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e Background and Aims The mechanisms involving light control of vitamin C content in fruits are not yet fully
understood. The present study aimed to evaluate the impact of fruit and leaf shading on ascorbate (AsA) accumu-
lation in tomato fruit and to determine how fruit sugar content (as an AsA precursor) affected AsA content.

e Methods Cherry tomato plants were grown in a glasshouse. The control treatment (normally irradiated fruits and
irradiated leaves) was compared with the whole-plant shading treatment and with leaf or fruit shading treatments
in fruits harvested at breaker stage. In a second experiment, the correlation between sugars and AsA was studied
during ripening.

e Key Results Fruit shading was the most effective treatment in reducing fruit AsA content. Under normal con-
ditions, AsA and sugar content were correlated and increased with the ripening stage. Reducing fruit irradiance
strongly decreased the reduced AsA content (—74 %), without affecting sugars, so that sugar and reduced AsA
were no longer correlated. Leaf shading delayed fruit ripening: it increased the accumulation of oxidized AsA in
green fruits (498 %), whereas it decreased the reduced AsA content in orange fruits (—19 %), suggesting that
fruit AsA metabolism also depends on leaf irradiance.

e Conclusions Under fruit shading only, the absence of a correlation between sugars and reduced AsA content
indicated that fruit AsA content was not limited by leaf photosynthesis or sugar substrate, but strongly depended
on fruit irradiance. Leaf shading most probably affected fruit AsA content by delaying fruit ripening, and
suggested a complex regulation of AsA metabolism which depends on both fruit and leaf irradiance and fruit

ripening stage.
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INTRODUCTION

The positive impact of irradiance on tomato fruit ascorbate
(AsA) content has been known about for a long time
(Hamner et al., 1945; Murneek et al., 1954; Venter, 1977,
see reviews by Davey et al., 2000; Smirnoff and Wheeler,
2000; Dumas et al., 2003). Transferring plants from shade to
sunshine increased fruit vitamin C content by up to 66 %,
and the reverse effect was observed when transferring plants
from sunshine to shade (Hammner et al., 1945). A linear
relationship between tomato fruit AsA content and cumulated
radiation during fruit development has been described in
tomato fruit by shading plants for different lengths of time
(Venter, 1977). These results were confirmed by shading
plants with netting (0, 35, 51 or 63 % shade), which decreased
fruit AsA content (El-Gizawi et al., 1993), indicating that light
intensity rather than light photoperiod duration influenced AsA
accumulation. Later, Davies and Hobson (1981) reported a
strong impact of light and photosynthesis on AsA content in
tomato fruits, suggesting that photosynthesis and AsA biosyn-
thesis might be linked.

A correlation between sugars and AsA content has been well
described in fruits since the first shading experiments by Mc
Collum (1946) and could be linked to the AsA biosynthetic
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pathway and the role of sugars as substrates for AsA synthesis
(Wheeler et al., 1998). Smirnoff and Pallanca (1996) also
found a linear relationship between AsA and soluble carbo-
hydrate content in barley leaves, which corroborates the
hypothesis of a regulation of AsA biosynthesis by its sugars
precursors. However, this relationship is not as clear in non-
photosynthetic organs (Pallanca and Smirnoff, 1999).
Moreover, the use of tomato ripened off-vine has been
helpful in confirming that there was also a local response to
irradiance at the fruit level: AsA accumulation increased
under increased fruit irradiance (Gautier er al., 2008).
Nevertheless, Giovanelli et al. (1999) observed that tomato
fruit AsA content was lower during post-harvest ripening com-
pared with fruits ripened on the vine. This indicated that AsA
metabolism might be dependent on leaf to fruit transport. AsA
is a small molecule and is likely to move from the leaves to the
fruits with sucrose in the phloem, even though AsA transport
in the phloem has not yet been shown in tomato and the con-
tribution of AsA transport compared with AsA synthesis
within the fruit can be negligible, as was reported in blackcur-
rant (Hancock et al., 2007). Franceschi and Tarlyn (2002) have
shown that [14C]ASA loaded into leaves was found in phloem
and sink organs such as flowers, in Arabidopsis thaliana,
Medicago sativa and Impatiens walleriana. Similarly,
Tedone et al. (2004) showed, using an EDTA exudation
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technique, that AsA was transported via the phloem from the
leaves to potato tubers; they also found a correlation between
AsA content in phloem exudates and foliar AsA content.
AsA precursors could also move from the leaves to the fruits
via phloem flux, as was found in the phloem of potato tuber
(Tedone et al., 2004), so that AsA synthesis in potato tubers
might be boosted by the L-galactono-1,4-lactone concentration
reaching the potato. ASA content in tomato fruit could thus be
modulated according to (a) leaf irradiance triggering changes
in phloem influx of AsA or precursors to the fruits; or (b)
fruit irradiance, as several enzymes linked to AsSA metabolism
are upregulated by light. Several studies have confirmed light-
upregulated expression of mRNAs such as GDP-p-mannose
pyrophosphorylase (GMPase; Tabata et al., 2002 in tobacco
leaves) and L-galactono-y-lactone dehydrogenase (GLDH;
Tabata et al., 2002; Tamaoki et al., 2003 in Arabidopsis thali-
ana), despite this not being found in tobacco leaves (Pignocchi
et al., 2003).

The present work investigated interactions between fruit
development stage and changes in light environment at the
fruit or leaf level, or at both fruit and leaf levels, and their
effects on fruit AsA content. The experiments explored the
impact of leaf shading on fruit AsA content, to respond to
the question of a hypothetical transport of vitamin C or precur-
sors from leaves to fruits which could enhance AsA biosyn-
thesis in the fruit. As strong changes in AsA occurred during
ripening, this study mainly focuses on fruit at mature green,
breaker and orange stages.

MATERIALS AND METHODS
Experiment 1

Plant growth. Cherry tomato plants (Solanum lycopersicon
‘West Virginia 106’) were grown in a greenhouse in
Avignon (Southern France, 44°N). On 10 August 2006,
seeds were sown in Petri dishes containing Murashige and
Skoog (1962) medium, and seedlings were transplanted on
25 August into 7 cm diameter pots containing potting soil
(H21 Tref, Tref EGO Substrates BV, Moerdijk, The
Netherlands). Plants with five growing leaves were trans-
planted on 13 September into 5 L pots containing potting
soil (P3 Tref, Tref EGO Substrates BV) in a
(24-3 x 85 m = 206-55 m*) compartment of a multispan
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Venlo-type greenhouse, N-S oriented. The plants were
arranged in N-S-oriented double rows of 74 plants, which
created a density of 1-8 plants m ™~ 2. Plant nutrition and chemi-
cal pest and disease control were in accordance with commer-
cial practices. Water was supplied to the plants using a drip
irrigation system to maintain 20-30 % drainage. Flowers
were mechanically pollinated three times a week.
Inflorescences were each pruned to ten flowers after anthesis
to obtain ten fruits per truss and limit fruit size heterogeneity
among trusses. All plant side shoots were removed as they
appeared.

Shading treatments. Four treatments were compared combining
natural daylight and shading with a perforated silver screen
which reflected 71 % of incident radiation (Lee Filter: no.
271; Andover, Hampshire, UK; Fig. 1): (A) IF-IL, control
without any shading (irradiated fruits and irradiated leaves);
(B) SF-SL, total shading (whole plant, i.e. shaded fruits and
shaded leaves under a perforated silver screen); (C) SF-IL,
shaded fruits and irradiated leaves (trusses were covered with
a perforated silver screen); and (D) IF-SL, irradiated fruits
and shaded leaves (leaves and stem were covered with a perfo-
rated silver screen).

These shading treatments mostly affected irradiance and had
a low impact on fruit temperature due to the reflective proper-
ties and the perforations of the film. Moreover, as 71 % of the
incident light was reflected, leaf shading was likely to affect
plant photosynthesis and carbon flux to the fruits.

Three plants were randomly assigned to each of the four
different light treatments. Shading treatments were initiated
on 2 November, 20 d after the mean anthesis date of the first
seven flowers of truss number 3.

Fruit sampling. From 14 November to 11 December, twice a
week, cherry tomato fruits at breaker stages were harvested
at midday on trusses 3—5 (greenish to yellow or pale orange
pericarp with light orange locular tissue) and were partitioned
into three replicates per treatment. Each replicate corresponds
to a sample of at least four tomatoes. Following harvest, fruits
were cut on ice, seeds and gel were discarded, and pericarp
tissue was frozen in liquid nitrogen and stored at —80 °C
before blending in liquid nitrogen.

Fic. 1. Photographs illustrating the four types of treatment. (A) Control — irradiated fruits and leaves (IF-IL); (B) shaded fruits and irradiated leaves (SF-IL); (C)
irradiated fruits and shaded leaves (IF-SL); (D) total shading (fruits and leaves shaded: SF-SL).
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Experiment 2

Plant growth. Experiment 2 took place in Spring 2007 using
similar materials and methods to those previously described
for expt 1. Sowing took place on 16 January, and plants with
five growing leaves were transplanted on 29 January and
then placed in the greenhouse in 5 L pots on 23 February;
32 plants were randomly assigned to the four shading treat-
ments (eight plants per treatment).

Shading treatment: interaction between fruit shading and fruit
developmental stage. Fruit shading of trusses 6 started on 23
April for 21 d. On 15 May, fruits from different plants and
treatments were harvested at midday according to their devel-
opmental stage to obtain 4-5 replicates per treatment. Fruit
developmental stage was expressed as days post-anthesis
(DPA): 28 DPA corresponded to mature green fruits (external
fruit colour coordinate a = —11), 32 DPA to fruits at breaker
stage (¢ = —5-8) and 36 DPA to fruits with orange external
coloration (a = 28-7). Following harvest, fruit weight was
determined, fruits were then cut on ice similarly to expt 1
and pericarps were frozen in liquid nitrogen and stored at
—80 °C until blending in liquid nitrogen.

Shading treatment: interaction between leaf or whole-plant
shading and fruit developmental stage. Whole-plant shading
(SF-SL) and leaf shading only (IF-SL, fruits of truss 5 or 6
exposed to natural daylight and shaded leaves) were initiated
on 9 May and lasted for 6 d to limit any developmental
delay linked to leaf shading which could distort the treatment
comparison as AsA and sugar content strongly depend on fruit
developmental stage. After 6 d of shading, fruits were har-
vested at midday according to their stage of development
from 28 to 36 DPA to obtain four replicates per treatment
and per stage of development, as was previously described
for shaded fruits.

During expt 2, fruit temperature was measured every minute
on 4-9 fruits per treatment with very fine thermocouples
(0-2 mm copper—constantan). Thermocouples were inserted
to a depth of 2 mm into the upper exposed side of fruits of
the sixth truss in order to measure the impact of shading on
fruit temperature. Temperature measurements were averaged
and stored every 30 min on a delta logger (Delta-T DL2e,
Delta-T Devices Ltd, Cambridge, UK). Evolution of fruit
temperature during a sunny (12 April) or a cloudy day (14
April) is shown in Fig. 2. Fruit shading by itself had no
impact on fruit temperature (comparison of SF- IL with IF-
IL), but leaf shading (IF-SL) or whole-plant shading (SF-SL)
reduced fruit temperature during the diurnal period. Thus, in
the leaf shading treatment, despite the reflective properties of
the shading filter, shading leaves could result in reduced
light reaching the fruit. Due to a lower fruit temperature in
the leaf shading treatment (SF-SL or IF-SL), these treatments
were only applied for 6 d to limit the impact on fruit develop-
mental stage. In contrast, as the fruit shading treatment had no
effect on fruit temperature, fruit shading lasted for 21 d.

Two complementary shading experiments were carried out.
In expt 1, fruits at breaker stage were harvested to compare the
respective impact of leaf, fruit or both leaf and fruit shading on
fruit composition and reveal the most effective shading treat-
ment. In the second experiment, the interaction between the
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Fic. 2. Impact of the different shading treatments on fruit temperature
recorded on a sunny day (A) and a cloudy day (B). Data shown are means
of temperature measurements made on four different plants per treatment
during ripening of fruits of the sixth truss on 12 April (A) and 14 April (B)
during expt 2. Copper—constantan thermocouples (0-2 mm) were inserted
2 mm into the upper exposed side of the fruits. Temperature measurements
were made every minute and averaged every 30 min. SF-IL, shaded fruits
and irradiated leaves; IF-IL, control, irradiated fruit and leaves; IF-SL, irra-
diated fruits and shaded leaves; SF-SL, total shading (fruits and leaves
shaded).

shading treatment and fruit ripening was studied. The corre-
lation between fruit soluble sugars and fruit AsA was studied
during ripening under normal conditions (no shading) or
fruit shading (which was the most effective shading treatment
in reducing AsA). The second objective of expt 2 was to
confirm that leaf shading also had a small impact on fruit
AsA content by the comparison of fruit harvested from
plants grown under normal conditions, leaf shading or whole-
plant shading.

Fruit analyses. During expt 2, external fruit colour was charac-
terized near the pistil scar by a Minolta Chroma meter (CR
300, Minolta, France SA) using the LAB colour space
(Hunter colour coordinates L, a and b; L = lightness, a
ranging from green to red, b ranging from blue to yellow).
Fruit skin colour was expressed as a/b, which better relates
to colour variation during tomato ripening as previously used
in Giovanelli et al. (1999). As fruit dry matter content
decreased during ripening and with shading, the decision
was made to express fruit sugar and AsA content per unit
dry weight.

Assays of total and reduced AsA content were carried out
as previously described (Stevens er al., 2006) on material
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conserved at —80 °C. Briefly, tomato tissue was ground in
liquid nitrogen, and 1 g of powder was homogenized with
600 wL of ice-cold 6 % trichloroacetic acid (TCA). Samples
were centrifuged for 15 min at 16 000 g at 4 °C. A 20 pL
aliquot of the supernatant was used in each assay. The AsA
standards were prepared fresh: a solution of 1mgmL™'
sodium AsA was diluted in 6 % TCA to give a concentration
in 20 pL of 0, 5, 10, 15, 20 and 30 nmol, allowing a standard
curve of absorption values of between 0 and 1 to be generated
after addition of the appropriate reagents (below). Two assays
were carried out on each sample, one to measure the total AsA
[including addition of 5 mwm dithiothreitol (DTT)] and one to
quantify the reduced AsA content (omission of DTT from
the assay). A 20 pL aliquot of each sample or standard was
distributed into at least two wells (for two repetitions) of a
96-well microplate and mixed with 20 pL of 5 mm DTT
(total AsA assay) or 0-4 M phosphate buffer pH 7-4 (reduced
AsA assay). The plate was incubated at 37 °C for 20 min. A
10 pL aliquot of N-ethylmaleimide (total AsA assay) or 0-4 m
phosphate buffer pH 7-4 (reduced AsA assay) was added and
mixed followed by the addition of 80 pwL of colour reagent
(see below). After incubation at 37 °C for 50 min, the absor-
bance was read at 550 nm using the multiskan Ascent MP
reader (Labsystems, Thermo Fisher Scientific, Courtaboeuf,
France). The colour reagent was made up as follows: solution
A = 31 % orthophosphoric acid, 4.6 % (w/v) TCA and 0-6 %
(w/v) iron chloride (FeCls); solution B =4 % 2,2-dipyridyl
(w/v; made up in 70 % ethanol). Solutions A and B were
mixed 2-75 parts (A) to 1 part (B). The standard curve obtained
from the standard solution values allowed calculation of the
AsA concentration of the samples after correction for the quan-
tity of water introduced by the tomato fruit sample. Additional
assays were carried out with ascorbate oxidase on samples
(shaded and unshaded fruits from green immature to red ripe
stages) to check the impact of other compounds such as pheno-
lics on Fe*" reduction and therefore the specificity of the assay
used. These assays confirmed that at least 95 % of the absor-
bance in the samples is specific for AsA: after ascorbate
oxidase addition a background absorbance of between O and
5 % remained.

Sugars and acids were extracted as described in Gomez ef al.
(2002). Briefly, the soluble sugars and acids were extracted at
4 °C from 5 mg of freeze-dried fruit powder. First, 1 mL of a
methanol/water solution (1 : 1 v/v) was added, then 0-3 mL of
chloroform. Samples were shaken for 30 min at 4 °C and
centrifuged (5 min at 16 000 g at 4 °C). A 0-8 mL aliquot of
the methanol/water supernatant was recovered, evaporated
under vacuum (Speed-Vac) and stored at —20 °C until measure-
ment of soluble sugars or acids. For starch measurements, 1 mL
of methanol was added to the tube containing chloroform and
fruit powder, and the tube was shaken for 20 min before centri-
fugation (5 min at 16 000 g at 4 °C). The supernatant was dis-
carded and the pellet was used for starch assay. Starch was
dispersed by autoclaving for 2 h (120 °C) and then hydrolysed
for 1-5h at 56 °C by addition of amyloglucosidase solution.
The glucose released by starch hydrolysis was measured as
described previously (Gomez et al., 2007) using 150 uL of
diluted extract, 100 L of a solution containing ATP, NAD
and 20 pL of a solution containing glucose-6-phosphate dehy-
drogenase and hexokinase.
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For measurement of sugars or acids, samples were homo-
genized with 800 wL of water at 4 °C for 10 min before
adding 5mg of PVPP (polyvinylpolypyrrolidone). After
30 min, PVPP and phenolics were removed by centrifugation
(Smin at 16000 g at 4°C), and sugars and acids were
assayed from the supernatant. Sugars were estimated using
the micro-method described in Gomez er al. (2007).
Glucose, fructose and sucrose concentrations were Ssucces-
sively quantified by enzymatic assays measuring the pro-
duction of NADH directly in each well at 340 nm using the
multiskan Ascent MP reader. Samples were diluted to obtain
a final concentration <0-066 gL' for each sugar. A
150 nLL aliquot of extract and 100 wL of a solution (buffer
pH 7-6, containing ATP and NAD) were loaded into each
well and the absorbance was measured before addition of
20 pL of a solution containing glucose phosphate dehydrogen-
ase, hexokinase and ammonium sulfate solution. After 2 h,
when the reaction was completed, a second absorbance
measurement was performed. The increase in absorbance
between the two readings was due to the formation of
NADH and was proportional to the transformation of
glucose in the extract. A 20 pL aliquot of a solution containing
phosphoglucoisomerase was then added. A third absorbance
measurement was carried out 2 h later, when the reaction
was completed: the increase in absorbance was proportional
to the initial fructose content in the extract. The addition of
20 pL of a solution containing B-fructosidase produced fruc-
tose and glucose from the sucrose present in the extract,
which was determined from the absorbance measurement, per-
formed 3 h later, when the reaction was completed. Acids were
determined from enzymatic assays adapted from a citric acid
kit (Boehringer Mannheim, ref kit 0 139 076) and an
L-malic acid kit (Boehringer Mannheim ref kit 0 139 068)
by measuring the disappearance (for citrate) or the appearance
(for malate) of NADH. For the citrate assay, 100 L of a reac-
tion mixture was put into each well followed by 180 wL of
sample. The reaction mixture was prepared from 12 mL of
0-6 ™M glycylglycine buffer (pH 7-8, containing 0-1 ™
L-glutamate) mixed with 23 pL of L-malate dehydrogenase
(5gL™"), 102 uL of lactate dehydrogenase (5gL~") and
5 mg of NADH. The absorbance was measured at 340 nm
before addition of 20 nL of a solution containing 48 mg of
citrate lyase diluted in 3 mL of water. The plate was incubated
at room temperature and regularly shaken for 2 h, before
reading the absorbance. For the malate assay, the reaction
mixture consisted of 100 pL of 0-6 m glycylglycine buffer
(pH 10), 20 pL of a 27-13 mm NAD solution, 20 L of gluta-
mate oxalate transaminase (66:7 mg L™') and 100 wL of the
sample. The absorbance was measured at 340 nm before the
addition of 20 pL of vr-malate dehydrogenase solution
(33-3 mg L™"). After homogenization, the plate was incubated
for 1-5 h at room temperature before reading at 340 nm.

Statistical analysis

Analyses of variance considering the factor ‘shading treat-
ments’ (both experiments) and ‘fruit developmental stage’
(second experiment) and their interactions (second experi-
ment) were performed with the XLSTAT 2007 software
(XLSTAT, Addinsoft FRANCE, Paris, France), and significant
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differences among treatments were assessed using a Tukey test
at 5 %. Pearson correlation coefficients were estimated using
XLSTAT software, and a significant correlation corresponded
to a P-value <5 %.

RESULTS

Impact of leaf and /or fruit shading on fruit composition
at breaker stage

Leaf shading (IF-SL) decreased fruit dry matter content
(— 18 %) and modified dry matter composition in tomato har-
vested at breaker stage (Table 1). The concentration of different
sugars was strongly reduced by leaf shading: glucose (—39 %),
fructose (—23 %), sucrose (—33 %) and starch (—37 %), and,
in contrast, malic and citric acids strongly increased (by 91
and 49 %, respectively). Fruit shading only (SF-IL) had no
effect on fruit dry matter content and composition in soluble
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sugars, starch, citric and malic acids. The combination of leaf
and fruit shading (SF-SL) was not different from the leaf
shading treatment with regard to sugars, malic or citric acid
accumulation. Consequently, fruit composition in terms of
soluble sugars, starch, malic and citric acids was strongly influ-
enced by leaf irradiance but not by the fruit microclimate.

Total fruit AsA showed a totally different pattern from the
major acids: it significantly decreased (P < 0-0001) under
whole-plant shading (SF-SL, —21 %) or fruit shading (SF-IL,
—26 %) but not under leaf shading (IF-SL, Fig. 3). Fruit
shading had the strongest impact on the reduced AsA content
(—52 %), in comparison with whole-plant shading (—25 %)
or leaf shading (—11 %, not significant). The oxidized form,
dehydroascorbic acid (DHA), was either not affected by fruit
shading or the global shading treatment, or slightly increased
under the leaf shading treatment. It is concluded that the
reduced AsA content in fruit at breaker stage mostly depended
on fruit microclimate rather than leaf microclimate.

TaBLE 1. Impact of shading (leaves, fruits or both) during expt 1 on mean fruit composition ( + s.e.) at breaker stage expressed per
100 g dry weight

Control IF-IL (irradiated SF-IL (shaded fruit— IF-SL (irradiated fruit— SF-SL (shaded fruit— Shading impact

fruit—irradiated leaves) irradiated leaves) shaded leaves) shaded leaves) (Pr>F)
Dry matter (g) 77 + 03* 78 + 03" 63 + 03° 66 + 0:3° 0-0001
Glucose (g 100 g~ ' d. wt) 17-1 + 0-7* 179 + 1.2 104 + 9° 119 + 0-6° 0-0001
Fructose (g 100 g~ ' d. wt) 16-4 + 0.9 18:6 + 1.4 12:6 + 1.7° 12:6 + 0-4° 0-001
Sucrose (g 100 g~ ' d. wt) 9.6 + 02* 95 + 06" 64 + 04° 72 + 02° <0-0001
Starch (g 100 g~ ' d. wt) 32 + 0.7 41 +09* 2:0 + 1-1° 1.7 + 0-3° 0-02
Malic acid (g 100 g~ d. wt) 1-60 + 0-03° 178 + 0-08° 306 + 0-60* 241 + 0-30% 0-003
Citric acid (g 100 g~ ' d. wt) 72 + 0-1° 81 + 0.7° 107 + 0.7° 105 + 1.0° 0-001

The objective of this experiment was to determine the most effective shading treatment that reduces fruit ascorbate content at breaker stage. Four treatments
were compared: fruits grown under normal conditions (irradiated fruits and irradiated leaves, IF-IL); fruits grown under shading (shaded fruits, irradiated
leaves, SF-IL); fruits harvested on plants with shaded leaves (irradiated fruits shaded leaves, IF-SL); and fruits harvested on plants receiving global shading
(shaded fruits and shaded leaves, SF-SL). Results in the same line with the same superscript were not significantly different (P < 0-05) according to the
classification obtained by the Tukey test.

Shading treatment
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according to Tukey.
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TaBLE 2. Impact of fruit shading and ripening on fruit soluble sugars content

Mature green (28 DPA)

Breaker (32 DPA)

Orange (36 DPA)

Control SF-IL Control SF-IL Control SF-IL Shading Fruit stage Interaction
Glucose (g 100 g~ 'd. wt) 169 + 1.1° 168 + 1.8 170 + 1.7 163 + 08* 173 + 1.0° 166 + 1.6* 041 0-9 0-92
Fructose (g 100g 'd. wt) 16:6 + 1.1° 172 + 1.1°® 181 + 1.7 173 + 03" 199 + 1.8° 202 + 23*°  0.94 0-002 0-64
Sucrose (g 100g 'd.wt) 81 + 05° 84 + 07° 83 + 09 83 + 01° 104 +27*° 88 + 08 039 0-08 0-32

During expt 2, fruits were harvested according to their developmental stage (expressed as days post-anthesis), which correspond to fruits at mature green,
breaker and orange stage to de-correlate ascorbate and sugar contents. The details of the shading treatment are given in the footnotes of Table 1. Data are
means t s.e. Results in the same line with the same superscript were not significantly different (P < 0-05) according to the classification obtained by the

Tukey test.

Impact of fruit shading on AsA and sugar content in tomato
fruit during ripening

The impact of fruit shading (the most effective treatment in
reducing AsA) on both soluble sugars and AsA during fruit
ripening was studied. Fruit shading did not impact on fruit
ripening rate as assessed by the change in external fruit color-
ation from green to red: the coordinate a increased from —11-2
in shaded fruit at 28 DPA (—11 for control fruit), to —5-5 at
32 DPA (—5-8 for control fruit) and 25-2 at 36 DPA (287 for
control fruit).

During ripening, soluble sugars slightly increased in fruits
grown under normal conditions as well as in shaded fruits,
mostly due to an increase in fructose (Table 2). Total AsA
content also increased (463 % in control and 4106 % in
shaded fruits, Fig. 4). This was mostly due to the increased
content of the reduced AsA form (+78 % in control and
4145 % in shaded fruits), whereas DHA content was not sig-
nificantly modified.

Similarly to what was observed during expt 1, fruit shading
did not affect fruit sugar content, but it lowered the reduced
ASA (—45 %) and DHA (—16 %) content and consequently
total vitamin C content (Fig. 4). For all fruit ripening stages
(mature green, breaker and orange), fruit shading decreased
the reduced AsA content. In contrast, DHA content decreased
with shading at mature green (—18 %) and breaker stage
(—34 %) but not at orange stage (interaction between
shading and developmental stage: P = 0-08).

During ripening, reduced AsA and soluble sugars (AsA pre-
cursors) were significantly correlated (r = 0-74; P = 0-006) in
tomato fruits grown under normal conditions. In contrast, there
was no correlation between DHA and soluble sugar contents
(P = 0-96). Since reduced AsA was the predominant form of
AsA, a significant correlation was also found between total
AsA and soluble sugars (r = 0-69, P = 0-01). For shaded
fruits, there was no longer a significant correlation between
reduced AsA and sugars (r = 0-49, P = 0-10), nor between
DHA and sugars (P = 0-46), or total AsA and sugars
(P =0-17).

Comparison of leaf shading and whole-plant shading during
ripening on fruit AsA and sugar content

Leaf shading reduced fruit sugar content due to lower
glucose, fructose and sucrose content (Table 3). The stronger
effect of global shading (SF-SL) compared with leaf shading
(IF-SL) on reduced AsA content confirmed that fruit irradiance

Control (IF-IL) Shaded fruits (SF-IL)
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Fic. 4. Impact of fruit shading (SF-IL) on fruit ascorbate content and its par-
titioning as the reduced and oxidized forms in fruits harvested at mature green,

breaker and red stage. Boxplots showed the median, the lower and upper quar-
tile and the lower and upper limits according to Tukey.



TaBLE 3. Interaction between fruit developmental stage and leaf shading [global plant shading (SF-SL) or leaf shading only (IF-SL)] on fruit soluble sugar content
(expressed in g 100 ggl d. wt)
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g was the most important regulating factor (Fig. 5). There was a
g 288 strong interaction between fruit ripening stage and the shading
£ cee treatment on reduced AsA and DHA content (P < 0-0001).
B Leaf shading did not affect reduced AsA content but it
2 oo increased DHA by 127 % in mature green fruits (28 DPA,
| 883 Fig. 5).
ER Y Leaf shading (IF-SL) for 6 d delayed the appearance of red
= fruit skin coloration (external fruit colour coordinate, a = 19-3
w | = compared with 28-7 for the control 36 DPA). Thus, despite the
£ §§ é short-term duration of the leaf shading treatment, the fruit
= g°° ripening was delayed. This might be related to lower fruit
temperature (Fig. 2), but also to reduced photosynthesis as a
2245 consequence of leaf shading. To analyse better the interactions
O ==3 between AsA metabolism and fruit ripening stage, fruit skin
2 HHH colour value was used instead of DPA to describe the fruit
a ; E 2 ripening stage. This showed that the ripening delay triggered

by total shading was responsible for the lower reduced AsA
content (Fig. 6).

DISCUSSION

The aim of the present study was to determine the respective
impact of fruit and leaf irradiance on fruit ASA content.
Light-controlled regulation of fruit AsA content could be per-
ceived at the fruit level by a modification of the synthesis,
recycling or catabolism of AsA, but also at the leaf level, trig-
gering changes in AsA and sugar synthesis and then in their
phloem transport to the fruits. Using shading treatments
allowed discrimination between the impact of leaf and fruit
shading on fruit AsA content. It was shown that light received
by the fruit has more of an impact on the reduced AsA content
in fruit than light received by the plant.

The fact that tomatoes harvested at a mature green stage and
left to ripen maintain their reduced AsA content (Jimenez
et al., 2002) indicated that tomato fruits possess the different
enzymes related to AsA metabolism (synthesis, recycling,
Ahn et al., 2002; Jimenez et al., 2002). The impact of irradi-

157 + 0-5%°
17-9 + 1.2
81 + 0-5®

Orange (36 DPA)
SF-SL

Control
173 + 1.0*
199 + 1-8*
104 + 2.7%

IF-SL
14-4 + 1.9%°
180 + 2.9

84 + 0.3

Breaker (32 DPA)
SE-SL
13-4 + 0-4%
133 + 0-6°
65 + 0-3°

- ance on AsA-related genes or enzymes has not been studied
B =2 in fruit, but several studies reported upregulation by light of
g HHH the expression of genes involved in AsA metabolism in
1l 223 leaves, even if some data are conflicting: only ascorbate
- oxidase and cytosolic ascorbate peroxidase mRNAs are light
A regulated in tobacco leaves (Pignocchi et al., 2003) and
a1 - &S mRNAs for GMPase (Tabata et al., 2002) and GLDH
go| HAHAH (Tabata et al., 2002; Tamaoki et al., 2003) are light regulated
a g;ﬁ in tobacco and Arabidopsis thaliana. Similarly, several

enzymes involved in AsA metabolism showed increased
activity when irradiance increased: the GDP-L-galactose phos-
phorylase appeared to be a key regulatory point of light regu-
lation of the AsA pool in Arabidopsis leaves (Dowdle et al.,
2007), in combination with enzymes involved in AsA recy-
cling such as MDHAR (monodeyhydroascorbate reductase)
and DHAR (dehydroascorbate reductase; Chen, 2004).
Consequently, shading fruits may trigger downregulation of
gene expression or enzyme activities involved in AsA
metabolism.

The total AsA and carbohydrate pools are strongly corre-
lated in barley leaves exposed to light (Smirnoff and
Pallanca, 1996). The transition from low light to high light
and back to low light suggested that increasing irradiance

Mature green (28 DPA)
SF-SL
139 + 0-6™
137 + 0-8°
6-8 + 0-3°

Control
81 + 0-5%

166 + 1.1%°

169 + 1.1*
Data are means + s.e. Results in the same line with the same superscript were not significantly different (P < 0-05) according to the classification obtained by the Tukey test.

Glucose
Fructose
Sucrose
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Control (IF-IL)
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Global shading (SF-SL)
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Fi1G. 5. Impact of leaf (IF-SL) or whole-plant shading (SF-SL) on fruit ascorbate content and its partitioning as the reduced and oxidized forms in fruits har-
vested at mature green, breaker and red stage. Boxplots showed the median, the lower and upper quartile and the lower and upper limits according to Tukey.

increased AsA synthesis and AsA turnover. In the present
experiment, the link between AsA and sugar content during
fruit ripening was less obvious for shaded fruits. A decrease
in fruit AsA content under shading was unlikely to be due to
a substrate limitation of AsA biosynthesis, as fruit shading
did not impact on fruit sugar content. Decreased fruit AsA
content could also not be explained by a downregulation of
the expression of genes related to AsA biosynthesis and meta-
bolism by sugars, as was shown in broccoli florets (Nishikawa
et al., 2005); sucrose feeding of broccoli plants without leaves
and roots suppressed the loss of AsA, and genes related to AsA
metabolism in chloroplasts were upregulated by sucrose
feeding. Thus sugar levels may act as a signal (reviewed by

Smeekens, 2000) and may consequently affect AsA-related
gene expression. Another explanation for the correlation
between sugars and leaf AsA was proposed by Yabuta et al.
(2007): recent studies in A. thaliana leaves suggested that
the correlation could be related to the photosynthetic electron
flux and independent of sugars. Consequently, the correlation
between sugar and AsA content usually described in fruits
might be linked to the existing correlation between fruit irradi-
ance and leaf irradiance under natural conditions and not to the
dependence of AsA biosynthesis on the availability of its
substrate.

The impact of leaf shading clearly reduced fruit sugar
content, but its effect on AsA content appears to be more
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F1G. 6. Relationship between reduced AsA content and fruit ripening stage,
defined by the skin colour value a/b, in control fruits (IF-IL), fruits from
plants with shaded leaves (IF-SL) or fruits from totally shaded plants (SF-SL).

complex as it interacted with fruit ripening stage. Leaf shading
had no effect on reduced AsA content in fruits harvested 28
DPA, but it increased DHA and total AsA content. A different
pattern was observed in fruits harvested at an orange stage: the
reduced AsA content decreased and DHA content was not
modified, so that total AsA was reduced. Higher DHA
content in fruits harvested 28 DPA and lower reduced AsA
content in fruit harvested 36 DPA could be linked to a delay
in fruit ripening triggered by leaf shading; indeed a delay in
the appearance of fruit external red coloration was observed
with leaf shading and DHA has been shown to decrease
during tomato ripening while reduced AsA increased
(Gautier et al., 2008). This delay in fruit ripening could be
linked to the lower fruit sugar content which may trigger
downregulation of genes related to AsA biosynthesis and
metabolism (Nishikawa et al., 2005).

The present data underlined the complexity of AsA content
regulation which depends on irradiance reaching both leaves
and fruits, and probably interacts with reactive oxygen
species (ROS) production during ripening (Jimenez et al.,
2002) and with changes in AsA-related enzyme activities
such as ascorbate oxidase (Yahia et al., 2001) and ascorbate
peroxidase (Ahn et al., 2002) during ripening.

It is concluded that the correlation usually observed between
sugars and AsA content is the consequence of independent
mechanisms: on one hand, leaf irradiance has an impact on
photosynthesis and sugar transport to the fruits, and on the
other hand fruit irradiance has an impact on AsA metabolism.
The present data confirmed that both the leaf and fruit environ-
ment may have an impact on fruit AsA content. Fruit shading
may directly reduce AsA synthesis and AsA metabolism glob-
ally so that the total AsA, reduced AsA and DHA contents
decreased. The impact of leaf shading was not so obvious
and not in contradiction to long-distance transport by the
phloem of sugars, AsA or AsA precursors to the fruit. Leaf
shading may trigger a delay in fruit ripening, delaying DHA
degradation and accumulation of reduced AsA. Both light
reaching the fruits and the leaves and the ripening stage con-
trolled AsA metabolism; consequently further analyses of the
regulation of AsA-related enzymes by fruit and leaf irradiance
and fruit developmental stage will further the understanding of
regulation of AsA metabolic.
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