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Abstract Fruit development and ripening are key pro-
cesses in the production of the phytonutrients that are
essential for a balanced diet and for disease prevention. The
pathways involved in these processes are unique to plants
and vary between species. Climacteric fruit ripening, espe-
cially in tomato, has been extensively studied; yet, ripening
of non-climacteric fruit is poorly understood. Although the
different species share common pathways; developmental
programs, physiological, anatomical, biochemical composi-
tion and structural differences must contribute to the opera-
tion of unique pathways, genes and proteins. Citrus has a
non-climacteric fruit ripening behavior and has a unique
anatomical fruit structure. For the last few years a citrus
genome-wide ESTs project has been initiated and consists
of 222911 clones corresponding to 19,854 contigs and
37,138 singletons. Taking advantage of the citrus database
we analyzed the citrus proteome. Using LC-MS/MS we
analyzed soluble and enriched membrane fractions of
mature citrus fruit to identify the proteome of fruit juice
cells. We have identified ca. 1,400 proteins from these frac-
tions by searching NCBI-nr (green plants) and citrus ESTs
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databases, classified these proteins according to their puta-
tive function and assigned function according to known
biosynthetic pathways.
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Introduction

Fruit development and ripening are key processes in the
production of the phytonutrients that are essential for a bal-
anced diet and for disease prevention. The pathways
involved in these processes are unique to plants and vary
between species. Climacteric fruit ripening, especially in
tomato, has been extensively studied; yet, ripening of non-
climacteric fruit is poorly understood.

Citrus is the most important evergreen fruit crop in world
trade and has a non-climacteric fruit ripening behavior and a
unique anatomical fruit structure. Morphologically, the citrus
fruit is composed of two major sections, the pericarp, and the
endocarp, which is the edible part of the fruit (Spiegel-Roy
and Goldschmidt 1996). The pericarp itself is composed of
two distinct portions, the epicarp, known also as the ‘flavedo’
and the internal portion, the mesocarp, known as the albedo
both are defined as the ‘peel.” During the early stages of fruit
development the albedo, the internal part of the mesocarp,
occupy 60-90% of fruit volume. When the pulp grows, the
albedo become gradually thinner and in some cases such as
mandarins it is degraded and disappears leaving only the vas-
cular bundles between the peel and pulp segments. The pulp
segments filled with juice sacs are initiated during flowering
and gradually develop (Spiegel-Roy and Goldschmidt 1996).
Juice sacs accumulate sugars and organic acid and therefore
are the ultimate sink part of the fruit. Fruit sugar content
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change during development and determine to a great extent
the TSS (total soluble solids) of the fruit. The TSS, together
with the total fruit acidity are key fruit quality determinants
and determine whether the fruit can be marketed. Total sugar
content in the fruit is determined by the relative influence of
three processes: sugar transport, sugar metabolism, and stor-
age. Most of the cell sugars and organic acids are being stored
in the vacuoles, which occupy up to 95% of the juice sac cell
volume. The understanding of the mechanisms regulating
sugars and acids metabolism, transport, and storage is vital to
the development of practices that would warrant optimal
sugar concentrations and acidity in the fruit at harvest and the
development of post-harvest practices to enhance fruit quality.
Proteomics is becoming a powerful tool in plant research
in the last few years. The development of state-of-the-art
LC-MS/MS technology, fine separation techniques, devel-
opment of genomic, and ESTs databases for a variety of
species and powerful bio-informatics tools enable the
understanding and assessment of protein function, their rel-
ative abundance, the modifications affecting enzyme activ-
ity, their interaction with other proteins and localization.
Proteomics research has been conducted in several plant
species mainly using 2DE gels. Most successful studies are
those which use separation of subcellular compartments
such as mitochondria (Bardel et al. 2002; Heazlewood et al.
2004; Kruft etal. 2001; Lister etal. 2004; Millar et al.
2001), chloroplast (Friso etal. 2004; Giacomelli et al.
2006; Kleffmann et al. 2004; Koch 2004; Lonosky et al.
2004; Peltier et al. 2000), endoplasmic reticulum (Maltman
etal. 2002), peroxisomes (Fukao et al. 2002), cell walls
(Slabas et al. 2004), plastoglobules (Ytterberg et al. 2006),
and vacuoles (Carter et al. 2004) since they contain a lim-
ited number of proteins which help in protein identification.
The large scale sequencing and analysis of the citrus
ESTs database is a fundamental part of genomics research
to enable gene discovery and annotation. For the last few
years a citrus genome-wide ESTs project has been initiated
and already consists of 157,608 clones corresponding to
19,854 contigs and 37,138 singletons (http://cgf.ucda-
vis.edu). Here, we describe the first attempt to analyze cit-
rus fruit proteome using LC-MS/MS and the citrus
genome-wide ESTs database, focusing on mature juice
cells, and aiming at the identification of pathways acting in
the last phase of citrus fruit development, affecting fruit
quality determined by pre- and post-harvest processes.

Materials and methods
Plant material

Mature Navel orange (Citrus sinensis cv Washington) fruits
at stage Il of development (Katz et al. 2004), 200 days
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after flowering, were obtained from the Lindcove Research
and Extension Center, University of California. Juice sac
tissues were collected and used immediately. Soluble and
membrane-enriched fractions from juice sacs were pre-
pared as described elsewhere (Miiller etal. 1997) with
slight modifications. The juice sacs were ground in homog-
enization buffer containing 0.5 M MOPS-KOH pH 8.5,
1.5% PVPP, 7.5 mM EDTA, 2 mM DTT, 0.1 mM PMSF,
and 0.1% (v/v) of protease inhibitor cocktail (Sigma, St.
Louis, MO, USA). The homogenates were filtered through
four layers of cheesecloth and centrifuged at 1,500g for
20 min to eliminate cellular debris and nuclei. The pellet
was discarded and the supernatant was centrifuged at
12,000g for 20 min at 4°C. The pellet containing the mito-
chondria-enriched fraction was immediately frozen until
further use. The supernatant was then subjected to ultracen-
trifugation at 100,000g for 60 min at 4°C. The supernatant,
containing soluble proteins was treated as described below.
The microsomal pellet obtained was resuspended in a buffer
containing 10 mM Tris—Mes pH 7.6, 10% (w/w) glycerol,
20mM KCI, 1 mM EDTA, 2 mM DTT, 0.1 mM PMSF,
and 0.1% (v/v) of protease inhibitor cocktail (Sigma) and
layered onto a 20, 34, and 40% sucrose step gradient
(Blumwald and Poole 1987). After centrifugation at
80,000¢ for 2.5 h at 4°C, the 0%/20% interface containing
tonoplast-enriched membranes, the 20%/34% interface
containing ER/Golgi-enriched membranes and the 34%/
40% interface containing plasma membrane (PM)-enriched
fractions were recovered. The membranes were diluted
with buffer containing 5 mM Tris—MES pH 7.6, 10% glyc-
erol, and 0.1% (w/w) of protease inhibitor cocktail (Sigma),
sedimented at 100,000g and resuspended in 0.4—1.0 ml of
the same buffer.

Digestion and pre-fractionation of each subcellular
fractions

Soluble fraction

Soluble proteins were precipitated in ammonium sulfate
(85%) and collected by centrifugation at 12,000xg. The
pellets were resuspended in a buffer containing 10 mM
KH,PO, and 0.5 mM DTT and de-salted with PD-10 col-
umns (Amersham Bioscience, GE Healthcare, Piscataway,
NJ, USA) according to manufacturer’s instructions. The
resulting elute was then concentrated using Amicon YM-3
Centricon concentrators (Millipore, Bedford, MA, USA) at
3,000x g. The samples were concentrated to a final volume
of about 1 ml. Protein concentration was determined using
the detergent-compatible protein assay (Bio-Rad, Hercules,
CA, USA) and stored in 50% glycerol at —180°C. The sol-
uble proteins (SOL) were digested in-solution with an urea
digestion protocol. Briefly, 1 mg of soluble proteins were
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dissolved in 8 M wurea-200 mM Tris buffer (pH 7.8),
reduced with dithiothreitol, alkylated by iodoacetamide,
diluted to 2 M urea, and treated with trypsin (Modified
trypsin, sequencing grade: Promega, Madison, WI, USA) at
1:50 enzyme to substrate ratio (w/w) overnight at 37°C.

Membrane fractions

Plasma membrane, tonoplast, and ER/Golgi fraction (ER/
Go) were digested with a triple digestion protocol. Briefly,
1 mg of each fraction was dissolved in 2 M CNBr in aceto-
nitrile and formic acid at 1:4 ratio (v/v), incubated over-
night at room temperature in the dark, and then lyophilized.
The dry proteins were washed twice with water in order to
completely remove CNBr and formic acid, and were re-dis-
solved in 8 M urea-200 mM Tris buffer (pH 7.8), reduced
with dithiothreitol, alkylated by iodoacetamide, diluted
with 4 M urea, and digested with Lys-C (sequencing grade,
Sigma) at 1:50 enzyme to substrate ratio (w/w) overnight at
37°C. Lys-C was de-activated by boiling for 5 min. Each
sample was diluted with 2 M urea and digested with trypsin
overnight at 37°C.

Mitochondria Fraction

Because of difficulties in removing non-protein contamina-
tions from the mitochondrial fraction (MIT), the proteins
were first separated in one-dimensional 10% SDS-PAGE
gel, the proteins were in-gel digested, and analyzed by mass
spectrometry. Briefly, 100 ug of MIT was resolved on
SDS-PAGE gel and stained with colloidal Coomassie blue.
The gel was cut into 1 mm? pieces and transferred to micro-
centrifuge tubes. Dehydration of the gel pieces was done by
100 mM ambic [ammonium bicarbonate, Fluka Chemie
GmbH, Steinheim, Germany) for 5 min and then, the buffer
discarded. The gel pieces were treated with 50 ul 100%
acetonitrile for 15 min at room temperature and dried com-
pletely in a speadvac. The gel pieces were rehydrated by
the addition of 50 pl of 10 mM DTT in 100 mM ambic, and
reduction was performed at 56°C for 30 min. The DTT
solution was decanted, and 100% acetonitrile was added
followed by incubation at room temperature for 3—-5 min
(twice) and drying using a speedvac for 15 min. Alkylation
was done by the addition of 50 pl of 55 mM iodoacetamide
in 100 mM ambic for 20 min in the dark at room tempera-
ture. After discarding the supernatant, the proteins were
washed briefly with 100 mM ambic and replaced with fresh
100 mM ambic for another wash for 15 min at room tem-
perature. Afterwards, the liquid was decanted, 50 pul 100%
acetonitrile were added and the mixture was incubated for
15 min at room temperature, followed by drying. The gel
pieces were rehydrated with a 50 mM ambic buffer contain-
ing 13 ng/pl trypsin (sequencing grade modified, Promega).

The gel pieces were incubated over night at 37°C, and lig-
uid was collected after centrifugation at 13,000xg for
3 min. Peptide extraction was performed by adding 15-
30 ul of 60% acetonitrile/1%TFA to each of gel pieces,
sonication for 10 min and centrifugation for 30 s. Superna-
tants were collected and added to the supernatants collected
before, the solution dried, 8 pl of 3% TFA in water were
added, and the samples were sonicated for 5 min. Samples
were desalted, concentrated and purified by ZipTip pipette
tips containing C18 reverse phase (RP) media (Millipore
Corporation) according to the manufacturer instructions.

Separation of digested peptides by strong cation exchange
chromatography (SCX)

In-solution digested peptides were further fractionated by
strong cation exchange chromatography (SCX) prior to on-
line RP LC-MS/MS analysis. Trypsin digested samples
were dried and redissolved in ~200 pl of Solvent A (see
below Mobile phase A) and then injected onto a polysulfo-
ethyl A cation exchange column (100 x 2.1 mm?, 5 pm
diameter, and 300 A pore size) from PolyLC, Columbia,
MD, USA with a flow rate of 200 pl/min utilizing the
mobile phases as described elsewhere (http://www.prote-
omecenter.org/): mobile phase A contained 5 mm potas-
sium phosphate (pH 3.0) and 25% acetonitrile; mobile
phase B contained 5 mm potassium phosphate (pH 3.0),
25% acetonitrile and 350 mm potassium chloride. After
each sample was loaded, the run was isocratic for 15 min at
100% mobile phase A, and peptides were eluted using a lin-
ear gradient of 0-25% B over 30 min followed by a linear
gradient of 25-100% B in 20 min and then held for 5 min at
100% B. Fractions at 2 min intervals were collected and
concentrated by vacuum centrifugation.

LC-MS/MS analysis
SCX fractionated membrane samples

The SCX fractions were loaded sequentially on an home-
made on-line trap column (0.25 x 30 mm>, Magic C18AQ,
5 um, and 100 A) at a flow rate of 10 pul/min with buffer A
(see below). After application and removal of salt and urea,
the flow rate was decreased to 300 nl/min, and the trap col-
umn effluent was switched to a home-made fritless RP
microcapillary column (0.1 x 180 mm?; packed with
Magic C18AQ, Michrom Bio Resources, Auburn, CA,
USA, 5 um, and 100 A) as described elsewhere (Gatlin
et al. 1998). The RP separation of peptides was performed
using a Paradigm MG4, Michrom Bio Resources with
buffers of 5% acetonitrile-0.1% formic acid (buffer A) and
80% acetonitrile-0.1% formic acid (buffer B) using a
150 min gradient (0-10% B for 20 min, 10-45% for
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110 min, and 45-100% B for 20 min). Peptide analysis was
performed utilizing a LCQ Deca XP Plus (Thermo, San
Jose, CA, USA) coupled directly to an LC column. An MS
survey scan was obtained for the m/z range of 400-1,400,
and MS/MS spectra were acquired for the three most
intense ions from the survey scan. An isolation mass win-
dow of 3.0 Da was used for the pre-cursor ion selection and
normalized collision energy of 35% was used for the frag-
mentation. Dynamic exclusion for 2 min duration was used
to acquire MS/MS spectra from low intensity ions.

In-gel digested mitochondria fraction

Each digested MIT gel band was run over on-line LC-MS/
MS without SCX fractionation. Finnigan LTQ-FT, a hybrid
ion trap Fourier transform mass spectrometer (Thermo),
connected with Finnigan Micro-AS autosampler and Sur-
veyor MS LC pump (Thermo) was used for this analysis.
Trap column (0.15 x 20 mm?; Magic CI18AQ, 3 um, and
100 A) and analytical column (0.07 x 180 mm? Magic
C18AQ, 3 um, and 100 A) were home-made and used.
Other LC conditions, both trap and analytical column,
buffers, and loading and analytical flow rates, etc., are
essentially the same with those for the Michrom LC system
described above.

An MS survey scan was obtained with Fourier Trans-
form mass spectrometer for the m/z range of 300-1,600
with resolution setting at 100,000 and MS/MS spectra were
acquired with LTQ ion trap for the ten most intense ions
from the survey scan. An isolation mass window of 2.0 Da
was used for the pre-cursor ion selection and normalized
collision energy of 35% was used for the fragmentation.
Dynamic exclusion for 1 min duration and rejection of
acquisition of singly charged ion were used.

Data analysis
Database searching

Tandem mass spectra were extracted by Bioworks 3.2
(Thermo-Electron, San Jose CA, USA) and converted to
Mascot generic format (MGF). Charge state de-convolution
and de-isotoping were not performed. All MS/MS samples
were analyzed using X!Tandem (www.thegpm.org) Ver-
sion 2006.09.15.3 and Mascot (http://www.matrix-
science.com) Version 2.1.03 and searched against the
Citrus EST database acquired from the University of Cali-
fornia at Davis genomics facility (http://cgf.ucdavis.edu)
and the University of California at Riverside (HarvEST Cit-
rus, http://harvest.ucr.edu), and a database of common lab-
oratory artifacts and all currently available green plant
sequences in the NCBI non-redundant database. The
Following X!Tandem search options were turned on when
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performing the search; search for point mutations, search
for partial cleavage’s and search against reverse database
sequences.

Criteria for protein identification

Scaffold (Version Scaffold-01_06_03, Proteome Software
Inc., Portland, OR, USA) was used to validate MS/MS
based peptide and protein identifications. Peptide identifica-
tions were accepted if they could be established at >95.0%
probability as specified by the Peptide Prophet algorithm
(Keller et al. 2002). Protein identifications were accepted if
they could be established at >99.0% probability and con-
tained at least two identified peptides. Protein probabilities
were assigned by the Protein Prophet algorithm (Nesvizh-
skii et al. 2003). Proteins that contained similar peptides
and could not be differentiated based on MS/MS analysis
alone were grouped to satisfy the principles of parsimony.

Results and discussion

Protein identification by searching databases using LC-MS/
MS data and functional classification

LC-MS/MS analysis of the citrus juice sacs proteins
resulted in the detection of 1,394 unique proteins. The pep-
tide sequences were identified by searching the databases
with uninterpreted fragment ion mass spectra using MAS-
COT (Perkins etal. 1999). The search was conducted
against the NCBI non-redundant protein (green plants)
database and the Citrus ESTs database (http://cgf.ucda-
vis.edu). From the 1,394 proteins identified, 433 were ER/
Golgi-associated, 502 were PM-associated, 329 were asso-
ciated with the tonoplast, 657 were mitochondria-associ-
ated, and 479 were soluble proteins (Table 1). It should be
noted that our experimental design precluded the differenti-
ation between cytosolic and other soluble proteins located
in the different cell compartments’ milleau. The complete
list of identified proteins is shown in Supplemental Table 1.
The identified proteins were sorted into functional catego-
ries (Fig. 1; Table 1) using TAIR (http://www.arabidopsis.
org/), GO (http://www.geneontology.org/), UniProt (http://
www.pir.uniprot.org/), Pfam (http://pfam.janelia.org/),
InterPro (http://www.ebi.ac.uk/interpro/), and NCBI (http://
www.ncbi.nlm.nih.gov/). The assignment of putative roles
into known eukaryotic biosynthetic pathways was per-
formed using KEGG (http://www.genome.jp/kegg/) and
TAIR (AraCyc) (http://www.arabidopsis.org/biocyc/index.
jsp). We assigned function to 1,247 proteins, while 146
proteins remained unclassified. To simplify the discussion
in this paper, proteins were classified into 12 major functional
groups (Fig. 1; Table 1). The most abundant class of citrus
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Table 1 Classification of proteins identified after searching the citrus ESTs and NCBI-nr databases by Mascot and X!Tandem using LC-MS/MS

uninterpreted spectra according to their abundance in the isolated fractions

Citrus ESTs and ER/Golgi Plasma membrane Soluble Tonoplast Mitochondria Total
NCBI-nr databases
Number % Number % Number % Number % Number % Number %

Chaperone/HSP 45 104 sl 10.2 65 13.6 34 103 40 6.1 235 9.8
Energy 21 4.8 27 54 5 1.0 13 4.0 60 9.1 126 53
Metabolism 59 13.6 84 16.7 195 40.7 39 119 132 20.1 509 21.2
Oxidative process 27 6.2 28 5.6 46 9.6 18 55 32 4.9 151 6.3
Processing 33 7.6 37 7.4 53 11.1 25 7.6 35 53 183 7.6
Signaling 39 9.0 38 7.6 31 6.5 20 6.1 35 53 163 6.8
Structure 17 39 21 42 8 1.7 9 2.7 13 2.0 68 2.8
Trafficking 42 9.7 44 8.8 11 23 36 109 61 9.3 194 8.1
Transcription 2 0.5 2 0.4 2 0.4 0 0 3 0.5 9 0.4
Translation 62 14.3 85 16.9 34 7.1 60 182 58 8.8 299 12.5
Transport 52 12.0 59 11.8 1 0.2 59 17.9 82 12.5 253 10.5
Unknown 34 7.9 26 52 28 5.8 16 49 106 16.1 210 8.8
Total 433 100 502 100 479 100 329 100 657 100 2,400 100

Proteins were classified into 12 major groups and are represented according to fractions analyzed. Note, that most protein were found in more than
one fraction, therefore, the total number of proteins represented in the table is higher than the total amount of proteins identified (see also Fig. 1)

Identified proteins, Citrus ESTs and NCBIu= 1394

Chaperone/Heat
Unknown, 146, shock protein,
Transport, 145, 10506 / 130’1;3%
104%
Energy, 74,
\ 53%
Translation,
163,11.7%
Metaholism,
Transcription, 4, 326,234%
03%
Trafficking, Oxddative
105,75% processes, 82,
59%
Structure,31, [ Signaling,82, | Processing, 106,

22% 59% 76%

Fig. 1 Functional classification analysis of LC-MS/MS identified pro-
teins. The number and percentage of proteins from each functional
class from the total combined number of proteins from citrus fruit juice
sacs are shown. Total proteins identified after Mascot and X!Tandem
searching against the Citrus ESTs database and NCBI-non-redundant
protein database

juice sac proteins were those involved in metabolic pro-
cesses (23.4%) followed by translation (11.7%) and trans-
port (10.4%). A considerable high number of proteins was
classified as chaperons/heat shock (9.3%), processing
(7.6%), trafficking (7.5%), and signaling (5.9%). Proteins
involved in other main cellular activities were also detected,
such as oxidative processes (5.9%), energy (5.3%), and
structure (2.2%). Proteins with no predicted function were
classified as unknown (10.5%).

Because of the predominant roles that acids and
sugars play in determining fruit quality, we are focusing

our discussion on proteins and pathways that are associ-
ated with citrate metabolism, and sugar synthesis and
degradation.

Citric acid cycle

Citric acid is the main organic acid found in citrus fruit
juice cells (Shimada et al. 2006; Vandercook 1977). Most
of the enzymes acting in the citric acid cycle were identified
in our study including pyruvate dehydrogenase (El, E2,
and E3 subunits), citrate synthase, aconitate hydratase,
NADP+ isocitrate dehydrogenase (IDH), 2-oxoglutarate
dehydrogenase complex (subunits E1, E2, and E3), succi-
nyl-CoA ligase, succinate dehydrogenase, fumarate hydra-
tase, and malate dehydrogenase (MDH) (Fig. 2; Table 2).
Citrate can be produced by either the condensation of oxa-
loacetate and acetyl-CoA catalyzed by citrate synthase (EC
2.3.3.1) or by ADP + phosphate + acetyl-CoA + oxaloacetate
catalyzed by ATP-citrate synthase (or ATP:citrate lyase
and ACL; EC 2.3.3.8), both enzymes were found juice cell
sacs (Fig. 2; Table 2). Three citrate synthase were identi-
fied, CTG1107592 and CTG11111984, homologous to
At3g58750 (CSY2), and At2g42790 (CSY3), respectively,
both are localized to the Arabidopsis peroxisome (Pracha-
roenwattana et al. 2005) and CTG1105142 homologous to
the mitochondrial At2g44350 (CYS4). One ACL, homolo-
gous to the cytosolic At3g06650 was also identified in the
soluble fraction. The next step in the citrate cycle is the
conversion of citrate to isocitrate by aconitase (EC 4.2.1.3).
We identified three aconitase isozymes; CTG1104713 and
CTG1104288 (homologous to At4g35830 and At2g05710,
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Fig. 2 Enzymes acting in the citric acid cycle identified after search-
ing the citrus ESTs and NCBI-nr databases by Mascot and X!Tandem
using LC-MS/MS uninterpreted spectra according to their abundance
in the isolated citrus juice cells fractions. (1) Aconitase, (2) Isocitrate
dehydrogenase, (3) 2-oxoglutarate dehydrogenase complex: E1-Oxo-
glutarate dehydrogenase, E2-dihydrolipoamide, E3-Dihydrolipoyl
dehydrogenase, (4) Succinyl CoA synthetase, (5) Succinate dehydroge-

respectively) and one homologous to At2g05710 found in
the mitochondria fraction (Table 2). From our experiments,
we cannot conclude whether the citrus soluble aconitase
isozymes are located in the mitochondria matrix or in the
cytosol, since the soluble fraction includes proteins from
both compartments. The oxidative decarboxylation of isoci-
trate into 2-oxoglutarate is mediated by the action of IDH
(EC 1.1.1.42). Three IDH citrus accessions were identified,;
two mitochondrial NAD*-dependent, CTG1093369 and
CTG1107030, homologous to At4g35260, and At5g03290,
respectively, and a NADP*-dependent, CTG1102843,
homologous to Atlg65930. In addition, three more iso-
forms that were not found in the citrus EST database were
identified by a NCBI-nr search; two cytosolic NADP*-
dependent, homologous to At5g14590 and At1g54340, and
a mitochondrial NAD"*-dependent (homologous to
At4g35650). The presence of NAD*- (and NADP*-) depen-
dent mitochondrial and cytosolic IDH support the notion
that citrate might be transported from the mitochondria and
metabolized to (via cytosolic aconitase) isocitrate and 2-
oxoglutarate in the cytosol of the citrus juice sac cells. The
2-oxoglutarate dehydrogenase complex catalyzes the over-
all conversion of 2-oxoglutarate to succinyl-CoA and CO,.
It contains multiple copies of three enzymatic components:
2-oxoglutarate dehydrogenase (E1; EC 1.2.4.2), dihydrolipoa-
mide succinyltransferase (E2; EC 2.3.1.61) and lipoamide
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nase, (6) Fumarase, (7) Malate dehydrogenase, (8) Citrate synthase,
(9) ATP citrate lyase, (10) Malic enzyme, (11) Pyruvate dehydroge-
nase, (12) Cytosolic aconitase, (13) Cytosolic isocitrate dehydroge-
nase, (14) PEP carboxylase, (15) Cytosolic malate dehydrogenase, and
(16) Dicarboxylate/tricarboxylate carrier (CTG1104002). Amino acids
metabolism pathways identified in our search and branched out the
citric acid cycle are shown

dehydrogenase (E3; EC 1.8.1.4). All three enzymes were
identified in the juice cells. Two isoforms of 2-oxoglutarate
dehydrogenase (E1) were identified; CTG1106938 (homol-
ogous to the Arabidopsis At3g55410) and another isoform,
homologous to At5g65750, was identified by a NCBI-nr
database search. Dihydrolipoamide succinyltransferase
(E2), CTGI1100133 (homologous to the Arabidopsis
At5g55070), was identified in the mitochondria and cata-
lyzes the conversion of S-succinyldihydrolipoyl to succi-
nyl-CoA. Two lipoamide dehydrogenase proteins (E3),
CTG1104273 (homologous to the Arabidopsis At3g17240)
and an isoform, homologous to At1g48030, were identified
in the mitochondria and the PM fractions. These proteins
mediate the conversion of S-succinyldihydrolipoyl to lipoa-
mide, which in turn is catalyzed to S-succinyldihydrolipoyl
by 2-oxoglutarate dehydrogenase. Succinyl-CoA is then
converted succinate by succinyl-CoA ligase (EC 6.2.1.4).
Three citrus contigs were found in our search,
CTG1096641 (homologous of the Arabidopsis At5g08300)
and CTGI1108914 and CTG1100890, homologous to
At2g20420, which were all found in the mitochondria frac-
tion. In addition, one isoform (homologous to the Arabid-
opsis At5g23250) not present in the citrus database was
found in the PM fraction. Succinate is oxidized to fumarate
by the succinate dehydrogenase complex with the simulta-
neous conversion of a FAD co-factor into FADH2 (EC
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1.3.5.1). We identified three proteins assigned as citrus
ESTs CTG1107716, CTG1104192, and CTG1099546, which
are homologous to the Arabidopsis mitochondrial succinate
dehydrogenase At5g66760, At2g18450, and At3g27380,
respectively. We also identified fumarate hydratase, a mito-
chondrial protein encoded by CTG1105176 (homologous
to the Arabidopsis At2g47510) that mediates the intercon-
version of fumarate to malate. The last step of the pathway,
the interconversion of malate to oxaloacetate utilizing
NAD*/NADH is catalyzed by MDH (EC 1.1.1.37). In
eukaryotic cells, MDH is usually found in the mitochon-
drial matrix and in the cytosol. We identified five citrus
contigs CTG1098368 (soluble) and CTG1105400 (mito-
chondrial), both homologous to At3g15020, CTG1098208
(homologous to the mitochondrial At3g47520), and
CTG1103261 (soluble) and CTG1098006 (mitochondrial)
(both homologous to At5g43330). Three additional MDH
isoforms  homologous to  Atlg04410 (cytosolic),
At2g22780 and At5g09660 (both mitochondrial) were
identified by NCBI-nr search. Most of these proteins were
found mainly in the mitochondria-enriched fraction and in
the soluble fraction.

In addition to the conversion of malate to oxaloacetate,
mediated by MDH, malate can also be converted to pyruvate
by malic enzyme (ME). Two types of ME are known, NAD-
dependent (EC 1.1.1.39) catalyzing the reaction:
malate + NAD" = pyruvate + CO, + NADH, and NADP-
dependent (EC 1.1.1.40): malate + NADP" = pyruvate
+ CO, +NADPH) (Wheeler etal. 2005). In plants, NAD-
dependent isoforms function predominantly in the mitochon-
dria while the NADP-dependent isoforms are found in the
cytosol and plastids. We identified few MEs, CTG1095849
(At2g19900 homologous) and an homologous to At1g79750
found in the soluble fraction, both are NADP-dependent
type, and known as AtNADP-MEl and AtNADP-ME4,
respectively (Wheeler et al. 2005). CTG1109050 (homolo-
gous to At4g00570), an NAD-dependent type, was also
found in the mitochondria fraction. ME enables plants mito-
chondria to metabolize PEP derived from glycolysis via an
alternative pathway. Malate can be synthesized from PEP in
the cytosol via PEP carboxylase and MDH (Fig. 2). These
suggest that some of the MDHs that were identified in our
study (see above) are cytosolic and act in this pathway. In
addition, four PEP-carboxylase were identified, two in the
citrus database search, CTG1095231 (homologous to
At4g37870) and CTG1105152 (homologous to At2g42600)
and two, homologous to At3g14940 and Atl1g53310 were
identified in the NCBI-nr database search (Supplemental
Table 1). In addition, we identified a dicarboxylate/tricarb-
oxylate carrier or mitochondrial 2-oxoglutarate/malate carrier
protein, CTG1104002 (homologous to At5g19760), which
might be responsible for transporting malate, 2-oxoglutarate
and citrate across the mitochondria inner membrane (Fig. 2).

Citric acid, which accounts for most of the titratable
acidity in citrus fruit cells, is reduced during citrus fruit
development (Shimada et al. 2006). Our data suggest that
during the acid decline stage, citrate may be utilized by
three major metabolic pathways for sugar production,
amino acid synthesis and acytyl-CoA metabolism. Sadka
et al. (2000a, b) suggested that citrate is accumulated in the
vacuole and during fruit development is released to the
cytosol and metabolized into isocitrate by cytosolic aconi-
tase and then into 2-oxoglutarate by NADP-IDH. 2-oxo-
glutarate can be then metabolized to amino acid production
such as glutamate as found for tomato fruits (Boggio et al.
2000; Gallardo et al. 1995). Aspartate and alanine amin-
otransferases and glutamate dehydrogenase have been
reported to be involved in glutamate synthesis (Boggio
et al. 2000; Bortolotti et al. 2003). The increase in aspartate
and alanine aminotransferase transcripts was detected dur-
ing citrus fruit development by microarrays analysis (Cer-
cos etal. 2006). Bortolotti et al. (2003) suggested that
glutamate production is being balanced by utilization into
glutamine and catabolism through the y-aminobutyric acid
(GABA) shunt. Indeed, we have identified enzymes that
mediate the conversion of citrate into glutamate metabo-
lism and GABA shunt to succinate-semialdehyde and suc-
cinate (Fig. 3; Supplemental Table 1), providing further
support to the notion of the conversion of citrate into amino
acids during the stage III of citrus fruit development. Acon-
itase, NADP-IDH, glutamine synthetase, glutamate decar-
boxylase, GABA aminotransferase, and succinate
semialdehyde dehydrogenase were identified in our proteo-
mic analysis confirming the microarray data recently pub-
lished showing increased expression of all these genes
(Cercos etal. 2006). In addition, many of the enzymes,
including ATP-citrate lyase (ACL; homologous to
At3g06650) ‘initiating’ the acetyl-CoA metabolism path-
way have been identified in our proteomic analysis (Fig. 3;
Supplemental Table 1). Cercos etal. (2006) showed a
decrease in ACL expression during fruit development and
ruled out the importance of acetyl-CoA metabolism in cit-
rate catabolism pathway. However, in our experiments we
could identify ACL in the mature juice cells and other
enzymes acting in acetyl-CoA metabolism such as HMG-
CoA synthase and HMG-CoA reductase in the mevalonate
pathway and chalcone synthase and chalcone isomerase in
the narigenin pathway (Fig.3; Supplemental Table 1).
Therefore, the role of acetyle-CoA metabolism in citrus
fruit acid decline needs further examination. In tomato
fruit, glutamate accumulates during fruit development and
it has been suggested that free amino acid accumulation is
part of the fruit ripening process (Boggio et al. 2000; Gal-
lardo et al. 1995). In citrus fruit juice cells, glutamate levels
are high only at stage I of fruit development (data not
shown), then decrease to low and constant level during
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Fig. 3 Enzymes acting in citric
acid metabolism identified after
searching the citrus ESTs and
NCBI-nr databases by Mascot
and X!Tandem using LC-MS/
MS uninterpreted spectra
according to their abundance in
the isolated citrus juice cells
fractions. Enzymes marked in
gray were found in our search,
representing two possible path-
ways for citric acid metabolism
in the mature citrus fruit
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stages II and IIT (Cercos et al. 2006). Thus, glutamate utili-
zation during fruit development is an important step in the
homeostatic control of glutamate in the mature fruit. Two
pathways for glutamate utilization were suggested: conver-
sion of glutamate to glutamine and GABA shunt catabolism
pathway (Cercos et al. 2006). Our proteomic data support
this hypothesis revealing the expression of glutamine
synthase acting in the glutamine synthesis pathway and
glutamate decarboxylase, GABA amino transferase and
succinate semialdehyde dehydrogenase in the GABA shunt
pathway (Fig. 3; Supplemental Table 1).

Sugar synthesis transport and metabolism

In addition to acid content, sugar content and sugar metabo-
lism are major contributors to fruit quality. Sugars are
translocated by the phloem from source to sink tissues and
uploaded into cells either symplasticaly or apoplasticaly by
plasmodesmata or the action of sugar transporters, respec-
tively (Lalonde et al. 2004). Phloem unloading is a key pro-
cess in sugars partitioning because to a large extent it
determines the movement of assimilates from the sieve ele-
ments to the recipient sink cells (Patrick 1997). It has been
shown that unloading routes may differ according to sink
type, sink development stage, sink function, growth condi-
tions, and alternative unloading pathways may even exist in
sinks with symplastically interconnecting phloem (Oparka
and Turgeon 1999; Patrick 1997; Roberts et al. 1997; Viola
etal. 2001). Other studies showed that plasmodesmatal
conductivity can be programmatically reduced (Baluska
et al. 2001; Itaya et al. 2002) and that sugar transporters can
operate in parallel to predominant symplastic phloem path-
ways (Kuhn et al. 2003). In tomato fruits, phloem unload-
ing pathway is symplastic during early stages, and
apoplastic during later fruit developmental stages (Ruan

@ Springer

and Patrick 1995). In some tissues, such as developing
seeds and grains, and fleshy fruits, when plasmadesmatal
connections between cells are absent or limited, the PM can
be exposed to abundant sucrose and/or hexoses (Koch
1996). Among the fleshy fruits species that accumulate high
concentrations of soluble sugars, only grape, apple, and cit-
rus have been studied. An apoplastic mode of phloem
unloading was shown for all three species (Koch and
Avigne 1990; Patrick 1997; Zhang et al. 2004). Citrus fruit
juice sacs are not connected simplastically to the vascular
system, which provides water and assimilates to the fruit.
Juice sacs obtain their supply over long distances of post-
phloem, through non-vascular cell-to-cell apoplastic trans-
port (Koch and Avigne 1990; Lowell et al. 1989). Sucrose
is the major sugar translocated in the plant, and the major
photoasymilate stored in the plant. Sucrose can be trans-
ported into the cells by sucrose transporters or can be
degraded by cell wall invertases to glucose and fructose,
which in turn can be carried by hexose transporters (Koch
2004). Few members of the sugar transporters family were
identified (Table 3); CTG1108654, an hexose transporter,
CTG1105250 and CTG1106455, probable glucose trans-
porters, CTG1107685, putative sucrose transporter, and
glucose-6-phosphate antiporter (Table 3). Sucrose trans-
ported into the juice cell can be metabolized in three ways;
degraded by sucrose synthase or by cytosolic invertase in
the cytosol or transported into the vacuole for storage.
Sucrose synthase (EC 2.4.1.13) catalyzes the degradation of
sucrose into UDP-glucose and fructose. Few sucrose synth-
ases have been identified in our study (Table 3);
CTG1104251, CTG1098335, and CTG1097731 (homolo-
gous to AtSUSI) and an homologous to AtSUS2. Three
sucrose synthases were already been identified in citrus
fruits (Komatsu et al. 2002), however only one of them,
CTG1104251 (also known as CitSUSA), was identified in
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Table 3 Enzymes acting in sucrose homeostasis identified after searching the citrus ESTs and NCBI-nr databases by Mascot and X!Tandem using
LC-MS/MS uninterpreted spectra according to their abundance in the isolated citrus juice cells fractions

Enzyme description Citrus contig GI numbers of homologous found in NCBI-nr Arabidopsis Fraction
homologous
Sugar transporter CTG1106455 2il42623658, gil55403680, gil55933458, gil55933460 At4g35300 T,E, P
Hexose transporter CTG1108654 2il56529970, gil57932817, gil57934229 At4g35300 T,E,P
Glucose transporter CTG1105250 2il29550138, gil42623456, gil46217371, gil46217372* At2g48020 T
Sucrose transporter CTG1107685 gil38327323 At1g09960 E,T,.P
Glucose-6-phosphate 2il18423670, gil20148301, gil61608932, Atlg61800 M
transporter 2il7489258, gil7488807*
Sucrose synthase CTG1104251 2il34521282, gil42414503, gil42477746, gil42478290% At4g02280 E,P,S
CTG1098335 2il55287758, gil55287759, gil55291091, gil57572085% At4g02280 S
CTG1097731 2il31669588, gil31672535, gil55287535, gil55287575% At5g20830 N
2il22121990, gil7268988, gil6682995, gil15235300, At4g02280 E,S, P
gil1488570%
2il6683114, gil6682843 At3g43190 S
2il6682995 At4g02280 S
2il63003687, gil16305087 At5g20830 S
2il30349808 At5g49190 S
UTP-glucose-1-phosphate CTG1103404 2il28617913, gil28617914, gil34418639, gil34522190° At5g17310 T,E, S
Uridylyltransferase gil67061 At5g17310 E,S
gil2117937 At5g17310 P
2il28863909 At5g17310 S
gil12585472 At5g17310 S
gil12585489 At5g17310 S
CTG1095142 2il62430243, gil62430325, gil63104454, gil63106282 At5g17310 M
Phosphoglucomutase CTG1093348 2il38026260, gil38027679, gil38027681, gil38030561? At1g23190 E,P,S
CTG1107094 gil34519111, gil34521772, gil46207460, gil55932721% Atl1g23190 S
gil12643355 At1g23190 N
gil12585330, gil4234941 Atl1g23190 S
2il21586064 At1g23190 S
gil50918261, gil13324798, gil17981609, gil12585309, Atl1g23190 M
gil12585310
Sucrose-phosphate-synthase CTG1098483 gil1022365, gil18375499, gil19223854, gil2754746 At5g20280 S
Sucrose-phosphatase CTG1106998 2il28190687, gil21387099, gil1 1127757, gill 1127759* At2g35840 S
Hexokinase 2il45387405, gil18700107, gil12644433, gil21700789, At4g29130 P
2il619928*
CTG1102350 2il55288949, gil55290772 At3g20040 M
gil11066213 At4g29130 M
Fructokinase CTG1102896 gil14018587, gil21650387, gil21651247, gil28715596* Atlg76550 P, S
gil3790102 Atlg76550 P
CTG1103959 2il28618338, £il28618339, gil28618414, gil34523121* At3g59480 S
CTG1107531 2il46210040, gil46210041, gil46215043, gil46215044 At5g51830 S
CTG1096588 2il63059182, gil63059194, gil63066933 Atlg12000 S
£il3790102 Atlg76550 S
2il45550051 At5g51830 S
Glucose-6-phosphate 2il18056, gil7437363, gil18056 At5g42740 S

isomerase

M mitochondria, S soluble, P plasma membrane, 7 tonoplast, £ ER/Golgi

? For many of the peptide mass spectra there were additional matching accessions in the databases. For the full list of matching proteins see
Supplemental Table 1
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our study. Komatsu et al. (2002) showed that only CitSUSA
(CTG1104251) was expressed in mature fruit. However,
our data show that citrus has at least two more genes,
homologous to the Arabidopsis SUSI and SUS2 that are
expressed in the mature fruit. Invertases, on the other hand,
were not identified in mature juice sac cells, in agreement
with previous data shown a decrease in invertase expres-
sion and activity during citrus fruit maturation (Echeverria
and Burns 1990; Holland et al. 1999; Lowell et al. 1989;
Tomlinson et al. 1991). Our findings agree with the invert-
ase/sucrose synthase control hypothesis suggesting that
invertases mediate the initiation and expansion of many
new sinks and later transition to storage and maturation
phase is facilitated by shifts from invertase to sucrose syn-
thase paths of sucrose cleavage (Koch 2004).

Sucrose, in turn, is derived from hexose phosphates
through the combined actions of UTP-glucose-1-phosphate
uridylyltransferase (UDP-glucose pyrophosphorylase, EC
2.7.17.9), sucrose phosphate synthase (SPS) (EC 2.4.14) and
sucrose phosphatase (EC 3.1.3.24) (Fig. 4; Table 3). Hex-
ose phosphates are not only common intermediates to the
pathways of synthesis and degradation of most carbohy-
drates, but they are also the point of convergence of these
pathways. Hexose phosphates are derived either from the
breakdown of sugars and polysaccharides or from triose

— fruc6P «—

cytosol

glu6P

ADP | ADP

o O oo
glu ATP | ATP

UbP Io

\

& UDPglu  fruc glu

“C6:o\‘ 'OT/)/{@

suc  frue gl
suc fruc glu suc
6
suc -

Fig. 4 Proposed model of sucrose homeostasis in citrus juice cells.
Enzymes acting in sucrose homeostasis identified after searching the
citrus ESTs and NCBI-nr databases by Mascot and X!Tandem using
LC-MS/MS uninterpreted spectra according to their abundance in the
isolated citrus juice cells fractions are marked in black circles. En-
zymes marked in white circles were not found in our study. (1) Cell
wall invertase, (2) acid invertase, (3) alkaline invertase (not identified),
(4) fructokinase, (5) hexokinase, (6) sucrose synthase, (7) UTP-glu-1-
P-Urydilyltransferase, (8) phosphoglucomutase, (9) glu-6-phosphate
Isomerase, (10) suc-P-synthase, and (11) suc-phosphatase. Suc su-
crose, fru fructose glu glucose
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phosphates formed during photosynthesis and gluconeo-
genesis. They may be used for the synthesis of carbohy-
drates or for metabolism through the glycolitic and pentose
phosphate pathways. The hexose phosphate pool consists of
three metabolic intermediates: glucose 1-phosphate, glu-
cose 6-phosphate, and fructose 6-phosphate. The three
metabolites are kept in equilibrium through the reversible
action of phosphoglucomutase and glucose-6-phosphate
isomerase. Glucose phosphomutase (EC 5.4.2.2;
CTG1093348 and CTG1107094; Table 3), which was also
identified in our study, is an enzyme responsible for the
conversion of p-glucose 1-phosphate into D-glucose 6-
phosphate. Glucose phosphomutase participates in both the
breakdown and synthesis of glucose and also in starch
metabolism together with starch phosphorylase (EC
2.4.1.1; At3g46970), which act in starch degradation. Glu-
cose-6-phosphate isomerase, which is involved in glycoly-
sis and in gluconeogenesis and catalyse the conversion of
D-glucose 6-phosphate to p-fructose 6-phosphate was also
identified (Table 3).

Glucose and fructose can be phosphorylated to glucose-
6-phosphate and fructose-6-phosphate by hexokinase (EC
2.7.1.1) and fructokinase (EC 2.7.1.4), respectively. Two
hexokinase ESTs and four fructokinase were identified, all
found in the soluble fraction (Table 3). UDP-glucose can be
metabolized to glucose-1-phosphate by UTP-glucose-1-
phosphate uridyltransferase or to sucrose-6-phosphate
(with fructose-6-phosphate) by SPS. A UTP-glucose-1-
phosphate uridyltransferase (EC 2.7.7.9), that mediates the
reversible production of UDP-glucose and PPi from glu-
cose-1-phosphate and UTP, was identified (Table 3). SPS,
CTG1098483 (At5g20280) and sucrose phosphatase
CTG1106998 (At2g35840) were also identified. Although
it is well established that the cytosol is the site for sucrose
synthesis via, whether sucrose is synthesized in other juice
cell compartments is not yet clear. Our data would suggest
that in addition to sucrose transport to the fruit there is also
sucrose biosynthesis in the juice cells. All enzymes partici-
pating in the glycolysis pathway were identified; Hexoki-
nase, glucose-6phosphate isomerase, phosphofructokinase,
fructose-bisphosphate aldolase, glyceraldehyde-3-phos-
phate dehydrogrnase, phosphoglycerate kinase, phospho-
glycerate mutase, enolase, and pyruvate kinase
(Supplemental Table 1), suggesting that part of the sucrose
accumulated in the fruit is used for energy production in the
juice cells.

Vesicular trafficking

In plants, directed vesicle trafficking is essential for main-
taining cell polarity, compartmentation, growth and devel-
opment (Surpin and Raikhel 2004). Vesicle formation from
a donor membrane involves the activation of small GTPases
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resulting in the recruitment of coat proteins (Vernoud et al.
2003) (Fig. 5). Small GTPases that have been associated in
several steps in the secretory pathways comprise five dis-
tinct subfamilies; Arb, Ras, Rho, Arf, and Ran (Molendijk
etal. 2004). Several Rab-like proteins (Rab2A, Rab2C,
Rab6A, Rab7B, Rab7D, Rab8A, Rab8B, Rab8C, Rab11A,
Rabl11C, Rabl1E, and Rabl18), Arf-like proteins (SARIA,
SAR2, ARLA1A, and ARLAI1C), Ran-like proteins (Ranl,
Ran2, and Ran 3) and SEC12, associated with the different
mitochondria-, ER/Golgi-, and tonoplast-enriched frac-
tions were identified in the fruit juice sac cells and classi-
fied according to Vernoud et al. (2003). Rab proteins are
localized to different intracellular compartments where they
regulate vesicular trafficking. They also interact with and
regulate SNARESs (see below), which are membrane pro-
teins that provide specificity for membrane fusion events
(Jurgens 2004; Sanderfoot et al. 2000; Zerial and McBride
2001). Arf proteins, comprise Arf-like and Sar proteins
(Vernoud et al. 2003). Sar proteins are needed for coat pro-
tein complex II (COPII)-dependent vesicular transport from
the ER to Golgi, whereas Arf-like proteins regulate COPI-
dependent vesicular transport in the Golgi and clathrin-
dependent budding from the trans-Golgi and the PM (Mole-
ndijk et al. 2004). SEC12, localized to the ER, is required
for the recruitment of COPII coat proteins (Fig. 5; Table 4).
The targeting and delivery of specific membrane and soluble
proteins are carried out by a superfamily of membrane-bound
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Fig. 5 Schematic representation of vesicular trafficking in citrus juice
sac cells. The diagram indicates the vesicular trafficking-associated
proteins found in our search. Arrows indicate traffic direction of the
different intracellular vesicles. Details are provided in the text, in
Table 4 and in Supplementary Table 1

and membrane-associated proteins known as SNARES (sol-
uble N-ethylmaleimide-sensitive factor attachment protein
receptors) (Hanton et al. 2006; Pratelli et al. 2004). In gen-
eral, R-SNAREs on the vesicle pairs up with 2-3 Q-
SNARES on the target membrane. In Arabidopsis, at least
54 SNAREs are divided into five subfamilies; Qa-
SNAREs/syntaxins, Qb-SNARES/SNAPNs, Qc-SNAREs/
SNAPCs), Qbc-SNAREs/SNAP25-like and R-SNAREs/
VAMPs/synaptobrevins (Bock et al. 2001). Several mem-
bers of these groups were identified (Table 4). Three syn-
taxins, homologous to SYP51, SYP71, and SYPII11
(Tanaka et al. 2004); a Qb-SNARE (VTI12) and a Qc-
SNARE (SNAP2) were identified. Among the synaptobrev-
ins, VAMP7C, VAMP711, VAMP27, and VAMP725 were
found associated with the MIT, while VAMP722 was
found associated with the tonoplast and the PMs. VAMP27
and SEC22 were found associated with mitochondria/ER
and mitochondria/tonoplast/ER/PM, respectively. Also,
several dynamins and dynamin-like proteins were found
associated with ER and PM, suggesting a putative role in
clathrin-mediated vesicular trafficking. Etxeberria et al.
(20054, b, c) proposed a mechanism of sugar transport into
the juice sac cells and sucrose mobilization into the juice
sac cell vacuole mediated by endocytosis and intracellular
vesicular trafficking. The large number of proteins associ-
ated with endocytosis and vesicular trafficking identified in
our search would support this notion (Table 4; Supplemen-
tal Table 1).

Additional pathways identified by searching databases
using LC-MS/MS data

We have also identified proteins participating in protein
biosynthesis and degradation, transporters, H*-ATPases
(endosomal, mitochondrial, and PM-bound). In addition,
major biosynthesis pathways and processes such as energy
(cytochome b5, cytochrome P450, thioredoxins, glutathi-
one reductase, NADH-ubiquinone oxireductase, etc.), sig-
naling [calmodulin, phospholipase C2, calcium-dependent
protein kinase, phosphoinositide-specific phospholipase C,
phospholipase D, serine/threonine/tyrosine kinase, Remo-
rin, annexin, 14-3-3 family proteins, polygalacturonase-
inhibiting proteins, WD-40 repeat family protein/auxin-
dependent protein (ARCA), etc.] oxidative processes pro-
teins (isoflavone reductase, glutathione S-transferase, cata-
lase, glutathione peroxidase, superoxide dismutase,
ascorbate peroxidase, etc.) (Supplemental Table 1). A wide
range of ribosomal proteins and heat shock proteins
(HSP17, HSP26, HSP70, HSP80, HSP82, HSP90, cyclo-
philin-ROC7, BiP, immunophilin, etc.) were also identified.
A significant number of proteins, 545 of 1,394 (39%) could
not be aligned into pathways, and 146 (10.5%) proteins
were classified as unknown (Fig. 1).
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Table 4 Proteins acting in the vesicular trafficking pathway identified after searching the citrus ESTs and NCBI-nr databases by Mascot and
X!Tandem using LC-MS/MS uninterpreted spectra according to their abundance in the isolated citrus juice cells fractions

Gene family Protein Citrus contig Arabidopsis Fraction References
homologous
Rab Rab2A (YPT2) CTG1103215 Atdgl17170 M,E, P Sanderfoot et al. (2000),
Rab2C CTG1109452 Atdg35860 M Molendijk et al. (2004),
Rab6A A2g44610 M Eﬁggﬁ ‘thgi) 4()2’006)’
At2¢22290 T Zerial and McBride (2001),
Rab7B At3g18820 M and Vernoud et al. (2003)
Rab7D Atl1g52280 E
Rab8A At3g46060 E,P
At5g59840 E, T,M
Rab8B CTG1093502 At3g53610 M, E
Rab8C CTG1105221 At5g03520 T,E
Rabl1A At3g46830 M
Rabl1B CTG1105380 At3g15060 M
Rabl11C CTG1106458 At1g09630 T,E.M, P
Atlg07410 M
Rabl1E CTG1093843/CTG1107763  At5g45750 E
Rabl8 CTG1106307 At1g43890 M
Arf SARIA At3g62560 T.M Molendijk et al. (2004)
SAR2 CTG1093323 At4g02080 M, E
ARLAIA CTG1110608 At5g37680 M
ARLAIC CTG1099065 At3g49870 T.E
Ran Ranl At5g20010 M Molendijk et al. (2004),
Ran2 At5220020 M, E, P Haizel et al. (1997),
Ran3 CTG1096168 At5g55190  M,E, S and Wang et al. (1997)
SECI12 CTG1107724 At2g01470 M
SNAREs Syntaxin51, SYP51 CTG1104988 Atlgl16240 M, T, P Jurgens (2004),
Qc-SNAREs SYP71 CTG1110108 At3g09740 M Bock et al. (2001),
SNAP2 CTG1093336 ABg56190 M, T,E,P g;‘t‘:flriae‘:tai‘.l'(%%i‘;?’
Qa-SNAREs SYP111 At1g08350 p Surpin and Raikhel (2004),
Qb-SNARE VTII2 CTG1108789 At1g26670 M, T and Hanton et al. (2006)
VAMP/R-SNAREs ~ VAMP722 CTG1104532 At2g33120 T, P
VAMP7C/VAMP711  CTG1108292 At4g32150 M
VAP27 CTG1094500/ CTG1107214  At4g21450 M
CTG1105906 At4g00170 M
VAMP725 CTG1101681 A2g32670 M
VAP27 CTG1097578 At2g45140 M, E
SEC22 CTG1107700 Atlgl11890 M, T,E,P  Chatre et al. (2005)
dynamin DRPIA At5g42080 E,P
DLP2 CTG1098458 At3g60190 T,E, P
DLP6 CTG1098626 At1g10290 E,P
ADL3 At1g59610 P
ADL6/DRP2A Atlg10290 E,P
DLIB At3g61760 E

For many of the peptide mass spectra there were additional matching accessions in the databases. For the full list of matching proteins see Supple-

mental Table 1

M mitochondria, S soluble, P plasma membrane, 7 tonoplast, £ ER/Golgi
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Conclusions

In this study we present a first high-throughput attempt to
reveal the citrus fruit proteome. The well-developed citrus
ESTs database allowed the identification of biosynthetic
pathways operating in the mature fruit. The fractionation of
the different soluble and membrane-bound protein fractions
improved the LC-MS/MS analysis and peptide identifica-
tion. In spite of the possible cross-contamination of the pro-
tein fractions, and the fact that the citrus ESTs database is
still not complete and is limited to sequences isolated from
specific libraries, the identification of proteins associated
with different cell compartments was achieved. Our data
shed light on a few processes affecting citrus fruit quality.
The proteomic analysis of mature juice sac cells showed
that citric acid can be utilized for the synthesis of amino
acids and sugars (acid decline stage). The presence of
sucrose synthase, associated with sucrose degradation, SPS
and sucrose phosphatase, that mediate sucrose synthesis,
suggests a role of these processes, in addition to sugar
transport, in maintaining juice sac cell sugar homeostasis.
Noteworthy, the presence of all of the enzymes associated
with the glycolytic pathway would suggest the capacity of
the juice sac cell for energy production. Interestingly, the
large number of proteins associated with protein trafficking
suggest an extensive vesicle transport in mature juice sac
cells, providing further support to the notion of sucrose
transport into citrus juice cells via an endocytic transport
system (Etxeberria et al. 2005b). The proteomic analysis of
the citrus fruit, initiated here, together with the future iden-
tification of the fruit metabolic pools will contribute to the
further understanding of pre- and post-harvest processes
and factors affecting fruit development and ripening, allow-
ing for the development of new practices for fruit quality
improvement.
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