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The plant metabolite oxalic acid is increasingly recognized as a food toxin with negative effects on human nutrition.
Decarboxylative degradation of oxalic acid is catalyzed, in a substrate-specific reaction, by oxalate decarboxylase (OXDC),
forming formic acid and carbon dioxide. Attempts to date to reduce oxalic acid levels and to understand the biological
significance of OXDC in crop plants have met with little success. To investigate the role of OXDC and the metabolic
consequences of oxalate down-regulation in a heterotrophic, oxalic acid-accumulating fruit, we generated transgenic tomato
(Solanum lycopersicum) plants expressing an OXDC (FvOXDC) from the fungus Flammulina velutipes specifically in the fruit. These
E8.2-OXDC fruit showed up to a 90% reduction in oxalate content, which correlated with concomitant increases in calcium, iron,
and citrate. Expression of OXDC affected neither carbon dioxide assimilation rates nor resulted in any detectable morphological
differences in the transgenic plants. Comparative proteomic analysis suggested that metabolic remodeling was associated with
the decrease in oxalate content in transgenic fruit. Examination of the E8.2-OXDC fruit proteome revealed that OXDC-responsive
proteins involved in metabolism and stress responses represented the most substantially up- and down-regulated categories,
respectively, in the transgenic fruit, compared with those of wild-type plants. Collectively, our study provides insights into
OXDC-regulated metabolic networks and may provide a widely applicable strategy for enhancing crop nutritional value.

Oxalic acid, a simple low-Mr two-carbon dicarbox-
ylic acid, is ubiquitous among algae, fungi, lichens,
and plants as an inert end product of carbon metabo-
lism arising from various metabolic pathways (Fig. 1;
Millerd et al., 1963; Chang and Beevers, 1968; Loewus,
1980; Mehta and Datta, 1991). Historically, the pres-
ence of oxalate in plants was thought to be confined to
the genus Oxalis. However, research conducted during
the past decade suggests that oxalate metabolism is
ubiquitous in plants and oxalate can be found in any
organ, depending on the species (Webb, 1999). The
strongly acidic nature and powerful chelating capacity
of oxalic acid likely contribute to its action as a nutri-
tional stress factor, and because it is present in almost
all food crops (Libert and Franceschi, 1987; Holmes
et al., 1998; Holmes and Kennedy, 2000), oxalic acid is
a common antinutrient in the human diet. Oxalates in

animals, including humans, mostly originate from the
diet, especially through the ingestion of fruits, leafy
vegetables, cereals, and legumes. Although a pathway
for oxalate catabolism is present in bacteria, fungi, and
plants, there is no such pathway in vertebrates, including
humans. Once oxalate is ingested, it must be excreted
through the kidneys, as no gastrointestinal route of
oxalate excretion is known (Williams andWilson, 1990).
When oxalate-rich food crops are consumed in large
quantities, they can cause primary and secondary hy-
peroxaluria in humans, which results in impaired renal
function, disturbances in Gly metabolism, and reduced
blood coagulability (de Castro, 1988; Conyers et al., 1990).
Thus, excess ingestion of oxalate results in a variety of
kidney-related disorders (Hodgkinson, 1970; Anderson
et al., 1971; Suvachittanont et al., 1973; Finch et al., 1981;
Curhan, 1997), in addition to neurolathyrism and coro-
nary disease (Singh and Saxena, 1972). The precipitation
of oxalic acid as calcium oxalate leads to kidney stones
and hypocalcemia (Williams and Wandzilak, 1989) due
to poor intestinal absorption of calcium ions in the pres-
ence of oxalate (Heaney et al., 1988; Kelsay et al., 1988).
Furthermore, a high oxalate intake presumably impairs
the utilization of iron, magnesium, and a number of trace
metals because of the formation of insoluble salts (Peters
et al., 1971). Thus, a reduction in the levels of oxalic acid
in food crops would represent a potential attempt to
prevent oxalate toxicity, as well as aid in increasing the
levels of available minerals and micronutrients.

Enhancing the nutritional composition of food crops
represents an urgent worldwide health goal, with an
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estimated 925 million people currently suffering from
food and nutrition insecurity (FAO, 2010). Over the
last few years, there have been attempts to develop
value-added food crops with the view that they will
be more beneficial to human health than dietary sup-
plements (Cooper, 2004). Bioengineering has been em-
ployed via many strategies to increase the levels of
desirable phytonutrients, while also decreasing the
concentrations of deleterious metabolites in both major
and minor crops (for review, see Mattoo et al., 2010).
Fruits and vegetables contain an array of nutritionally
desirable phytochemicals, and those that are particu-
larly noted for containing high levels of such health-
promoting compounds are often termed functional
foods (Grusak and DellaPenna, 1999). An example is
tomato (Solanum lycopersicum), the principal model for
fleshy fruit biology (Orzaez et al., 2006; Giovannoni,
2007; Orzaez and Granell, 2009; Centeno et al., 2011;
Matas et al., 2011), whose fresh fruits and derived
products (e.g. ketchup, juice, soups, and sauces) are rich
sources of carotenoids, vitamins, and minerals (Römer
et al., 2000). Furthermore, tomato has been associated,
through epidemiological studies, with a reduced inci-
dence of degenerative diseases, including heart disease
and cancer (Hwang and Bowen, 2002; Murtaugh et al.,
2004; Stacewicz-Sapuntzakis and Bowen, 2005). The
economic demand and health-promoting constituents
of the tomato therefore make it an important target for
increasing its nutritional quality. Unfortunately, as with
many green leafy vegetables, cereals, and legumes, to-
mato fruit accumulate considerable amounts of oxalate
(U.S. Department of Agriculture, 1984; Noonan and
Savage, 1999). In quality improvement programs tar-
geting tomato, the priorities have been to increase ca-
rotenoids (Liu et al., 2003) and provitamin A (Römer
et al., 2000), whereas reduction in oxalic acid has re-
mained unexplored.

Efficient catabolism of oxalic acid is accomplished
via two major pathways, oxidation and decarboxyla-
tion. While oxalate oxidase converts oxalate to CO2
and H2O2, decarboxylases catabolize oxalate directly to
formate and CO2 (Dunwell et al., 2001). We propose
that the introduction of oxalate decarboxylase (OXDC),
a low-pH-inducible cupin superfamily protein (Mehta
and Datta, 1991; Azam et al., 2002; Chakraborty et al.,
2002) that is otherwise absent in plants, from a closely
related species (Flammulina velutipes) is a potentially
more effective strategy to reduce oxalate levels, as
most of the oxalate resides in plant vacuole, where the
pH is low. Studies involving FvOXDC overexpression
in Arabidopsis (Arabidopsis thaliana; L’Haridon et al.,
2011), tobacco (Nicotiana tabacum; Kesarwani et al.,
2000), lettuce (Lactuca sativa; Dias et al., 2006), and
soybean (Glycine max; Cunha et al., 2010) have sug-
gested a role for this enzyme in fungal protection.
However, despite evidence linking OXDC with in-
creased stress tolerance and studies describing the en-
zymatic activity, catalytic properties, and spatial and
temporal regulation of OXDC, our current understanding
of the functional significance of OXDC in scavenging
oxalic acid and its metabolic consequences in plants is
still limited.

Following these observations and given that we have
a long-standing interest in understanding oxalate man-
agement and consequence of oxalate down-regulation in
plants, we attempted to elucidate the consequences
of expressing FvOXDC in tomato fruit on oxalic acid
degradation and cellular ion homeostasis. Here, we de-
scribe efficient decarboxylation of oxalate and removal
of oxalic acid in tomato fruits via fruit-specific transgenic
expression of OXDC. We demonstrate that genetic en-
gineering of OXDC in tomato is a potentially useful
strategy for oxalate management and modulation of the
acid pool, thereby increasing bioavailable minerals and
micronutrients. We also present a comparative proteo-
mic analysis that provides insights into the dynamic
molecular events and metabolic reprogramming leading
to the E8.2-OXDC fruit chemotype. These results are
discussed in the context of current theories of the cel-
lular and metabolic cues underlying organic acid ac-
cumulation and homeostasis. The differences in protein
expression pattern and protein function appeared to
encompass diverse metabolic and signaling pathways
that we propose contribute to the metabolic remodeling
and decreased oxalic acid levels.

RESULTS

Expression and Stable Integration of F. velutipes OXDC in
Transgenic Tomato

To reduce the oxalic acid content specifically in fruits
of transgenic tomato plants without any deleterious de-
velopmental effects, a construct was generated to express
the FvOXDC gene under the control of a fruit-specific
promoter. The pS8.2 expression plasmid contained the

Figure 1. Oxalic acid biosynthesis from its biochemical precursors in
various organisms. While glycolic, glyoxalic, isocitric, oxaloacetic,
and ascorbic acid are the main precursors of oxalic acid synthesis in
most organisms, the primary substrate for its synthesis in plants is ascorbic
acid.
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OXDC coding sequence, a vacuolar targeting sequence,
and a secretion signal under the control of the ethylene-
inducible fruit-specific E8 promoter and a kanamycin
resistance selectable marker (Fig. 2A). The plasmid was
introduced into a commercial tomato cultivar via Agro-
bacterium tumefaciens-mediated transformation. We de-
veloped a robust, genotype-independent, reproducible
transformation system using cotyledonary leaves as ex-
plants. The regenerated primary transgenic (E8.2-OXDC)
plants were selected based on growth on medium
containing kanamycin. Because copy number and site
of integration greatly influence transgene expression,
dozens of primary independent transformants were
screened to obtain the desired phenotype. To select
successful transformation events, the transgenic plants
were analyzed via genomic PCR using a forward primer
designed from the secretion signal sequence with a re-
verse primer based on the vacuolar targeting sequence.
A PCR-amplified band of 1.6 kb was observed in all
transgenic plants, confirming the intactness of the trans-
gene (Fig. 2B). Real-time PCR analysis using TaqMan
chemistry demonstrated the presence of one to three
copies of the transgene in PCR-positive transgenic
events. All of the kanamycin-selected, PCR-positive,
and copy number-detected transgenic events across the
population were transferred to an experimental field to
generate fruits. E8.2-OXDC homozygous T2 plants were
selected for further characterization.

Spatiotemporal Expression of OXDC and Its Subcellular
Localization and Decarboxylation Activity

Immunoblot analysis of soluble proteins extracted
from the E8.2-OXDC tomato fruits using a polyclonal
anti-OXDC antibody showed an immunoreactive band
of 55 kD, corresponding to the predicted size of
the recombinant FvOXDC (Fig. 2C), confirming that
the transgene was producing the desired protein, and
to varying degrees among different transgenic lines.
As expected, analysis of various plant organs, such
as stems, leaves, flowers, and fruits, suggested that
OXDC was specifically translated in tomato fruits (Fig.
2D). During fruit development and ripening, OXDC
was first detected at low levels in the immature green
fruit and peaked in the red ripe stage, with a 6-fold
increase in expression being revealed through densi-
tometric analysis (Fig. 2E). This is consistent with the
E8.2 promoter being active upon ethylene induction
only in ripening fruits. Immunolocalization analysis
demonstrated that OXDC was targeted to the cell vac-
uole in the transgenic fruit, while no signal was detec-
ted in the wild-type fruit (Fig. 2, E and F). Furthermore,
the expressed enzyme was found to be functionally
active with 7- to 10-fold increase in CO2 production in
transgenic fruits, as revealed via an in vitro decarbox-
ylation assay. Fruits from E8.2-OXDC-11 showed the
highest OXDC activity while those from E8.2-OXDC-18
showed the least, consistent with the reduction in oxalic
acid content (Fig. 3A).

Fruit-Specific Expression of OXDC Results in Decreased
Levels of Oxalic Acid and Modulation of the Intracellular
Acid Pool

To assess whether transgene expression affected the
oxalic acid content, oxalic acid levels were measured in
E8.2-OXDC and wild-type fruits. Biochemical analysis
revealed that the fruit-specific expression of FvOXDC
in transgenic plants was accompanied by a substantial
reduction, up to 90% in oxalic acid levels in ripe fruits

Figure 2. Molecular analyses of transgenic tomato lines expressing
OXDC. A, Schematic representation of OXDC expression plasmid
pS8.2, containing the OXDC coding sequence under the control of the
E8 promoter. RB, Right border; LB, left border; P nos, nopaline syn-
thase promoter; nptII, neomycin phosphotransferase; 39 nos, nopaline
synthase terminator. B, PCR amplification of genomic DNA from
pS8.2-transformed plantlets. C, Immunoblot analysis of OXDC protein
expression in ripe fruits from multiple transgenic plants. Numbers are
representative of the individual E8.2-OXDC transgenic lines, while the
wild type corresponds to an untransformed plant. D, Immunoblot
analysis of various plant organs showing the expression of OXDC. L,
Leaf; S, stem; F, flower; RR, red ripe fruit. E, Differential expression of
OXDC protein during different stages of fruit development. Fruit were
from the E8.2-OXDC line. The OXDC immunoreactive band intensities
were quantified by densitometry, and the values were plotted against
each fruit stage. IG, Immature green; MG, mature green; B, breaker; R,
ripe; RR, red ripe. F, Transmission electron micrograph of wild-type
fruit vacuole probed with anti-OXDC antibody. G, Transmission
electron micrograph showing immunolocalization of OXDC protein in
the transgenic fruit vacuole.
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(Fig. 3B). To investigate whether this decrease in oxalic
acid levels led to corresponding changes in the abun-
dance of formic acid, which is the product of oxalate
catabolism by OXDC, the formic acid content was
measured, and a concomitant increase (30%–67%) was
observed (Fig. 3C). We hypothesized that this decrease
in levels of oxalic acid could have a direct bearing on the
fruit intracellular acid pool, and we detected changes in
the levels of citric, malic, and ascorbic acid. Specifically,
while the citric acid content was 27% to 42% higher (Fig.
4A), malic acid levels decreased by 24% to 52% (Fig. 4B),
along with a 10% to 12% reduction in ascorbic acid (Fig.
4C).

Reduction of Oxalic Acid Results in Increased Levels of
Some Minerals and Micronutrients

Oxalic acid is a strong chelator of divalent cations,
especially calcium. The decrease of oxalic acid in E8.2-
OXDC tomato fruits led us to investigate the effect
on the inorganic pool of intracellular minerals and
micronutrients. Wild-type and transgenic fruits were
sampled at the red ripe stage for quantitative analysis,
which revealed a marked increase in calcium, mag-
nesium, iron, manganese, and zinc in the E8.2-OXDC
fruits (Fig. 5, A–E). For example, calcium levels were
increased by more than 5-fold in fruit from the E8.2-
OXDC-11 line, while the concentrations of manganese
and iron were 9- and 10-fold higher, respectively, than
in wild-type fruits. Marginal increases in magnesium
and zinc concentrations were also detected in the trans-
genic fruits. Taken together, these data suggest an in-
creased concentration of minerals and micronutrients in
the low-oxalate transgenic tomato.

Transgenic Plants Display Wild-Type Growth,
Developmental Phenotypes, and Physiology

There were no observable differences in phenotype,
development, or fertility in any of 24 independent E8.2-
OXDC transgenic lines, compared with wild-type plants,
either in the primary transgenic populations or in the
subsequent generations. In addition, to assess the field
performance of the E8.2-OXDC plants, 14 independent
transgenic lines were selected for further characteriza-
tion, transplanted in the experimental field alongside
wild-type plants, and randomly replicated three times in
two seasons. Despite the high levels of expression of
FvOXDC in the transgenic tomato fruits, the plants
exhibited a normal phenotype with similar heights and
numbers of nodes per main stem. Determination of crop
yields was carried out in fully senescent plants. There
were no significant changes in the flowering time, vigor,
or the total yield observed in any of the E8.2-OXDC
plants. Moreover, expression of OXDC did not affect
the net photosynthetic rates or other physiological pa-
rameters, including stomatal conductance and transpi-
ration rate (data not shown).

Proteomic Changes in Low-Oxalate Transgenic Fruit

To identify additional processes that might be af-
fected by fruit-specific overexpression of FvOXDC, we
conducted a comparative proteomic analysis of E8.2-
OXDC and wild-type fruits using two-dimensional gel
electrophoresis (2-DE) analysis (Fig. 6, A and B). A flow
chart of the experimental design, including the biolog-
ical replicates used, is summarized in Supplemental
Figure S1. Total protein samples were prepared from
frozenmature fruit powder (see “Materials andMethods”),
and proteome profiles were obtained. The proteome
was resolved over a pH range of 4 to 7 and a molecular
mass range of 10 to 120 kD. Data were analyzed using

Figure 3. Biochemical analyses of ripe tomato fruits expressing
OXDC. A, Decarboxylase activity shown as micromoles of CO2 lib-
erated per minute per milligram of protein at 37˚C. B and C, Quanti-
tation of oxalic acid and formic acid in tomato fruits. Data represent
the values obtained from the means (6 SD) of four plants, with two
fruits per plant for each independent transgenic event and the wild
type in triplicate represented by error bars. Asterisks indicate signifi-
cant difference (P , 0.05) analyzed by Wilcoxon rank sum test.
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gels that showed more than 90% high-quality protein
spots with a correlation coefficient of variation (CV)
greater than 0.8 and P , 0.05, suggesting high repro-
ducibility among the replicate 2-DE gels (Supplemental
Table S1).

On average, 407 and 402 protein spots were detected
in wild-type and E8.2-OXDC fruits, respectively. The
degree of spot quantity variation inherent to the 2-DE
process was assessed using spots matched to all six
gels representing a quality score more than 30. A total
of 300 spots (74% of the spots present in all six gels)

met these requirements. The CV values ranged from
3% to 129% (Supplemental Fig. S2A). More than 52%
of all spots were found to have CVs less than 30%, and
more than 82% of the spots had CVs less than 50%.
Only 53 spots (17% of the total number) exhibited a CV
of greater than 50%. Closer visual inspection of the 53
spots with CVs greater than 50% revealed that they
were affected by background, horizontal and vertical
streaking, edge effects, and/or neighboring spots and
thus were inaccurately quantified. To evaluate poten-
tial correlation between the variations in spot quantity
and spot position, the average spot quantity CV from
spots matched among all gels with a quality score
of greater than 30 was related to their positions in the
gel. It was apparent that the degree of quantitative
variation was evenly distributed in the dimensions of
both pI (Supplemental Fig. S2B) and molecular mass

Figure 4. Organic acid levels in red ripe stage transgenic tomato fruits.
A, Citric acid content. B, Malic acid content. C, Ascorbic acid content.
Numbers are representative of the individual E8.2-OXDC lines,
whereas the wild type corresponds to an untransformed plant. Data
represent the values obtained from the means (6 SD) of four plants,
with two fruits per plant for each independent transgenic event and the
wild type in triplicate represented by error bars. Asterisks indicate
significant difference (P , 0.05) analyzed by Wilcoxon rank sum test.

Figure 5. Quantification of calcium, other minerals, and micronutri-
ents in red ripe stage fruit from transgenic line E8.2-OXDC-11. Levels
of calcium (A), magnesium (B), and micronutrients iron (C), manga-
nese (D), and zinc (E) were determined using atomic absorption
spectrophotometry. Data represent the values obtained from the means
(6 SD) of four plants, two fruits per plant for each independent trans-
genic event and the wild type in triplicate represented by error bars.
Asterisks indicate significant difference (P , 0.05) analyzed by Wil-
coxon rank sum test.
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(Supplemental Fig. S2C), demonstrating the reproduci-
bility of the 2-DE gels. A total of 255 spots were shared
between the wild-type and E8.2-OXDC fruits (Fig. 6C).
Changes in protein expression from E8.2-OXDC fruits,
compared with wild-type fruits, were far larger, with 43
spots consistently differentially expressed (Supplemental
Table S2). Some protein spots showed more than a 5-fold
difference in abundance in extracts from OXDC fruits
compared with those from the wild type, in addition to a
few of the proteins that show only marginal differences.
In total, 76 proteins (Supplemental Table S2) were iden-
tified through either liquid chromatography-tandemmass
spectrometry (LC-MS/MS) or matrix-assisted laser-
desorption ionization time-of-flight (MALDI-TOF/TOF)
analysis.
Many seemingly well-resolved 2-DE spots were found

to contain more than a single protein. In an attempt to
minimize comigration of multiple protein species, we
also used a relatively narrow pH range (4–7) for iso-
electric focusing because the use of narrow-range immo-
bilized pH gradient strips facilitates higher resolution

(McGregor and Dunn, 2006; Sghaier-Hammami et al.,
2009). However, MALDI-MS/MS is known to identify
the most prevalent protein present in a gel spot sample
(Jun et al., 2012), and the top-ranked hit resulting from
LC-MS/MS analysis has also been shown typically to
correspond to the most abundant protein among multi-
ple proteins present in a spot (Yang et al., 2007). The spot
intensities of different protein constituents were deter-
mined using the protein abundance index and the ex-
ponentially modified protein abundance index (emPAI;
Supplemental Table S3), which have been routinely
applied in proteomics workflows (Perkins et al., 1999;
Ishihama et al., 2005; Zhang et al., 2006; Yang et al., 2007;
Cilia et al., 2011; Taylor et al., 2011). In this study, if more
than one protein was identified in a spot, the relative
abundance of each protein was determined by calcu-
lating the emPAI from the MS/MS data, and the as-
sumption was made that the most abundant protein
would account for the observed regulation (Ishihama
et al., 2005).

Taken together, the effects of comigrating proteins
on the protein expression ratios observed in 2-DE
analyses were deemed negligible. In cases where more
than one protein was indicated with a significant score
for the MS/MS-derived peptide sequence, the match
was considered in terms of the highest ranked hit,
molecular mass matches, and emPAI, an approach that
has been routinely used for proteomics studies (Perkins
et al., 1999; Poetsch and Wolters, 2008; Yoon et al.,
2009). The details of the MS/MS analyses, including the
protein identification, score of the identified protein,
threshold score, number of matched peptides, percent-
age of sequence coverage, Sol Genomics Network
(SGN) database accession number, theoretical and ex-
perimental Mr, and pI values for each protein, peptide
sequence, and corresponding peptide score are pro-
vided in Supplemental Table S4. Any protein identified
with a single peptide and the respective MS/MS spec-
trum is provided in Supplemental Table S5. In a num-
ber of cases, we identified the same protein in multiple
spots. This observation is common in 2-DE studies for
several reasons, such as proteolytic processing, the ex-
istence of multiple isoforms, and posttranslational
modification(s) leading to changes in the pI, Mr, or both
for identical proteins. If the same protein was identified
in multiple spots that contained several shared pep-
tides, a differential accumulation pattern was observed
for each of the protein species, such as for alcohol de-
hydrogenase2 (Slt 797, 801, 904, and 1149), chaperone
DnaK (Slt 5, 156, 162, and 321), and 14-3-3 proteins (Slt
41, 116, 117, 120, and 131). In such cases, these are listed
as independent entities.

To gain a more comprehensive understanding of the
changes in protein expression in the fruits as a conse-
quence of expression of the transgene, differentially
expressed proteins were grouped into seven functional
categories (Fig. 7A; Supplemental Table S2), with one
group containing proteins of unknown function and
proteins that could not be assigned to any other cate-
gory, accounting for approximately 1% of the proteins.

Figure 6. Comparative proteomic analysis of wild-type and E8.2-
OXDC tomato fruits. Three replicate 2-DE gels from wild-type (A) and
E8.2-OXDC-11 (B) tomato were combined computationally using Bio-
Rad PDQuest software version 7.2.0 to generate standard gels. C, Venn
diagram showing the specific and overlapping protein spots from wild-
type and E8.2-OXDC-11 extracts.
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Of the identified proteins, 32% were implicated in me-
tabolism, with stress responses accounting for the second
largest category (21%). Significant fractions corresponded
to functions involved in signaling (14%) and transcription
regulators (7%). Another category included proteins in-
volved in protein folding (7%), and a further 6% were
related with transport (6%), such as well-known molec-
ular transporters or cargo protein carriers. A total of 7% of
the proteins were involved in redox functions associated
with maintaining cellular homeostasis. Further details
and features of the identified proteins are described in
Supplemental Table S2. Twenty-two spots were absent
from E8.2-OXDC proteins, whereas 11 spots were present
exclusively in the corresponding gels. In addition, 23
spots were clearly up-regulated in E8.2-OXDC, compared
with wild-type fruits, while 20 spots showed down-
regulation (Fig. 7, B and C).

To determine the putative functions of the unknown
protein, the protein sequences were subjected to func-
tional domain analysis using the InterPro database and
queried for domains in the Simple Modular Architec-
ture Research Tool, Panther, and Pfam databases. These
analyses identified conserved domains in the proteins,
some of which corresponded to known activities, as
reported in Supplemental Table S6. A few of the pro-
teins showed discrepancies with their theoretical Mr or
pI values. In general, the apparent Mr value predicted
by SDS-PAGE has been reported to exhibit an error
deviation of approximately 10% compared with the
theoretical value (Liu et al., 2007). From our data,
among the 76 identified proteins, a set of 17 were
found to show observed Mr values that were smaller
than the theoretical values (Supplemental Table S2),
suggesting that these proteins might represent deg-
radation products. Of these, seven belonged to the
metabolism category, one was a transcriptional reg-
ulator, three were associated with transport, and two
each were assigned to the stress response, protein
folding, and redox homeostasis categories.

Comparative Proteome Analyses Show Metabolic
Remodeling in E8.2-OXDC Tomato

To examine the impact of OXDC in decreasing oxalic
acid contents, changes in the protein profiles were an-
alyzed, suggesting functionally diverse proteins at the
interface of several cellular pathways that may be re-
lated to metabolic remodeling. For example, identifica-
tion of some of the proteins present in either E8.2-OXDC
or wild-type fruits provided a plausible mechanism for
OXDC-mediated biochemical changes. These included
proteins belonging to the transcriptional regulator and
chromatin remodeling categories, namely g-glutamyl
transferase-like protein (Slt 20), elongation factor-like
protein (Slt 49), and translation elongation factor-Tu
precursor (Slt 927), which were present only in E8.2-
OXDC. This finding might indicate the existence of a
compensatory response to adjust the expression of
oxalic acid-metabolizing proteins to oxalic acid levels.

One of the identified protein spots present exclusively
in E8.2-OXDC 2-DE gels was a variant of class I heat
shock protein (Slt 265) belonging to the stress response
category that might contribute to protein homeostasis.
Importin subunit b (Slt 70) from the transport category,
another protein only detected in in E8.2-OXDC extracts,
is known to function at the interface of 14-3-3 proteins
(Slt 41, 116, 117, 120, and 131) and chaperone proteins
(Slt 239 and 685) to modulate the nuclear trafficking of
EF-Tu (Harvey, 2009). To identify proteins that might
be involved in mediating the regulatory changes ob-
served in E8.2-OXDC fruits, we examined the set of
proteins present in the wild type and absent from
E8.2-OXDC. Malate dehydrogenase (Slt 791), alcohol
dehydrogenase2 (Slt 797), and NAD-dependent malic

Figure 7. Functional assignment of protein identified from wild-type
and E8.2-OXDC-11 fruits. A, The proteins were assigned a putative
function using Pfam and InterPro databases and functionally catego-
rized as represented in the pie chart. B, Bars illustrate the percentage of
protein spots within various categories based on the total numbers
identified from wild-type and E8.2-OXDC-11 fruit. C, Bars represent
the percentage of up-regulated and down-regulated proteins within
various functional categories in E8.2-OXDC-11 fruit.
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enzyme2 (Slt 326) in the metabolic category, V-type
ATP synthase b chain (Slt 53 and 272) from the
transport category, and GTP-binding nuclear protein
Ran-A1 (Slt 1031) from the signaling category were
only detected in the wild-type fruits.
The protein spots up-regulated in E8.2-OXDC fruits

included, as expected, a large percentage (36%) pre-
sumably associated with primary metabolism, suggest-
ing associations between core metabolic pathways and
oxalic acid degradation. Of the nine features in this cat-
egory, four, glyceraldehyde-3-P dehydrogenase (Slt 907,
1070, and 1148) and alcohol dehydrogenase (Slt 801), are
predicted to be glycolytic, suggesting primary metabo-
lism of carbohydrates as a positive regulator of OXDC-
regulated processes in E8.2-OXDC fruits, while adeno-
sylhomocysteinase (Slt 323) plays a role in amino acid
metabolism (Textor et al., 2004). Inspection of the energy
metabolism and redox homeostasis category revealed
the involvement of cell wall-localized proteins in oxalic
acid degradation, specifically, monodehydroascorbate
reductase (Slt 816) and peroxiredoxin (Slt 73 and 106),
both of which were up-regulated.
Functional categories in which there was a higher

percentage of down-regulated than up-regulated pro-
teins in E8.2-OXDC fruits were more diverse. A total of
14 spots (56%) involved in metabolism were found to be
down-regulated or absent in E8.2-OXDC fruits, repre-
sented by NAD-dependent malic enzyme2 (Slt 326),
malate dehydrogenase (Slt 791), and adenosylhomo-
cysteinase (Slt 534), which are known to affect the elec-
tron transport chain (Zhou et al., 2011). A total of 50% of
the proteins in the stress response category were down-
regulated, comprising a class II heat shock protein (Slt
969) and heat shock protein 90 (Slt 163). Another set of
down-regulated protein spots associated with signaling
(36%) included members of the 14-3-3 proteins (Slt 41,
117, and 120) and actin (Slt 312). Three of the categories
mentioned above specifically control highly connected
nodes in the pathways regulating processes as diverse
as metabolic remodeling. Notably, 33% of the proteins
involved in redox homeostasis, such as thioredoxin/
protein disulfide isomerase (Slt 304 and 305) were also
down-regulated. This protein is known to play a role in
modulating chaperone activity (Saccoccia et al., 2012).
No proteins belonging to the transport category were
down-regulated.

DISCUSSION

While there has been considerable success in en-
hancing the nutritional value of food crops in terms of
macronutrients (protein, oils, and carbohydrates) and
efforts to increase the abundance of micronutrients, vi-
tamins, and antioxidants, there has been less progress in
the management of antinutrients and the bioavailability
of micronutrients and minerals. Furthermore, the con-
sequence of such modulation by metabolic engineering
on the cellular metabolism is poorly understood. In
this study, we performed molecular, physiological,

and proteomic analyses of transgenic tomato ex-
pressing FvOXDC to reduce oxalic acid contents in a
fruit-specific manner. Our results provide evidence
that OXDC levels have a substantial effect on the
metabolic status of tomato fruits and reveal a strategy
for degradation of an antinutrient with parallel en-
hancement of micronutrients and health-promoting
acids, with essentially no negative collateral effects on
crop yields by expressing a single transgene. We also
investigated the regulatory and functional protein net-
work operating in response to reducing oxalate levels
by the action of OXDC, which resulted in metabolic
remodeling. A model representing the functional net-
work of OXDC-responsive proteins involved in meta-
bolic remodeling is depicted in Figure 8.

Balancing Calcium and Associated Processes

The fruit-specific expression of OXDC in tomato led
to a significant reduction in oxalate levels and a con-
comitant substantial increase in calcium. The decrease
in oxalic acid might reduce the content of calcium
oxalate, possibly by limiting the availability of oxalic
acid for chelating calcium. Most analytical studies to
date that have addressed the occurrence and distri-
bution of oxalates in land plants have focused on their
possible calcium-sequestering influence in the human
diet (Nakata, 2003; Nishizawa, 2006; Nakata and
McConn, 2007). Calcium in its ionic form, Ca2+, per-
forms critical functions in metabolism (White and
Broadley, 2003), and Ca2+ deficiency is the most com-
mon nutritional problem affecting tomato, the second
largest vegetable crop worldwide (Park et al., 2005).

Calcium is required for the activation and/or stabili-
zation of certain enzymes; for example, plant cells re-
quire calcium to release peroxidases, which are involved
in the control of cell elongation because they can rigidify
walls through their cross-linking activity and their abil-
ity to participate in the formation of lignin. Peroxir-
edoxin, an antioxidant that detoxifies H2O2 (Mika et al.,
2010) along with a major stress protein, Heat shock
protein22 (Slt 183), might maintain the ionic homeostasis
in E8.2-OXDC tomato. This might represent an adaptive
mechanism in E8.2-OXDC tomato to protect the mito-
chondria from oxidative damage. Furthermore, it can be
presumed that while oxalic acid is being continually
catabolized, free calcium is transported to the cytoplasm
from the vacuole by tonoplast antiporters. It is also
possible that plants may have taken up more calcium
and other minerals from the soil due to the high turn-
over of oxalic acid.

Among the other micronutrients tested, there were
also increases in manganese, magnesium, and zinc in
the transgenic tomato fruits along with a substantial
increase in iron (Fig. 5, A–E). Activation of Cation
exchanger1, the Ca2+/H+ antiporter, leads to increases
in divalent cations, such as iron, zinc, magnesium, and
manganese (Park et al., 2005). It is therefore conceiv-
able that a similar regulatory mechanism might lead to
the increased accumulation of these minerals.
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Figure 8. A model summarizing the cellular pathways associated with OXDC overexpression. Green circles represent proteins
exclusively detected from E8.2-OXDC extracts and orange circles indicate proteins apparently absent in E8.2-OXDC, while
differentially expressed proteins in E8.2-OXDC fruit identified in this study are shown in the yellow-colored boxes. Red arrows
indicate up-regulation, while green arrows represent down-regulation. GAPDH, Glyceraldehyde-3-P dehydrogenase; MDH,
malate dehydrogenase; Asc, ascorbic acid; MHAR, monodehydroascorbate reductase; DHA, dehydroascorbic acid; MDA,
monodehydroascorbic acid; PM, plasma membrane; OML, outer membrane lipoprotein; MLP, major latex protein; AHC,
adenosylhomocysteinase; gGT, g-glutamyl transferase-like protein; Prx, peroxiredoxin; C-I HSP, class I heat shock protein;
GBnRanA1, GTP-binding nuclear protein Ran-A1; PGA, polygalacturonic acid.
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Engineering of OXDC Balances Organic Acid by Affecting
Carbon Utilization and Carbohydrate Metabolism

The metabolic status of tomato fruits is dependent to
a large extent on the intermediates of the photosyn-
thetic carbon reduction/oxidation (PCR/PCO) cycle
(Liu et al., 2003). Long-distance phloem translocation
of organic acids, such as malic acid, citric acid, and
oxalic acid, provides a supply of metabolites before
ripening; while after ripening, the metabolic pool is
maintained through a feedback mechanism associated
with various cellular pathways (Carrari et al., 2006;
van der Merwe et al., 2009; Osorio et al., 2011). The
proteomic analysis of E8.2-OXDC fruits provided in-
sights into an effective mechanism for continual degra-
dation of oxalic acid and maintenance of the metabolite
pool, possibly through the combinatorial action of
OXDC-responsive proteins. In addition, the organic
acid pools (primarily citrate and malate levels) might
play a significant role in decreasing oxalic acid contents.
To relate the information obtained from the analysis

of organic acid levels to metabolic changes, we next
assessed the processes that might regulate organic acids
by affecting carbohydrate metabolism. Our analysis
revealed increased levels of citric acid and a marginal
decrease in malic acid contents in E8.2-OXDC tomato.
The increase in citric acid, a central metabolic hub, is
important because the citric acid cycle contributes to the
formation of important biochemical intermediates in
addition to energy-rich molecules, such as NADPH and
flavin adenine dinucleotide. Moreover, increasing evi-
dence suggests that citric acid is one of the dietary
substances that promote the bioavailability of the mi-
cronutrients iron and zinc (Welch, 1995, 2002). Thus, it
is possible that the increase in citrate levels observed in
E8.2-OXDC fruit would promote the absorption of iron
and zinc.
Glyceraldehyde-3-P dehydrogenase (Slt 907, 1070, and

1148), a key intermediate in the PCR/PCO cycle, is a
primary enzyme in the glycolytic pathway that is known
to synthesize the two-carbon compounds glycolate and
glyoxylate, which ultimately lead to the production
of oxalic acid. We hypothesize that up-regulation of
glyceraldehyde-3-P dehydrogenase might redirect the
pathway toward gluconeogenesis, the tricarboxylic
acid (TCA) cycle, and amino acid metabolism in E8.2-
OXDC fruits. A pool of hexose coordinately regulates
various organic acids, including ascorbate, a precursor
of oxalic acid in the fruit (Loewus, 1999). Phloem trans-
location of L-ascorbic acid thus appears to be crucial for
its supply to sink organs. Ascorbic acid largely provides
the substrate for oxalic acid biosynthesis in plants and is
used for calcium oxalate formation (Horner et al., 2000).
In this study, the concentration of endogenous ascorbic
acid (14 mg 100 g–1 fresh weight) detected in E8.2-OXDC
fruit, even after a 10% to 12% reduction, was within the
normal range reported for ripe tomato fruits (Zhang
et al., 2011; Cronje et al., 2012) and so is not expected to
have any negative nutritional effect in the E8.2-OXDC
fruit. Rather, the decrease in ascorbic acid levels may

reflect its increased conversion to oxalic acid to com-
pensate for the reduction in oxalate levels following
OXDC expression. This is congruent with the observa-
tion that the Medicago truncatula calcium oxalate defec-
tive4 mutants have lower ascorbate levels due to the
utilization of more oxalate for the formation of oxalate
crystals (Macrae, 1971).

Enzymes involved in ascorbate metabolism, includ-
ing monodehydroascorbate reductase, functioning in
both the cytosol and cell wall, have been suggested to
play a dual role in the production of oxalic acid and
cell expansion/tightening (Smirnoff, 1996). Moreover,
ascorbic acid metabolism and cross-linking of the cell
wall with calcium is known to influence lignin bio-
synthesis (Delless et al., 2011). It is plausible that the
transport of ascorbic acid into the wall via a carrier
may promote the enzymatic oxidation of this organic
acid by monodehydroascorbate reductase to form
monodehydroascorbate, which might stimulate mem-
brane depolarization in the presence of V-type ATP
synthase b chain (Slt 146). Depolarized membrane in
conjunction with profilin (Slt 76) and outer membrane
lipoprotein (Slt 601) and T-complex protein h (Slt 1123)
promote cell wall strengthening (Smirnoff, 1996).
These proteins were found to be either exclusively
present or up-regulated in E8.2-OXDC protein ex-
tracts, indicating that they might affect wall architec-
ture in transgenic fruits. Moreover, the hydrophobic
outer membrane lipoprotein, a key enzyme in the
xanthophyll cycle that plays a role in fruit metabolism,
was highly expressed in E8.2-OXDC tomato. Amino
acid metabolism through the isocitrate-malate pathway
is well characterized (Textor et al., 2004). In E8.2-OXDC
fruits, the expression of adenosylhomocysteinase, one
of the isocitrate-malate pathway enzymes known to
produce Leu (Textor et al., 2004), may shift the inter-
mediates toward amino acid metabolism. V-type ATP
synthase b chain (Slt 53 and 272) also appeared to be
absent in E8.2-OXDC fruits, indicating that TCA cycle
and electron transport chain proteins are affected,
whereas the abundance of glycolytic proteins, such as
glyceraldehyde-3-P dehydrogenase, appears to be in-
duced due to the expression of OXDC.

Taken together, these data indicate that proteins
associated with the electron transport chain and the
TCA cycle are down-regulated in E8.2-OXDC fruits,
while glycolytic proteins are induced. In addition, our
data suggest that proteins associated with oxalic acid
degradation are induced in E8.2-OXDC fruits.

Proteomic Changes in E8.2-OXDC Fruit Are Indicative of
OXDC-Mediated G-Protein and Ca2+ Signaling

The comparative proteome data indicated that OXDC-
mediated regulation is influenced by various signaling
pathways, such as G-protein signaling and Ca2+ signal-
ing. A previous study provided strong evidence that
14-3-3 isoforms require Ca2+ for the activation of various
kinases to phosphorylate many important enzymes
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(Rutschmann et al., 2002). Furthermore, the interplay
between 14-3-3 proteins, Ca2+, Ca2+-binding ligands,
and nuclear import proteins such as importin a/b (Slt
70 and 238), as well as the GTP-binding nuclear protein
Ran-A1, has been postulated to affect G-protein sig-
naling in animals (Agassandian et al., 2010). This
highlights the complexity involved in the regulation of
nuclear trafficking and ion channels in cells. We found
reduced expression of 14-3-3 proteins, which likely ad-
versely affected G-protein signaling, leading to the ob-
served reduction in the integrator protein Ran-A1. The
absence of Ran-A1 compels importin a/b and chaper-
onins (Slt 239 and 685) to transport EF-Tu from the
cytosol to the nucleus (Agassandian et al., 2010), which
might promote protein synthesis by adjusting the ex-
pression of oxalic acid-metabolizing proteins to maintain
oxalic acid levels through a compensatory response. Up-
regulation of importin a/b and chaperonins due to the
down-regulation of 14-3-3 proteins might lead to Ca2+

signaling to regulate vacuolar trafficking. This highly
regulated interplay could fulfill fundamental roles in
maintaining the OXDC-mediated responses by modu-
lating G-protein and Ca2+ signaling.

Furthermore, 14-3-3 proteins interact with various
chaperones, such as chaperonins, class I heat shock
protein (Slt 265), and g-glutamyl transferase-like protein
to promote vacuolar trafficking. This regulation of nu-
clear and vacuolar trafficking most likely reflects the
effect of OXDC on the biosynthesis of enzymes that
produce the intermediates of the PCR/PCO cycle and
the time required to accumulate the necessary levels of
PCR/PCO cycle intermediates. This hypothesis is in
accord with our data showing that 14-3-3 proteins,
the GTP-binding nuclear protein Ran-A1, thioredoxin/
protein disulfide isomerase, and phosphomanomutase2
(Slt 768) exhibited either reduced expression or no ex-
pression in E8.2-OXDC, reflecting the fact that vacuolar
trafficking, rather than nuclear trafficking, predomi-
nates in E8.2-OXDC fruits. Our findings also point to-
ward feedback activation or repression of vacuolar
trafficking. The aforementioned interplay activates this
trafficking, whereas inhibition of V-ATP synthase (Slt
53 and 272) represses the trafficking. This mechanism
maintains ion homeostasis in the vacuole and may re-
gulate OXDC-responsive processes.

The data presented here reveal a spectrum of OXDC-
regulated proteins and pathways previously unknown
as OXDC targets. We also propose a working model of
OXDC-mediated regulation involving metabolic path-
ways and cross talk between various cellular processes
in feedback-dependent activation or repression of vac-
uolar trafficking and cellular homeostasis.

MATERIALS AND METHODS

Construction of the OXDC Transformation Vector

To overexpress OXDC specifically in tomato (Solanum lycopersicum) fruits,
the coding sequence of OXDC was cloned under the regulation of the
ethylene-inducible fruit-specific promoter E8, producing the plasmid pS8.2.

pS8.2 was constructed by replacing the Cauliflower mosaic virus 35S promoter
of pSOVA (Kesarwani et al., 2000) with the E8 promoter (Deikman and
Fischer, 1988; Davuluri et al., 2005). The EcoRI-filled in/BamHI-digested
fragment of pE8.2 containing the E8 promoter was ligated to the HindIII-fil-
led in/BamHI-digested backbone of pSOVA to yield pS8.2. In this construct,
OXDC was fused to a 50-bp vacuolar targeting sequence from the tobacco
(Nicotiana tabacum) chitinase gene at the 39-terminus and a secretion signal at
the 59-terminus (Neuhaus et al., 1991). pS8.2 was mobilized into Agrobacterium
tumefaciens strain EHA105 using the helper strain HB101::pRK2013 via the
triparental mating technique (Van Haute et al., 1983).

Transformation and Selection of Transgenic Events

Seeds of tomato ‘Pusa Ruby’ were grown in vitro in Murashige and Skoog
(MS) basal medium (Sigma) containing 3.0% (w/v) Suc and 0.6% (w/v) agar at
23° 6 2°C under a 16-h/8-h photoperiod. The cotyledonary leaves of 2-to-3-
week-old germinated tomato seedlings were transformed using A. tumefaciens
containing the pS8.2 plasmid. The explants were incubated for 30 min in a 0.7 to
0.9 optical density mL–1 A. tumefaciens culture, resuspended in MS liquid me-
dium, soaked on sterile Whatman paper, and cocultivated for 48 h. The explants
were then transferred to MS medium containing 250 mg L–1 cefotaxime for
1 week, followed by being transferred into shoot induction medium (MS basal
medium with 3.0% [w/v] Suc, 0.8% [w/v] agar, and 1 mg L–1 zeatin) containing
250 mg L–1 cefotaxime and 50 mg L–1 kanamycin. Kanamycin-selected shoots
were transferred to rooting medium (MS basal medium with 3.0% [w/v] Suc,
0.6% [w/v] agar, 0.1 mg L–1 indole-3-acetic acid, 250 mg L–1 cefotaxime, and 50
mg L–1 kanamycin). The kanamycin-selected transformed plants were main-
tained in the growth room before being transferred to the experimental field.

Nucleic Acid Isolation and Analysis

Genomic DNA was extracted from leaf tissue (100 mg) using the DNeasy
Plant Mini Kit (Qiagen). The intactness of the OXDC gene in the E8.2-OXDC
plants was determined via PCR using the forward (59-CGTTTGCATTTCAC-
CAG-39) and reverse (59-CGATTATAGTCGTGATCCC-39) primers, respec-
tively. The OXDC gene copy number in E8.2-OXDC plants was estimated via
real-time PCR using TaqMan chemistry with a 7500 Real-Time PCR System
(Applied Biosystems), according to the manufacturer’s protocol.

Plant Material and Experimental Design

Wild-type and E8.2-OXDC tomato plants were grown in an experimental field
and equivalent-sized red ripe fruits were harvested at maturity. Fruits were col-
lected from three randomized plots and pooled to normalize the effect of variations
in the biological replicates. Each biological replicate consisted of nine fruits at the
same ripening stage obtained from three different plants (Supplemental Fig. S1).
Fruits were immediately frozen in liquid nitrogen, ground to a fine powder, and
stored at 280°C until being used for proteomic analysis.

For biochemical and molecular analyses, fruits were harvested at red ripe
stage from thewild type and individual E8.2-OXDC transgenic lines. The samples
were either used immediately after harvest or frozen in liquid nitrogen and stored
at 280°C until analyses. The experiments were performed in at least three bio-
logical replicates. Each replicate consisted of a pool of six fruits per genotype.

Expression and Immunodetection of OXDC

Soluble proteins were extracted from 10 mg of lyophilized fruit tissues in 0.25
mL of extraction buffer (50 mM Tris-HCl, pH 7.8, 0.25 M NaCl, 1 mM phenyl-
methylsulfonyl fluoride, and 1 mM EDTA). The suspension was homogenized for
three cycles of 30 s each using a PRO200 homogenizer (PRO Scientific). The ho-
mogenate was then centrifuged at 12,000g for 10 min, and the protein concen-
tration in the supernatant was determined using the Bradford protein assay kit
(Bio-Rad). An equal amount of protein (50 mg) from each sample was fractionated
on a 12.5% (w/v) SDS-PAGE gel and immobilized onto a Hybond-C membrane
(GE Biosciences). OXDC was detected with a rabbit polyclonal anti-OXDC
antibody (Mehta and Datta, 1991) in combination with alkaline phosphatase-
conjugated goat anti-rabbit IgG, using nitroblue tetrazolium 5-bromo-4-chloro-3-
indolyl phosphate reaction. Representative blots are shown in Figure 2. OXDC
protein quantification was performed with a Fluor-S MultiImager (Bio-Rad)
and Quantity 1-D Analysis software (Bio-Rad) using the volume analysis
function, and the relative signal strengths were calculated.
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Decarboxylation Assay

The decarboxylation activity of OXDC was determined in 1 mL of reaction
mixture containing [14C]oxalic acid (GE Biosciences) as a substrate using a method
described previously (Mehta and Datta, 1991). An aliquot of 100 mg of soluble
protein from each biological replicate, as noted above in “Plant Material and Ex-
perimental Design,” was used for the decarboxylation assay. Each sample was
analyzed in triplicate, and the mean value was calculated. One unit of decarbox-
ylase activity is equivalent to 1 mmol m–1 [14C]CO2 produced at 37°C. The activity
data were expressed as the means 6 SD of at least three independent experiments.

Organ-Specific Expression of OXDC

The organ-specific and fruit stage-specific expression patterns of OXDC
were determined by western-blot analysis. Aliquots of 100 mg of protein
extracted from flowers, leaves, stems, and red ripe fruits, together with the
same amounts of protein from five different stages during fruit development,
were fractionated on 12.5% (w/v) SDS-PAGE gels. These proteins were then
subjected to immunoblot analysis using an anti-OXDC antibody as described
previously (Mehta and Datta, 1991).

Immunolocalization Analysis

Immunolocalization of OXDC in fruit was performed as described in Jones
et al. (1997) and Chakraborty et al. (2000). Fruit pericarp was fixed in 2% (w/v)
glutaraldehyde in 0.1 M phosphate-buffered saline (PBS; pH 7.2) dehydrated in a
graded ethanol-water series (70%–100%, v/v) and embedded in London Resin
White (hard). Thin sections (60–90 nm) lifted on 400-mesh nickel grids were
blocked with 1% (w/v) bovine serum albumin in PBS for 2 h at room temper-
ature. Immunolabeling was conducted with an anti-OXDC antibody diluted
1:100 in PBS containing 1% (w/v) bovine serum albumin and 0.02% (w/v)
sodium azide overnight at 4°C. After washing, the grids were incubated with
1:100 (v/v) 10 nm colloidal-gold-conjugated goat anti-rabbit IgG (Auroprobe
EM, GAR 10, Amersham Biosciences) containing 0.5% (v/v) Tween 20 for 1 h at
room temperature. The grids were postfixed in 2.5% (w/v) glutaraldehyde in 0.1
M PBS (pH 7.2) for 10 min and stained with 2% (w/v) uranyl acetate and lead
citrate at room temperature. Electron micrographs were obtained using a Philips
CM10 transmission electron microscope.

Extraction and Determination of Oxalic Acid and
Formic Acid

Oxalic acid and formic acid contents were determined using an analysis kit
according to a procedure recommended by the manufacturer (Boehringer
Mannheim/R-Biopharm). Each sample was crushed to a fine powder using a
mortar and pestle and suspended in 300 mL of Milli Q water. The suspension
was homogenized using a PRO 200 homogenizer for five cycles of 30 s each.
The pH of the homogenates was adjusted according to the manufacturer’s
instructions. The homogenate was then centrifuged at 12,000g for 15 min to
recover the supernatant. The activity was assayed using 100 mL of the su-
pernatant in triplicates, and the absorbance was read at 340 nm.

Analysis of Ascorbic Acid, Citric Acid, and L-Malic Acid

The contents of ascorbic acid, citric acid, and malic acid were determined
using analysis kits (L-ascorbic acid [product code 10 409 677 035], citric acid
[product code 10 139 076 035], and L-malic acid [product code 10 139 068 035],
respectively) according to a procedure recommended by the manufacturer
(Boehringer Mannheim/R-Biopharm). The samples used for these assays were
prepared as described above. The assays were performed using a 100 mL of
tomato extract in triplicates, and the absorbance was read at 340 nm for citric
acid and malic acid and at 540 nm for ascorbic acid.

Determination of Calcium and Other Micronutrients

The concentrations of calcium, magnesium, and other micronutrients (iron,
manganese, and zinc) were analyzed by subjecting the lyophilized samples to
graphite chamber atomic absorption spectrophotometry (Varian AA-880 with
GTA-100 atomizer). The concentration of each metal ion was determined using
10 mg of dried fruit tissue with reference to previously constructed standard
curves for each of the cations tested.

Morphological Characterization and
Photosynthetic Activity

The field experiment was laid out in a randomized block design with three
replicates. Plant height and the number of nodes per main stem were measured
at 65 d after planting, and photosynthetic rates were quantified with a GFS3000
portable photosynthesis measurement system (Waltz). The photosynthetic
capacity of the plants on the basis of single-leaf measurements conducted on
three different leaves in each plant was recorded under standard atmospheric
(360 mL L–1 CO2) and light conditions (750 mmol m–2 s–1). Relative humidity
was maintained at 70%, and leaf temperature was set at 25°C in the leaf
chamber. The leaves were held in the chamber for 2 to 3 min until the pho-
tosynthetic rates reached steady-state levels.

Fruit Protein Isolation and 2-DE

Briefly, 2.5 g of frozen and powdered fruit (whole fruit) was homogenized in
three volumes of extraction buffer (700 mM Suc, 500 mM Tris-HCl, pH 7.5, 100
mM potassium chloride, 50 mM EDTA, 2% [v/v] b-mercaptoethanol, and 1 mM

phenylmethanesulfonyl fluoride) by vortexing for 15 min on ice. Total proteins
were recovered by the addition of an equal volume of phenol-saturated Tris-
HCl (pH 7.5). The upper phenol phase was removed, and the protein was
extracted twice with the same extraction buffer. The mixture was vortexed for
10 min and then centrifuged at 10,000g at 4°C, and the soluble proteins were
recovered as the supernatant. The proteins were then precipitated by the
addition of five volume of 100 mM ammonium acetate in methanol overnight
at –20°C. The precipitated proteins were pelleted by centrifugation at 10,000g
for 30 min, and the pellets were washed once with ice-cold methanol and three
times with ice-cold acetone, air-dried, and resuspended in 2-D rehydration
buffer (9 M urea, 2 M thiourea, 4% [w/v] CHAPS, 20 mM dithiothreitol, 0.5%
[v/v] Pharmalyte [pH 4–7], and 0.05% [w/v] bromophenol blue). Protein
concentrations were determined using the 2-D Quant kit (GE Healthcare).
Isoelectric focusing was carried out with 300 mg of protein. Protein samples
were loaded by an in-gel rehydration method onto 13 cm isoelectric focusing
strips (pH 4–7) and electrofocused using the IPGphor system (GE Healthcare)
at 20°C for 35,000 volt hours. The focused strips were subjected to reduction
with 1% (w/v) dithiothreitol in 10 mL of equilibration buffer (6 M urea, 50 mM

Tris-HCl [pH 8.8], 30% [v/v] glycerol, and 2% [w/v] SDS), followed by al-
kylation with 2.5% (w/v) iodoacetamide in the same buffer. The strips were
then loaded onto 12.5% (w/v) polyacrylamide gels for SDS-PAGE. The gels
were stained with Silver Stain Plus (Bio-Rad).

Image Acquisition and Data Analysis

After 2-DE and gel staining, gel images were scanned using the Bio-Rad
FluorS system equipped with a 12-bit camera. For each data set from both
wild-type and E8.2-OXDC samples, at least three 2-DE gels representing three
biological replicates were included in the data analysis. The scanned gel im-
ages were processed and analyzed with PDQuest gel analysis software version
7.2.0 (Bio-Rad). The following preprocessing steps were included in the two-
dimensional gel analysis: (1) cropping of the gel images to a uniform size, (2)
normalizing intensities to remove the effects of differential loading and
staining, (3) transformation of outcome variables to normally distributed
variables, and (4) inputting values for missing spot intensities. All images
were subsequently processed using the software settings for spot detection,
background subtraction, spot quantitation, and gel-to-gel matching of spot
patterns as described previously (Ruebelt et al., 2006). These spot detection
parameters were chosen because they allowed detection of the majority of
spots. To compare spots across gels, a match set representing a standard image
of three replicates was created from both the wild-type and E8.2-OXDC
samples. Each spot included in the standard gel met the criteria of being
qualitatively consistent in size and shape in the replicate gels and being within
the linear range of detection. Before the software could detect and document
the correspondence between different spots, a few landmarks in the gel series
were manually defined to improve the automated matching results (Ruebelt
et al., 2006; Kannan et al., 2012). All of the spots detected by the software
program were verified manually to eliminate any possible artifacts, such as gel
background or streaks. False-positive spots (e.g. artifacts and multiple spots in
a cluster) were manually removed. In addition to quantity scores (based on
spot density and area), the PDQuest software was used to assign quality
scores to each gel spot (Lonosky et al., 2004). Low-quality spots (quality score
,30) were removed from further analysis. Spots with a quality score greater
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than 30 that met the above-mentioned stringent criteria were thereafter re-
ferred to as high-quality spots. The high-quality quantities were used to cal-
culate the median value for a given spot, and this value was used as the spot
quantity on the standard gel. Here, the correlation coefficient is a measure of
the association between the spot intensities on replicates, which was maintained
at a minimum of 0.8 between gel images (Supplemental Fig S3; Supplemental
Table S1). Next, for comparison, the protein spots observed in wild-type and
E8.2-OXDC samples were normalized to the “total density in gel image” mode,
and spots were manually annotated. These normalized density values were
employed to calculate the SD and CV. The spot volumes were further normalized
using three unaltered protein spots across all of the gels. Mr and pI values were
also assigned to the master image using the MrpI parameter in the software. A
report was extracted from the software in a Microsoft Excel-compatible format,
and the normalized spot volume data were taken for further analysis. All sta-
tistical analyses were performed as explained below.

Protein Identification

A total of 34 spots were analyzed using LC-MS/MS and 42 spots by MALDI-
TOF/TOF. Protein samples were excised mechanically using pipette tips,
destained in 30 mM potassium ferricyanide and 100 mM sodium thiosulfate so-
lution, and in-gel digested with trypsin, and the peptides were extracted
according to standard techniques (Meywald et al., 1996; Casey et al., 2005). For
LC-MS/MS analysis, trypsin-digested peptides were loaded onto a C18 Pep-
Map100 column (3 mm, 100 Å, 75 mm ID_15 cm; LCPackings) at 300 nL min–1,
separated with a linear gradient of water/acetonitrile/0.1% formic acid (v/v),
and analyzed by electrospray ionization using the Ultimate 3000 Nano HPLC
system (Dionex) coupled to a 4000 QTRAP mass spectrometer (Applied Bio-
systems). The peptides were eluted with a gradient of 10% to 40% acetonitrile
with 0.1% formic acid (v/v) over 60 min. The MS/MS data were extracted using
Analyst software version 1.5.1 (Applied Biosystems). Peptide analysis was per-
formed through data-dependent acquisition of mass spectrometry scans (mass-
to-charge ratio from 400 to 1800), followed by MS/MS scans. Peptides were
identified by searching the peak list against the SGN tomato database ITAG
release 2.3 (34,727 sequences and 11,956,401 residues) available by the Interna-
tional Tomato Genome Annotation team (http://www.solgenomics.net/
organism/Solanum_lycopersicum/genome) using the Mascot version 2.1 search
engine (http://www.matrixsciences.com). The database search criteria were as
follows: taxonomy, all entries; peptide tolerance,61.2 D; MS/MS tolerance,60.6
D; peptide charge, +1, +2, or +3; maximum allowed missed cleavage, 1; fixed
modification, Cys carbamidomethylation; variable modification, Met oxidation;
and instrument type, electrospray ionization (ESI)-ion trap. Protein scores were
derived from ion scores as a nonprobabilistic basis for ranking protein hits and
as the sum of a series of peptide scores. The score threshold to achieve P , 0.05
was set by the Mascot algorithm and was based on the size of the database used
in the search. We considered only those protein spots whose molecular weight
search score was above the significant threshold level determined byMascot. For
MALDI-TOF/TOF analysis, after in-gel tryptic digestion, the peptides were
extracted according to standard techniques (Casey et al., 2005). The a-cyano-4-
hydroxycinnamic acid matrix was prepared at one-half saturation in
acetonitrile/water (1:1, v/v) acidified with 0.1% (v/v) trifluoroacetic acid. A
1-mL aliquot of each sample was mixed with an equal volume of matrix solution.
The mixture was immediately spotted onto the MALDI target plate and allowed
to dry at room temperature. The analysis was performed on a 4800 MALDI-
TOF/TOF analyzer (Applied Biosystems). The reflected spectra were obtained
over a mass range of 850 to 4,000 D. The spectra of 100 laser shots were summed
to generate a peptide mass fingerprinting for each protein digest. Suitable pre-
cursors for MS/MS sequencing analyses were selected, and fragmentation was
carried out using collision-induced dissociation (atmospheric gas was used) in
the 1-kV ion reflector mode and precursor mass windows of 65 D. The plate
model and default calibration were optimized for processing the MS/MS
spectra. Searches for peptides were performed in batch mode using GPS Ex-
plorer version 3.6 software (Applied Biosystems) with a licensed version of
Mascot 2.1 against the SGN tomato database ITAG release 2.3. The search pa-
rameters were set as follows: taxonomy, all entries; digestion enzyme, trypsin
with one missed cleavage; fixed modification, Cys carbamidomethylation; var-
iable modification, Met oxidation; mass spectrometry (precursor ion) peak fil-
tering: monoisotopic, minimum signal-to-noise ratio of 10, and mass tolerance of
6100 ppm; and MS/MS (fragment ion) peak filtering: monoisotopic, minimum
signal-to-noise ratio of 3, and MS/MS fragment tolerance of 60.4 D. Proteins
with a confidence interval percentage of greater than 95% were required to
represent a positive identification and were also evaluated on the basis of

various parameters, such as the number of peptides matched, MOWSE score,
quality of the peptide maps, and percent coverage of the matched protein. For
proteins identified based on only one peptide with a score greater than 40, the
peptide sequence was systematically checked manually. In all of the protein
identifications, the probability scores were greater than the score fixed byMascot
as significant, with a P value , 0.05. The abundance of each identified protein
was estimated by determining the protein abundance index (Liu et al., 2004) and
the emPAI (Ishihama et al., 2005). The corresponding protein content in mole
percentage was calculated as described previously (Ishihama et al., 2005). For the
total number of observed peptides per protein, the unique sequences were
counted and were imported into Microsoft Excel (Supplemental Table S3. When
there was more than one accession number for the same peptide, the match was
considered in terms of the putative function. The protein functions were
assigned using the Pfam (http://pfam.sanger.ac.uk) and InterPro (http://www.
ebi.ac.uk/interpro) protein function database.

Statistical Analyses

Analyses of the statistical significance of the data set of normalized spot vol-
umes comparing the two sets of proteomic data (wild-type and E8.2-OXDC fruit)
were performed by unpaired Student’s t tests using MultiExperiment Viewer
version 4.8 (Saeed et al., 2003) as described previously (Chaiyarit and Thong-
boonkerd, 2012; Sanchez-Bel et al., 2012). The statistically significant differences
with regard to the results of the biochemical (enzyme activity and organic acid
quantification) and micronutrient analyses were determined with the nonpara-
metric Welch’s t test using GraphPad PRISM 5.0 and the nonparametric Wilcoxon
rank sum test from the Statistics Online Computational Resource (http://www.
SOCR.ucla.edu). The levels of significant differences are indicated with an asterisk
in the graphs. P values, 0.05 were considered statistically significant. The values
of all parameters analyzed are from three biological replicates per sample.

Supplemental Data

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

Supplemental Figure S1. Plant material and experimental design.

Supplemental Figure S2. 2-DE pattern reproducibility.

Supplemental Figure S3. Scatter plots displaying a CV above 0.8 among
the three replicates of E8.2-OXDC-11 and the corresponding wild-type
fruit proteome.

Supplemental Table S1. Reproducibility of 2-DE gels.

Supplemental Table S2. List of proteins identified by MS/MS analysis.

Supplemental Table S3. The probable candidate proteins of the identified
spots by LC-ESI-MS/MS and MALDI-TOF/TOF.

Supplemental Table S4. The MS/MS detail of the identified protein spots
by LC-ESI-MS/MS and MALDI-TOF/TOF.

Supplemental Table S5. Fragment spectra of the proteins identified with a
single peptide.

Supplemental Table S6. Domain analysis of proteins with unknown func-
tion.
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