2. RBCL corresponds to the large
subunit of Rubisco (GI89241679), PSAD to the D subunit of PSI
(Solyc06g054260), PSBA/D1 to the A/D1 subunit of PSII (GI89241651),
HSP21 to Heat Shock Proteins21 (Solyc03g082420 and Solyc05g014280),
LOXC to lipoxygenase C (Solyc01g006540, Solyc01g006560, and
Solyc12g011040), and ACCD to the D subunit of acetyl CoA car-
boxylase (GI89241680). For western blots, proteins were extracted
from partially purified plastids as indicated in “Material and Methods.”

Figure 7. Abundance of proteins in the subplastidial compartments of
tomato fruit plastids. Plastids were isolated from MG (white bars), B
(gray bars), and R (black bars) fruit. Protein abundance is expressed as
a log2. The present graph corresponds to Supplemental Table S3 gen-
erated by screening the tomato plastid proteome on the base of AT
homologs with the AT-CHLORO subplastidial database (Ferro et al.,
2010) for stroma, thylakoids, and envelope proteins and in Lundquist
et al. (2012) for plastoglobule proteins.
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second-most numerous, indicating that important changes
occur during the last step between B and R stages (Table II).

Among proteins showing the same abundance dur-
ing the whole differentiation process, some functional
classes were seen to be more stable than others (Fig.
8A). Sulfur assimilation, although represented by few
proteins, is 100% stable, followed by tricarboxylic acid
(TCA)/organic acid (85.3%), metal handling (66.7%),
electron transport/ATP synthesis (62.5%), and glycol-
ysis (56.5%). Representatives of classes comprising
around one-third of stable proteins only are: amino
acid metabolism, protein synthesis, lipid metabolism,
secondary metabolism, Calvin cycle, and oxidative
pentose phosphate pathway (OPP). Some classes have
a very low percentage of stable proteins such as major
carbohydrate (CHO; 10.7%), hormone metabolism
(6.3%), and photosynthesis (2.4%). This picture allows
the identification of a basal background of functions
and structures that are roughly maintained during the
differentiation of chromoplasts as well as profound
changes in some functions that contribute to redirect-
ing the plastid metabolism.

Photosynthesis is the most representative of the
functional classes showing decreasing abundance dur-
ing the chromoplast differentiation process with a much
higher percentage of proteins (60.7%) decreasing late
between the B and R stages (Fig. 8C) than decreasing
early (17.9%; Fig. 8B) or continuously (15.5%; Fig. 8D).
Tetrapyrrole biosynthesis (which comprises the bio-
synthesis of chlorophylls), OPP, and posttranslational
event classes follows the same trend with a larger
proportion of proteins undergoing a decline in the

later stages (Fig. 8C). The situation where a high per-
centage of proteins decrease early is represented by the
cofactors/vitamin metabolism, nitrogen metabolism,
and biodegradation of xenobiotics classes with a de-
crease between the MG and B stages ranging from 25%
to 36.4% of the proteins (Fig. 8B). The major CHO me-
tabolism class comprises proteins decreasing in abun-
dance in about the same proportions in the early (25.0%)
and late (25.0%) stages of differentiation (Fig. 8, B and C).

The proportion of proteins showing increasing
abundance (Fig. 8, E–G) in the different classes is gen-
erally low as compared with the decreasing categories
(Fig. 8, B–D). One noticeable exception is proteins in-
volved in fermentation of which 66.7% increase con-
tinuously (Fig. 8G). Interestingly stress-related proteins
are those showing the highest percentage of increase
with 15.7% (Fig. 8G), 15.7% (Fig. 8E), and 9.8% (Fig. 8F)
in the increasing continuously, early or late categories,
respectively. The significant proportion of cell division/
organization proteins (15.1%) in the increasing contin-
uously category (Fig. 8G) may account for the structural
changes occurring in the formation of chromoplasts.
Another remarkable observation is the high percentage
(.30%) of hormone-related and DNA-related proteins
showing an early (Fig. 8E) and a late (Fig. 8F) increase
in abundance, respectively. The changes in hormone-
related proteins are correlated to the increase in the
synthesis of some hormones, mainly between B and R
stages, such as abscisic acid (Zhang et al., 2009) and
jasmonates (Fan et al., 1998). A small proportion of
proteins of the major metabolisms, such as lipid, major
and minor CHO, and OPP still underwent an increase

Table II. Abundance pattern of the tomato plastid proteins classified into seven
categories

Some proteins (127) for which we were unable to establish a consistent and logical
pattern of abundance have been omitted. Data are from Supplemental Table S2.
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in abundance. Noteworthy is the absence of proteins of
the photosynthesis and Calvin cycle classes in the in-
creasing categories (Fig. 8, E–G), a very low proportion of
them remaining at constant amounts throughout chro-
moplast differentiation (Fig. 8A). Interestingly, two
carbonic anhydrases of the TCA/organic acid class
(Supplemental Table S2) were present at increasing
levels (Solyc02g067750 and Solyc05g005490). Carbonic
anhydrases have been found associated with the Rubisco
complex (Jebanathirajah and Coleman, 1998). Rubisco
being still present at late stages of chromoplast formation,
carbonic anhydrases may contribute to the provision of
CO2 to Rubisco by catalyzing the dehydration of HCO3

2

in the alkaline stroma in close proximity to Rubisco.
Some of the proteins increasing in abundance partici-
pate in the development of the sensory quality of the
fruit, such as lipoxygenase C (LOXC; Solyc01g006540,
Solyc01g006560, and Solyc12g011040), which is responsi-
ble for the biosynthesis of fatty-acid-derived aroma vola-
tiles (Chen et al., 2004). The protein undergoes continuous
increase from theMG to the R stages in proteomic analysis
(Supplemental Table S2) as well as in western blots (Fig.
6). The increase in LOXC is coincident with the increase in
the production of aroma volatiles (Birtić et al., 2009).

Overview of Metabolic and Regulatory Changes Occurring
during Chromoplastogenesis

A heatmap showing the percentage of proteins in
each functional class according to their abundance
patterns allows various clusters to be distinguished
(Fig. 9) Two clusters comprise a high percentage
of stable proteins: III (sulfur assimilation and TCA/
organic acid classes), IVd (redox, signaling, protein
degradation, transport, electron transport/ATP syn-
thesis, glycolysis, biodegradation/xenobiotics, metal
handling, and gluconeogenesis). Two clusters include
a majority of decreasing proteins corresponding to
cluster II (Calvin cycle, major CHO metabolism and
photosynthesis) and to cluster IVa (protein synthesis,
cofactor/vitamin metabolism, tetrapyrrole synthesis,
C1 and nitrogen metabolism). Cluster I is the only one
comprising proteins with a strong increase in abun-
dance, essentially fermentation. Clusters IVb and IVc
have an almost equal percentage of proteins with sta-
ble, decreasing, and increasing patterns, indicating
profound redirections in the corresponding functional
classes, for instance OPP, metabolism of nucleotides,
amino acids, and lipids as well as RNA synthesis.

Figure 8. Number and percentage of proteins in the MapMan functional classes for seven patterns of abundance. A, Stable. B,
Decreasing early. C, Decreasing late. D, Decreasing continuously. E, Increasing early. F, Increasing late. G, Increasing con-
tinuously. The abundance patterns are described in Table II. Numbers in % represent the percentage of proteins within each
functional class.
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Changes in the abundance of individual proteins
participating in the central metabolism are represented
in a MapMan metabolic display (Fig. 10A). This illus-
trates the major shifts in metabolism occurring during
the differentiation of chromoplasts. A large number of
proteins involved in light reactions (including photo-
synthesis, Calvin cycle, and photorespiration) and
major CHO metabolism (starch metabolism) are more
abundant in the MG plastid and therefore decrease in
abundance during chromoplastogenesis. Many of the
proteins involved in the provision of energy to the
plastid remain unchanged (TCA cycle, glycolysis, and
electron transport/ATP synthesis). Some proteins in-
crease in abundance such as carbonic anhydrases and
some proteins involved in the metabolism of terpe-
noids (including carotenoids), lipids, amino acids, and
ascorbate glutathione cycle. The increase in activity of

enzymes of the ascorbate glutathione cycle has already
been demonstrated during fruit ripening (Jimenez
et al., 2002). The abundance of carbonic anhydrases in
red chromoplasts has been discussed previously as
possibly participating in providing CO2 to Rubisco
that is still present at high levels. Another feature of
the chloroplast-to-chromoplast transition is related to
changes in stress-related, regulatory, and signaling
proteins (Fig. 10B). Abiotic stress, redox, and heat
shock classes comprise a majority of proteins not
changing in abundance but also a number of proteins
exhibiting either an increase or a decrease in abun-
dance. The simultaneous changes in redox and abiotic
stress proteins are consistent with the role of redox
signaling in the response to abiotic stress in plants
(Suzuki et al., 2012). The role of some heat shock
proteins in promoting color changes during tomato

Figure 9. Heatmap showing the percentage of
proteins of each functional class according to the
abundance pattern. The three abundance patterns
considered during the differentiation of chromo-
plasts are: stable, decreasing, and increasing. The
magnitude of the percentage is represented by a
color scale (top left) going from low (white), to
medium (yellow), and high (red).

716 Plant Physiol. Vol. 160, 2012

Barsan et al.



fruit ripening has been reported (Neta-Sharir et al.,
2005). Moderate redistribution can also be observed in
transcription factors, signaling, and proteins involved
in protein modification and degradation. Of particular
interest are the signaling proteins undergoing an increase
in levels. Quantitative changes also occur in proteins
involved in the response to hormones and in hor-
mones synthesis. The jasmonate biosynthetic path-
way is located in the plastid and several proteins
increase in abundance during chromoplastogenesis.
This is consistent with the role of jasmonate in the
biosynthesis of carotenoid biosynthesis in interaction
with ethylene (Fan et al., 1998). Proteins annotated as
ethylene related are absent from the MapMan map-
ping. This could be considered as surprising consid-
ering that ethylene plays a major role in the ripening
process of climacteric fruit such as the tomato (Pirrello
et al., 2009; Pech et al., 2012) and in the synthesis of
carotenoids (Bramley, 2002). However, the ethylene
biosynthesis and signaling pathways are not located in
the plastid and it is expected that the regulation of
ethylene-responsive genes occurs mainly at the nu-
cleus. In a microarray analysis of tomato fruit treated
by the ethylene antagonist 1-methylcyclopropene,
Tiwari and Paliyath (2011) found that at least nine
nuclear genes encoding plastidial proteins were up-
regulated by ethylene and three down-regulated.

Genes involved in the biosynthesis of carotenoids,
fatty acids, and jasmonic acid and in gluconeogenesis
were up-regulated, while genes involved in starch
degradation were down-regulated. Nevertheless, a full
inventory of ethylene-responsive genes encoding plastid-
localized proteins remains to be performed. In addition,
the cross talk between hormones in ripening fruit is
not yet well understood at the molecular level.

Loss of the Machinery for the Build Up of Thylakoids
and Photosystems

A number of proteins participating in the build up
of thylakoids have been encountered that decrease
in abundance during the chloroplast-to-chromoplast
transition (Fig. 11A; Supplemental Table S4). A nucleoid-
binding protein classified in the RNA functional class,
MATRIX ATTACHMENT REGION FILAMENT BIND-
ING PROTEIN1 (Solyc03g120230), which is tightly as-
sociated with the accumulation of thylakoid membranes
(Jeong et al., 2003) decreases in abundance between
the green and B stages and is not detectable at the R
stage. In addition, the THYLAKOID FORMATION1
(Solyc07g054820) protein, which is involved in thy-
lakoid formation through vesicular trafficking, con-
tinuously decreases in abundance. It is thought to

Figure 10. Metabolic overview comparing the protein abundance in MG and R tomato plastids. Red squares represent proteins
with decreasing levels while blue squares correspond to proteins with increasing levels. A, Metabolic overview. B, Stress,
regulation, and signaling proteins. MapMan software (Thimm et al., 2004; http://gabi.rzpd.de/projects/MapMan/).
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interact with a plasma membrane G protein to provide a
sugar-signaling mechanism necessary for thylakoid for-
mation (Huang et al., 2006). The tomato plastid proteome
comprises a number of membrane-bound ATP-dependent
metalloproteases of the filamentation temperature-
sensitive metalloprotease class (FtsH2: Solyc07g055320;
FtsH5: Solyc04g082250; FtsH6: Solyc02g081550; and
FtsH12: Solyc02g079000). Members of these proteases
are involved in the repair of PSII (Liu et al., 2010a) as
well as in the maintenance of the thylakoid structure
(Kato et al., 2012). Similarly, another type of ATP-
independent metalloprotease, ETHYLENE-DEPENDENT
GRAVITROPISM-DEFICIENT AND YELLOW MU-
TANT1 (EGY1; Solyc10g081470), present in the tomato
plastid proteome has been described as required for
chloroplast development via its role in thylakoid mem-
brane biogenesis (Chen et al., 2005). The build up of the
thylakoids requires the import of proteins within the
plastid. A thylakoid Sec translocase subunit (SECA1,
Solyc01g080840) is essential for chloroplast biogenesis
(Liu et al., 2010b). Interestingly, the FtsH and EGY1
proteins decrease in abundance, mostly between the B
and R stages, which correlates well with the dis-
mantling of the thylakoid membranes, while SECA
was present only at the MG stage, indicating an early

end to the provision of material for thylakoid bio-
genesis. Recently the lutescent2 mutant of tomato has
been identified as mutated for a homolog of EGY1 of
Arabidopsis (Barry et al., 2012). The mutation is re-
sponsible for an altered chloroplast development and
delay in fruit ripening but this not precluded chro-
moplast differentiation, indicating that chromoplast
development does not depend on functional chromo-
plasts (Barry et al., 2012). A signal recognition particle
subunit (SRP54, Solyc09g009940) involved in the inte-
gration of the light-harvesting chlorophyll a/b protein
into the thylakoid membrane (Li et al., 1995; Rutschow
et al., 2008) is present at the MG stage and then absent,
giving another indication of the disappearance of pho-
tosynthetic protein import during the chloroplast-to-
chromoplast transition.

Consistent with the decrease in the chlorophyll
biosynthetic branch, an increase is observed of the
STAY-GREEN (Solyc08g080090) protein that regu-
lates chlorophyll degradation by modulating pheo-
phorbide a oxygenase activity (Ren et al., 2007).
Another protein, HYDROXYMETHYLBUTENYL DI-
PHOSPHATE REDUCTASE (Solyc01g109300) pro-
duces MEP-derived precursors for plastid carotene
biosynthesis. It increases slightly during the three stages

Figure 11. Abundance of proteins (y axis in log2)
involved in structural modifications of plastids,
provision of energy, and translocation of precur-
sors during the chloroplast-to-chromoplast tran-
sition. A, Proteins involved in the biogenesis of
thylakoids and photosystems. B, Proteins involved
in plastid differentiation. C, Proteins involved in
plastid division. D, Proteins involved in energy
and translocation. Protein abundance is expressed
as a log2. The full name of the proteins is indicated
in the text and in Supplemental Table S4. Ab-
breviations preceded by S correspond to the sum
of several proteins harboring the same function. In-
dividual values are given in Supplemental Table S4.
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that is consistent with the accumulation of carote-
noids and in agreement with the up-regulation of the
HYDROXYMETHYLBUTENYL DIPHOSPHATE RE-
DUCTASE genes during tomato fruit ripening (Botella-
Pavía et al., 2004). In addition, there is also an abrupt
decrease, between the B and R stages, of two low PSII
accumulation proteins (LPA1: Solyc09g074880 and
LPA3: Solyc06g068480) involved in the assembly of
PSII (Peng et al., 2006; Cai et al., 2010). The two
proteins have been clearly identified by Peng et al.
(2006) and Cai et al. (2010) but still annotated as un-
known gene in The Arabidopsis Information Resource
and Solyc databases. Another protein necessary for
the assembly of PSII high chlorophyll fluorescence
(HCF136, Solyc02g014150; Plücken et al., 2002) de-
creases continuously. A plastid genome-encoded protein,
YCF4 (Solyc01g007360) belonging to the hypothetical
chloroplast reading frame family (YCF) decreases
strongly between the B and R stages in parallel with
the late disassembly of PSI. The Ycf4 protein partici-
pates in the assembly of PSI in the alga Chlamydomonas
reinhardtii (Onishi and Takahashi, 2009) and in higher
plants (Krech et al., 2012). However, unlike its role in
algae, in higher plants it is not essential. The knockdown
of the YCF4 gene in tobacco (Nicotiana tabacum) results in
an only partial reduction of the amount of PSI complex,
indicating that other proteins can replace YCF4 (Krech
et al., 2012). Similarly to the decline in the YCF4 protein
during the transition from chloroplast to chromoplast
observed here in tomato fruit, YCF4 declines continu-
ously in old leaves of tobacco concomitantly with the
decrease of photosynthetic activity (Krech et al., 2012).

Several Elements of Plastid Differentiation Correlate with
Chromoplast Formation

Interestingly, the tomato fruit plastid proteome contains
a number of proteins known to participate in the differ-
entiation of plastids (Fig. 11B; Supplemental Table S4).
One of them is a dnaj-like chaperone (Solyc03g093830)
and corresponds to the product of the Or gene that
controls chromoplast differentiation and carotenoid
accumulation (Li and Van Eck, 2007). The Or protein is
more abundant at the B than at the green stage and
was not detected at the R stage when carotenoids are
at their maximum level.
Some ATP-dependent casein lytic proteinases (Clp)

located in the stroma are described as participating
in chloroplast development (Lee et al., 2007). Six of
them classified in the stress-related proteins (ClpB:
Solyc06g082560, Solyc03g115230, Solyc02g088610,
Solyc06g011400, Solyc06g011370, and Solyc06g011380)
are encountered in the tomato plastids. Summing
the abundance of the six proteins remains essentially
constant, suggesting a sustained function during chro-
moplast differentiation. Also interesting is the absence
at the G stage and the sharp accumulation at the B
and R stages of two HEAT SHOCK PROTEIN21
(HSP21) heat shock proteins (Solyc03g082420 and
Solyc05g014280) that have been reported to be involved

in the promotion of color changes during tomato fruit
maturation (Neta-Sharir et al., 2005). Western blots
show the presence of HSP21 proteins at very low level
at the MG stage and a sudden and large increase at the
B stage (Fig. 6). Except for the presence of small
amounts at the MG stage in western blots, these data
are in agreement with the proteomic analysis. An-
other heat shock protein, HSC70-2 (Solyc11g020040),
highly expressed in the tomato plastids, increases
continuously. It has been described as essential for
plant development in Arabidopsis (Su and Li, 2008).
Its role in chromoplast differentiation would deserve
elucidation.

Loss of the Plastid Division Machinery

Many proteins involved in the division of plastids
have been encountered in the tomato plastid proteome
(Fig. 11C; Supplemental Table S4). Two nuclear-encoded
forms of filamenting temperature-sensitive Z mutants
(FtsZ1, Solyc07g065050 and FtsZ2, Solyc09g009430) play
a major role in the initiation and progression of plastid
division in plant cells (McAndrew et al., 2008). They are
both present at MG and B stages, but FtsZ1 was absent at
the R stage while FtsZ2 remained stable at all three
stages. An accumulation and replication of chloroplasts
protein (ARC6, Solyc04g081070) has been characterized
in a mutant that has only one or two chloroplast per cell
instead of.100 in wild-type cells (Vitha et al., 2003). The
mutant exhibits abnormal localization of the two key
plastid division proteins FtsZ1 and FtsZ2, indicating that
ARC6 promotes FtsZ filament formation in the chloro-
plast (Aldridge et al., 2005). ARC6 was encountered at
the MG stage only. The MinE protein (Solyc05g012710),
which supports and maintains FtsZ filament formation
(Maple and Møller, 2007) and is required for correct
plastid division in Arabidopsis (Maple et al., 2002), dis-
appears between the MG and B stages. Similarly, the
crumpled leaf protein (CRL, Solyc06g068760), also de-
scribed as important for the division of plastids, was
found only at the MG stage. Asano et al. (2004) showed
that cells of the CRL mutant contained a reduced number
of plastids. The disappearance or strong decrease of the
majority of proteins involved in plastid division men-
tioned above during the differentiation of chromoplasts
indicates that plastid division ceases. This is in agreement
with our previous observation that no plastid division
occurred in ripening tomatoes since all preexisting chlo-
roplasts were differentiating into chromoplasts (Egea
et al., 2011). These data provide target proteins potentially
responsible for the cessation of plastid division.

Proteins Involved in Energy Provision and
Translocation Activities

ATP synthase is an important enzyme that provides
energy for the cell to use through the synthesis of ATP.
Thirteen nuclear-encoded ATP synthase units were
quantified in the tomato plastid proteome (Supplemental
Table S4). The summation of the abundance of all these
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ATP synthase units was stable during chromoplast
differentiation (Fig. 11D). On the other hand, six ATP
synthase units encoded by the plastid genome were
quantified (Supplemental Table S4) and slightly de-
creased during tomato fruit ripening (Fig. 11D). These
data indicate that the machinery for the provision
of energy stays very present throughout the differentia-
tion process. Plastids can import cytosolic Glc-6-P via the
Glc-6-P/phosphate translocator (GPT, Solyc07g064270).
Glc-6-P is used either for the synthesis of starch and
fatty acids or is fed into the plastidic OPP (Emes and
Neuhaus, 1997). Niewiadomski et al. (2005) have shown
that the loss of GPT1 function results in a disruption of
the oxidative pentose phosphate cycle and affects fatty
acid biosynthesis. Another translocator, phosphoenol-
pyruvate phosphate translocator (Solyc03g112870),
has been identified that delivers the energy-rich gly-
colytic intermediate phosphoenolpyruvate into the
plastids (Fischer et al., 1997). In addition, a triose
phosphate/phosphate translocator (Solyc10g008980)
has also been encountered that participates in Suc
biosynthesis (Cho et al., 2012). The sum of the three
translocators decreases very lightly during plastid
transition (Fig. 11), indicating that the machinery for
provision of energy and precursors remained in place
to allow the synthesis of fatty acids and Suc within
the plastid.

Elements for the direct import of lipids into the
plastid are also present (Fig. 11D; Supplemental Table
S4). Two proteins of the SEC translocase system are
highly expressed and increase continuously in abun-
dance (SEC14, Solyc11g051160, Solyc06g064940). They
are the homologs of the yeast (Saccharomyces cerevisiae)
SFH5 phosphatidylinositol transfer protein (Yakir-
Tamang and Gerst, 2009) and could be involved in
Golgi vesicle transport of phosphoinositides in plant
plastids. The transport of lipids to the plastids via vesicles
derived from the endoplasmic reticulum membrane and
fused with Golgi membranes is more than a hypothesis
(Andersson and Dörmann, 2009; Benning, 2009). Ele-
ments of the protein import machinery were also en-
countered. One signal peptidase complex subunit (SPCS3,
Solyc01g098780) and one presequence protease (PREP1,
Solyc01g108600) remained roughly stable, indicating that
elements of the machinery for import of proteins remain
present during chromoplast differentiation, while the
synthesis of protein by the plastid translational ma-
chinery strongly declines, as mentioned above. Another
signal peptidase, plastidic signal peptidase (PLSP1, Sol-
yc12g007120) involved in thylakoid development through
its involvement in processing the Toc75 envelope protein
and 0E33 thylakoid luminal protein (Shipman-Roston
et al., 2010) was absent at the R stage, which is consis-
tent with thylakoid dismantling.

CONCLUSION

High-throughput technologies have been used in the
recent years for elucidating the mechanisms of fruit
ripening, such as transcriptomics (Alba et al., 2004),

metabolomics (Schauer et al., 2006; Deborde et al.,
2009; Moing et al., 2011), proteomics (Rocco et al.,
2006; Faurobert et al., 2007; Palma et al., 2011), and
more recently, a combination of all of them (Osorio
et al., 2011). However these technologies have been
scarcely used in the study of subcellular organelles
such as chromoplasts. In this article, we used high-
throughput proteomics to make an inventory of the
proteins present at different stages of plastid differ-
entiation in ripening tomato fruit. This inventory
enriches the knowledge of the plant plastid proteome
as reported in plastid databases. In addition, it provides
an in-depth description of the changes occurring in the
plastidial proteome during chloroplast-to-chromopast
differentiation. The mechanisms governing the differ-
entiation of plastids such as the conversion of proplas-
tids to chloroplasts or chloroplasts to chromoplasts
have received little attention and are barely mentioned
in recent reviews on plastid proteomics (Armbruster
et al., 2011; van Wijk and Baginsky, 2011). The pattern
of changes in protein abundance reported here is in
agreement with proteomic data generated in whole fruit
by others (Rocco et al., 2006; Faurobert et al., 2007). The
western blots of six proteins representative of several
metabolic or regulatory pathways give a pattern of
changes that is similar to proteomic analysis. Therefore,
these data confirm the reliability of the tandem mass
spectrometry (MS/MS) analysis and the spectral count-
ing quantification procedure carried out in this study. In
addition, the evolutions of protein abundance are in
agreement with the most important metabolic changes
described in the literature such as chlorophyll degrada-
tion, loss of photosynthetic activity, dismantling of thy-
lakoid membranes, and increase in the synthesis of
lycopene (Egea et al., 2010). Previous studies had se-
quentially described individual metabolisms or even
specific steps of metabolism. In this work a global and
extensive quantitative picture is given of the major
shifts occurring during the differentiation of chromo-
plasts that integrate both the strong decrease in proteins
of the light reactions and major CHO metabolism and
the increase in abundance of proteins involved in ca-
rotenoid biosynthesis. A remarkable finding not de-
scribed so far is the stability of proteins of the TCA cycle,
glycolysis, and the high level of electron transport/ATP
synthesis, indicating that the machinery providing en-
ergy to the plastid is largely conserved. Particularly
noticeable is also the increase in a number of proteins of
the ascorbate glutathione cycle, abiotic stress, redox, and
heat shock classes, indicating that the transition seems to
be governed at least partly by a redox-signaling pathway
causing a stress-related response. Strong redistribution can
also be observed in transcription factors, signaling, pro-
teins involved in protein-modification/degradation, and
in proteins involved in the response to and synthesis of
hormones. This indicates that chromoplastogenesis in-
volves profound changes in signaling events whose details
and interactions remain to be elucidated. The demonstra-
tion that chromoplasts can develop from altered chloro-
plasts in lutescent2 tomato fruit mutants (Barry et al., 2012)
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indicates that the differentiation of chromoplasts and the
associated signaling events do not depend on functional
chloroplasts. However, although with some delay, chro-
moplast formation always accompanies fruit ripening.
Among the most important events of chromoplast

differentiation the dismantling of thylakoids have been
well described in the literature by electron microscopy.
This study brings novel information on the target
proteins participating in the loss of the machinery for
the build up of thylakoids and for the assembly of
photosystems. For instance, proteins involved in thy-
lakoid formation through vesicular trafficking, in the
provision of material for thylakoid biosynthesis, and in
the assembly of photosystems undergo a strong de-
crease in abundance to be essentially absent in red
chromoplasts. In agreement with the loss of chloro-
phylls, the stay-green protein that stimulates chloro-
phyll degradation increases in abundance. Proteins of
the plastid division machinery have been identified that
disappear during the differentiation of chromoplasts.
Their absence in fully differentiated chromoplasts can
therefore be considered as responsible for the cessation
of plastid division. An unexpected finding is that
chromoplast differentiation is accompanied with the
maintenance of the major elements providing energy
and metabolites to the plastid such as ATP synthase,
hexose, and triose phosphate translocators, as well as
lipid import elements. The translation machinery of the
plastid probably undergoes a great loss of efficiency
with the strong decrease in abundance of ribosomal
proteins of both the 30S and 50S complexes. However,
several elements of the protein import machinery re-
main at a high level, suggesting that nuclear-encoded
proteins continue to be transferred at a high rate till the
last stage of chromoplast differentiation.
Our results complement recent studies on chloroplast-

to-chromoplast differentiation, showing that chromo-
plast gene expression largely serves the production of a
single protein, ACCD (Kahlau and Bock, 2008). We now
demonstrate that this occurs early during fruit devel-
opment while the fruit is unable to ripen autonomously
and well before any visible transition from chloroplast to
chromoplast. We conclude the early accumulation of the
ACCD protein that is involved in fatty acid biosynthesis
is a prerequisite for chromoplast differentiation by pro-
viding a storage matrix for the accumulation of carote-
noids. The final steps of differentiation during which the
metabolic shifts occur are associated with the initiation
of the ripening process by the plant hormone ethylene.
These data demonstrate that the shifts in metabolism

are preceded by the increase of the ACCD protein that
could account for the generation of a cartenoids stor-
age matrix. They also show that the metabolic changes
are associated with a high abundance of proteins in-
volved in providing energy and import of metabolites.
In addition, regulatory proteins have been identified
that are potentially responsible for the overall differ-
entiation process as well as for individual differentia-
tion events such as the dismantling of thylakoids and
photosystems and cessation of division.

MATERIALS AND METHODS

Plant Material

Tomato (Solanum lycopersicum ‘MicroTom’) plants were cultivated under

standard greenhouse conditions. Fruit were collected at three stages of ripening

after careful selection: (1) MG fruit corresponds to fruit having reached full size

and able to ripen autonomously. They produce very low amounts of ethylene but

respond to ethylene in terms of ripening. MG fruit were selected by the presence of

gel in the locules and an a*/b* chromatic ratio between20.32 and20.38 measured

by the Minolta chromameter; (2) B + 2 corresponds to fruit harvested 2 d after the

B stage. B is characterized by a change in color from green to pale orange over

about 30% of the surface. At B + 2, the fruit reach peak ethylene production; (3) R

fruit has the whole surface colored red and were harvested 10 d after B.

Plastid Isolation from Fruit at Various Stages of Ripening
and Fractionation of Proteins

Plastids were isolated from the fruit pericarp at three stages of ripening

according to the procedure described in Egea et al. (2011). After separation on

Suc gradient, plastid fractions were analyzed by fluorescence confocal mi-

croscopy associated with spectrophotometric analysis. MG plastids were

characterized by the almost exclusive presence of chlorophylls, characteristic

of chloroplasts; B plastids corresponding to intermediate forms of plastids

were selected in a band of gradient containing reduced amounts of chloro-

phylls and substantial amounts of carotenoids; R plastids contained almost

exclusively carotenoids, typical of chromoplasts. The plastid bands collected

were washed twice with extraction buffer (250 mM HEPES, 330 mM sorbitol,

0.1 mM EDTA, 5 mM b-mercaptoethanol, pH 7.6). For the proteomic analysis

plastids were resuspended in 1 M HEPES buffer (pH 7.6), 2 mM dithiothreitol

(DTT), and kept at 220°C until protein precipitation. After storage at 220°C

plastids were broken by osmotic shock by resuspension in 1 M HEPES buffer

(pH 7.6) complemented with 2 mM DTT, followed by freeze/thawing and

homogenization in a Potter-Elvehjem tissue grinder. Proteins of each fraction

were precipitated with methanol/chloroform (3:8 v/v) according to Seigneurin-

Berny et al. (1999) with some modifications. The resulting protein pellet was

dissolved in 2% SDS, 62.5 mM Tris-HCl buffer (pH 6.8). Protein concentrations

were determined using the bicinchoninic acid method (Smith et al., 1985). Finally

the proteins were reduced with DTT (20 mM) and alkylated with chlor-

oacetamide (60 mM) before solubilization in Laemmli buffer and SDS-PAGE

(12% acrylamide) separation. Each lane of the one-dimensional SDS-PAGE gel

was loaded with 70 mg of proteins originating from the three types of plastids.

After electrophoresis, proteins were stained with PageBlue protein staining so-

lution (Fermentas). Three independent biological replicates of SDS-PAGE gel

were carried out for each plastid development stage (Fig. 1).

Western-Blot Analysis

Western-blot analysis was performed using polyclonal antibodies at ap-

propriate dilution against chloroplastic RBCL (53 kD, at 1:50,000 dilution), PSI

PSAD (23 kD, at 1:25,000 dilution), PSII PSBA/D1 protein (39 kD, at 1:50,000

dilution), HSP21 (26 kD, at 1:30,000 dilution), and LOXC (102 kD, at 1:50,000

dilution) from Agrisera. ACCD (58 kD) antibodies were purchased from the

Plant Antibody facility of the Ohio State University and used at 1:25,000 and

1:15,000 dilution in Figure 6 and Supplemental Figure S2, respectively. Ex-

traction of proteins, separation by SDS-PAGE, and detection by antibodies

were performed as described in Barsan et al. (2010). Proteins were extracted

from partially purified plastids recovered at the step before separation on Suc

gradient as described in Egea et al. (2011).

Trypsin Digestion and Liquid Chromatography MS/MS
Analyses of Gel Segments

The protocol was the same as in Barsan et al. (2010) except that each lane of

the gel was cut into 10 slices.

Protein Identification and Quantification by
Spectral Counting

Data were analyzed using Xcalibur software (version 2.1.0, Thermo Fisher

Scientific) and MS/MS centroid peak lists were generated using the
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extract_msn.exe executable (Thermo Fisher Scientific) integrated into the

Mascot Daemon software (Mascot version 2.3.2, Matrix Sciences). The fol-

lowing parameters were set to create peak lists: parent ions in the mass range

400 to 4,500, no grouping of MS/MS scans, and threshold at 1,000. A peaklist

was created for each fraction (i.e. each gel slice) analyzed and individual

Mascot searches were performed for each fraction. Data were searched against

iTAG2.3 proteome sequence (ftp://ftp.solgenomics.net/tomato_genome/

annotation/ITAG2.3_release/ITAG2.3_proteins.fasta) predicted from the to-

mato genome sequence by the International Tomato Genome Annotation

(iTAG) team and against the proteome sequences predicted from the chloro-

plastic genome (accession no. AM087200). Mass tolerances in mass spec-

trometry and MS/MS were set to 5 ppm and 0.8 D, respectively, and the

instrument setting was specified as ESI Trap. Trypsin was designated as the

protease (specificity set for cleavage after Lys or Arg) and one missing

cleavage was allowed. Carbamido methylation of Cys was fixed and oxidation

of Met was searched as variable modification. Mascot results were parsed with

the homemade and developed software MFPaQ version 4.0 (Mascot File

Parsing and Quantification; Bouyssié et al., 2007). To evaluate false positive

rates, all the initial database searches were performed using the decoy option

of Mascot, i.e. the data were searched against a combined database containing

the real specified protein sequences (iTAG2.3 tomato proteome sequence) and

the corresponding reversed protein sequences (decoy database). MFPaQ used

the same criteria to validate decoy and target hits, calculated the false dis-

covery rate (FDR; FDR = number of validated decoy hits/[number of vali-

dated target hits + number of validated decoy hits] 3 100) for each gel slice

analyzed, and made the average of FDR for all slices belonging to the same gel

lane (i.e.to the same sample). FDRs were below 1.6%. From all the validated

result files corresponding to the fractions of a one-dimensional gel lane,

MFPaQ was used to generate a unique nonredundant list of proteins that were

identified and characterized by homology-based comparisons with iTA1G2.3

tomato proteome sequence. Output files from Mascot searches were uploaded

with MFPaQ for spectral counting. The total number of spectra corresponding

to each identified protein was extracted from each lane of analyses. The fil-

tering parameters were P values . 0.05, more than seven amino acids in the

peptides and more than one peptide encountered. Among all strategies used

for quantitative proteomics (Thelen and Peck, 2007; van Wijk and Baginsky,

2011) we followed a label-free option of spectral counting (Liu et al., 2004;

Booth et al., 2011) described in Bouyssié et al. (2007). The spectral-count-based

label free has been reported as allowing quantification of protein abundance

with similar efficiency to isotope labeling (Zhu et al., 2009). This methodology

had been applied in a number of other studies related to the plastid proteome

(Bräutigam et al., 2008; Ferro et al., 2010; Demartini et al., 2011).

Comparison with Existing Databases, Targeting
Predictions, Functional Classification, and Curation

Protein descriptions were performed using annotations associatedwith each

protein entry and through homology-based comparisons with the TAIR9

protein database (http://www.arabidopsis.org/) using BasicLocal Alignment

Search Tool BLASTX (Altschul et al., 1990) with an e-value cutoff of 1e-5 to

avoid false positives, and linked. MapMan Bins were used for functional as-

signments (http://gabi.rzpd.de/projects/MapMan/). The protein list was

compared with five plastidial databases either specific to plastids (AT-

CHLORO: Ferro et al., 2010; http://www.grenoble.prabi.fr/proteome/

grenoble-plant-proteomics/; plprot: Kleffmann et al., 2006; http://www.

plprot.ethz.ch) or general databases comprising subcellular subsets (PPDB:

Sun et al., 2009; http://ppdb.tc.cornell.edu; SUBA: Heazlewood et al., 2007;

http://www.suba.bcs.uwa.edu.au; Uniprot: The Uniprot Consortium, 2010:

http://www.uniprot.org). Predictions of subcellular localization were un-

dertaken using three predictors (TargetP: Emanuelsson et al., 2000; http://

www.cbs.dtu.dk/services/TargetP/; iPSORT: Bannai et al., 2002; http://

hypothesiscreator.net/iPSORT/; Predotar: Small et al., 2004; http://genoplante-

info.infobiogen.fr/predotar/). Predictions were made on the basis of tomato

proteins when harboring an N-terminal sequence. A curation procedure was

used to select, in the protein data set, those having confirmed plastid loca-

tion. Proteins were retained in the final dataset if they meet with at least one

of the two following criteria: (1) presence in at least two of the five databases

mentioned above (AT-CHLORO, plprot, PPDB, SUBA, and Uniprot) and (2)

predicted by at least one of the three predictors (TargetP, iPSORT, and

Predotar). Proteins predicted to be encoded by the plastid genome were all

retained. This resulted in the cataloging of 1,932 proteins in Supplemental

Table S1.

Normalization and Differential Abundance Analysis

The raw data arising from the LTQ-Orbitrap mass spectrometer analysis

(1,932 proteins listed in Supplemental Table S1 were submitted to a normal-

ization process that consisted in standardizing the MS/MS counts by the

length of the corresponding protein, and by an integral normalization, as

described by Paoletti et al., 2006). The sum of abundances in all samples was

set to 1 so as to eliminate the effect of the size of the total MS/MS counts in the

different samples. Then, the Probabilistic Quotient Normalization method

(Dieterle et al., 2006) was applied by taking a reference sample at random

among the replicates of the MG stage. This allowed the calculation of the

quotients of protein abundances (as log2 ratios) in each sample and hence the

median of the quotients. By dividing the abundance of proteins by the cor-

responding median, the effect of the difference in proteome size between

samples was eliminated. The normalization process is now widespread and

considered as a standard way to preprocess data in metabolomics and pro-

teomics (Torgrip et al., 2008; Issaq et al., 2009; Kato et al., 2011).

The differential abundance analysis was carried out with the Anapuce R

package in the R environment (http://www.R-project.org/) and calculated us-

ing a paired t test on normalized data. An estimation of the variance for each

protein observation was performed using the mixed model of Delmar et al.

(2005a, 2005b) implemented in the anapuce R package and consisting in the

estimation of several groups of proteins with the same variance. Finally, a

classical FDR procedure was applied to correct for multiple comparison tests

according to the procedure of Benjamini and Hachberg (1995) implemented in

the anapuce R package. Normalization and statistical analysis led to the cata-

loging of 1,529 proteins considered as quantifiable out of the initial 1,932 proteins

(Supplemental Table S2). Protein abundance values (expressed as log2) were

retained only when a given protein had been detected at least twice in a given

stage. Supplemental Table S2 comprises the log2-abundance values, the log2
ratios, and the P value of the t test for each protein. The trends of changes in

abundance between stages were calculated with a 5% significance level and

referred to as 0 for no change, +1 for increasing, and 21 for decreasing.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Comparison of the percentage of proteins classi-

fied into MapMan functional classes between the tomato fruit chloro-

plast proteome described in this article (white bars) and the Arabidopsis

chloroplast proteome described in the AT-CHLORO database (Ferro

et al., 2010; gray bars) and in Zybailov et al. (2008; black bars).

Supplemental Figure S2. Western-blot analysis of the ACCD protein in

plastids isolated at four stages of fruit development: IG (Immature-

Green).

Supplemental Table S1. Inventory of the 1,932 proteins representing the

compilation of the curated list of proteins encountered in the three rep-

licates of the tomato plastids at three stages of development.

Supplemental Table S2. Inventory of 1,529 proteins quantified from the

curated list.

Supplemental Table S3. List of proteins in the subplastidial compart-

ments: envelope, stroma, thylakoids, and plastoglobules.

Supplemental Table S4. List of proteins involved in the build up of thy-

lakoids and photosystems, plastid differentiation, plastid division, and

energy and translocation.
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