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To assess the influence of the environment on fruit metabolism, tomato (Solanum lycopersicum ‘Moneymaker’) plants were grown
under contrasting conditions (optimal for commercial, water limited, or shaded production) and locations. Samples were harvested
at nine stages of development, and 36 enzyme activities of central metabolism were measured as well as protein, starch, and major
metabolites, such as hexoses, sucrose, organic acids, and amino acids. The most remarkable result was the high reproducibility of
enzyme activities throughout development, irrespective of conditions or location. Hierarchical clustering of enzyme activities also
revealed tight relationships between metabolic pathways and phases of development. Thus, cell division was characterized by high
activities of fructokinase, glucokinase, pyruvate kinase, and tricarboxylic acid cycle enzymes, indicating ATP production as a
priority, whereas cell expansion was characterized by enzymes involved in the lower part of glycolysis, suggesting a metabolic
reprogramming to anaplerosis. As expected, enzymes involved in the accumulation of sugars, citrate, and glutamate were strongly
increased during ripening. However, a group of enzymes involved in ATP production, which is probably fueled by starch
degradation, was also increased. Metabolites levels seemed more sensitive than enzymes to the environment, although such
differences tended to decrease at ripening. The integration of enzyme and metabolite data obtained under contrasting growth
conditions using principal component analysis suggests that, with the exceptions of alanine amino transferase and glutamate and
malate dehydrogenase and malate, there are no links between single enzyme activities and metabolite time courses or levels.

Tomato (Solanum lycopersicum) is ranked number one
among fruits and vegetables, with 14% of the total pro-
duction worldwide. Some 4 million ha are in production,
yielding 18 kg per habitant (Food and Agriculture Or-
ganization of the United Nations; http://faostat.fao.org).
Tomato is also the most studied fleshy fruit (Giovannoni,
2001; Klee and Giovannoni, 2011) thanks to ease of
cultivation, short generation times, a relatively small-
sized diploid genome, and good tolerance of interspecific

crosses, inbreeding, high-density mutagenesis, and trans-
formation. Numerous introgression lines (Eshed and
Zamir, 1995; Tanksley et al., 1996), mutants (Saito
et al., 2011), and transformants (Smith et al., 1988; Klee
et al., 1991; Carrari et al., 2003) have been generated.
Its genome has been sequenced and annotated recently
(Tomato Genome Consortium, 2012), and a number of
postgenomic approaches have been used to gain in-
sights into molecular networks controlling fruit de-
velopment and ripening. They include analyses of fruit
transcriptomes (Alba et al., 2005; Lemaire-Chamley et al.,
2005), proteomes (Rocco et al., 2006; Faurobert et al.,
2007), and metabolomes (Roessner-Tunali et al., 2003;
Schauer et al., 2006) as well as multilevel studies in-
tegrating transcriptomics and metabolomics (Carrari
et al., 2006; Mounet et al., 2009), transcriptomics and en-
zyme profiles (Steinhauser et al., 2010), or transcriptomics,
proteomics, and metabolomics (Osorio et al., 2011). These
efforts, mostly focused on the cellular level, are leading to
an increasingly broad understanding of organogenesis,
development, and maturation of fleshy fruits. However,
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such approaches are usually conducted under standard
growth conditions and do not take into account envi-
ronmental factors known to affect yield quality and
quantity.
Metabolite composition, which is an important com-

ponent of fruit quality, results from numerous meta-
bolic pathways that undergo profound reprogramming
throughout fruit growth and ripening (Carrari et al.,
2006). Although such reprogramming strongly depends
on the genotype (Sinesio et al., 2010), producers and
gardeners know very well that it is also modulated by
the environment (Beckles, 2012). The main limiting re-
sources for fruit growth and quality are water and
carbon coming from the plant (Prudent et al., 2010). The
main abiotic variables affecting these resources are light,
water, and temperature. Thus, shading leads to a re-
duction in fruit fresh weight, size, and quality (Cockshull
et al., 1992). Conversely, high temperature and light in-
tensity have been found to increase hexoses in cherry
tomato fruits (S. lycopersicum cv. Naomi; Rosales et al.,
2007). It is also well-known that salinity (Cuartero and
Fernández-Muñoz, 1999) and increased electrical con-
ductivity of the growth medium (Fanasca et al., 2007)
both lead to various metabolic responses in fruits, in
particular to increased sugar and organic acid con-
tents. More generally, it has been shown that interac-
tions between genotype and the environment result in
high variability for a wide range of primary and sec-
ondary metabolites (Schauer et al., 2008). Finally, fruit
load (Do et al., 2010) and fruit position also influence
quality. Tomato fruits are known to compete within a
truss (Gautier et al., 2005), and greenhouse tomato
producers usually prune trusses to maximize fruit
growth and quality. The position of the truss on the
plant has also been found to influence various metabo-
lites in the fruits (Bénard et al., 2009), including lycopene
and b-carotene (Fanasca et al., 2007), as well as seed
quality (Dias et al., 2006). Such variations are probably
caused by a combination of factors, especially in in-
determinate varieties, where new trusses are initiated
while the plant continues to grow, which implies different
microclimatic or macroclimatic conditions for each truss.
The study of metabolic fluxes and enzyme activities

provides critical information for a better understanding
of metabolic control in fruits (Beckles et al., 2012). Ac-
cordingly, several reports show that modifications of en-
zyme properties can impact fruit metabolite composition.
For example, a 30% decrease in aconitase activity in
transgenic tomato fruits expressing an antisense gene
construct led to a strong increase in organic acids at
maturity (Morgan et al., 2013). Similarly, introgression
of the gene encoding the regulatory subunit of ADP-Glc
pyrophosphorylase from Solanum hirsutum into the
cultivated tomato resulted in higher starch levels in the
developing fruit and then, higher Brix in mature fruits
(Schaffer et al., 2000). Finally, introgression of a gene-
encoding cell wall invertase from Solanum pennellii,
with higher affinity for Suc, also resulted in fruits with
higher Brix (Fridman et al., 2004). However, intensive
investigation of a small set of enzymes from Suc and

starch metabolism pinpointed significant differences
between cultivars and related species and eventually
brought about better understanding of carbon source
sink relationships in fruits (Miron and Schaffer, 1991;
Wang et al., 1993; Demnitz-King et al., 1997; Schaffer
and Petreikov, 1997). For example, it was shown that a
strong increase in acidic invertase at ripening is respon-
sible for the accumulation of hexoses at the expense of
Suc in the cultivated tomato (Yelle et al., 1991). More
recently, the profiling of 22 enzymes revealed subtle
but significant differences between two tomato varieties
(Steinhauser et al., 2010), confirming that the genetic
component of metabolite composition includes pro-
gramming of pathway enzymes.

Conversely, very little is known about the influence
of the environment on fruit metabolic pathways. In
particular, it is still unclear to what extent metabolic
responses to factors such as light intensity or water
supply are caused by a reprogramming of fruit central
metabolism or simply alterations in assimilate supply
from the mother plant. Profiling enzyme activities from
various pathways in fruits harvested at various devel-
opmental stages and grown under contrasting growth
conditions, therefore, seems a rational step. Indeed, even
when measured in vitro, enzymes provide integrated
information about gene expression and posttranslational
regulation (Gibon et al., 2004). Furthermore, the recent
development of robotized enzyme profiling now en-
ables the profiling of tens of activities in large numbers
of samples at relatively moderate costs (Rogers and
Gibon, 2009), which enables the performance of detailed
experiments.

The aim of the study was to assess the effect of envi-
ronment on fruit metabolism by comparing enzyme ac-
tivity profiles obtained at various developmental stages
in fruits from different trusses and/or plants grown
under contrasting growth conditions. The integration of
this information with metabolite levels provides a better
understanding about relationships between metabolism
and fruit development and maturation.

RESULTS

All experiments were performed with the cv ‘Money-
maker,’ which is an indeterminate greenhouse variety
that was bred in the early 20th century by F. Stonor and
Sons in Southampton, United Kingdom. This cultivar,
which is still available on the market (essentially for
gardeners and organic farmers), has been used in many
studies focused on metabolism (Holtzapffel et al., 2002;
Carrari et al., 2006; Luengwilai et al., 2010).

Plant and Fruit Development under Optimal Conditions,
Shading, and Water Limitation

About 580 tomato plants were grown in a greenhouse
in the southwest of France (Sainte-Livrade sur Lot) during
the summer of 2010 according to usual production prac-
tices. To avoid competition for assimilates between fruits
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of a given truss, fruit number was limited to six per
truss by pruning.

To assess the effects of a decrease in light level, a mesh
was installed above the plants to remove 60% of the
photosynthetically active radiation. To assess the effect
of water limitation, the supply of the nutrient solution
was decreased by 50%. This treatment provoked a
global increase in nutrients in the draining solution but
only marginally affected their relative concentrations,
indicating that there was no nutritive stress (data not
shown). Both treatments, which were started at 75 d after
sowing, affected plant growth. Thus, compared with the
control plants (average size at the end of the culture:
295 6 15.2 cm, n = 9), shaded plants were etiolated and
taller (346 6 15.4 cm, n = 10), and plants under water
shortage were slightly smaller (266 6 11 cm, n = 9).
Trusses 1–4 were already growing on the plants at the
onset of treatment. Whereas water shortage did not
provoke any fruit abortion, shading resulted in the
abortion of about 90% of the flowers and young fruits.
Later, the proportion of abortion decreased in shaded
plants, resulting in three to five fruits per truss, indi-
cating that source sink relationships eventually im-
proved. Fruits were harvested on three different trusses
(trusses 5–7) and at nine stages of development (i.e. 8, 15,
21, 28, and 34 DPA, Mature Green [about 42 DPA],
Turning [about 47 DPA], Orange [about 50 DPA], and
Red Ripe [about 55 DPA]). Figure 1A presents the fresh
weight of fruits throughout development grown under
the three conditions. At the Red Ripe stage, fruits were the
largest under control conditions, with an average weight
of 99.6 6 3.5 g, whereas fruits weighed 86.7 6 11.6 g
under water shortage and only 60.3 6 8.3 g under
shaded conditions. Ripening of fruits of shaded plants
was also delayed, which is illustrated in Figure 1B,
and 60–63 d were necessary to reach the Red Ripe
stage instead of 55 d for control and water shortage
conditions.

Developmental Changes in Enzyme Activities of Fruits
Grown under Optimal Growth Conditions

The activities of 36 enzymes involved in carbohydrate
metabolism, glycolysis, metabolism of organic acids, and
the Calvin–Benson cycle were measured at nine stages of
development. Figure 2 presents the results obtained for
the seventh truss (Supplemental Table S1). To enable
comparison with previous work (Steinhauser et al.,
2010), we first expressed them on a fresh weight basis.
Most enzyme activities were highest in the youngest
stage and decreased sharply during the first 15–21 DPA,
tending to a plateau until the end of fruit development
and maturation. This trend was particularly marked for
enzymes involved in carbohydrate metabolism (i.e.
glucokinase [EC 2.7.1.2] and fructokinase [EC 2.7.1.4],
which are involved in the phosphorylation of hexoses,
ATP phosphofructokinase [PFK; EC 2.7.1.11] and inorganic
pyrophosphate phosphofructokinase [PFP; EC 2.7.1.90],
which are involved in the phosphorylation of Fru-6P,

and phosphoglucose isomerase [PGI; EC 5.3.1.9] and
phosphoglucomutase [PGM; EC 5.4.2.2], which catalyze
interconversions of hexose-P). In contrast, enzymes in-
volved in Suc degradation (Suc synthase [EC 2.4.1.13]
and invertases [EC 3.2.1.26]) and synthesis (Suc phosphate
synthase [EC 2.4.1.14]) showed less marked changes, with
the exception of acid invertase, which dramatically
increased at maturation, increasing fourfold within a few
days. UDP-Glc pyrophosphorylase (UGPase; EC 2.7.7.9),
which is involved in Suc synthesis as well as the
synthesis of cell wall components, was particularly
stable throughout fruit development. Stromal Fru-1,6-
bisphosphatase (EC 3.1.3.11), which is exclusively lo-
cated in the plastid, but also, aldolase (EC 4.1.2.13),
triose-P isomerase (EC 5.3.1.1), NADP-glyceraldehyde-3P
dehydrogenase (EC 1.2.1.9), and phosphoglycerokinase
(EC 2.7.2.3), which are also partly located in the plastids,
showed a sharp decrease in activity between 8 and
20 DPA. NADP-malic enzyme (NADP-ME; EC 1.1.1.40)
initially showed a similar pattern (sharp decrease be-
tween 8 and 21 DPA followed by stabilization) but then
dropped significantly and abruptly at the beginning of
ripening. Also, NAD-ME (EC 1.1.1.38) and pyruvate ki-
nase (PK; EC 2.7.1.40) as well as most enzymes involved
in the TCA cycle, the main aminotransferases (ATs), and

Figure 1. Growth of fruits of S. lycopersicum ‘Moneymaker’ obtained
under different environmental conditions. A, Fruit weight is expressed in
grams 6 SD (n = 9) at various development stages under optimal con-
ditions (black line), with 50% water shortage (dashed line), and under a
net removing 60% of the photosynthetically active radiation (dotted
line). B, Illustration of the nine developmental stages harvested (8, 15,
21, 28, and 34 DPA, Mature Green [MG], Turning [T], Orange [O], and
Red Ripe [RR]). Fruit ripening under shading was delayed by 5–8 d.
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both NAD+-Glu dehydrogenase and NADP-Glu
dehydrogenase showed an initial decrease followed by
stabilization. Among them,NADP-isocitrate dehydrogenase

(NADP-IDH; EC 1.1.1.42), citrate synthase (EC 2.3.3.1),
and Ala-AT (EC 2.6.1.2) increased quite dramatically
during ripening. Finally, phosphoenolpyruvate carboxylase

Figure 2. Maximal activities of 36 enzymes of central metabolism throughout tomato fruit development. Activities were measured
in fruit pericarps harvested between 8 and 55 DPA at substrate saturation and 25˚C, and they are expressed as nanomoles per
minute per gram fresh weight6 SD (n = 5). Acid Inv, Acid invertase; Ald, aldolase; cFBPase, cytosolic Fru-1,6-bisphosphatase; CS, citrate
synthase; FK, fructokinase; GK, glucokinase; Neutral Inv, neutral invertase; pFBPase, plastidial Fru-1,6-bisphosphatase; Succ-CoA,
succinyl-CoA ligase; SuSy, Suc synthase.
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(PEPC; EC 4.1.1.31), enolase (EC 4.2.1.11), and
NAD+ malate dehydrogenase (MDH; EC 1.1.1.37)
showed a different pattern, because their activities
decreased in a quasilinear fashion throughout fruit
development.

These data are in agreement with previously published
data (Steinhauser et al., 2010). For example, the mainte-
nance of high Suc phosphate synthase (SPS) activity at
ripening is confirmed. However, this dataset covers
earlier developmental stages (8, 15, and 21 DPA) cor-
responding to cell division and early cell expansion, at
which time most of the activities were much higher
than later stages.

Expressing Enzyme Activities per Protein Content
Minimizes the Influence of Vacuolar Expansion

Expansion of the vacuole in fruit pericarp cells (Amemiya
et al., 2006) probably explains a large proportion of the
variations during development for enzyme activities
expressed on a fresh weight basis (Steinhauser et al.,
2010), especially during the first 20 d. Consistently, al-
though fruit pericarp biomass increased (Fig. 3A), pro-
tein content decreased sharply from 8 to 21 DPA, and
then, it tended to stabilize until ripening (Fig. 3B). Figure 3,
C and D compares developmental changes expressed
on fresh weight and protein basis for fructokinase and
PEPC, respectively. Whereas fructokinase decreased in
both cases, PEPC showed very different patterns. Indeed,
when expressed on fresh weight basis (nanomoles per
minute per gram fresh weight), it decreased throughout
fruit development, but when expressed on protein basis
(nanomoles per minute per milligram protein), it in-
creased during early stages, peaked at 28 DPA, and
then, decreased until ripeness. Strikingly, SlPPC2 (for
Solanum lycopersicum sérine/thréonine protéine phos-
phatase 2C) transcripts, which encode a fruit-specific
PEPC, have also been shown to peak during cell ex-
pansion (Guillet et al., 2002). Thus, assuming that the
dilution effect caused by vacuole expansion would be
confounding for the interpretation of a large proportion
of data, all values have been expressed per unit of protein
from this point.

Hierarchical Clustering Reveals Tight Associations
between Enzymes Activities and Developmental Phase

Classically, fruit development is divided in three main
phases: cell division (roughly corresponding to the 8- and
15-DPA samples), cell expansion (corresponding to
21-, 27-, and 34-DPA and Mature Green samples), and
ripening (corresponding to Turning, Orange, and Red
Ripe samples). To investigate whether changes in en-
zyme activities could be assigned to these three phases,
a hierarchical clustering analysis based on Pearson’s
correlations was performed on mean-centered data
obtained for trusses 5–7 scaled to unit variance and
displayed as a heat map; white corresponds to the

lowest activity (but not absence of activity), and dark
red corresponds to the highest activity (Fig. 4A). It first
appeared that the unsupervised clustering analysis
was always able to classify the nine developmental
stages based on enzyme activities. Thus, 8 and 15 DPA
(cell division), 21, 28, and 34 DPA and Mature Green
stage (cell expansion), and Turning, Orange, and Red
Ripe stages (ripening) were found in three well-separated
clusters. The clustering of enzymes highlighted four main
clusters.

The first cluster groups enzymes with high capacities
during cell division (blue cluster) and to a lesser extent, at
the beginning of cell expansion (until 21 DPA)
followed by a slow decrease (with the exception of
NAD-Glu dehydrogenase [NAD-GluDH] and PK,
which show an increase at Mature Green stage and
during ripening).

Figure 3. Pericarp weight (A), protein content (B), fructokinase (C), and
phosphoenolpyruvate carboxylase (D) activity during tomato fruit de-
velopment. Fruit age is expressed as DPA, pericarp weight is expressed
in grams6 SD (n = 9), and enzyme activities are expressed in nanomoles
per minute pergram fresh weight2 (black circles) and nanomoles per
minute per milligram protein2 6 SD (white squares; n = 5).
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Enzymes of the second cluster presented a clearly
different pattern (green cluster), with lower activ-
ity during cell division (8 and/or 15 DPA) followed
by an increase to reach a plateau between 21 DPA
and Mature Green stage. Their activities then
decreased more or less gradually until the end
of ripening. Thus, this cluster characterizes cell
expansion.
The pattern of the third cluster (orange cluster)

was similar to the second one, with activities in-
creasing during cell expansion and maxima reached
close to the Mature Green and/or Turning stages
followed by a plateau or even a slight decrease during
ripening.
The fourth cluster (red cluster) contained enzymes

with large increases in activity during ripening between

Turning and Orange and/or Red Ripe stage, with mainly
enzymes related to hexoses and Suc (Suc phosphate
synthase; both acidic and neutral invertase) or citrate
synthase (EC 2.3.3.1).

As shown in Figure 4B, the four clusters not only
match developmental phases but also, correspond to
pathways or subpathways in central metabolism. For
instance, the first cluster associated to cell division
contained glucokinase and fructokinase as well as most
enzymes of the TCA cycle. The cell expansion cluster
could be clearly assigned to glycolysis and chloroplastic
pathways (starch synthesis and the Calvin–Benson
cycle). The orange and red clusters comprised enzymes
that are directly involved in reactions leading to metab-
olites accumulated during ripening, particularly invertase
and citrate synthase.

Figure 4. Hierarchical clustering analysis of enzyme activity profiles throughout development and ripening of fruit obtained
under optimal growth conditions. A, The clustering analysis was performed on activities expressed on a protein basis by
Pearson’s correlation, mean centered, and scaled to unit data. Columns correspond to nine developmental stages, and rows
correspond to enzyme activities. The four main enzyme clusters are highlighted with a colored bar on the left. B, Simplified
drawing of central metabolism in plant. The color code corresponds to the clusters selected in A. Blue, activities highest during
cell division and beginning of cell expansion; green, activities highest during cell expansion; orange, activity peaking at late
expansion; red, activities highest at ripening. Abbreviations for enzymes are the same as in Figure 2.
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Principal Component Analysis of Enzyme Activities
Throughout Fruit Development

Given the large number of variables, principal com-
ponent analysis (PCA) was performed to facilitate the
comparison between fruits obtained under various
conditions. For this comparison, a PCA was first per-
formed on averaged data obtained from all fruits grown
under optimal conditions. The score plot (Fig. 5A)
obtained for fruits grown under control conditions
clearly distinguishes the nine developmental stages.
The first principal component (PC1), which explains
43.8% of total variance, separates all green stages (from
cell division to Mature Green; Fig. 5A, right side) from
ripening stages (from Turning to Red Ripe; Fig. 5A, left
side). Because, for all stages except 8 DPA, the score on
PC1 decreases when DPA increases, PC1 can be inter-
preted as expressing time. In contrast, the second principal
component (PC2), which explains 24.4% of total variance,
clearly separates the cell expansion phase (from 21 DPA to
Turning) from the two other phases. Thus, PC2 can be
interpreted as expressing transitions between the three
phases of fruit development.

The loading plot (Fig. 5B) indicates that all enzymes
participate in a balanced way in the separation of the
developmental stages, because the loadings are relatively
high for all of them. Positions of enzymes, thus, corre-
spond to the stages at which they are highest.

PCA analysis was next used to compare developmental
changes in enzyme activities of fruits grown on different
trusses and under different conditions. To facilitate inter-
pretation, loadings and scores of controls were maintained,

and data obtained under other growth conditions were
added as supplementary individuals (Lê et al., 2008).
Thus, the closer to the control that they are, the smaller
the distance on the PCA plot.

High Reproducibility of Enzyme Time Courses from Truss
to Truss

As mentioned in the introduction, a range of environ-
mental and physiological variables influencing fruit de-
velopment are likely to vary from truss to truss, and one
well-known consequence is a variation in fruit metabolite
composition (Winsor, 1979). To assess whether seasonal
variations would be associated with changes at the level
of the activome, a PCA was performed for trusses 5–7,
which were obtained between July and the end of August
(Fig. 5C). It suggests that differences between the three
trusses were very limited. This suggestion was confirmed
by ANOVA and Tukey’s grouping test (Supplemental
Table S2). Considering each enzyme activity throughout
fruit development, no significant difference (P , 0.05)
was found between the three trusses (data not shown).
A few significant differences appeared when grouping
time points according to the stage of development. Thus,
during cell division (8 and 15 DPA), stromal Fru-1,6-
bisphosphatase, PFP, and NAD–glyceraldehyde-P de-
hydrogenase (NAD-GAPDH) were significantly different
(P = 0.04, 6E-3, and 0.03, respectively), although the
coefficient of variation (CV) was below 15% for Fru-1,6-
bisphosphatase and PFP and below 21% for NAD-
GAPDH. During cell expansion, significant differences

Figure 5. Comparison of enzyme ac-
tivity profiles obtained in fruits grown
on different trusses under optimal or
suboptimal growth conditions and at
different locations by PCA. Numbers
indicating the coordinates correspond
to fruit age. A, Scores plot obtained for
the reference culture conducted in
Sainte-Livrade, France (numbers in
black) and subsequently used for com-
parison. B, Corresponding loadings
plot. C, Scores plots obtained by adding
data obtained for trusses 5 (numbers in
green), 6 (numbers in blue), and 7
(numbers in pink). D, Scores plots
obtained by adding data obtained un-
der water shortage (numbers in red) and
shading (numbers in gray). E, Scores
plots obtained by adding data obtained
from fruits grown in Avignon, France
(numbers in green) and Oxford, United
Kingdom (numbers in orange). Abbre-
viations for enzymes are the same as in
Figure 2.
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were found for aconitase (P = 0.05, CV = 20%) and
NAD-GAPDH (P = 2E-3, CV = 22%). Finally, during
ripening, no significant difference was found for any of
36 enzymes. The fact that differences observed between
trusses were very limited might be explained by growth
conditions being optimal. Assuming that light intensity
(Guan and Janes, 1991) and watering (Mitchell et al.,
1991) are among the variables exerting the strongest
influence on tomato fruit growth and quality, we next
investigated their effects by profiling enzyme activities
in fruits obtained under shading or water limitation.

Comparison of Developmental Changes in Enzyme
Activities of Fruits Grown under Optimal Conditions,
Water Shortage, and Shading

For fruits obtained under water shortage, the PCA plot
indicates that there were very few differences with con-
trol fruits (Fig. 5D; Supplemental Table S3), and most of
the differences found were not significant, independent
of the growth phase (Supplemental Table S4). Exceptions
were aconitase (P = 0.02, CV = 12%), stromal Fru-1,6-
bisphosphatase (P = 6E-5, CV = 21%), and NAD-IDH
(P = 2E-5, CV = 35%) during cell division, aconitase
(P = 0.04, CV = 11%) during cell expansion, and finally,
Ala-AT (EC 2.6.1.2; P = 6E-4, CV = 23%) and phospho-
glycerokinase (P = 1E-6, CV = 11%) in Red Ripe fruits.
For fruits obtained under shading, the PCA plot

(Fig. 5D) indicates that, at 8 and 15 DPA, fruits were
clearly divergent from the control fruits. Indeed, during
cell division, seven of the measured activities were sig-
nificantly different (i.e. aldolase [P = 5E-3, CV = 21%],
stromal Fru-1,6-bisphosphatase [P = 6E-5, CV = 15%],
NAD-GAPDH [P = 5E-3, CV = 22%], glucokinase [P = 0.02,
CV = 23%], NAD-IDH [P = 2E-5, CV = 57%], PFK
[P = 9E-3, CV = 20%], and PFP [P = 1E-3, CV = 19%]).
During cell expansion, there were fewer differences.
Only PEPC showed a significantly lower activity in
shaded fruits (P = 9E-4, CV = 15%), whereas glucoki-
nase (P = 0.03, CV = 21%) and UGPase (P = 2E-7,
CV = 11%) activities were higher. During ripening,
most differences were not significant, and only 11 enzymes
(aconitase, Asp-AT, FBP-aldolase, cytosolic Fru-1,6-
bisphosphatase, Glc-6-P dehydrogenase [G6PDH], PEPC,
PFP, phosphoglycerokinase [PGK], PK, triose-P isomerase,
and UGPase) were significantly different (but with an
average CV of less than 21%).

Comparison of Developmental Changes in Enzyme
Activities of Fruits Grown at Three Locations

To increase heterogeneity in growth conditions,
fruits obtained from two other batches of plants grown
in glasshouses in Oxford (United Kingdom) during
early spring and Avignon (France) during late spring
were analyzed, and data were compared with the
previous data (controls of Sainte-Livrade culture). It is
worth mentioning that, in addition to different light

and temperature regimes, Oxford and Avignon used
pots and soil, whereas plants were grown in Sainte-
Livrade hydroponically. Figure 5E presents the PCA
score plot obtained for Oxford and Avignon samples
(Supplemental Table S5). Contrary to the Sainte-
Livrade data, these fruit were staged according to
DPA (“Materials and Methods”) and not standards of
the Organisation for Economic Co-operation and De-
velopment (http://www.oecd.org). Globally, the PCA
did not clearly separate the experiments, confirming
that enzyme activities tend to follow a unique trajec-
tory throughout fruit development. However, samples
collected at 8 DPA in Oxford behaved differently,
appearing very similar to those samples collected under
shading at the same stage in Sainte-Livrade. At the latest
harvested stages (55 d), Oxford and Avignon samples
were very similar to samples from Sainte-Livrade col-
lected at 42 DPA or Mature Green, which suggests that
they were delayed in their development compared with
Saint-Livrade. ANOVA and Tukey’s test performed for
cell division, cell expansion, and ripening stages con-
firmed such differences between the experiments
(Supplemental Table S6). Thus, during cell division, 30
enzymes were significantly different between the three
locations, and the average of the variation coefficients
calculated for each enzyme was 38%. During cell ex-
pansion, variability decreased, with 22 enzymes being
significantly different and an average of variation co-
efficients of less than 18%. During ripening, differences
were again higher, with 27 enzymes statistically dif-
ferent and an average CV of 27%. It was noticeable that
enzymes responsible for metabolite accumulation (acid
invertase and citrate synthase) remained much lower
in Oxford and to a lesser extent, Avignon samples than
Sainte-Livrade experiment, even in shaded fruits, again
suggesting that fruits of these experiments were delayed
in their ripening. The fact that, at young stages, Oxford
samples resembled those samples obtained under
shading suggests that the plants were carbon limited.
Such limitation would also explain their slow devel-
opment. This finding suggests that most differences
found for activities were a consequence of differences
in rates of fruit development. It is worth mentioning
that differences were much lower when expressing en-
zyme activities on a fresh weight basis (data not shown).

We conclude that, throughout fruit development
and with only a few exceptions, activities of enzymes
of central metabolism follow a pattern that is only weakly
influenced by the environment.

Metabolites Are More Sensitive to Growth Conditions
Than Enzyme Activities

Major metabolites, such as carbohydrates (Glc, Fru,
Suc, and starch), organic acids (citrate and malate), and
also, total amino acids, as well as protein content were
measured in the pericarp during fruit development.
Figure 6A presents the metabolite content depending on
the truss position on the control plants (Supplemental
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Table S7). The ANOVA and Tukey’s test showed that
most metabolite concentrations were not statistically
different from truss to truss (Supplemental Table S8) or
when significant, that differences were relatively low
(average CV = 12.3%). The largest changes in metabo-
lites occurred during the first 15–20 d of development.
Protein content (Fig. 3) and Suc (Fig. 6A) decreased
from 8 to 21 DPA and then, reached a plateau until the
end of ripening. In contrast, Glc and Fru concentrations
increased between 8 and 15 DPA and then, remained
constant. Starch increased from 8 to 15 DPA, was
highest at 15 DPA, and decreased until the Red Ripe
stage. Citrate and malate presented a similar profile
from 8 DPA to Mature Green stage (strong decrease
during cell division followed by a plateau or slight
increase), and then, citrate was quickly accumulated
while malate was decreasing. Total amino acids
slightly increased until Mature Green and were accu-
mulated much stronger during ripening. Most of the
amino acids followed the same pattern and tended to
increase or reach a plateau during fruit development
and ripening, with a few exceptions (Supplemental
Table S9). Thus, g-aminobutyrate decreased slightly
from 8 DPA to Red Ripe stage, Pro decreased sharply
from 8 to 21 DPA and then, remained constant until
Red Ripe, and Tyr increased during cell division,
remained constant during cell expansion, and decreased
during ripening. Finally, the most striking fact was that
Glu increased sharply during maturation, representing
up to 50% of the total amino acids. Figure 6B compares
metabolite profiles in fruits of control and stressed
plants. The protein content was never significantly dif-
ferent between water shortage and control conditions
(Supplemental Table S10). The difference between shading
and control conditions was always below 17%, even if
significant at 15 DPA, Mature Green, Orange, and Red
Ripe stages. Suc content was not different between the
treatments, except at the Red Ripe stage. Glc and Fru
contents were strongly affected by shading but mainly,
during early fruit development. Differences were also
found during ripening for Glc, which was lower under
shading and higher under water shortage. Starch content
presented the biggest differences between growth con-
ditions, with a CV ranging from 27% to 45%. Starch was
always highest under water shortage and lowest under
shading. Few differences were observed in organic acid
contents between control and water shortage fruits,
where they were slightly higher. Under shading, ma-
late was higher during the first 15 d of development. In
contrast, citrate was not different during cell division,
became lower during cell expansion, and strikingly,
recovered at ripening. Similar to organic acids, amino
acids were slightly higher under water shortage than
control conditions. Under shading, amino acids were
not different during cell division but then, decreased
strongly compared with the two other treatments dur-
ing cell expansion and ripening (see also Supplemental
Table S11).

Figure 6C presents the results obtained for the three
growth locations. Overall, larger differences were observed

between growth locations than between treatments.
Fruits from Avignon and Sainte-Livrade cultures had
similar profiles for proteins (Supplemental Table S12),
hexoses, Suc (except at 8 DPA), and organic acids. The
main differences were the amino acids and starch, which
were both higher in Avignon than Sainte-Livrade. In
fruits collected in Oxford, each metabolite profile was
different, especially hexoses at 8 DPA. Profiles of the
latter were very similar to those profiles found under
shading in Saint-Livrade fruits, suggesting the occur-
rence of carbon limitation during the first days of de-
velopment. Later, starch content also became higher in
Oxford fruits. In contrast, Oxford fruits contained
lower amounts of organic acids. Malate content was,
nevertheless, not significantly different for the first
20 d of fruit development, whereas citrate content was
always statistically lower than in Sainte-Livrade fruits
(Supplemental Table S13).

To summarize these results, metabolite levels were
more susceptible to environmental changes than en-
zyme activities, but the position of the fruit on the plant
did not seem to be a major source of variability in
metabolite content (results were also obtained with a PCA
analysis in Supplemental Fig. S1, A to C). Comparing
growth conditions, major differences were observed
for starch, amino acids, and organic acids. In contrast
(already observed in the cv ‘Cervil’; Gautier et al.,
2008), hexoses and Suc seemed to be very stable after
cell division was achieved. Glc and Fru concentrations
measured during cell expansion were particularly re-
producible between trusses, treatments, and growth
locations.

Metabolic Responses to the Environment Tend to Decrease
at Ripening

As shown above (Fig. 5), most significant differences
in enzyme activities were found for the youngest
stages of fruit development. For major metabolites, the
biggest differences were also observed at the youngest
stages (i.e. during cell division and cell expansion until
Mature Green stage; Fig. 6). However, as already men-
tioned, differences were bigger for metabolites than for
enzymes and persisted for a longer time. After fruits had
attained their final size and underwent ripening, dif-
ferences between growth conditions or locations tended
to decrease. This trend is also visible on the PCA plots
(Supplemental Fig. S1, B and C), where the distance
between fruits of the same age decreases to ripening.
A similar observation has been made with tomato
fruits overexpressing hexokinase, where the influence
of the genetic manipulation on metabolites decreased
during ripening (Roessner-Tunali et al., 2003). Para-
doxically, whereas during cell expansion, enzyme pro-
files were very similar under the various growth
conditions, metabolites showed strong differences.
Furthermore, the opposite was observed at ripening,
because enzymes tended to diverge, whereas metabo-
lites converged. Taken together, these results suggest that
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the final reprogramming of metabolism occurring at rip-
ening, which includes steps involved in Suc and organic
acid metabolism, results in a rather standard composition
of fruit flesh.

Expressing Metabolite Content on Fruit Basis Reveals
Hidden Events

As previously shown, starch was more variable than
most metabolites analyzed. When expressed on a fresh
weight basis (Fig. 7A), the starch content increased
from fruit set to 15 DPA and then decreased until

ripeness. When expressed on whole-fruit basis (micro-
moles Glc equivalents per fruit pericarp; Fig. 7B),
starch accumulated until the Mature Green stage and
degraded very quickly at the beginning of ripening
(between Mature Green and Turning stages, which
roughly corresponds to 5 d; Luengwilai and Beckles,
2009). Starch degradation operates through different
pathways, leading to maltose or Glc accumulation but
also, Glc-1-P as an intermediate by the activity of
a-glucan phosphorylase (Zeeman et al., 2007). The
hexoses-P Glc-1-P, Glc-6-P, and Fru-6-P were mea-
sured in the same samples and expressed on a fresh
weight basis (Fig. 7, C, E, and G). Although Glc-1-P

Figure 6. Changes in major metabolites through-
out tomato fruit development. Fruit age is given in
DPA. Total amino acids, Glc, Fru, malate, and
citrate are expressed in micromoles per gram fresh
weight2 6 SD, and Suc and starch are expressed in
Glc equivalents (micromoles glucose per gram
fresh weight2 6 SD). A, Data obtained from fruits
grown in Sainte-Livrade under optimal growth
conditions on trusses 5–7 (n = 5). B, Data from
fruits grown under control (means for trusses 5–7),
water-limited (n = 5), and shaded (n = 5) growth
conditions. C, Data obtained from fruits grown in
Sainte-Livrade (same as in B), Avignon (n = 5), and
Oxford (n = 5).
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was negatively correlated with starch, no relationship
was apparent for Glc-6-P and Fru-6-P. When their
amounts were calculated on a per-fruit basis (Fig. 7, D, F,
and H), it was clear that all three hexoses-P, which
probably tend to equilibrate through the activities of
PGI and PGM, were strongly increased at the very
moment of starch degradation. Furthermore, this in-
crease in hexoses-P, particularly Glc-1-P, seems to be
roughly correlated with the amount of starch in the
fruit. Indeed, fruits obtained under shading, which
had the lowest starch content, also showed the small-
est increase in hexoses-P. Taken together, these results
suggest that, in maturing fruits, starch degradation
results in a significant increase in hexoses-P that are
then readily available for metabolic shifts associated
with ripening.

When expressed on a fresh weight basis, hexose levels
(Fig. 7, I and J) were almost constant during cell ex-
pansion and ripening and did not differ between the
three treatments. In contrast, when expressed on fruit
basis, differences were apparent. In particular and sim-
ilarly to hexoses-P, the rate of increase in hexoses slowed
just before the Mature Green stage but strongly accel-
erated until the Turning stage. However, the amount of
hexoses accumulated during this period represented about
2,500 mmol per fruit in the controls, whereas the remobi-
lization of starch corresponded to only 600–800 mmol in
Glc equivalent per fruit. Thus, the strong increase in
hexoses was probably, for the largest part, caused by an
increase in net sugar import, which has already been
suggested (Balibrea et al., 2006). Indeed, starch degra-
dation only represents 25%–30% of hexoses accumu-
lated during ripening and 10% of the hexose content in
ripe fruits.

Integration of Changes in Enzyme Activities and
Metabolite Levels

The integration of multilevel metabolic data strongly
depends on how the data are expressed. We assume that
enzymes can control both metabolite concentrations and
fluxes. Among all the possible ways of expressing en-
zyme activities and metabolite contents or net accumu-
lation rates (per gram fresh weight, per protein, and per
fruit), results with the largest scattering of metabolites
were obtained for enzyme activities per protein and net
accumulation rates of metabolites per fruit (Fig. 8A;
Supplemental Figs. S2, S3, S4, and S5 show the complete
set). PCA was used to integrate enzyme and metabolite
data. Variables have been normalized over the three
treatments (control, water limitation, and shading) to
enable comparison. Loadings have first been computed
with the control dataset (Fig. 8A), and data correspond-
ing to water limitation (Fig. 8B) and shading (Fig. 8C)
have then been added to the PCA as additional variables.

In control fruits, the loadings plot obtainedwith enzyme
activities and net accumulation rates of metabolites was
similar to the plot obtained with enzymes only (Fig. 5).
Thus, enzymes that have been associated with each

developmental phase (Figs. 4 and 5) were still clearly
separated. Interestingly, the highest loadings (mainly
on PC1) for metabolites and protein content, which
correspond to their highest net accumulation rates,
colocalized with enzymes peaking at early expansion.
The only exception was amino acids, which were as-
sociated with enzymes rising at ripening. Strikingly,
malate and citrate net accumulation rates were coinci-
dent with enzymes involved in interconversions be-
tween C3 and C4 organic acids. In contrast, Suc and
hexoses were not associated with enzymes involved in
Suc metabolism (Fig. 8A). In fruits grown under water
limitation, most enzyme loadings were similar to those
enzyme loadings obtained with control fruits, whereas
metabolites appeared more scattered. For both groups
of analytes, differences were more marked on PC2,
which suggests the occurrence of shifts in transitions
between developmental phases (Fig. 8B). As expected,
the loadings plot obtained with shaded fruits was the

Figure 7. Comparison of changes throughout fruit development in
starch, hexoses phosphate, and hexoses when expressed on a fresh or
whole-fruit pericarp basis. Fruit age is given in DPA. A, C, E, G, and I,
Data are expressed on a fresh weight basis (moles per gram fresh
weight [FW]). B, D, F, H, and J, Data are expressed on a fruit basis
(micromoles per fruit per pericarp).
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most divergent. For enzymes, this result was mainly
caused by the cluster associated to cell division. For
metabolites, differences in loadings were much more
marked at both PC1 and PC2 (Fig. 8C).
Considering all three treatments, only two statistical

associations were found between a metabolite net flux
and an enzyme activity. The closest association was

between total amino acids and Ala-AT, which suggests
that the strong accumulation of Glu at ripening (by far
the largest pool among accumulating amino acids)
involves this activity. One additional interesting, al-
though looser, interaction was found for malate and
MDH. Other metabolites were associated to groups of
enzymes or totally disconnected.

DISCUSSION

This work addresses the effect of the environment on
the programming of metabolism in tomato fruits. Sur-
prisingly, it seemed that, within the range of conditions
used, enzyme activities were only marginally affected by
the environment, whereas time courses of metabolites
underwent larger changes in response to growth con-
ditions, especially for starch and amino acids. These
changes were attenuated during ripening and not asso-
ciated with specific reprogramming of enzyme activities.

Reprogramming of Central Metabolism during
Developmental Transitions Is Mainly Driven by De Novo
Synthesis of Enzyme Clusters

Although statistical analyses (ANOVA and Tukey’s
grouping test) indicate that there were significant dif-
ferences in given activities and stages of development,
no atypical trajectories were found for individual en-
zymes. PCA score plots (Fig. 5A) suggest that the en-
vironment was mainly affecting changes over time (on
PC1; for example, by slowing down the changes in
enzyme activities) without affecting the trajectories.
Such shifts in rates of developmental changes could be
explained by differences in, for example, temperature
or carbon availability.

This analysis reveals that the beginning of each of the
three phases of fruit development was characterized by
high activities for specific groups of enzymes. Thus,
PC2 might be explained by a pronounced de novo
synthesis of enzymes (Fig. 5). Then, except for enzymes
peaking at maturity, a gradual decrease in activity was
observed (Fig. 4), revealing that enzymes were decaying
slower than they were made. Slow decay of enzymes
might be explained, in part, by most enzymes having a
slow turnover, which was suggested for another plant
model system (Piques et al., 2009). Another point is that
there was obviously no induction of specific enzyme
degradation that was associated with developmental
shifts. The only exception was NADP-ME, which
peaked at Turning stage and almost vanished at Orange
stage (i.e. within a few days). We compared our data
with transcriptome data available from the literature for
comparable developmental series (Carrari et al., 2006;
Osorio et al., 2011) but could not find any straight-
forward relationship between changes in transcripts
and the activities of the encoded enzymes, which was
also concluded by Steinhauser et al., 2010. In contrast,
it is striking that the moments (20–28 and 48–53 DPA in
controls) at which changes occurred for enzyme activities

Figure 8. Integration of enzyme activities and metabolites accumula-
tion rates in tomato fruits during development and ripening using PCA.
Enzyme activities were expressed on a protein basis, and data for
metabolite rates were expressed as per fruit pericarp and per day. Data
were centered and scaled before PCA. A, Loadings plot obtained with
control data (fruits grown under optimal conditions). B, Loadings plot
for additional data obtained under water shortage. C, Loadings plot for
additional data obtained under shading. Coordinates for each enzyme
activity or metabolite are indicated by text. Text colors indicate the
cluster to which enzymes have been assigned using hierarchical
clustering (blue, cell division; green, cell early expansion; orange, late
expansion; red, ripening; Fig. 4). Abbreviations for enzymes are the
same as in Figure 2.
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almost perfectly match those moments found for more
than 80 metabolites from various pathways in another
study performed with cv ‘Moneymaker’ fruits (Carrari
et al., 2006). This finding suggests that coordinated
changes in enzyme capacities, which integrate various
levels of regulation, effectively impact the metabolome.

The analysis also reveals that the programming of
metabolism throughout fruit development operates at
a pathway level (Fig. 4B). Each of four clusters was
associated with both a developmental phase and rel-
atively well-defined metabolic sectors. In particular,
although cluster 1 contains enzymes involved in the
upper part of glycolysis and the TCA cycle, cluster 2 is
characterized by the lower part of glycolysis.

Cell Division Is Characterized by a Turbo Design

Cluster 1 contains enzymes involved in glycolysis,
especially glucokinase and fructokinase, and their ac-
tivities were particularly high during cell division.
High levels of Glc-6-P were also observed during that
phase. The occurrence of high ATP-consuming activities
suggests that dividing fruit cells use a turbo design to
drive glycolysis (Teusink et al., 1998). In brief, main-
taining a low ATP to ADP ratio and high hexose-P
levels probably results in high flux through glycolysis.
This hypothesis is in agreement with the results by Liu
et al., 2007, indicating that the demand in Suc is highest
during cell division in tomato fruits. It is also in
agreement with previous results obtained with discs of
tomato pericarp collected at 21, 35, and 49 DPA, in-
dicating that the highest glycolytic flux is observed in
the youngest fruits (Carrari et al., 2006). The fact that
PK and TCA cycle enzymes were also high (aconitase,
succinyl CoA ligase, and fumarase) reinforces the idea
that a fine adjustment of the ATP production to the
growth-linked ATP demand is a major issue during
cell division (Takahashi et al., 2011).

Logically, fruits are particularly sensitive to carbon
availability during cell division, and carbon starvation
leads to their abortion (Ruan et al., 2012). Fructokinase,
which showed one of the highest variability at 8 DPA,
has been shown to play a crucial role in floral initiation
and abortion (Carrari and Fernie, 2006). The biggest
differences found for sugars between treatments were
at this developmental phase, especially for hexoses,
which were strongly decreased under shading.

Early Cell Expansion Is Characterized by Anaplerosis

As shown in Figure 4, cell expansion can be sub-
divided in two steps, which have been assigned to early
and late expansion. Cluster 2, which characterizes early
cell expansion, includes a group of enzymes involved in
the middle part of glycolysis (NAD-GAPDH, PGK, and
enolase) as well as PEPC. The strong correlation between
these enzymes suggests that they operate together to
adjust the level of oxaloacetate available for the TCA

cycle, an anaplerotic process that has been proposed as
a way to compensate for the loss of carbon induced by
the numerous syntheses needed for cell expansion
(O’Leary et al., 2011), particularly the accumulation of
organic and amino acids, to provide the osmotic driving
force (Fig. 6). The PK profile actually strengthens this
hypothesis, because when PK was high, PEPC was low
and vice versa. Another enzyme associated with cell
expansion is ADP-Glc pyrophosphorylase (AGPase;
EC 2.7.7.27) which catalyzes the production of ADP-Glc
for starch synthesis. Its activity was highest at the be-
ginning of cell expansion, remained high until the Ma-
ture Green stage, and then, decreased sharply between
the Mature Green and Turning stages, thus mirroring
starch accumulation and breakdown. Suc synthase,
which reached its highest level during that phase, has
been shown to control sink strength in growing tomato
fruit (Wang et al., 1993) and could be involved in the
synthesis of cellulose and other cell wall components,
which was suggested for other model systems (Winter
et al., 1997). The activity of G6PDH peaked repro-
ducibly at the beginning of cell expansion. This finding
might reflect an activation of the pentose phosphate
pathway for the biosynthesis of nucleotides. It is, in-
deed, striking that the G6PDH peak coincides with the
strong increase in ploidy resulting from an increased
rate of endoreduplication, which is observed in de-
veloping tomato fruit at the beginning of cell expan-
sion (Nafati et al., 2011). NADPH produced by the
oxidative pentose phosphate cycle may also be used
for lipid synthesis that is required for cell expansion.

Cell Expansion Is Driven by Hexose Content

In plants experiencing mild water shortage, growth
is usually affected earlier than photosynthesis, leading
to carbon excess (Muller et al., 2011). It is likely that
more carbon was available to fruits grown on water-
limited plants, but they did not increase their concen-
tration in soluble sugars during expansion. Instead, more
starch was accumulated, perhaps in relation with the
sugar-dependent posttranslational activation of AGPase,
which was shown for potato tubers (Tiessen et al., 2002)
and leaves of several species (Hendriks et al., 2003).
Consistently, starch accumulation was weak in fruits
grown under shading. Although these observations
confirm that net starch accumulation is triggered by
the amount of available carbon (N’tchobo et al., 1999),
there was no correlation between starch and soluble
sugars during cell expansion, probably because soluble
sugars are mainly located in the vacuole. Intriguingly,
during cell expansion, concentrations in hexoses and
Suc were nearly identical across all growth conditions
tested here. Hexoses are, by far, the most abundant
metabolites in the pericarp of developing fruits. Their
contribution to the osmotic potential can be estimated at
20.4 MPa (150 mosmol). Strikingly, a previous study
reported an identical value in growing fruits of Solanum
lycopersicum obtained under optimal conditions but also,
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salt stress (Bolarin et al., 2001). Such osmotic potential
represents at least 50% of the fruit osmotic potential,
which suggests that hexoses are key drivers of cell
expansion. Then, the apparent stability of hexoses may
simply result from an adjustment of cell expansion,
because fruits of shaded and water-limited plants were
smaller. In the case of shaded plants, sugar supply to
the fruits may limit cell expansion, whereas under water
limitation, at equal sugar concentrations, turgor potential
would be less because of a decreased water potential.
Thus, it can be concluded that, in this model system, a
mechanism determining vacuolar hexose concentrations
plays a major role in cell expansion.

Enzyme Programming during Late Expansion
Anticipates Ripening

In tomato, the transition between the end of cell
expansion and ripening takes place within a few days
at the end of the Mature Green stage. It involves highly
coordinated processes involving ethylene-sensitive and
ethylene-insensitive pathways (Giovannoni, 2001). In-
terestingly, several enzymes, grouped in cluster 3 (Fig. 4),
increased gradually during cell expansion to eventu-
ally peak just before the beginning of ripening, sug-
gesting the anticipation of ripening. They include PGI,
PFK, and UGPase, which are probably involved in the
recycling of the large amounts of hexoses-P released by
starch degradation. This cluster also contains both MEs.
In tomato fruits and grape berries, NADP-ME has been
shown to be involved in respiration during ripening,
providing pyruvate and NADPH as substrates for res-
piration (Drincovich et al., 2001). Furthermore, it has
recently been shown that fruits of transgenic tomato
plants with NADPH-ME activity had lower starch
levels at the breaker stage in connection with a decrease
in the redox activation of AGPase (Osorio et al., 2011).
The fact that this enzyme shows a sharp peak at the
Mature Green stage might be related to its involvement
in the forthcoming climacteric crisis, which will result in
a strong increase in respiration (Hill and ap Rees, 1994)
and initiate the beginning of ripening. The mitochon-
drial enzyme NAD-ME has been proposed to produce
pyruvate from malate to maintain the TCA cycle when
MDH is inhibited by high levels of NADH and oxalo-
acetate (Wedding, 1989). The cluster also contains NADP-
GluDH, an enzyme with a role that remains unknown,
and it has been proposed to be located in plastids
(Miyashita and Good, 2008). Our results confirm that it
is not the same enzyme as NAD-GluDH, because their
activity profiles were different. Like NAD-GluDH,
NADP-GluDH did not respond to carbon limitation
(Supplemental Table S2, nonsignificant difference be-
tween shaded and control plants), but both activities
increased strongly between expansion and ripening,
when Glu, an important component of tomato fruit
quality (Carrari et al., 2007), started to accumulate.
Although it is assumed that NAD-GluDH catalyses the
oxidation of Glu in the mitochondrion (Labboun et al.,

2009), the opposite reaction could take place in the
plastid (or the cytosol) by NADP-GluDH, suggesting
that, at ripening, these activities could be involved in
different processes or participate in a Glu shuttle be-
tween both compartments. Strikingly, the constitutive
overexpression of a fungal NADP-GluDH in tomato
has been shown to result in a twofold to threefold in-
crease in Glu content in fruits (Kisaka and Kida, 2003).

Ripening Involves Both Catabolism and Accumulation
of Key Metabolites

Enzymes associated with ripening are essentially
grouped in cluster 4 (red), although several enzymes
found in cluster 1 (blue) also increased during that phase
(Fig. 4). All in all, about one-third of the enzymes studied
here significantly increased during ripening, and some
increased dramatically.

Concomitantly, fruit biomass accumulation rate was
increased, whereas protein content was maintained or
even slightly increased (Fig. 2), which suggests a global
rise in protein synthesis, like in banana (Brady et al.,
1970). Concomitantly, there was a peak in the accu-
mulation rate of hexoses, which are likely to be stored in
the vacuole. Clearly, both protein synthesis and hexose
accumulation in the vacuole are processes that imply an
increase in energy demand. This finding is in line with
the fact that activities of enzymes involved in glycolysis
(FBP-aldolase and PK) and the TCA cycle (citrate
synthase and succinyl CoA ligase) were strongly in-
creased. However, glucokinase and fructokinase went on
decreasing to reach very low activities. Starch degradation
can, therefore, be seen as an alternative source of hexose-P
as substrates for respiration that can be remobilized
within a short period of time. The concomitant increases
in Glu-1-P and to a lesser extent, Glu-6-P and Fru-6-P,
when expressed on a fruit basis, support this view.

Metabolic intermediates were not only used for res-
piration, because ripening also resulted in the accumu-
lation of citrate, which is consistent with high citrate
synthase activity, and amino acids, particularly Glu. The
increases in NADP-IDH and Ala-AT could be associated
with the massive accumulation of Glu through the
synthesis of 2-oxoglutarate in the cytosol (Sulpice et al.,
2010) and its subsequent conversion into Glu. This
hypothesis is supported by the strong correlation
found between amino acids (and thus, Glu) and Ala-AT.

The strong increase in invertase activity has been
proposed to account for the accumulation of hexoses in
cultivated tomato (Yelle et al., 1991). The fact that the
activity of SPS also strongly increased at ripening
seems contradictory at first sight, because the latter
enzyme is involved in the synthesis of Suc, which is a
substrate of invertases. However, in other species re-
lated to tomato, ripening fruits do not enhance their
invertase activity and accumulate Suc instead of hex-
oses (Yelle et al., 1991). Furthermore, it has been shown
that SPS dramatically increases in maturing fruits of
S. pennellii (Steinhauser et al., 2010). Also, increasing
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the capacity of Suc synthesis at ripening can be asso-
ciated with the increase in carbon import and remo-
bilization of starch, both processes that lead to hexoses
and hexose-P.

Fruit Quality Depends for a Large Part on Carbon Import
During Ripening

During ripening, concentrations in metabolites of to-
mato fruits grown under contrasted environments were
converging, thus tending to generate a reproducible
metabolic phenotype, despite differences in fruit size
and morphology. One interpretation is that final re-
programming of metabolism participates in generating
a reproducible fruit quality as a guarantee to attract the
consumer, who will eventually disseminate the seeds.
However, it is important to notice that sugar import
during ripening might be essential to achieve such
standard fruit quality. Indeed, starch would represent
only 10% of the final sugar content if totally converted
into hexoses, whereas late carbon import would rep-
resent 20%. In other words, harvesting such fruits at
the Turning stage (followed by shelf maturing) would
inevitably result in poorer quality, even when they are
grown under optimal conditions (Beckles, 2012). It is
worth mentioning that this finding probably explains,
for a large part, why garden tomatoes are usually
considered better than commercial fruits.

CONCLUSION

The surprisingly high reproducibility and consistency of
enzyme time courses monitored in fruits of S. lycopersicum
‘Moneymaker’ throughout their development suggest
that the environment exerts only a minor influence on
the programming of fruit metabolism. Whereas enzyme
profiles of young fruits are the most variable, they tend
to converge—sooner or later—in expanding and ma-
turing fruits. This result is reflected by the rather re-
producible composition in metabolites at maturity. One
hypothesis is that fruit metabolism would have evolved
(or been selected) to guarantee reproducibility of the
edible character, essential for seed dispersion. It will be
important to investigate enzyme profiles of other
genotypes, particularly wild relatives, to verify if this
finding can be generalized. Then, knowing that each
developmental phase is characterized by a reproducible
and consistent enzyme profile provides new opportunities.
A minimal set of enzymes could be selected to diag-
nose developmental stages in fruits, which could, for
instance, be useful when studying mutants impaired in
visual traits. It will also be useful to search for the
molecular bases of the metabolic shifts that accompany
developmental changes. Metabolic pathways could also
be modeled for each developmental phase to get a better
understanding of how metabolism participates in fruit
growth and quality. Importantly, the parameterization of
such models with enzyme data will be much easier than

initially thought. It can be expected that such an approach
would ultimately pinpoint future targets, including
maximal activities, kinetic properties, or posttranslational
mechanisms, for fruit improvement.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Seeds of the Solanum lycopersicum ‘Moneymaker’ variety were provided by
Alisdair Fernie (Max Planck Institute of Molecular Plant Physiology). They
have been used in three distinct experiments, which took place in Sainte-
Livrade (France), Avignon (France), and Oxford (United Kingdom). All
seeds were from a common lot.

In the Sainte-Livrade experiment (southwest of France, 44° 239 5699N and
0° 359 2599E), plants were cultivated under realistic production conditions
between June and October of 2010. Seeds were germinated in a nursery on April
30, 2010. Seedlings were transferred to rockwool blocks on June 4, 2010 at a
density of 2 plants m22 in a 350-m2 greenhouse. The nutrient solutions were
supplied with a drip system, and the volume of water supply was adjusted to
the climate. Three growing scenarios have been performed: (1) control with
commercial production practices (276 plants), (2) water shortage by providing
only one-half of the volume of nutritive solution compared with the control
plant (138 plants), and (3) low light treatment by hanging a shadow net in a
part of the greenhouse (the shadow net stopped 60% of the photosynthetically
active radiation; 138 plants). Stresses were applied at the flowering of the
fourth truss. Environmental variables (temperature, relative humidity, and
photosynthetically active radiation and light intensity) were recorded on data
loggers (Delta-T Devices). Lateral stems were systematically removed. Each
flower anthesis was recorded, and trusses were pruned at six developed fruits
to limit fruit size heterogeneity.

In the Avignon experiment (south of France, 43° 579 0099N and 4° 499 0199E),
on January 31, 2011, seeds were sown in petri dishes containing Murashige
and Skoog medium (Murashige and Skoog, 1962). Plants with five growing
leaves were transplanted into 5-L pots containing potting soil (H21 Tref; Tref
EGO Substrates B.V.) at a density of 1.8 plants m22 in a glasshouse. Plant
nutrition and disease control were in accordance with the commercial prac-
tices. Water was supplied with a drip irrigation system to maintain 20%–30%
drainage. Flowers were mechanically pollinated three times a week. Each
flower anthesis was recorded, and trusses were pruned at five (rather than six
given that less light was available than in the other experiments) developed
fruits to limit fruit size heterogeneity.

In the Oxford experiment (southeast of England, 51° 459 0799N and 1° 159 2899W),
seeds were germinated on John Innes potting compost no. 3 (The John Innes
Manufacturer Association) and grown for 30 d before potting into 10-L pots
in the same compost with the addition of slow-release fertilizer grains
(Osmocote Exact Standard by Scotts with 5-month release time). Plants were
grown in a temperature-controlled and light-controlled greenhouse (16 h of
light from 6 AM to 10 PM and 8 h of dark) under high-pressure sodium and
metal halide lamps at a density of 4 plants m22. Environmental conditions
were recorded using a Hobo U12 data logger (onsetcomp.com) set to one re-
cording per hour. On average, the light intensity was 200 mmol m22 s21 during
the illumination period, with an average temperature of 25.7°C and 32% relative
humidity. During darkness, the average temperature was 19°C, with 42% rela-
tive humidity. Plants were watered daily from the top, with the addition of
liquid fertilizer (Levington Tomorite) one time per week when the plants started
flowering. Fruit samples were collected between March 2 and May 4, 2011 from
plants sown on November 26, 2010 and January 4, 2011. Trusses were limited to
six per plant, each flower anthesis was recorded, and trusses were pruned at six
developed fruits to limit fruit size heterogeneity.

Harvest and Sample Processing

In the Sainte-Livrade experiment, nine developmental stages from 8 DPA to
Red Ripe stage were harvested on three different trusses (trusses 5–7). Six
stages were based on the age of the fruit (8, 15, 21, 28, 34, and 42 DPA [Mature
Green]). Three stages were based on the fruit color according to OECD color
gauge: Turning (grade 4), Orange (grade 8), and Red Ripe (grades 11 and 12),
which roughly correspond to 47, 50, and 55 DPA, respectively. For each
sample, three biological replications were prepared, with a minimum of four
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fruits per replication. In the Oxford experiment, seven developmental stages
were harvested (7, 21, and 35 DPA, Mature Green, Turning, Orange, and Red
Ripe), with a minimum of four biological replications. In the Avignon ex-
periment, fruits were harvested on trusses 4 and 5 at 12, 15, 21, 28, 34, 42
(Mature Green), 47 (Turning), 50 (Orange), and 55 DPA (Red Ripe).

For the sample preparation, fruits were cut; seeds, jelly, and placenta were
removed, and small pieces (approximately 1 3 0.2 cm) of pericarp were
immediately deep frozen in liquid nitrogen in less than 1 min from the fruit
harvest to the frozen piece of tissue. Frozen samples were then ground into
fine powder with liquid nitrogen. Aliquots of about 20 mg were then
weighted in 1.1-mL Micronic tubes and stored at 280°C until additional
analysis.

Chemicals

All chemicals and substrates were purchased from Sigma-Aldrich Ltd.,
except acetyl CoA, ATP, dithiothreitol, leupeptin, NAD, NADH, NADP,
NADPH, and phosphoenolpyruvate, which were purchased from Roche Ap-
plied Science. All enzymes were purchased from Roche Applied Science, ex-
cept aldolase (from rabbit muscle), citrate synthase (from porcine heart),
glycerokinase (from Escherichia coli ), phosphoglycerokinase (from Saccharo-
myces cerevisiae), phosphoglucomutase (from rabbit muscle), and triose phosphate
isomerase (from rabbit muscle), which were purchased from Sigma-Aldrich Ltd.
Bradford reagent was purchased from Bio-Rad.

Enzyme Activity Measurements

Aliquots of about 20mg freshweightwere extracted byvigorous shakingwith
500 mL extraction buffer composed of 20% (v/v) glycerol, 0.25% (w/v) bovine
serum albumine, 1% (v/v) Triton-X100, 50 mM HEPES-KOH (pH 7.5), 10 mM

MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM «-aminocaproic acid, 1 mM benzamidine,
10 mM leupeptin, 0.5 mM dithiothreitol, and 1 mM phenylmethylsulfonylfluoride,
which was added just before extraction. Enzyme activities were assayed using a
robotized platform as described in Gibon et al., 2004; Studart-Guimarães et al.,
2005; Gibon et al., 2006; Gibon et al., 2009; and Steinhauser et al., 2010.

UGPase activity was assayed using a protocol adapted from Appeldoorn
et al., 1997. The assay consisted of 5 mL extract in 100 mM Tricine-KOH (pH 8.0),
10 mM MgCl2, 2 mM EDTA, 1.2 mM NADP+, 1 mM UDP-Glc, 1 unit mL21 Glc-6-P
dehydrogenase, 1 unit mL21 phosphoglucomutase, and 0.05% (v/v) Triton-
X100. The reaction was started by the addition of inorganic pyrophosphate to
a final concentration of 2.5 mM and a final volume of 100 mL.

Triose phosphate isomerase was assayed in the direction of dihydroxyac-
etone phosphate formation (Pichersky and Gottlieb, 1984). The assay consisted
of 10 mL desalted extract in 100 mM HEPES-NaOH (pH 8.0), 0.2 mM NADH,
5 mM EDTA, and 1 unit mL21 glycerol 3-phosphate dehydrogenase. The reaction
was started by the addition of glyceraldehyde 3-phosphate to a final concen-
tration of 1.5 mM.

Enolase was assayed in the direction of phosphoenolpyruvate production as
described by Burrell et al., 1994. The assay consisted of 10 mL desalted extract in
100 mM HEPES-NaOH (pH 7.5), 10 mM MgCl2, 0.2 mM NADH, 2.7 mM ADP,
5 unit mL21 PK, and 6 unit mL21 lactate dehydrogenase. The reaction was
started by the addition of 2-phosphoglycerate to a final concentration of 0.5 mM.

NAD-ME and NADP-ME activities were assayed using a protocol adapted
from Wheeler et al., 2005. The assay consisted in 2 mL extract in 100 mM

HEPES-KOH (pH 7.5), 10 mM MgCl2, 1 mM NADP+ or 6 mM NAD+, and 0.05%
(v/v) Triton-X100. The reaction was started by the addition of malate to a final
concentration of 10 mM and a final volume of 20 mL. After 40 min of incubation
at 25°C, the reaction was stopped by the addition of 20 mL 0.5 M HCl and 0.1 M

Tricine-KOH (pH 9). After mixing and waiting for 10 min, the acid was
neutralized by the addition of 20 mL 0.5 M NaOH. The quantification of
phosphoenolpyruvate accumulated during the incubation was then performed
by the addition of 100 mM HEPES-KOH (pH 7.5), 10 mM MgCl2, 0.05% (v/v)
Triton-X100, and 1 mM NADH for a final volume of 110 mL. The A340 was read
until stabilized, and then, 2 mL lactate dehydrogenase (100 unit mL21) was
added to start the determination.

Metabolite Measurements

Aliquots of about 20 mg fresh weight were fractionated as by Hendriks
et al., 2003. Suc, Glc, and Fru (Jelitto et al., 1992), malate (Nunes-Nesi et al.,
2007), and citrate (Tompkins and Toffaletti, 1982) as well as Glc-6-P, Fru-6-P,
and Glc-1-P (Gibon et al., 2002) were determined in the ethanolic supernatant.

Starch (Hendriks et al., 2003) and protein (Bradford, 1976) contents were de-
termined on the pellet resuspended in 100 mM NaOH. Assays were prepared
in 96-well microplates using Starlet pipetting robots (Hamilton), and absor-
bance was read at 340, 570, or 595 nm in MP96 microplate readers (SAFAS).

Individual amino acids analysis was carried out using the AQC-tagmethod.
Derivatization was performed using the AccQ-Fluor reagent kit (Waters)
according to the manufacturer’s instructions. Amino acid derivatives were
separated on an Acquity BEH C18 column (2.1 3 100 mm, 1.7 mm; Waters).
Solvents were AccQ-tag Ultra eluent A (Waters) and acetonitrile/water
(25 v:75 v). Detection was performed at 473 nm after excitation at 266 nm.
Quantities of individual amino acids were calculated with external calibration
curves prepared from commercial amino acid standards.

Statistical Analysis

All ANOVA, PCA, and Tukey’s test (P , 0.05) analyses were performed
using R Software (http://www.r-project.org/) and the package FactomineR
(Lê et al., 2008). Hierarchical clustering and heat maps were performed on
mean-centered data scaled to unit variance using MEV software v4.8.1. (Saeed
et al., 2003) with Pearson’s correlations and complete linkage.
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