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L-Galactono-l,4-lactone
dehydrogenase(EC1.3.2.3)catalyzesthe last step in the main pathway of vitamin C (L-ascorbicacid)
in several
biosynthesisin higher plants. In this study, we first characterizedthe spatial and temporalexpressionof SIGalLDH
silencedtransgenictomato
organsof tomato(Solarium
lycopersicum)
plantsin parallelwith the ascorbatecontent.P35S:S/gfl//d/zm4'
lines were then generatedusing an RNAi strategyto evaluatethe effect of any resultingmodificationof the ascorbatepool on
plant and fruit development. In all P35S:SlgalldhRNAi
plants with reduced SIGalLDHtranscriptand activity,plant growth
ratewas decreased.Plantsdisplayingthe most severe effects (dwarfplantswith no fruit)were excluded fromfurtheranalysis.
The most affectedlines studied exhibitedup to an 80%reductionin S/GalLDHactivityand showed a strongreductionin leaf
and fruit size, mainly as a consequence of reduced cell expansion. This was accompanied by significant changes in
mitochondrialfunctionand alteredascorbateredox state despite the fact that the total ascorbatecontentremainedunchanged.
By using a combinationof transcriptomicand metabolomicapproaches,we furtherdemonstratedthatseveralprimary,like the
tricarboxylicacid cycle, as well as secondarymetabolicpathwaysrelatedto stressresponsewere modifiedin leaves and fruitof
P35S:SlgalldhRNAl
plants.When takentogether,this work confirmsthe complexityof ascorbateregulationand its link with plant
metabolism.Moreover,it stronglysuggests that,in additionto ascorbatesynthesis,GalLDHcould play an importantrolein the
regulationof cell growth-relatedprocessesin plants.

VitaminC (L-ascorbicacid) has a huge importance
for all living eukaryoticcells. In higher plants, ascorbate is the most abundantwater-solubleantioxidant,
acting to scavenge reactive oxygen species that are
generated during photosynthesis, oxidative metabolism,and a wide rangeof stresses.In addition,ascorbate
is involved in the regulation of several fundamental
cellular processes such as photoprotection,the cell
cycle, cell expansion, and in pathways of secondary
metabolism such as the recycling of lipid-soluble
a-tocopherol and ethylene biosynthesis. Although
generallyaccepted,the mechanismby which ascorbate
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participatesin the cell developmentalprocessesis not
clearly established (for review, see Smirnoff, 2000).
Much evidence supports the correlationbetween ascorbate content and its redox state and cell division
and/or cell expansion (Horemanset al., 2003and refs.
therein).
Microorganisms,plants, and most animalsproduce
ascorbate,however, a loss of the ability to synthesize
ascorbatehas occurred in primates and some other
animals.Sincethe 1960s,the animalpathwayhas been
completely characterized (Burns, 1960). It involves
d-G1c as the initial precursor and the last step is
catalyzed by a microsomal L-gulono-l,4-lactoneoxidase, which oxidizes L-gulono-l,4-lactoneto produce
ascorbate.In plants,the ascorbatepathway is different
from animals and has remained unsolved until recently,when convincingevidence in supportof a novel
pathway was established (Wheeler et al., 1998). To
date, the pathway proposedby Wheeleret al. (1998)is
the most commonly describedin plants. Recentlythe
last missing intermediatesteps of the pathway have
been elucidated(Lainget al., 2007;Linsteret al., 2007).
The last step in this pathway clearly involves the
conversion of L-galactono-l,4-lactone(L-GalL)to ascorbicacid, a reactioncatalyzedby the L-galactono-1,4lactonedehydrogenase(herereferredto as L-GalLDH),
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an enzyme located in the inner membraneof the mitochondria(Bartoliet al., 2000).This reactionrequires
cytochromec as a second substratethat is reduced as
L-GalLis convertedinto ascorbate(Obaet al., 1995).
In addition to this pathway, alternative ascorbate
biosynthesispathways have been proposed in plants.
Agius et al. (2003) showed that during the ripening
phase of strawberry(Fragariaspp.) fruit, ascorbateis
producedvia the reductionof D-GalUAto L-galactonic
acid, which in turn is spontaneously converted to
the immediateprecursorof ascorL-galactono-lactone,
bate.However,this pathway sharesthe requirementof
L-GalLDHactivity as the terminal step in ascorbate
synthesis. In 2003, Wolucka and Van Montagu suggested an alternativepathwayinvolving L-guloseas an
intermediatefor the de novo biosynthesisof vitaminC
in plants. They showed that in vitro, GDP-D-Man-3,5epimeraseis capableof catalyzingtwo distinctepimerizationreactionsthatproduceeitherGDP-L-Galor the
novel intermediate,GDP-L-gulose.Nevertheless, the
existenceof all the enzyme machineryof this putative
pathway has yet to be confirmed in vivo. Recently,
Lorence et al. (2004) presented molecular and biochemicalevidence proposinganotherpossible biosyntheticroutethat utilizes myoinositolas a precursor.By
overexpressingmyoinositoloxygenase in Arabidopsis
(Arabidopsisthaliana),they observed a 2- to 3-fold
increase in ascorbatecontent in the leaf and discuss
the possible contributionof myoinositol in ascorbate
biosynthesis in plants. Following constitutive expression of the rat gene encoding L-gulono-lactone
(l-GuIL) oxidase, Jain and Nessler (2000) achieved
a 4- and 7-fold increase of ascorbatecontent in let-

RESULTS
Distributionin TomatoPlant
Ascorbateand L-GalLDH
Toextend our understandingof the role of ascorbate
in plant growth,we analyzedits distributionin a wide
range of tomato organs, including vegetative tissues
such as young and mature leaf, stem and root, and
reproductivetissues such as flowerand fruitat several
stages of development (Fig. 1, A and B). In vegetative

tuce (Lactuca sativa) and tobacco (Nicotiana tabacum)

plants, respectively.L-GulLoxidizing activityhas been
reportedin Arabidopsis by Davey et al. (1999) who
measured L-GulLoxidizing activity and by Wolucka
and Van Montagu (2003) who measured L-GulLDHlike activity.
Ascorbateis known to be a vital physiological metabolite in plants for major plant biochemical processes such as photosynthesis(Smirnoff,1996;Noctor
and Foyer,1998),but also for controllingplant development as recently shown in root and other organs
(Olmos et al., 2006). To investigate the physiological
functionof L-GalLDHin plants,we analyzed the effect
of L-GalLDHsilencing on ascorbatemetabolism and
its consequencesfor plant development. Since fruit is
one of the majorsources of ascorbatefor the human
diet, this study was carried out in tomato (Solanum
lycopersicum),the model plant for fleshy fruit development. We report here that SIGalLDHsilencing
profoundly affects plant and fruit growth, probably
through the alterationof the mitochondrialfunction
and related changes in ascorbateredox state, particularly in the apoplast. Transcriptomeand metabolome
analyses of P35S:S/gfl/Zdfem4/
transgenic lines further
suggest that phenotypic changes can be attributedto
the resultingmodificationsin secondaryand primary
metabolism.
Plant Physiol. Vol. 145, 2007

Figure 1. SIGalLDHexpression and ascorbate content in cherrytomato
plants and fruit. A, Relative SIGalLDHtranscriptlevels in young leaves
(Yl), mature leaves (Ml), root (Rt),stem (St),flower (Fl)and in fruitat 10
DPA, 20 DPA, maturegreen (MG),orange (Or),and red ripe (RR)stages.
Data obtained by semiquantitative RT-PCRwere normalized against
Actini mRNA and are expressed as a ratio of arbitraryunits. B, Total
ascorbate content in the various tomato organs. Data representmean ±
sd of measurements of 10 organs per plant with six individual plants per
line (n = 60). C, Detection of SIGalLDH transcripts in developing
tomato organs by in situ hybridization. Longitudinalsections of shoot
apical meristem (A), root apical meristem (B), young leaf (C), 9 mm
flower bud (D), and cross section of fruit at 7 DPA (E)and 20 DPA (F)
were prepared and analyzed as described in the experimental procedures. Hybridization signal appears as dark staining. Inserts are negative control corresponding to sense riboprobe. Scale bar = 500 /xm.
1409
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organs,ascorbatecontent varied accordingto the tissue, with high levels in the leaf (young and mature)
and comparativelylow levels in the root.In flowerand
fruit,the ascorbatecontentremainedvery low (1.7-2.3
/xmol per g fresh weight [FW])compared to the leaf
(6.8-7.9/imol per g FW).The ascorbateconcentration
was constantthroughoutfruit development and comparable with the levels reported by Andrews et al.
(2004).
Since L-GalLDHcatalyzes the terminal step of the
major pathway of ascorbate biosynthesis in plants
(Wheeleret al., 1998),this enzyme is a good candidate
for controlling the variations in ascorbate content
in plants (Tamaokiet al., 2003; Bartoli et al., 2005;
Tokunagaet al., 2005).Screeningof tomato ESTdatabases (SOLGenomicsNetwork[SGN]and TheInstitute
for GenomicResearchtomato ESTdatabases;http://
www.sgn.cornell.edu and http://www.tigr.org/) allowed the identificationof a single cDNA encoding
L-GalLDH(named SIGalLDHfor tomato L-GalLDH),
which corresponds to a unique gene in tomato, as
furtherconfirmedby Southern-blotanalysis (data not
shown). Examinationof SIGalLDH
expressionshowed
thatSIGalLDH
transcripts(Fig.1A) and immunodetected
S/GalLDHprotein(datanot shown) were ubiquitously
detected in the various tomato organs analyzed. The
high SIGalLDHmRNA abundance in the leaf was in
agreement with the high ascorbate content in this
tissue (Fig.IB), while otherorganssuch as root or fruit
did not display this relationship.Close examinationof
the spatial distributionof SIGalLDHtranscriptsin developing organs by mRNA in situ hybridization(Fig.
1C) furtherindicated that SIGalLDHtranscriptswere
particularlyabundantin tissues displaying a high cell
proliferationactivity such as the shoot apical meristem, the root apical meristem,young leaves, ovules,
and stamen of flowers and young fruit at 10 DPA.

transgeniclines 2, 5, 8, and 38 and from
P35S:SlgalldhRNAi
controls. In all transgenic lines, SIGalLDHmRNA,
protein abundance, and residual S/GalLDHactivity
were highly reduced by comparisonwith the control
plants (Fig. 2), and no significant difference could
distinguish the four transgenic lines on the basis of
the expression/protein/activity data when statistical
analysis was performed.Despite these strong effects,
no remarkablevariationcould be observedin the total
ascorbate content in young fully expanded leaves
(6.75 ± 0.04 /unol per g FW) and 45 DPA red ripe
fruits (1.82 ± 0.03 /xmolper g FW)in the lines 2, 5, 8,
and 38. The capacityof the transgenicplants to maintain the pool of total ascorbateconstantwas confirmed
for the leaves of the lines 5 and 8 (Fig.3). Leaves from
the transgeniclines and controlsaccumulateascorbate
at similar rates when incubated with the ascorbate

TransgenicPlants Do Not Display a
P35S:SlgalldhRNAi
Reduction of Ascorbate Content as Shown by the
Capability to Maintain a Normal Ascorbate Synthesis

Tofurtherinvestigatethe relationshipbetween plant
development and SIGalLDHactivity in tomato, we
generated transgenic plants expressing a SlGalLDHspecific RNA interferencesequence fragment under
the control of the cauliflower mosaic virus 35S promoter (hence named P35S:SlgalldhRNAt
transformants).
transAmong 12 independentprimaryP35S:SlgalldhRNAl
formantsshowing the presenceof a single copy of the
transgene,we selected four transgeniclines showing a
rangeof phenotypicchangesvaryingfromsevere (line
8) to moderate (line 5) and slight (lines 38 and 2) for
furtheranalyses on the next generation (Tl plants).
To verify that the morphologicalchanges observed in
primary transformants were linked to the RNAimediatedreductionin SIGalLDHmRNA, the detailed
analysis of SIGalLDHmRNA and protein abundance
and activitywas performedin leaf and/or 20 and 42
DPA fruit from the corresponding Tl homozygous
1410

Figure 2. SIGalLDH expression, protein, and activity in P35S:
'transgenic and control plants. A, SIGalLDHmRNA relative
SlgalldhRNAl
abundance was determined in young leaves (Yl)and fruit at 20 and 42
DPA (orange stage) in P35S:SlgalldhRNAi
plants (line 2, 5, 8, and 38) and
compared to control plants. Data obtained by semiquantitative RT-PCR
were normalized against ActinA mRNA and are expressed as percentage of control. Data represent mean ± sd of six individual plants per
line. B, Immunodetection of 5/GalLDH protein in young leaves from
line 2, 5, 8, and 38 and control plants. C, 5/GalLDH
P35S:SlgalldhRNAi
line 2, 5, 8, and 38
activity in young leaves from P35S:SlgalldhRNAi
compared to control plants. Data represent mean ± sd of six individual
plants per line. Asterisks above bars indicate values that were determined by the t test to be significantly different (P < 0.05) from
control.
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P35S:Sl8alldhRNAi
TransgenicLines Exhibit a Change in
the Redox State of Ascorbate Associated with Alteration
of the Mitochondrial Function in the Most Severely
Affected Plants

Given the well established fact that ascorbatecontent of the leaf and ascorbate redox state depend
on many environmentalparameters,P35S:SlgalldhRNAl
transgeniclines 5 and 8 and controlswere grown in a
phytotronic chamber to avoid any daily climate
changes. Measurementsof the total ascorbatecontent
(reducedascorbate[AsA] + dehydroascorbate)as well
as of the AsA content were carried out during the
development of these plants, from the seed up to the
appearance of the first inflorescence (6 weeks after
sowing), and within the developing fruit (Table I).
Total ascorbate content in the seed and the young
leaves of the apex was comparablein both transgenic
and control plants. In the germinatingseed of transgenic lines and the controls, approximately90% of
ascorbatewas as the reduced form AsA. The leaf ratio
of AsA to total ascorbatedeclined,both in the controls
and the transgenic lines, throughout plant development (TableI). This effect, which was alreadynoticeable in 21 d aftersowing (DAS)transgenicplants,was
not due to variationsin total ascorbatecontentbut to

Figure 3. Ascorbate accumulation in tomato leaves. Leaf stripes from
transgenic line 5 (A), line 8 (D), and control (O) plants
P35S:SlgalldhRNAl
were incubated in Murashige and Skoog (white symbols) or Murashige
and Skoog containing 25 itim L-GalL (black symbols) in the light. Total
ascorbate was assayed as described in "Materials and Methods." The
error bars indicate ses {n = 3).

precursorL-GalL.Furtherinvestigationsindicatedthat
no viable plant with S/GalLDH activity below the
thresholdlevel of 15%was ever recoveredamong the
transformants,suggesting the essentiP35S:SlgalldhRNAl
of
this
activity.
ality

Table I. Ascorbate in tomato leaf and fruit of P35S:SlgalldhRNAltransgenic and control plants
Reduced (AsA) and total ascorbate (Tot Asc) contents of P35S:SlgalldhRNAlline 8, line 5, and control plants were measured in young developing leaves
from seedlings at the indicated DAS and in developing fruits at the indicated days postanthesis (DPA). Apoplastic ascorbate content was measured in
the fully expanded fourth leaf of 6-week-old plants. The reduced/total ascorbate ratio was determined for all the samples. Data represent mean ± sd
of six individual plants with two repeats per plant. The superscript a (a) indicates values that were determined by the t test to be significantly different
(P< 0.05) from control.
Plant Stage (DAS)
Leaf
AsA

Control
Line 8
Line5
Control
Line 8
Line 5
Control
Line 8
Line 5

Tot Asc

Ratio

FruitStage (DPA)
Fruit
AsA

Control
Line 8
Line 5
Control
Line 8
Line 5
Control
Line 8
Line 5

Tot Asc

Ratio

Leaf Apoplast
AsA
Tot Asc
Ratio
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0(Seed)
2.4
2.5
2.5
2.5
2.6
2.6

± 0.2
± 0.3
± 0.2
± 0.3
± 0.2
± 0.2
0.9
1
1
10

0.3 ± 0.1
0.5 ± 0.1a
0.6 ± 0.1a
1 .6 ± 0.1
2.0 ± 0.1a
1.8±0.1a
0.2
0.2
0.3
Control

85 ± 60
648 ± 49
O1

1.5 ±0.1
1.2±0.1a
1.1±0.2a
2.9 ± 0.2
2.9 ± 0.3
2.8 ± 0.3
0.5
0.4
0.4
20

0.4
0.9
0.7
1 .6
1 .8
1.6

± 0.1
± 0.1a
± 0.1a
± 0.1
± 0.3
±0.1
0.2
0.5
0.4

21
'
fimol g~ FW
2.5 ± 0.3
1.1±0.1a
1.2±0.2a
4.5 ± 0.5
4.9 ± 0.5
5.5 ± 0.5
0.5
0.2
0.2
30

1.3 ±0.1
1.6 ± 0.2a
1.6±0.2a
1 .6 ± 0.2
1.7 ±0.2
1.6 ±0.2
0.8
0.9
0.9
Line 8
nmol g~ ' FW
111 ± 10
402 ± 47a
03

28

42

2.6 ± 0.3
1.3±0.1a
1.4±0.1a
8.7 ± 0.7
6.1 ± 0.4
7.7 ± 0.1
0.3
0.2
0.2
38

1.8 ±0.1
1.4±0.2a
1.3±0.2a
8.5 ± 0.3
8.1 ± 0.3
8.1 ± 0.4
0.2
0.2
0.2
42

1.7
1.6
1.8
1 .7
1.6
2.0

1.7
2.0
1.9
2.0
2.2
2.1

±0.1
± 0.7
±0.2
± 0.1
±0.7
± 0.2
1
0.9
0.9

±0.2
± 0.2
±0.2
± 0.1
± 0.2
± 0.2
0.9
0.9
0.9
Line 5

121 ± 47
370 ± 104a
0.3
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variationsin AsA content.The total ascorbatecontent
of controlfruitgrownin a controlledenvironmentchamber (TableI) was similar to that observed in control
plants in the greenhouse(Fig. IB). In the controlfruit,
80% of total ascorbatewas in the form of oxidized
ascorbateduringthe cell divisionand expansionphases
(10-20 DPA),while more than 90%of the total ascorbate was in the formof AsA in the ripeningfruit.Total
ascorbatecontent from transgeniclines 5 and 8 fruit
were not significantlydifferentfromfruitof the control,
except for the 10 DPA stage that exhibited a slightly
higherascorbatecontent.In contrastwith the leaf,transgenic fruit from lines 5 and 8 exhibited a significant
increasein AsA (TableI), mainly during the cell division and cell expansionstages of the fruit(10-30DPA).
Becauseof the putative role of apoplasticascorbate
in the signalingprocessesmodulatingcell growth and
development (Pignocchiand Foyer,2003),we investigated the total and reduced ascorbatecontent in the
apoplast of fully expanded leaves of 6-week-old
plants of transgeniclines 8 and 5. In
P35S:SlgalldhRNAi
the leaves of control plants, only 10%of the total ascorbatewas found in the apoplast(648 ± 49 nmol per g
FW) in agreement with previous findings of Noctor
and Foyer (1998), and 10%to 15%of the apoplastic
ascorbate was present as the reduced form. In the
P35S:SlgalldhRNAi
transgenic line 8 and line 5, the reduced ascorbatepool remainedvery low (85-121nmol
per g FW),as in the controls.This occurreddespite the

fact that the apoplastic total ascorbate content was
decreased by about 50%, due to a reduction of the
oxidized ascorbatepool (TableI).
Given that Millar et al. (2003) demonstrated that
GalLDHactivityis associatedwith the complexI of the
mitochondrialelectrontransportchain and that it has
been documented that respirationcan control ascorbate synthesis in plants (Bartoliet al., 2006),intactleaf
mitochondriawere isolated to investigate respiratory
transgenics.When
parametersin the P35S:SlgalldhRNAl
tricarboxylicacid (TCA)cycle substratespyruvateand
malatewere used to drive the electronchain,as well as
when electronsentered the chain via succinatedehydrogenaseby the addition of succinate,the respiration
rate in the transgenic line 5 and 8 was identical to
the controls(TableII).However,when externalNADH
dehydrogenaseswere engagedby additionof exogenous
NADH,the respirationratein P^Slgalldh™*1
transgenic
line 8 was increasedby 1.6-fold whereas that in P35S:
transgenic line 5 was similar to the rate
SlgalldhRNAl
of control plant mitochondria. In the same order,
a significant 2-fold activation of cyanide-insensitive
(alternative oxidase) respiration that was inhibited
by salicylhydroxamicacid (SHAM),was measuredin
line 8. When no
mitochondriafrom P35S:SlgalldhRNAi
substrate, other than L-GalL,was used to introduce
electronsflow to cytochromec, the respirationrate in
both transgeniclines was reducedto about50%of that
observed in mitochondriaisolated from the control.

Table II. Respirationand SIGalLDHactivity in isolated mitochondria from leaves
Respiration was measured in intact mitochondria prepared from young developing leaves of
line 8, line 5, and control plants as described in the "Materials and Methods." The
P35S:SlgalldhRNAl
reaction was conducted with 500 fig of mitochondria protein in 1 ml_of respirationbufferin the presence of
substrates at concentration as indicated. Priorto measuring the respiration in the presence of L-GalL,the
mitochondria were incubated with 12.5 /amantimycine A. 5/GalLDH activity was measured with 30 /x,gof
mitochondrial protein as described in the "Materialsand Methods." Data represent mean ± sd of seven or
eight individual mitochondrial isolations. Superscripta (a) indicates values that were determined by the t
test to be significantly different (P < 0.01) from control.
r _
_. Respiration
Electron Donor

_
.
Control

2 mMNADH
+ 2.5 mMADP
+ 2 mMKCN
+ 1 mMSHAM
Respiratorycontrol
5 mMsuccinate
+2.5 mMADP
Respiratorycontrol
5 mMPyr/malate
+2.5 mMADP
Respiratorycontrol
5 mMAsA
2.5 mMTMPD
4.2 mML-GalL
+ 10 /xmcytochrome c
S/GalLDHActivity

48.7 ± 5.5
86.9 ± 8.4
10.4 ±1.8
8.4 ± 2.5
1.78
39.7 ± 7.8
86.9 ± 13
2.19
29.5 ± 4.5
42.8 ± 8.3
1.45
39.9 ± 6.4
409.5 ± 32.5
9.7 ±0.9
13.4 ± 1.6
Control

• r
,Line
5

Line 8

nmol O2 min~ ' mg~ ' protein

46 ± 4.5
75.8 ± 7.1
10.9 ± 3.8
9.6 ±1.9
1.65
48.4 ± 7.3
97.1 ± 12.8
2.00
34 ± 4.4
47.6 ± 8.8
1.40
42.1 ± 5.1
393.7 ± 44.3
5 ± 0.9a
6.9 ± 0.7a
Line5

± 3.7a
± 4.1a
± 3.2a
± 2. 1a
1.90
42.6 ± 10.9
95.2 ± 20.7
2.23
30.6 ± 3.4
46.8 ± 4.6
1.53
39.7 ± 3.9
380.1 ± 45.4
5.4 ± 0.6a
6.5 ± 0.8a
Line8
73.6
139.9
20.6
12.5

nmol cytochrome c min~ ' mg~ ' protein

96 ± 15.1
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49.6 ± 10.5a

20 ± 5a
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The difference in the respiratory activities in the different transgenic lines demonstrates that a threshold
level of 50% must be exceeded for the reduction of
GalLDH abundance to impact the mitochondrial electron transport chain.
TransgenicPlants with Reduced L-GalLDHActivity
Display a Reduced Plant Growth Rate and Fruit Size
When Tl transgenic plants were grown in the
greenhouse, it soon became apparent that the growth
of the aerial parts was reduced compared with that of
the controls. Detailed characterization of this effect
revealed that the germination rate, the plant growth
rate, the fruit weight, and the diameter were all reduced (Fig. 4). When this experiment was replicated in
a growth chamber with tightly controlled growth
conditions similar results were obtained. To investigate how the reduction in S/GalLDH mRNA abundance, protein, and activity could affect plant growth
and morphology in the transgenic plants, we conducted
more detailed analyses of lines 2, 5, 8, and 38. Given
the reduction in aerial yield in the P35S:SlgalldhRNAi
transformants and the importance of ascorbate for
the photosynthetic process, we next assessed to what
extent the transgenic plants exhibited altered photosynthetic rates. The rate of CO2 assimilation was measured on fully expanded leaves of the transformant
and control plants at incident irradiance of between
200 to 1,000 /imol m"2 s"1. At this light intensity range,
the CO2 assimilation curve was linear and the calculated photosynthetic rate, 16.2 ± 0.8 nmol CO2 per
timol photon, was invariant in transformants with
respect to the controls. It is noteworthy that chlorophyll content was also unaltered (1.4 ± 0.2 mg chl
per g FW).
In contrast, leaf size was strongly affected in the
P35S:SZgfl//d/zRNAl
transgenics, which resulted from a
25% reduction in leaflet area in the most strongly
inhibited lines (Fig. 5, A and B). Analysis of epidermal
cell size indicated that this result does not stem from a
transgenic
Figure4. Phenotypic comparison between P35S:SlgalldhRNAl
reduction in cell number but rather from a reduction in
and control plants. A, Germination and plant growth. Leftand middle
cell size, which was also reduced by about 25% comline 2, 5, 8, and 38 and from
section, seedlings from P35S:SlgalldhRNAi
control at 10 DAS; right section, 6-week-old plants from severely
pared to that of the control (Fig. 5B). Similar observations were made in fruit, which exhibited a cell size
line 5 and from control. B, Growth kinetic.
affected P35S:SlgalldhRNAi
lines 5 and 8 and from control were
Plant height from P35S:SlgalldhRNAl
reduction of 15%to 22% in the transgenic lines 8 and 5,
measured every 4 d startingfrom 6 d after germination. Data represent
despite exhibiting an unaltered ripening period (45 d).
mean ± sd of 10 individual plants. C, Fruitsize. Top section, pictures of
The analysis of a cross section taken from the equatolines 2, 5, 8, and 38 and from control;
ripe fruit from P35S:SlgalldhRNAi
rial area of a red ripe fruit revealed that the transgenic
bottom section, fruit diameter measured on 42 DPA fruit. Data replines produced fruits with a thinner pericarp. Given
resent mean ± sd of 10 fruits per plant with six individual plants per
that it is very difficult to obtain suitable samples from
line (n = 60 fruits). Asterisks above bars indicate values that were
red ripe fruit for histological analysis (Cheniclet et al.,
determined by the t test to be significantly different (P < 0.05) from
personal communication), we compared the thickness
control.
of the pericarp in fruits at 20 DPA, at which stage the
fruits reached 85% of their final size. Cytological
analysis revealed that the fruit pericarp thickness
Functional Classification of Genes Expressed in Leaf
was significantly decreased in all lines (Fig. 5C). Deand Ripening Fruit of P^iSlgalldh^^ TransgenicLines
tailed comparisons indicated that this was a result of a
To investigate the possible contribution of changes
cell size reduction in the pericarp rather than an
in transcript expression triggered by the reduction in
alteration in the number of cell layers (Fig. 5D).
Plant Physiol. Vol. 145, 2007
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Figure 5. Microscopic analysis of leaf and fruit pericarp of P35S:
SlgalldhRNAl
transgenic and control plants. A, Micrographof collodion
imprint of adaxial epidermal cells of fully expanded fourth leaf from
line 8 and control plant. Scale bar = 100 /tm. B,
P35S:SlgalldhRNAi
Leaflet area and adaxial epidermal cell size of fully expanded fourth
and fifth leaf from P35S:SlgalldhRNAi
lines 5 and 8 and control plant. The
region examined was located between two midveins in the first5 cm of
the leaflet. Data representmean ± sd of four individual leaves per plant
with six plants per line (n = 24). C, Micrographof pericarp section of
line 5, 8, and control. Scale bar =
20 DPA fruitfrom P35S:SlgalldhRNAi
200 /Am.D, Pericarpthickness, number of cell layers, and cell size of
lines 2, 5, 8, and 38 and control.
20 DPA fruit from P35S:SlgalldhRNAi
Measurementswere done by in situ observations of a region of interest
located between the vessels in transverse pericarp sections from the
equatorial region of the fruit. Data representthe mean ± sd of pericarp
sections from 10 fruitsper plant with six individual plants per line (n =
60). a, Values that were determined by the t test to be significantly
different(P < 0.05) from control.

S/GalLDHactivity and/or variationsin ascorbateredox state to the morphologicaland cellularalterations
of transgenicplants (Figs. 4 and 5), we compared the
transcript expression profiles of a fully expanded
fourthleaf and of 42 DPA (orange)fruitin the severely
affectedline 8 and in controlplants. Among the 13,400
cDNAs correspondingto 8,700 transcriptspresent on
the TOM1tomato microarrayanalyzed, 1,269 in the
leaf and 92 in the fruit were significantly different
1414

(P value < 0.02,fourindependentslide hybridizations,
including two dye swaps and two replicatesper slide)
in line 8 versus controlplants (see http://cbi.labri.fr/
outils/data/Tomato/VitC/sup.html). A previously
reportedand recentlyfurtherenhanced annotationof
the genes representedon the TOM1array combined
with the MapMan ontology (Thimm et al., 2004;
et al.,2006)was used foranalyses
Urbanczyk-Wochniak
(see http://cbi.labri.fr/outils/data/Tomato/VitC/sup.
html). More detailed analyses were performedon the
most differentiallyexpressed genes selected using a
mean ratiothreshold>1.6, representing35 genes in the
fruitand 83 genes in the leaf;of these,seven genes in the
fruitand 19 in the leaf encodedproteinswith unknown
functionsor,alternatively,presentedno homologywith
known genes (TableIE). Most of the genes identified
were up-regulatedin the leaf fromthe transgeniclines,
only 5% of the differentiallyexpressed genes were
repressedin eitherleaf or fruit.
Classificationof the known genes into the different
functionalcategoriesdefined by the MunichInformation Centerfor ProteinSequences(http://mips.gsf.de/
projects/funcat) indicated the following distribution
in leaf and fruit tissues: In the leaf, a first group (I)
contained18 stress-relatedtranscriptsknown to be induced by various stresses (wounding,cold, light, etc.),
such as geranylgeranylreductase(Gianninoet al., 2004)
and Glu decarboxylase(Boucheand Fromm,2004).A
secondgroup(II)contained21 sugarmetabolism-related
genes involved in photosynthesis, carbohydrate,and
cell wall metabolism,e.g. the Rubiscoactivase,the xyloglucan endotransglucosylasehydrolase,the PSII(or
PSI)proteins,and the glyceraldehyde-3-P
dehydrogenase. A thirdgroup(III)of 10transcriptsincludedseveral
genes possibly involved in regulatory processes,for
examplea proteinphosphatase2C (PP2C)phosphatase,
a MADS-boxproteinTDR3,and an F-boxprotein.A last
group (IV)contained10 genes encodingmiscellaneous
proteinsrelatedto transportand variousmetabolisms.
In the fruit, group I contained six stress-related
transcriptsincluding threeheat shock proteins.Group
II contained six transcripts,two of them encoding a
PSII protein and Rubisco. Group III contained 12
transcripts, including a Ser/Thr protein kinase, a
PP2C phosphatase, a WRKYtype, and the agamous
TAG1transcriptionfactors and a GA 20-oxidase.ReBRIDGINGFACTOR1
markably,the MULTIPROTEIN
known to
coactivator
a
(MBF1)gene, transcriptional
induce the expressionof stress-relatedgenes involved
in plant defense (Suzukiet al., 2005) and expressed in
tomato (Zegzouti et al., 1999), displayed a high expression in the transgenicline 8 (ratio>4.5) compared
to controlplants.In addition,severalgenes involved in
ethylene signal transduction such as the ethylene
receptorETR2or in ethylene response, including the
MBF1 factor, the ethylene-responsive protein ERF1,
and the ripening-regulatedproteinDDTFR8(Zegzouti
et al., 1999)were stronglyinduced in the ripeningfruit.
Group IV contained four genes encoding proteins
related to miscellaneousmetabolisms.
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line 8 versus
Table III. Genes differentially expressed in leaf and orange fruit of P35S:SlgalldhRNAl
control plants
PValueb

Ratioc

0.008
0.013
0.009
0.010
0.016
0.013
0.008
0.017
0.015
0.010
0.012
0.010
0.008
0.014
0.010
0.013
0.017
0.008

2.4
1.7
-1.6
1.6
1.7
1.6
2.3
1.6
1.7
2.1
1.9
2.3
2.5
1.6
2.1
1.7
1.8
1.8

Group II: Photosynthesis; Carbon and Cell Wall Metabolism
Plastidic aldolase
U212564
Plastidic aldolase
U212700
U212863
Chlorophyll a/6-binding protein precursor
U212865
Chlorophyll a/6-binding protein precursor
Rubisco activase
U2 12939
Rubisco activase
U2 12940
Rubisco activase
U212941
U213031
Plastocyanin chloroplast precursor
U213044
Xyloglucane endotransglucosylase
Carbonic anhydrase precursor
U213080
PSIIcore complex proteins
U213214
PSIIcore complex proteins
U213287
PSI reaction center subunit
U213381
PSI reaction center subunit
U213390
Pectine esterase
U213493
Pectine esterase
U213559
Extensin
U214487
U216405
Xyloglucane endotransglycosylase
Thioredoxin
U2 16855
U220664
Glycerol-3-Pacyltransferase
U22551 5
Glyceraldehyde-3-P dehydrogenase

0.011
0.011
0.011
0.008
0.009
0.014
0.010
0.014
0.009
0.012
0.011
0.010
0.012
0.011
0.008
0.010
0.011
0.014
0.008
0.008
0.01 1

1.7
1.8
1.6
2.3
1.9
1.8
2.3
1.9
1.9
1.7
1.8
1.9
1.9
1.7
1.7
1.7
1.6
1.7
-1.6
1.9
1.8

Group III:Signal Transductionand Hormones
Calmodulin
U212854
U214384
Apetala2-like protein
U214458
RNA-binding protein
MADS-box protein TDR3
U220213
Ser/Thrprotein kinase
U221524
U222333
Ethylene response binding protein
F-box protein
U223492
PP2C
U225548
U213123
Arg decarboxylase
U215755
Auxin-binding protein

0.009
0.015
0.011
0.011
0.010
0.011
0.017
0.011
0.011
0.012

1.6
1.6
1.7
1.9
2.0
1.6
-2.1
1.7
1.6
2.3

SGNa

Leaf
Group I: Stress
U212549
U212565
U2 12578
U212870
U212989
U213021
U212874
U212973
U213190
U213588
U213613
U214777
U216788
U215124
U224685
U226439
U218272
U2 14067

Description

Glu decarboxylase
Ripening-associated membrane protein
Alcoholacyltransferase
Polyphenol oxidase chloroplastic
TSI-1 protein
Wound-induced proteinase inhibitor
Wound-induced proteinase inhibitor
Metallothionein-like protein
Cold-induced glucosyltransferase
Protease inhibitor
Ethylene-responsiveproteinase inhibitor
Pro-rich protein
Pro synthetase associated protein
Ultraviolet-B repressible protein
Glucan-1,3-j3-glucosidase
UDP-glucuronosyl transferase
Ser protease
Geranylgeranyl reductase

Group IV:Miscellaneous
U213050
Glycolate oxidase
U213604
Inorganic pyrophosphatase
U213912
Aminomethyltransferase
U2 1461 7
Acetyl-CoA C-acyltransferase
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1.8
0.010
1.7
0.014
1.8
0.010
1.9
0.01 3
{Table continues on following page.)

1415

Alhagdow et al.

Table III. {Continued from previous page.)
SGNa

PValueb

Description

Ratioc

Sterol C-methyl transferase
Vacuolar ATP-synthasesubunit
Cytochrome c oxidase
Translationinitiation factor
Ca2+-ATPase
Lipid transferprotein
Metal-transportingP-type ATPase
Adaptin
Ribosomal protein
Sterol C-methyl transferase
Developmental protein related

0.01 0
0.01 0
0.012
0.01 1
0.015
0.010
0.012
0.012
0.011
0.01 1
0.008

1.7
1.8
1.6
1.6
1.6
1.7
1.8
1.6
1.6
1.6
1.8

Heat shock protein
Acidic endochitinase
Gly-rich protein
Cytosolic heat shock protein
Heat shock protein
Coumarate-CoA ligase

0.012
0.011
0.012
0.01 1
0.011
0.012

2.1
1.9
2.0
4.2
2.6
2.2

Group II: Photosynthesis; Carbon and Cell Wall Metabolism
PSII
U213287
U213624
Pyruvatedecarboxylase
Extensin class I
U216001
U216086
Carbohydratekinase
Rubisco
U225512
U225539
Glc-1-Padenylyl transferase

0.013
0.012
0.016
0.014
0.011
0.016

2.9
2.3
1.6
2.5
2.1
1.7

Group III:Signal Transductionand Hormones
Calreticulin
U213126
WRKYprotein
U214610
AGAMOUS protein
U215004
U216554
Hydroxysteroid dehydrogenase
Ser/Thrprotein kinase
U216991
MBF1
U217359
U219135
Ethylene responsive factor JERF2
GA20-oxidase
U219631
U229641
Ethylene-receptor2 ETR2
PP2C
U221533
U223066
AP2/ERF-typeprotein
Ser/Thrprotein kinase
U225322

0.018
0.012
0.011
0.018
0.011
0.013
0.018
0.017
0.016
0.011
0.018
0.016

1.6
-1.6
1.6
2.3
2.0
4.5
1.6
1.9
1.6
1.8
-1.8
1.7

U21 501 7
U2 16066
U216256
U21 6323
U2 16736
U216923
U21 7914
U217993
U218299
U21 8653
U240467
Orange Fruit
Group I: Stress
U212932
U213790
U216459
U21 6468
U218323
U214174

Group IV:Miscellaneous
2.0
0.017
U213332
Peptidyl prolyl isomerase
1.8
0.019
U216689
Threonyl-tRNAsynthetase
1.8
0.011
Metal transporter
U217998
4.5
0.013
DDTFR8
U219908
Ripening regulated protein
aSGN tomato unigenes identification number of cDNA spotted on TOM1 microarray (http://www.
cMean ratio of
Probability of the t test.
sgn.Cornell.edu/search/direct_search.pl?search=unigene).
the normalized data between P35S:SlgalldhRNAl
line 8 and control plants.

Changesin MetaboliteProfilesin the P35S\Slgalldh™Ai
TransgenicLines
We next analyzed the relationship between the
lines (2, 8, and
phenotypes of three P35S:SlgalldhRNAi
in
and
the
the
redox
state
of
ascorbatevia a
38)
changes
metabolomicapproach.We analyzed the majorpathways of primaryplant metabolismby using an established gas chromatography-mass
spectroscopymethod
(Fernieet al., 2004).As would be expected,the metab1416

olomic analysesconfirmedthe rank orderof the lines,
5 and 8 being the most affectedat the metaboliclevel
expandingleaves
(SupplementalTableS2).Furthermore,
and orange fruits behaved inversely at the metabolic
level (Fig.6; SupplementalTableS2). In leaves, metabolite analyses revealed a decrease in the levels of the
major amino acids whereas some of them, Cys, Pro,
Thr,and Valincreased.In contrast,in orangefruit,the
levels of amino acids were largelyunaffected,with the
Plant Physiol. Vol. 145, 2007
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line 8.
Figure 6. Description of central metabolism of fully expanded leaves and orange fruitsfrom plants of the P35S:SlgalldhRNAl
Metabolite content of leaf and orange fruit were determined as described in "Materialsand Methods." Data were normalized
with respect to the mean response calculated for the control (to allow statistical assessment, individual samples from this set of
plants were normalized in the same way). A color code indicates that values for metabolite content were determined by the t test
to be significantly different(P< 0.05) from control (empty vector transgenic plant). Metabolites marked in red indicate that their
relative content was decreased with respect to the control, and those marked in blue were increased. Examples of metabolite
changes are represented by the values (mean ± se) of determinations of six individuals plants with 10 leaves and fruitsof each
plant. Abbreviations: G6P, Glc-6-P; 3-PGA, 3-phosphoglycerate; F6P, Fru-6-P; FA16:0, palmitate; FA18:0, stearate; PEP,
phosphoenol pyruvate.

exceptionof Valand Met thatincreasedand of Prothat
was reducedby half, significantlyin the case of line 8
(Fig.6). In leaves, the level of TCAcycle intermediates
was significantlyreduced, with the exception of succinate that displayed a slight but significantincrease
(Fig. 6). Among other organic acids, threonic acid,
which corresponds to a degradation product of the
ascorbateturnoverpathway,displayed an increasein
all transformants,whereas the opposite was observed
for the y-aminobutyricacid (GABA) content.In orange
fruits,the content of the TCAcycle intermediateswas
unchanged;however, the succinatecontent displayed
an increase similar to that observed in the leaf. The
most important change was for malate, which increased by up to 4.6-fold in line 8. Among the other
organic acids, GABA accumulated up to 2.8-fold in
fruitof line 8 whereas threonatewas slightly reduced.
Analysisof the leaf carbohydratecontentrevealedthat
the P35S:SlgalldhRNAl
transgenic lines were characterized by increases in Fru and Sue, as well as other
sugarslinked to the cell wall metabolismlike Ara,Gal,
Man, Rha, and raffinose, which increased by up to
5-fold in line 8. Myoinositolincreasedsignificantlyin
both S/GalLDHlines. In fruit, the level of sugars was
Plant Physiol. Vol. 145, 2007

largely unaffected;however, the levels of some cell
wall-relatedsugars and myoinositolwere significantly
reduced, whereas sorbitol and mannitol increased.
Interestingly,GalUA, an intermediateof the alternative ascorbatebiosynthesis pathway and a degradation product of the cell wall pectins during fruit
ripening (Agius et al, 2003) decreased significantly
in all transgenicplants. Among the other compounds
analyzed, it is interesting to note that intermediates
involved in membranebiogenesislike C16:0and C18:0
fatty acids were increased(SupplementalTableS2).
DISCUSSION

The RNAi-reducedexpression of S/GalLDHin tomato leads to plants with a residualL-GalLDHactivity
showing several defects in growth rate and organ size
(Figs. 4 and 5). All these observationsare consistent
with the preferentiallocalization of S/GalLDHtranscriptsin tissues activelyengaged in cell division and/
or expansion such as root tips or floral meristemand
1).
young fruit,as well as the photosyntheticleaves (Fig.NAt
two P35S:Slgalldh
Among the primarytransformants,
transgeniclines showed the most extremereductionin
1417
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total ascorbatecontent (85-170 nmol ascorbateper g
FW)and displayed very severe growth defects such as
stunted plants with deformed leaves. These plants
remainedunable to set flowers and fruits and could
not be propagatedby cuttings,which prevented their
use in subsequent studies. This result suggests the
existence of a threshold level of L-GalLDHactivity,
below which ascorbate content and consequently
plant growth are so severely impaired that reduction
in L-GalLDHactivity can be lethal to the plant. Another intriguing result to emphasize is the apparent
complexity of ascorbateregulation in different plant
tissues. Silencing of GalLDHhad opposite effects in
leaves and fruits on metabolicprofiles and ascorbate
redox state (SupplementalTablesSI and S2). This discrepancy may result from the different functions of
these organs,source(leaves),or sink (fruit).Mostprobably,it may resultfrom the close relationshipbetween
photosyntheticelectrontransportin chloroplastsand
ascorbatepool size in leaves, suggested by Yabuta
et al. (2007).SilencingGalLDHhas a significanteffect
on both the transcriptomeand metabolome,thus giving emphasisto the importanceof the role of GalLDH
in plants,and datapresentedhere allow us to draw the
following conclusions.
S/GalLDHActivityIs Essentialfor Plantand Fruit
Growthin Tomato
How the plantcompensatesfor S/GalLDHreduction
in the P35S:SlgalldhRNAl
transgeniclines studied (TableI;
maintain
a
to
pool of ascorbatesimilar to the
Fig. 2),
controls,remainsan open question. The most plausible explanationis that residual S/GalLDHactivity is
high enough in the transgenic lines we tested to
sustain sufficientascorbatebiosynthesis. This is supported by the experiment of incubationwith L-GalL
(Fig.3) showing thateven in lines 5 and 8, in which the
activity was severely affected,the ascorbateaccumulation ratewas maintainedat the same level as that of
controlplants. However, we cannot rule out that the
maintenanceof the ascorbatepool is associatedwith a
reduction of its turnover.The metabolic analysis of
lines gives some supportto
fruitfromP35S:S/gfl//d/zRNAz
this hypothesis in that a significant decline in the
contentof threonate(Fig.5), the end productof one of
the known pathways of ascorbatedegradation(Green
and Fry,2005;DeBolt et al., 2006), exists. However, it
should be noted that in leaves from the transgenic
plants, threonateand its precursordehydroascorbate
stronglyaccumulated(Fig. 6; SupplementalTableS2),
raising the possibility of differentregulationof ascorbatedegradationin vegetativeand reproductiveorgans.
Anotherpossible way for these plants to maintainthe
vital pool of ascorbateis the activationof alternative
pathwaysof ascorbatebiosynthesis(Agius et al., 2003;
Woluckaand VanMontagu,2003;Lorenceet al., 2004).
Thepathwaydescribedby Agiuset al.(2003)alsorequires
to catalyzeascorbatebiosynthesis.Whilethe
L-GalLDH
1418

gulosepathwayproposedby WoluckaandVanMontagu
(2003) still remains hypothetical,another plant pathway involving myoinositol has been proposed by
Lorenceet al. (2004).Elevated myoinositol levels are
usually associatedwith stressconditions(Nelson et al.,
lines, the significantincrease
1998).In Pxs.Slgalldh™*1
in myoinositol level in the leaf (Fig. 6; Supplemental
TableS2) could, thus, be indicative of the function of
this alternativepathway in vegetative organs.
Reduced S/GalLDH Expression May Affect
Cell Growth by Modifying Mitochondrial-Related
Energy Metabolism

Given the accepted role of ascorbatein photosynthesis, the hypothesis of an alterationin the photosynthetic capacity could have been anticipated in the
lines. However, our results clearly
P35S:SlgalldhRNAl
indicate that the reduced organ growth in the
lines does not resultfroman impaired
P35S:SlgalldhRNAl
photosynthesis,which was not affectedin these plants
despite the fact that more than 10 of the significantly
up-regulatedtranscriptswere directlyrelated to photosynthesis (TableIII).
One of the most importantmetabolicconsequences
thatcould explaincell growthimpairmentin the leaf is
the change of mitochondrialfunction,as shown by the
alterationof the Kreb'scycle (Fig. 6) and respiration
rateobservedin the most affectedline 8 (TableII).This
finding is interestingregardingthe results of a recent
study that supports a strong functionallink between
respirationand ascorbatesynthesis and suggests that
L-GalLDHis associated with complex I of the mitochondrialelectrontransportchain (Millaret al., 2003).
This functional association may explain why the capacity of L-GalLDHis variabledependent on growth
light intensity(Smirnoff,2000;Bartoliet al., 2006)since
the activity of the mitochondrial electron transport
chain also varies with light intensity (Raghavendra
and Padmasree,2003). It is thus conceivablethat the
removal of most of the L-GalLDHprotein from complex I affects electron transport, In support of this
theory, levels of organic acids of the TCA cycle are
decreased in leaf and fruit and some changes in
metaboliteand transcriptprofiles are similar to those
observed in illuminated leaves of tomato deficient in
TCA cycle enzyme expression (Carrariet al., 2003;
Urbanczyk-Wochniaket al., 2006). Furthermore,the
results presented here are comparable to those observed in the CMSIImutant of tobacco,which is deficient in complex I function,has a severely inhibited
growth phenotype, and displayed constitutivelyhigh
alternative oxidase activity associated in particular
with high alternativeNAD(P)H dehydrogenaseactivity (Dutilleulet al., 2003).However,some divergences
exist since the CMSIImutantwas able to permanently
adjust the cell redox homeostasis,which was not the
case in the P35S:S/gfl/W/zRNAl
lines, at least in the case
of ascorbate.Interestingly,our results corroboratethe
Plant Physiol. Vol. 145, 2007
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work of Millaret al. (2003)who showed that respiration controlsascorbatesynthesisin plants,particularly
through a link between complex I and GalLDHprotein. In the transgenictomato plants described here,
the reductionin S/GalLDHactivityappearsto directly
affectthe efficiencyof the alternativerespiratorypathway and consequentlythe mitochondrialfunction,with
the combinationof changesin ascorbateand respiration
resultingin a consequentalterationof the cell growth
processes. Since several enzymes of the Kreb'scycle
are redox regulated(Balmeret al., 2004),it is conceivable that any variationin the redox state of the plant
may have additionaleffects on plant growth by modulating energy pathways.

participate in the response to oxidative stress (for
review, see Rhoadsand Subbaiah,2007).Accordingto
the MRRprocess, changes in the mitochondrialfunction triggeralterednucleartranscriptexpression.Much
of what is known about plant MRRturns around the
response to a dysfunctional mitochondrial electron
transportchain and induction of genes encoding enzymes involved in the recovery of mitochondrial
function, such as AOX and alternativeNAD(P)H dehydrogenases as well as genes encoding proteins
involved in the maintenanceof the redoxhomeostasis,
such as gluthathion reductase, catalases, ascorbate
peroxidases, and superoxide dismutases. Variations
in ascobate redox state could in turn modulate the
cross-talkbetween several defense and growth regulating pathways to adapt the plant to its challenging
environment.Overallour data are consistentwith the
Growth of P^iSlgalldh™*' Plants Is Adjusted through
hypothesis, suggesting that the changes in ascorbate
Changes in Transcript Expression and Metabolic Profiles
redox state in the plant induced by the silencing of
SIGalLDHmimic stress-relatedMRR signaling pathVery little is known about the exact mechanisms
in
cell
which
ascorbate
ways, inducing a set of stress- and defense-related
plants
growth
regulates
by
all
the
This
is
1998).
and
Noctor
1996;
(Smirnoff,
genes. Hence, the transcriptomeanalysisrevealedthat
Foyer,
a high proportionof the genes differentiallyexpressed
more complex since in P35S:SlgalldhRplants the
in the leafandfruitfromP35^SlgalldhRNAl
linesareknown
vegetative and reproductive tissues behaved oppoa
in
be
induced
wide
of
biotic
or abiotic
to
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to
with
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range
regard
sitely
of
them
are
in
stresses.
Most
the
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to
I).
(Table
hormone-responsivegenes
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comparison
with functions in signaling for plant-defense and
plants depends on the processes of cell division and
cell expansionthatareseparatelycontrolledduringdestress-responsepathways (Table III). This is particIn
the
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P35S:SlgalldhRNAiularly obvious in the fruit from P35S:SlgalldhRNAt
velopment (Mizukami,2001).
where the transcriptional coactivator MBF1,previdivision
cell
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phase was not
transgenic plants,
affected, since in the most severely affected line 8,
ously shown to be ethylene regulated in tomato
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plant material,
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dence from tobaccoplants expressing sense and antithe extensiveanalysisof P35S:SlgalldhRNAl
sense ascorbate oxidase indicates that alteration of
plantsfurther
ascorbate
of
the
of
redox
state
ascorbate
and
ascorbateoxidase activity
regulationand
complexity
highlights
its relationwith differentaspects of plant metabolism
the apoplast may to some extent affect plant growth
and also plant tissues, e.g. the photosyntheticleaf and
(Pignocchiet al., 2006).
the developing fruit, since they display both distinct
Several recent reports have suggested that plant
as
known
mitochondriaarepartof signalingpathways
(metabolism)and common (signaling) features with
the mitochondrialretrograderegulation (MRR),and
respect to ascorbate.
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MATERIALSAND METHODS
Plant Material and Growth Conditions
Cherry tomato {Solatium lycopersicum 'West Virginia 106') plants were
grown in a greenhouse with supplemental lighting when needed with a light
period of 14/10 h, under a thermoperiod of 25°C/20°C, and watered daily
three times with a solution at pH 5.8 containing oligoelements plus 3.5 mM
KNO3/1 mMK2SO4/2 mMKH2PO4/6 mMCa(NO3)2,and 2 mMMgSO4/until the
stage fruit set of the first truss, and then 4 mM KNO3, 1.5 mM K2SO4,1.5 mM
Kr^PO^ 4 mMCa(NO3)2,and 1.5 mMMgSO4. For in vitro culture, plants were
grown on one-fourth Murashige and Skoog basal Murashige and Skoog
medium (Kalys-Duchefa) containing 3% Sue under 14/10 h photoperiod at
400 fimol m~2 s"1 and at 25°C Tomato fruits were harvested at various
developmental stages according to the number of DPA and fruit diameter.
Prior to all biochemical and molecular analysis, samples were quickly frozen
in liquid nitrogen, ground to fine powders, and stored at -80°C until use.

Determination of Photosynthetic Activity
Photosynthetic activity of attached leaves was measured with a CO2
analyzer using infrared detection (LCA3; Analytical Development Corporation).

Respiration Determinations of Isolated Mitochondria
To measure mitochondrial respiratory parameters, mitochondria were
prepared from young leaf (50-100 g) following the method of Holtzapffel et al.
(2002). After isolation and purifications steps, the mitochondria were washed
and resuspended in the incubation medium containing 10 mM TES, pH 7.2,
300 mM Sue, 0.1% (w/v) bovine serum albumin (BSA), 5 mM Kh2PO4,5 mM
MgCl2, and 10 mM KC1 to a concentration of 10 to 50 mg protein mL"1.
Respiration measurement was performed using O2 electrode (782 Oxygen
meter, Strathkelvin Instruments) in the presence of several electron donors
and respiratory inhibitors like KCN and SHAM. Mitochondrial integrity was
determined according to Holtzapffel et al. (2002) and was generally between
75% to 85%.

Cytological Analyses
Pericarp cell number and size were measured in fruits as described by
Cheniclet et al. (2005). The cell size of leaflet epidermis was measured by
applying a thin layer of collodion 4% resin (Merck) of about 2 to 3 cm2 on the
adaxial surface of the fourth and fifth leaves on the plant. After evaporation of
the solvent, the epidermis imprint was visualized under a Zeiss Axiophot
microscope with a Spot digital camera (Diagnostic Instruments). Cell size of
leaflet epidermis was determined using the Image Pro-Plus software (Media
Cybernetics). Leaflet surface was determined by scanning the same leaves
used for epidermis imprint and the resulting image was analyzed using the
Image Pro-Plus software.

RNA Extraction,Reverse Transcription-PCRAnalysis,
and DNA Construct Preparation
Total RNA extraction from tomato fruit and semiquantitative reverse
transcription (RT)-PCRanalysis using SIGalLDHgene-specific primers (Supplemental Table SI) were performed as described in Lemaire-Chamley et al.
(2005). To obtain an S/Ga/LDH-specifk cDNA fragment, RT (Superscript II
Reverse transcriptase) was performed using 2 /xg of total RNA (Invitrogen, life
technologies). A 133 bp SIGalLDHDNA fragment located in the 3 '-untranslated region of the cDNA (GenBank accession no. AB080690) was then
amplified by PCR using Ex Taq DNA polymerase (TaKaRaBio INC) and the
gene-specific primers GLDF4 and GLDR4. The purified DNA fragment was
cloned as an inverted repeat under the control of the 35S promoter using the
Gateway cloning system as described by Karimi et al. (2002), first into the
entry vector (pDONR 201), then into the destination vector [pK7GWIWG2(l)].
This construct was checked by sequencing and introduced into cherry tomato
('West Virginia 106') plants by Agrobacterium tumefaciens strain GV3101
according to Hamza and Chupeau (1993). The first generation plants (TO)
were characterized and screened. Of the 12 lines studied, four lines named 2,
5, 8, and 38 were selected for further detailed analyses in the Tl generation.
Control plants correspond to plants transformed with an empty vector
following the same protocol.
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ExperimentalDesign for Transcriptomeand
Metabolome Analyses
Plant materials used for these studies were the leaflet of the fourth leaf and
the outer pericarp of the orange fruit. One-centimeter-length young leaves
were tagged at the plant apex to allow comparison of leaflets at the same age
and position on the plant. For fruit studies, flowers were tagged at anthesis
(fully opened flower) and fruit were further selected according to their color
measured on the external surface of fruit using a chromameter. The Lab values
=
corresponding to orange stage were, respectively, L45, a approximately 20,
b = approximately 30. Once harvested, the leaflets and the outer pericarp were
combined in pools of 10 to 15 samples, frozen in N2, and stored at -80°C.
silenced lines versus
For transcript expression profiling of P35S:SlgalldhRNAl
control plants, microarray experiments were performed using two biological
repeats for each tissue (four slides per experiment) and technical duplicates with
the dyes reversed (dye swap) as described in Lemaire-Chamley et al. (2005).

MicroarrayAnalysis
Hybridizationand Data Acquisition
The TOM1 cDNA microarrays (Center for Gene Expression at the Boyce
Thompson Institute; http://bti.cornell.edu/CGEP/CGEP.html) contain 13,400
printed elements corresponding to approximately 8,700 unigenes (Alba et al.,
2004). The Cyscribe Post Labeling kit from Amersham (catalog no. RPN5660X,
Amersham Biosciences) was used according to the manufacturer's recommendations, with 30 pig of total RNA per condition. The pooled cy3- and
cy5-labeled cDNAs were then concentrated on Microcon YM-30 columns
(Amicon Bioseparations, Millipore) and mixed with 90 /xL of hybridization
solution containing 1:1 (v:v) formamide (5X SSC, 0.25% SDS, 5x Denhardt's
solution, and 1 /ug mL"1 denatured salmon sperm DNA [Stratagene]). Slides
were hybridized in an automatic hybridization station HS 4800 (Tecan) with a
washing prerun in 1 X SSC, 0.1%SDS, for 1 min. The probe solution was boiled
for 1 min and then injected into the hybridization chamber. Slides were incubated at 42°C for 16 h, with medium agitation, and then washed sequentially at 30°C in lx SSC, 0.1% SDS for 1 min, this step was repeated three
times, in 0.1 X SSC, 0.1%SDS for 1 min, three times, and finally in 0.1 X SSC for
30 s. Slides were dried in the hybridization station for 3 min, with 2.7 bars of
nitrogen gas. Microarray slides were scanned with a Genepix 4000 B fluorescence reader (Axon Instruments) using Genepix 4.0 image acquisition software with photomultiplier tube voltage adjusted to 500 V for Cy3 and 600 V
for Cy5.

BioinformaticAnalysis
Spot flagging was done first by Genepix (missing spots) and then by visual
inspection of the images to exclude the bad spots (saturation and heterogeneity). Raw data files were submitted to LIMMA v2.3.3 Bioconductor package
(Smyth et al., 2005; http://bioinf.wehi.edu.au/limma/).
Negatively flagged
spots were excluded from further analysis by giving them a zero weight value.
Data were then normalized by the print-tip lowess method without background subtraction followed by the scale method to adjust the data between
the slides. The correlation between the replicated spots was calculated
(duplicateCorrelationfunction) and the linear model was fitted with the imFit
function for each gene, using this correlation. Moderated t statistics and log
odds of differential expression were computed (eBayes function) for the
contrast of interest {P35S:SlgalldhRNAt
transgenic line versus wild type) and for
each gene. The calculated P values for this contrast were adjusted for multiple
testing with the false discovery rate method. All analyses were performed using
the default parameter setting of LIMMA.

In Situ Hybridization
To use SIGalLDHas a probe, riboprobes were synthesized from plasmids
containing a 506 bp fragment of SIGalLDHcDNA obtained from tomato by
PCR using GLDF1 and GLDR1 primers (Supplemental Table SI). The sense
and antisense digoxygenin-labeled riboprobes were generated by run off
transcription using T7 and SP6 RNA polymerases according to the manufacturer's protocol (Roche Diagnostics). For in situ hybridization, tomato flower
buds, fruits of 7 and 20 DPA, young leaves, and shoot and root tips were
sampled and processed as described by Bereterbide et al. (2002).
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Production of a Rabbit Polyclonal
Antibody Anti-S/GalLDHand IgG Purification

data
Sequencedata fromthis articlecan be found in the GenBank/EMBL
librariesunderaccessionnumberAB080690.

For polyclonalantibodypreparation,two syntheticpolypeptidescorresponding to the S/GalLDHprotein were prepared by the Eurogentec
tomato
Company.Theirsequencesthat were deduced from the SIGalLDH
+C-CONH2
gene (accessionno. AB080690)were:H2N-MSKEKGPPKNKPKYT
+C-CONH2(amino
(amino acids 321-335)and H2N-AYNQARKELDPNRIL
acids559-573).The +C correspondsto a Cys residueneeded for the coupling
with the keyholelimpethemocyaninproteincarrier.The antibodieswere producedby rabbitimmunizedwith a mix of the two peptides.TotalIgGswere
650m)by Eurogentec.
purifiedon affinitycolumn(AF-aminoTOYOPEARL

Supplemental Data

Enzyme Activity, SDS-PAGE,and Immunodetection
of S/GalLDH
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0.5g) werehomogenizedwith a mortar
Freshyoungleaves(approximately
and pestle in 1 mLof 0.1 mTris-HClbuffer(pH 7.5) thatcontained0.3 mSue,
0.2%(w/v) BSA, 1 mMdithiothreitol,
1%(w/v) polyvinylpolypyrrolidone,
at
and 50 mMEDTA.S/GalLDHactivitywas assayedspectrophotometrically
room temperatureby measuringthe increasein A550accompaniedby the
reductionof cytochromec as describedby 6ba et al. (1995).Proteinwas
quantifiedusing BSAas a standard.Proteinsamples (10 /ig per lane) were
andtransferredto Immobilon-Pmembraneprior
separatedon 15%SDS-PAGE
to immunologicaldetectionby western-blotanalysis using the S/GalLDH
antibodyat 1:300dilution.Antigen-antibodycomplexeswere detectedwith
horseradishperoxidase-conjugated
IgGdiluted 1:10,000(Chemicon)with the
BMChemiluminescence
blottingsubstrate(POD)systemfromRocheApplied
Science.

Ascorbic Acid Analysis
Ascorbateanalyses were performedaccordingto Leipneret al. (1997).
Between0.5and 1 g of frozensampleswerehomogenizedin 2.5mLof cold 3%
(w/v) metaphosphoricacid and 2.5 mMEDTA.The homogenatewas then
centrifugedat 10,000gfor 10 min at 4°C An aliquotof 200 /xLwas incubated
for 15 min at room temperaturewith 100 /xLof K2HPO4(45%),and either
or 50fiLof homo-Cys
50/iL of distilledwaterto measurethereducedascorbate,
(0.1%)to measurethe totalascorbate.Afterthe incubation,500/xLof citrate-P
was measuredimmediatelyafter
buffer(2 m, pH 2.3) were added. The j4524
additionof 500/iL 2,6-dichloroindophenol
(0.008%w/v).
Formeasurementof apoplasticascorbatecontent,the intercellularwashing
fluid (IWF)was prepared using a method similar to that described by
Turcsanyiet al. (2000).Leafletsof the fourthleaf (about1 g) were washed in
distilledwater and were twice vacuum infiltrated(-70 kPa)for 3 min with
50 mL of 10 mMcitratebuffer(pH 3.0)containing100mMKC1to reachmaximuminfiltrationof cellularairspaces.Leafletswerethencarefullyblotteddry,
rolled,and insertedinto a 5 mLtip placedover a preweighedcentrifugetube
containing50 /jlLof 5%(w/v) cold metaphosphoricacid.TheIWF(about100
/xLg"1FW)was subsequentlycollectedby centrifugationat l,200gfor 10 min
at 4°Cand immediatelyused for ascorbatemeasurement.The time fromthe
harvestof the leaf to the beginningof centrifugationwas less than 10 min.
Activityof Glc-6-Pdehydrogenase(EC 1.1.1.49),an enzyme located in the
cytoplasmand the chloroplastsrroma,was absentin the IWF,indicatingthat
IWFwas not contaminatedby intracellular
sap.Tomeasurede novo ascorbate
biosynthesisin leaves, 10 to 20 g of leafletwere rapidlywashed in distilled
water,slicedin finestripes,and incubatedat 25°Cundercontinuouslight(200
/xmol photons m~2 s"1) in Murashigeand Skoog medium buffered with
100 mMTris-HCl(pH 8.0) in the presenceof 25 mMgulono-l,4-lactoneor
(approximately200mg tissuein 5 mLmedium).In time
galactono-l,4-lactone
courseof the incubation,thetissueswerewringedon paperandsnapfrozenin
liquidN2,and storedat -80°C priorto ascorbateassay.

Determination of Levels of Other Metabolites
Samplesof leafletsand orangefruitpericarppreparedas describedabove
were used for metaboliteextractionas describedby Nunes-Nesiet al. (2005).
The level of all metaboliteswas quantifiedby gas chromatography-mass
spectrometryexactly following the protocol describedby Roessneret al.
(2001),with theexceptionthatthepeakidentificationwas optimizedto tomato
et al., 2003).
tissues(Roessner-Tunali
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