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Antisense Inhibition of the Iron-Sulphur Subunit of Succinate
Dehydrogenase Enhances Photosynthesis and Growth in
Tomato via an Organic Acid-Mediated Effect on

Stomatal Aperture
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Transgenic tomato (Solanum lycopersicum) plants expressing a fragment of the SI SDH2-2 gene encoding the iron sulfur
subunit of the succinate dehydrogenase protein complex in the antisense orientation under the control of the 35S promoter
exhibit an enhanced rate of photosynthesis. The rate of the tricarboxylic acid (TCA) cycle was reduced in these
transformants, and there were changes in the levels of metabolites associated with the TCA cycle. Furthermore, in
comparison to wild-type plants, carbon dioxide assimilation was enhanced by up to 25% in the transgenic plants under
ambient conditions, and mature plants were characterized by an increased biomass. Analysis of additional photosynthetic
parameters revealed that the rate of transpiration and stomatal conductance were markedly elevated in the transgenic
plants. The transformants displayed a strongly enhanced assimilation rate under both ambient and suboptimal environ-
mental conditions, as well as an elevated maximal stomatal aperture. By contrast, when the S| SDH2-2 gene was repressed
by antisense RNA in a guard cell-specific manner, changes in neither stomatal aperture nor photosynthesis were observed.
The data obtained are discussed in the context of the role of TCA cycle intermediates both generally with respect to

photosynthetic metabolism and specifically with respect to their role in the regulation of stomatal aperture.

INTRODUCTION

Succinate dehydrogenase (EC 1.3.5.1), often referred to as
complex Il, has a dual function, being important in both the
tricarboxylic acid (TCA) cycle and the aerobic respiratory chain,
via the catalysis of the oxidation of succinate to fumarate and the
reduction of ubiquinone to ubiquinol, respectively (Hagerhall,
1997; Figueroa et al., 2001). Complex Il is the simplest of all the
complexes of the electron transport chain and displays a simi-
lar composition to the closely related fumarate reductases or
succinate dehydrogenases of bacteria, yeast, and mammals
(Scheffler, 1998). The conserved elements of this complex, which
consists of a mere four polypeptides, comprise two peripheral
membrane proteins, a flavoprotein (SDH1), and an iron sulfur
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binding protein (SDH2), as well as two integral membrane pro-
teins (SDH3 and SDH4) (Vedel et al., 1999; Rasmusson et al.,
2008). In plants, complex Il has been demonstrated to contain
four additional subunits (Eubel et al., 2003; Millar et al., 2004);
however, no clear biological function of these additional sub-
units has been described. Moreover, in contrast with the situa-
tion for complexes |, lll, and IV, for which multiple gene functional
analyses have allowed direct evaluation of the physiological
functions of their constituent subunits (Newton et al., 1990;
Marienfeld and Newton, 1994; Pla et al., 1995; Howad and
Kempken, 1997; Dutilleul et al., 2005; Vidal et al., 2007), as yet
only two forward or reverse genetic strategies have been
employed to study the function of complex Il in plants (Ledn
et al., 2007; Roschzttardtz et al., 2009). These studies revealed
that disruption of the expression of the SDH7-1 gene results in
alterations in gametophyte development, pollen abortion, and
reduced seed set (Ledn et al., 2007) and that the absence of
SDH2-3 in Arabidopsis thaliana seeds appears to slow their
germination (Roschzttardtz et al., 2009). Furthermore, again by
contrast with the other complexes of the inner mitochondrial
membrane (see for example, Millar et al., 1993; Raghavendra
et al.,, 1994; Sweetlove et al., 2002; Garmier et al., 2008), re-
latively few specific inhibitors of this complex have been found



(Miyadera et al., 2003; Horsefield et al., 2006; Mogi et al., 2009).
To our knowledge, none of these inhibitors, which have been
used extensively to assess the function of complex Il, has as yet
been used in studies on plant mitochondria, rendering the study
of Arabidopsis gametophyte and seed development the only
functional studies of complex Il in plants to date. In contrast with
the situation observed in plants, complex Il of nonplant systems
has been the subject of somewhat greater scrutiny, with muta-
genic studies being performed in Saccharomyces cerevisiae,
Neurosporra crassa, Chinese hamster cells, and Caenorhabditis
elegans (reviewed in Vedel et al., 1999). The study in C. elegans
revealed that a mis-sense mutation in SDH cytochrome b (the
15-kD SDH3 anchoring protein) resulted in oxidative stress and
premature aging in nematodes (Ishii et al., 1998). The targeted
disruption of SDH1, SDH2, or SDH3 in S. cerevisiae, however,
confers severe growth defects when cells are cultured on non-
fermentable carbon sources (Lombardo et al., 1990; Daignan-
Fornier et al., 1994). In humans, complex |l deficiency has been
reported both in isolation and in combination with other genetic
defects (Morris et al., 1994; Bourgeron et al., 1995; Schon, 2000;
Rustin and Roétig, 2002; Rutter et al., 2010), although the precise
molecular bases of these deficiencies is often poorly characterized.

In contrast with the paucity of gene functional data concerning
succinate dehydrogenase in plants, considerable information
has been compiled concerning the majority of other steps of the
TCA cycle (for review, see Sweetlove et al., 2007). With the
exception of a handful of studies concerning root metabolism
(Koyama et al., 2000; Lépez-Bucio et al., 2000, 2003; van der
Merwe et al., 2009), the majority of studies have focused on leaf
tissue, despite the fact that the role of the TCA cycle in the
illuminated leaf remains somewhat contentious (Tcherkez et al.,
2005; Nunes-Nesi et al., 2007a). Intriguingly, quite diverse effects
were observed upon downregulation of the various steps of the
cycle, with deficiency of expression of aconitase and the mito-
chondrial malate dehydrogenase resulting in enhanced photo-
synthetic rates (Carrari et al., 2003; Nunes-Nesi et al., 2005),
whereas inhibition of either citrate synthase, succinyl CoA ligase,
or isocitrate dehydrogenase had little effect on the rates of
photosynthesis itself and relatively minor consequences on
photosynthetic metabolism in general (Studart-Guimaraes et al.,
2007; Sienkiewicz-Porzucek et al., 2008, 2010; Sulpice et al.,
2010). By contrast, downregulation of the expression of fumarase
restricted photosynthesis and plant growth. Detailed biochemical
and physiological studies delimited this phenotype as being a
consequence of a perturbation of stomatal function (Nunes-Nesi
et al., 2007b) but were unable to define the exact mechanism
underlying this phenomenon.

Here, we extend our characterization of the importance of the
TCA cycle in tomato (Solanum lycopersicum) leaf function (for
details, see the recent reviews of Sweetlove et al., 2010 and
Nunes-Nesi et al., 2011) by describing the generation of trans-
genic tomato plants deficient in the expression of the iron-sulfur
subunit of succinate dehydrogenase. These plants displayed
increased rates of net photosynthesis and growth under normal
greenhouse conditions as well as enhanced rates of net photo-
synthesis under suboptimal carbon dioxide concentrations.
Physical measurement of stomatal aperture revealed that this
was greater in the transgenics, although the number of stomata
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per leaf area remained constant. Analysis of stomatal apertures
following incubation of wild-type leaf discs in physiological
concentrations of malate or fumarate confirmed that the stoma-
tal effect was organic acid mediated and independent of the
abscisic acid (ABA) signal transduction pathway. Moreover,
measurement of the levels of this phytohormone and the genes
associated with its signal transduction revealed no changes in
the transformants. While the results of these analyses were
consistent with a predominant role of the mesophyll in deter-
mining the observed phenotypes, they did not categorically
prove this. For this reason, we created a second set of trans-
genics in which the SI SDH2-2 gene was repressed under the
control of the guard cell-specific MYB60 promoter. The resultant
transformants, by contrast with those expressing the construct
under the control of the 35S promoter, revealed neither changes
in stomatal aperture nor rates of photosynthesis. The results are
discussed both generally in terms of the importance of succinate
dehydrogenase in mitochondrial and photosynthetic metabolism
and specifically with regard to the contribution it plays in meso-
phyll-mediated regulation of stomatal function.

RESULTS

Cloning of a cDNA Encoding the Iron-Sulfur Subunit of
Succinate Dehydrogenase of Tomato

Searching tomato EST collections (Van der Hoeven et al., 2002)
revealed the presence of 71 ESTs encoding the iron-sulfur
subunit of succinate dehydrogenase. These ESTs belonged to
two tentative consensus sequences (SISDH2-1, SGN-U563725
and SISDH2-2, SGN-U563726). This observation suggests that,
in contrast with Arabidopsis, which contains three genes (Elorza
et al., 2004), tomato, like maize (Zea mays) and rice (Oryza sativa)
(Figueroa et al.,1999; Kubo et al., 1999), contains fewer genes
encoding the iron subunit of succinate dehydrogenase S| SDH2.
Sequence analysis of the SI SDH2-1 and SI SDH2-2 genes
revealed an open reading frame of 221 and 274 amino acids,
respectively, and 81% of amino acid identity between them.
Comparison with previously functionally characterized subunits
of the iron-sulfur subunit of succinate dehydrogenase SI SDH2-2
revealed relatively high identity with Arabidopsis SDH2-1 (77 %)
and SDH2-2 (77%), while it also showed amino acid identity
(54%) to SDH2-3 of Arabidopsis and weak homology to human
(58%), Drosophila (57%), yeast (56%), the diatom Phaeodacty-
lum tricornutum (56%), and Chlamydomonas reinhardtii (55%)
proteins (see Supplemental Figure 1A and Supplemental Data
Set 1 online). Comparing SI SDH2-2 with SDH2-2 homologs from
more closely related species, higher identities were observed for
the related species potato (Solanum tuberosum; 98%) and
tobacco (Nicotiana tabacum; 91%), while lower identities were
observed for the monocots maize (69%), rice (72%), and sugar-
cane (Saccharum officinarum; 64%) (see Supplemental Figure
1A online). SI SDH2-2 bears characteristics of a mitochondrial
transit peptide signal (von Heijne, 1986), while SI SDH2-1 does
not. Analysis of MRNA RNA gel blots indicates a near constitutive
expression of tomato SDH2-2, with the transcript present at
approximately equivalent levels in leaves, stems, roots, and fruits
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Figure 1. Characterization and Expression of Tomato Succinate Dehydrogenase (SDH2-2).

(A) RNA gel blot containing total RNA extracted from different organs of tomato plants. Total RNA was obtained from root, stem, vein, leaf, epidermal
fragments (e.f.), flowers, and fruits 10, 35, and 60 d after flowering (DAF).

(B) RNA gel blot analysis of leaves of 4-week-old transgenic tomato plants with altered expression of SDH2-2 compared with the wild type (WT). The
full-length 825-bp cDNA encoding the iron-sulfur subunit of succinate dehydrogenase was cloned in the antisense orientation into the transformation
vector pK2WG7 between the CaMV promoter and the ocs terminator (see Supplemental Figure 1B online), and 15 transgenic tomato plants were
obtained. Screening of the lines (L) by RNA gel blot yielded three lines that displayed a considerable reduction of SI SDH2-2 (shown in red lines).
(C) and (D) Succinate-dependent oxygen consumption in freshly isolated mitochondria of green fruits 35 DAF (C) and succinate-dependent DCPIP
reduction determined in enriched mitochondria from tomato leaves (D). Data are presented as mean values * SE and are averages from three to five
different mitochondrial isolations.

(E) and (F) Relative transcript abundance of mitochondrial Complex Il subunits (SDH2-2 and SDH2-1, respectively). The abundance of SDH mRNAs was
measured by gRT-PCR, and values are presented as mean = SE of six individual plants per line. Asterisks indicate values that were determined by the
Student’s t test to be significantly different from the wild type (P < 0.05).



but only at low levels in leaf epidermal fragments (Figure 1A). In
addition, the transcript is apparently ubiquitous during fruit
development (Figure 1A).

Antisense SDH Transgenic Tomato Plants Exhibited
Elevated Aerial Growth and Fruit Yield

The full-length 825-bp cDNA encoding the iron-sulfur subunit of
succinate dehydrogenase was cloned in the antisense orienta-
tion into the transformation vector pK2WG7 between the cauli-
flower mosaic virus (CaMV) promoter and the ocs terminator (see
Supplemental Figure 1B online). We then transferred 15 trans-
genic tomato plants obtained by Agrobacterium tumefaciens—
mediated transformation to the greenhouse. Screening of the
lines by RNA gel blot yielded three lines that displayed a con-
siderable reduction of the SI SDH2-2 (Figure 1B). These lines
were clonally propagated in tissue culture and then transferred to
the greenhouse. The succinate-dependent oxygen consumption
was determined using a Clark-type electrode, after mitochon-
drial isolation from the green fruits of both wild-type and trans-
formant plants using a Percoll gradient purification method
(Millar et al., 2001). Statistical analysis revealed that three lines,
SDH14, SDH43, and SDH52, exhibited reductions in enzyme
activity that rendered them suitable for further analysis (Figure
1C). Using the same approach, we measured the mitochondrial
rate of respiration, on provision of NADH, malate, citrate, or
2-oxoglutarate as substrate, in the wild type and the transform-
ants (Table 1). Using those substrates, the rate of oxygen con-
sumption was not altered in the transformants, confirming the
findings of the above experiments and providing further evidence
for the specificity of the inhibition. Additionally, we observed that
the succinate-dependent dichlorophenolindophenol (DCPIP) re-
duction in the succinate dehydrogenase antisense lines (Figure
1D) was in good agreement with the succinate-dependent oxy-
gen consumption. To verify the specificity of the constructs as
well as to ensure that no compensatory effect occurred via the
expression of the other isoforms, a secondary screen was
performed at the mRNA level, using an established quantitative
RT-PCR protocol (Czechowski et al., 2004). This revealed that
only SDH2-2 expression was significantly reduced in the leaves
of the transgenic lines (Figure 1E). Moreover, the expression of
the nontargeted isoform SDH2-1 was unaltered in the transform-
ants (Figure 1F). Interestingly, by contrast with the situation
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observed in Arabidopsis (Elorza et al., 2004), the expression of
SDH2-1 was relatively low in lower epidermal fragments, with
similarly low expression levels of the target isoform SDH2-2 (see
Supplemental Figure 2 online). Furthermore, the expression of
both isoforms was unaltered in lower epidermal fragments of the
transformants. When taken together, the combined evidence
presented demonstrates that these three lines (SDH14, SDH43,
and SDH52) were suitable for assessing the effects of a mild
reduction in the mitochondrial succinate dehydrogenase activity
on mesophyll tissues.

Since off-target effects of RNA interference constructs in
plants have been suggested for fragments of 21 to 24 nucleo-
tides or more (Thomas et al., 2001; Watson et al., 2005; Xu et al.,
2006; Rossel et al., 2007) and it was computationally predicted
that the chance for RNA interference off-target effects in plants is
considerable, with around 50 to 70% of gene transcripts in plants
having potential off-targets when used for posttranscriptional
gene silencing that could obscure experimental results (Xu et al.,
2006), we decided to confirm that nonspecific gene silencing
had not taken place in our studies. The fragment used for the
antisense construct was designed to have minimal complemen-
tarity with other genes; thus, a BLAST query against the Sol
Genomics Network database (SGN unigenes) revealed few
identical regions around 20 nucleotides. There were, however,
no regions of homology to any other member of the succinate
dehydrogenase complex family apart from the already tested
SDH2-1 (Figure 1F) or, indeed, to any other transcript that
could potentially be responsible for the phenotypes observed
here. Thus, quantitative real-time RT-PCR was undertaken for
the transcripts showing some short stretches of similarity:
SGN-U579957 (glycolate oxidase); SGN-U580678 (ribulose-
phosphate 3-epimerase); SGN-U566206 (similar to lipase in
Arabidopsis); SGN-U584266 (UDP-sulfoquinovose:DAG sulfo-
quinovosyltransferase/sulfolipid synthase); SGN-U563031 (CTD
phosphatase-like protein 3); SGN-U591223 (subtilase family
protein); SGN-U595977 (hypothetical protein), and SGN-
U573103 (unnamed) in lines that exhibited downregulation of
either fumarase or succinate dehydrogenase. These assays re-
vealed no significant alteration in the expression of any of those
genes that could suggest off-target silencing due to the succinate
dehydrogenase construct (see Supplemental Figure 3 online).

When we grew the transgenic plants in the greenhouse side by
side with wild-type controls, a clear increase in the growth of the

Table 1. Respiratory State 3 Activities of Mitochondria Isolated from Tomato Fruits from Wild-Type or Succinate Dehydrogenase Antisense Lines

0, Consumption (nmol O, min—'" mg—" Protein)

SDH43

SDH52

Substrate Wild Type SDH14

NADH 142.41 = 21.32 131.16 = 16.57
Malate 108.23 = 15.39 98.71 + 14.27
Citrate 134.12 = 12.45 127.29 = 14.19
2-Oxoglutarate 145.27 = 8.71 138.97 = 9.85
RCR 2.86 = 0.28 2.45 = 0.46
ADP/O 0.96 = 0.19 0.85 = 0.33

127.61 = 19.14
102.36 = 11.95
135.24 = 16.01
140.35 = 10.15
2.48 = 0.25
0.77 £ 0.27

136.72 = 24.88
107.79 = 16.52
133.14 = 15.28
134.52 = 14.57
2.94 = 0.72
0.92 = 0.25

Mitochondrial protein (50 to 100 p.g) was used for the respiratory measurements. Data are presented as mean values *+ SE and are averages from three
to five different mitochondrial isolations from tomato fruits 35 d after flowering.
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aerial parts of the transformants was observed during the later
stages of growth (see Supplemental Figure 1C online). Close
examination of the transgenic plants revealed that the most
severely inhibited lines were significantly taller (Figure 2A) due to
a larger internodal interval (Figure 2B). Increased total dry weight
in the transformants (Figure 2C) was essentially associated with
increases in leaf (Figure 2D), stem (Figure 2E), and fruit weight
(significantly so in lines SDH14 and SDH52; Figure 2F), since no
change in root weight (Figure 2G) was observed. When fruit
weight was assessed on an individual fruit basis, it was apparent
that the fruits of the transformants were significantly heavier
(Figure 2H). In addition, there was no marked difference in leaf
formation and leaf area, onset of senescence or flowering time,
as well as on the fruit weight-to—whole plant weight ratio.
Considering that most of our results were obtained in 4- to
5-week-old tomato plants and that the most visible phenotype
was observed in 10-week-old plants, we performed two com-
plementary approaches to observe differences in gene expres-

sion and activity of succinate dehydrogenase. Briefly, we were
able to show a decrease in both succinate-dependent DCPIP
reduction determined in enriched mitochondria from tomato
leaves and the relative transcript abundance of SDH2-2 over a
9-week period during leaf development (see Supplemental Fig-
ure 4 online). Additionally, we did not observe an age-dependent
alteration in expression and activity of succinate dehydrogenase,
providing further evidence of near constitutive expression of the
gene, as shown in Figure 1A.

Analysis of the maximal catalytic activities of important
enzymes of photosynthetic carbohydrate metabolism (ribulose-
1,5-bisphosphate carboxylase/oxygenase [Rubisco], transketol-
ase, transaldolase, fructose bisphosphatase, and glyceraldehyde
3-phosphate dehydrogenase), the TCA cycle and associated
enzymes (NAD-dependent malate dehydrogenase, PEP carbox-
ylase, and fumarase), or starch synthesis (AGPase; Table 2)
revealed few consistent changes between the transgenic and
wild-type lines. In addition, there were no changes in either the
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Figure 2. Growth Phenotype of 10-Week-Old Antisense Succinate Dehydrogenase Tomato Plants.

Transgenic plants showed an enhanced aerial biomass with respect to the wild type in the later stages of growth. Height of plant (A); internode length
(B); total plant dry weight (C); total leaf dry weight (D); total stem dry weight (E); total fruit dry weight (F); total root dry weight (G); and mean fruit weight
(H). The lines used were as follows: the wild type (WT), black bars; SDH14, white bars; SDH43, dark-gray bars; SDH52, light-gray bars. Values are
presented as means * SE of six individual plants per line; an asterisk indicates values that were determined by the Student’s t test to be significantly

different (P < 0.05) from the wild type.
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Table 2. Enzyme Activities in Leaves of Succinate Dehydrogenase Antisense Tomato Lines

Wild Type SDH14 SDH43 SDH52
Enzyme nmol min—' g—' FW
Rubisco initial 2,507.9 = 166.5 3,309.4 + 95.2 3,374.2 + 267.4 3,290.1 + 252.1
Rubisco total 3,202.3 + 23.8 3,911.6 + 425 3,655.5 + 85.5 3,516.2 + 109.1
Rubisco activation state (%) 78.3 = 5.1 84.7 = 3.1 92.1 = 5.9 87.2 =58
PEP carboxylase 607.1 = 23.4 745.1 = 68.7 708.2 = 18.7 743.8 + 38.8

AGPase

NAD-MDH

NADP-MDH initial

NADP-MDH total

NADP-MDH activation state (%)
NADP-GAPDH

FBPase

Fumarase

Transketolase

Transaldolase

1,688.5 = 367.3
30,927.3 * 4,223.2
165.2 £ 14.3
543.1 = 52.7
342 = 8.7
151.9 £ 10.0
178.6 = 39.7
2,362.68 * 463.0
582.7 = 30.4
259 + 2.7

1,961.7 £ 277.5
36,601.4 = 7738.5
201.7 = 8.2
564.8 = 43.6
36.3 = 2.2
1824 £ 7.8
203.7 = 27.9
2,463.3 * 649.2
566.7 = 37.5
314 =33

1,667.9 = 101.7
30,999.1 = 10,631.9
171.4 £ 15.2
516.3 = 16.6
35.4 £ 47
153.1 £ 25.4
191.4 = 53.1
2,487.7 * 448.4
507.5 = 69.7
274 =42

1,355.7 = 110.2
32,5697.3 * 8,151.7
162.9 £ 15.5
528.8 = 37.4
30.5 £ 3.8
157.0 £ 11.6
180.7 £ 52.1
2,358.9 + 531.9
528.3 = 33.4
285 *+1.9

Activities were determined in 4-week-old fully expanded source leaves harvested 6 h into the photoperiod. Data presented are mean *+ SE (n = 6);

values set in bold were determined by the Student’s t test to be significantly different (P < 0.05) from the wild type. FW, fresh weight.

initial or total activities of NADP-dependent malate dehydrogen-
ase of the chloroplast, a commonly used diagnostic marker for
alterations in plastidial redox status (Scheibe et al., 2005). The
exception to this statement is that the initial and total Rubisco
activities of all three transgenic lines were significantly higher than
those observed in the wild type.

Inhibition of Succinate Dehydrogenase Results in a
Reduced Flux through the TCA Cycle

In a number of our previous studies (Carrari et al., 2003; Nunes-
Nesi et al., 2005, 2007b), the analysis of the incorporation and
subsequent metabolism of #CO, in genotypes deficient in the
expression of TCA cycle enzymes suggested a reduction in flux
through this cycle. However, analysis of the succinate dehydro-
genase antisense plants revealed no such change in incorpora-
tion of radiolabel in TCA cycle intermediates or downstream

metabolites thereof under CO, saturating conditions (Table 3). To
assess the rate of respiration more directly under normal growth
conditions, we took two complementary approaches. First, we
measured the rate of dark respiration via infra-red gas exchange
analyses (Figure 3A). These measurements revealed a reduction
in the rate of carbon dioxide evolution, with that of the trans-
formants being >10% lower than that observed in the wild type.
It is important to note that the degree of reduction in dark
respiration is not entirely proportional to the reduction in succi-
nate dehydrogenase activity (cf. Figures 1C, 1D, and 3A). How-
ever, perhaps this is unsurprising, given that recent studies have
demonstrated that there are several functionally active, alterna-
tive donors to the plant mitochondrial electron transport chain
(Ishizaki et al., 2005; Nunes-Nesi et al., 2005; Araujo et al., 2010).
We next directly evaluated the rate of light respiration in the
transformants. For this purpose, we recorded the evolution of
14CO, following incubation of leaf discs in positional-labeled

Table 3. Effect of Decreased Succinate Dehydrogenase Activity on Photosynthetic Carbon Partitioning at the Onset of lllumination of 4-Week-Old

Fully Expanded Source Leaves

Parameter Wild Type SDH14 SDH43 SDH52

Label incorporated (Bq)
Total uptake 318.8 + 30.3 320.1 + 33.2 298.9 + 8.2 321.1 £ 57.3
Organic acids 13.9 = 1.1 13.9 £ 1.6 149 £ 21 129 £ 13
Amino acids 136 £ 1.9 122 £ 0.9 141 £ 141 13.7 £ 6.1
Soluble sugars 120.4 £ 20.3 116.2 = 29.9 126.8 £ 4.5 124.3 = 451
Starch 170.8 = 15.3 177.7 = 28.8 142.9 = 6.3 170.3 = 124

Redistribution of radiolabel (as percentage of total assimilated)
Organic acids 46 0.7 43 £ 0.1 49 * 0.7 4.4 = 0.8
Amino acids 44 =07 39+04 47 0.3 45+ 05
Soluble sugars 36.8 = 3.5 35.6 = 6.7 425 1.7 33.6 £ 7.8
Starch 54.2 = 3.3 56.2 = 6.6 47.7 = 0.9 57.5 £ 6.9

Leaf discs were cut from six separate plants of each genotype at the end of the night and illuminated at 700 wmol photons m—2 s~ of PAR in an
oxygen electrode chamber containing air saturated with 14CO,. After 30 min, the leaf discs were extracted and fractionated. Values presented are the

mean * SE of measurements from six individual plants per genotype.
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Figure 3. Respiratory Parameters in Leaves of Antisense Succinate
Dehydrogenase Tomato Plants.

(A) Dark respiration measurements performed in 4- to 5-week-old plants.
WT, wild type.

(B) Ratio of carbon dioxide evolution from C3,4 to C1 positions of
glucose in leaves of antisense SDH tomato plants.

The leaf discs were taken from 4-week-old plants and were incubated in
10 mM MES-KOH solution, pH 6.5, 0.3 mM glucose supplemented
with 2.32 kBq mL~" of [1-14C]- or [3,4-1%C]-glucose at an irradiance of
200 pmol m—2s~". The '#CO; liberated was captured (at hourly intervals)
in a KOH trap, and the amount of radiolabel released was subsequently
quantified by liquid scintillation counting. Values are presented as
means * SE of determinations on six individual plants per line. An
asterisk indicates values that were determined by the Student’s t test
to be significantly different (P < 0.05) from the wild type.

14C-glucose molecules to assess the relative rate of flux through
the TCA cycle. To do this, we incubated leaf discs taken from
plants in the light and supplied these with [1-14C]-glucose,
[2-14C]-glucose, [3,4-1“C]-glucose, or [6-4C]-glucose over a
period of 6 h. During this time, we collected the “CO, evolved
at hourly intervals. Carbon dioxide can be released from the C1
position by the action of enzymes that are not associated with
mitochondrial respiration, but carbon dioxide released from the
C3,4 positions of glucose cannot (Nunes-Nesi et al., 2005). Thus,
the ratio of carbon dioxide evolution from C1 to C3,4 positions of

glucose provides a strong indication of the relative rate of the
TCA cycle with respect to other processes of carbohydrate
oxidation. When the relative '4CO, release of the transgenic and
wild-type lines is compared for the various fed substrates, an
interesting pattern emerges, with a minor decrease in carbon
dioxide evolution in the transgenics, irrespective of the label
position in the substrate (see Supplemental Figure 5 online). In
addition to these changes in absolute release, there was a shift
in the evolution of “CO, from the variously labeled glucose
molecules, with the relative release from the C3,4 positions being
much lower in the transgenic lines than in the wild type (C3,4/C1
ratio shown in Figure 3B; after 6 h, the C3,4/C1 ratios were as
follows: wild type = 1.16 + 0.05; SDH14 = 0.95 = 0.02; SDH43 =
1.01 = 0.03; SDH52 = 1.02 = 0.04). Thus, these datareveal thata
lower proportion of carbohydrate oxidation is performed by the
TCA cyclein the transgenic lines, and this result is in keeping with
the observation of reduced dark respiration in these plants. The
differences in release from C2 and C6 positions were far less
marked, suggesting that there were no major alterations in
metabolic fluxes involved in cycling through the pentose phos-
phate pathway or in pentan synthesis (Keeling et al., 1988).

Photosynthetic Carbon Metabolismin llluminated Leaves of
the Succinate Dehydrogenase Transformants

Analysis of the carbohydrate and organic acid content of leaves
from 4-week-old plants during a diurnal cycle revealed that the
transformants were characterized by a significant reduction in
the levels of malate (Figure 4A) and fumarate (Figure 4B), but a
significant increase in starch (Figure 4C), sucrose (Figure 4D),
glucose (Figure 4E), and fructose (Figure 4C). While the rate of
accumulation of carbohydrates during the day was essentially
unaltered in the transformants, the absolute levels of all four
carbohydrates were consistently higher across the diurnal cycle.
Evaluation of the content of leaf pigments revealed that there
were isolated changes in the levels of chlorophyll a, B-carotene,
and antheraxanthin; however, they generally did not change in a
manner consistent with the altered activity of succinate dehy-
drogenase (see Supplemental Table 1 online). The exception to
this statement is violaxanthin, which was present at significantly
lower levels in all transgenic lines than those observed for the
wild type. In all cases, metabolite contents were in a similar range
to those previously reported for tomato (Nunes-Nesi et al., 2005,
2007b).

We next decided to extend this study to major primary pathways
of plant photosynthetic metabolism by using an established gas
chromatography-mass spectrometry (GC-MS) protocol for met-
abolic profiling (Fernie et al., 2004a). These studies revealed
considerable changes in the levels of a wide range of amino
acids (Figure 5A), organic acids (Figure 5B), and sugars (see
Supplemental Table 2 online). Notably, Asp (all lines), Gly (all
lines), lle (all lines), norvaline (all lines), Orn (all lines), Phe (lines
SDH14 and SDH43), acetyl-serine (lines SDH43 and SDH52),
and Thr (line SDH43) were significantly decreased, while Glu
(SDH14 and SDH43), Gin (lines SDH43 and SDH52), and homo-
serine (all lines) were significantly increased. As would perhaps
be expected, and in line with the results for malate and fumarate
described above, there was also considerable variation in the
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Figure 4. Diurnal Changes in Key Metabolite Content in Leaves of
Antisense Succinate Dehydrogenase Tomato Plants.
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relative pool sizes of the organic acids measured. Pyruvate (all
lines), maleate (lines SDH43 and SDH52), isocitrate (all lines),
glutarate (all lines), citrate (lines SDH14 and SDH52), amino
caproic acid (lines SDH14 and SDH43), glycerate (lines SDH14
and SDH43), and 2-oxoglutarate (lines SDH43 and SDH52) lev-
els were significantly decreased, while succinate (all lines) and
2-oxogluconate (all lines) were significantly increased in the trans-
formants. Other changes of note in the metabolite profiles were the
significant increases in sucrose (all lines), maltose (lines SDH43
and SDH52), glucose (all lines), fructose (all lines), and putrescine
(all lines), as well as the decreases in shikimate (all lines).

Reduction in Succinate Dehydrogenase Activity Enhances
Net Carbon Dioxide Assimilation via an Increased
Stomatal Aperture

We next determined chlorophyll a fluorescence in vivo using a
pulse amplitude modulation (PAM) fluorometer to calculate rela-
tive electron transport rates (ETRs) at both low (100 umolm—2s~1)
and high (700 pmol m~2 s~) photon flux density (PFD). These
experiments revealed that the transformants displayed enhanced
chloroplastic ETRs irrespective of the irradiance (Figure 6A). Gas
exchange was additionally measured directly, in the same lines as
used for the ETR measurements, under PFD that ranged from 0 to
1000 wmol m~=2 s~ (Figure 6B). The transformants exhibited
assimilation rates that were as much as 25% higher than those of
the wild type at PFDs of 400 pmol m~2 s~ and above (Figure 6B).
Analysis of other parameters of gas exchange revealed that the
transformants were also characterized by enhanced stomatal
conductance, regardless of the level of irradiance (Figure 6C), and
an increased ratio of intercellular to ambient CO, concentration,
C/C,, at PFDs of 400 umol m~2 s~ and above (Figure 6D).

To further characterize photosynthesis in these lines, we next
evaluated the response of the net carbon dioxide assimilation
rate (A) to the internal carbon dioxide concentration (C;) (ambient
carbon dioxide ranging from 50 to 2000 wmol mol~7). Essentially,
the A/C; curves we obtained were quite similar regardless of the
plant material analyzed (Figure 7A). As expected, therefore,
analysis of these curves using the online fitting model developed
by Sharkey et al. (2007) reveals that the maximum carboxylation
velocity of Rubisco (Vcmax), maximum electron transport rate
(Umax), triose phosphate use (TPU), and Jmax/Vemax ratio were
generally unchanged with respect to alterations in the activity of
succinate dehydrogenase (see Supplemental Table 3 online).
These results support the findings that increased A, as described
in Figure 6B, should be primarily associated with increased
stomatal conductance rather than with increased mesophyll
photosynthetic capacity to fix CO, at a given C;.

Malate (A), fumarate (B), starch (C), sucrose (D), glucose (E), and
fructose (F) were measured at each time point. Samples were taken from
mature source leaves. The lines used were as follows: the wild type (WT),
black circles; SDH14, open circles; SDH43, black triangles; SDH52, open
triangles. The data presented are means = SE of measurements from six
individual plants per line; an asterisk indicates values that were deter-
mined by the Student’s t test to be significantly different (P < 0.05) from
the wild type. Gray bars indicate the dark period; white bars indicate the
light period. FW, fresh weight.
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Figure 5. Relative Metabolite Content of the Fully Expanded Leaves of Antisense Succinate Dehydrogenase Tomato Plants.

Amino acids (A) and organic acids (B) were determined as described in Methods. The full data sets from these metabolic profiling studies are available
in Supplemental Table 2 online. Data are normalized with respect to the mean response calculated for the wild type (to allow statistical assessment,
individual plants from this set were normalized in the same way). The lines used were as follows: the wild type (WT), black bars; SDH14, gray bars;
SDH43, dark gray bars; SDH52, white bars. Values are presented as means * SE of six individual plants per line; an asterisk indicates values that were
determined by the Student’s t test to be significantly different (P < 0.05) from the wild type.

In a final set of gas exchange experiments, we investigated the
duration of stomatal opening and closing in the transgenic lines
following light-to-dark and dark-to-light transitions and recorded
the maximal aperture of the stomata. Interestingly, in contrast
with the situation observed in transgenic lines deficient in the
expression of fumarase (Nunes-Nesi et al., 2007b), in both in-
stances the transformants exhibited unaltered rates of opening
and closing (Figures 7B and 7C, respectively); however, the

maximal aperture of the stomata of the transgenic lines was
significantly enhanced. Finally, we calculated the stomatal den-
sity by examining abaxial epidermal impressions of the leaves
of the wild type and transformants. However, this parameter
was unaltered across the lines, even although the maximal
aperture of the stomata was, by contrast with the situation pre-
viously observed in the fumarase antisense lines, significantly
increased (Nunes-Nesi et al., 2007b; see Supplemental Figure 6
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Figure 6. Effect of Decreased Mitochondrial Succinate Dehydrogenase
Activity on Photosynthetic Parameters.

(A) In vivo chlorophyll a fluorescence was measured as an indicator of the
ETR using a PAM fluorometer at PFD of 100 (black bars) and 700 (gray
bars) pmol m—2 s—1.

(B) Assimilation rate (A) as a function of PFD intensities.

(C) Stomatal conductance (gs) as a function of the intensity of PFD.

(D) Internal-to-ambient CO, concentration ratio (Ci/Ca) as a function of
the intensity of PFD.

Values are presented as means * SE of six individual determinations per
line. All measurements were performed in 4- to 5-week-old plants. The
lines used were as follows: the wild type (WT), black circles; SDH14,
white circles; SDH43, black triangles; SDH52, white triangles. An asterisk
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online). Additionally, the stomata index and length of stomatal
pore had shown no statistical difference when compared with
wild-type plants (see Supplemental Figure 6 online). Consistent
with these data, water loss from leaves excised from succinate
dehydrogenase antisense plants resulted in a 25% fresh weight
loss after 180 min, whereas in leaves from wild-type and fuma-
rase antisense plants, fresh weight loss was only 20 and 16%
after 180 min, respectively (see Supplemental Figure 7 online).
These differences in fresh weight loss are also in accordance
with altered stomatal function, since the transgenic and wild-
type leaves exhibit similar stomatal densities (Nunes-Nesi et al.,
2007b; see Supplemental Figure 6 online.

Since the plants were grown in parallel in a greenhouse, with a
minimum irradiance of 250 pmol photons m—2s~7, it is supposed
that they actually experienced a higher PFD during most of their
life cycle. Thus, we expected that a higher photosynthetic rate
would be coupled to a higher stomatal conductance throughout
the plant growth period, as was indeed observed in SDH anti-
sense plants when we applied PFDs of 400 wmol m2s~' and
above (Figures 6B and 6C). Based on this, we decided to analyze
the gas exchange parameters under natural growth conditions
inside the greenhouse. Succinate dehydrogenase antisense
plants exhibited assimilation rates that were significantly higher
than those of the wild type, which was associated with higher
stomatal conductance coupled to an increased Ci/C, ratio (Table
4). In close agreement with these results, fumarase-deficient
plants, which we previously demonstrated to have impaired sto-
matal function (Nunes-Nesi et al., 2007b), displayed an opposite
phenotype for all parameters of gas exchange analyzed here
(Table 4). In fact, when data for the wild-type and transgenic plants
were pooled, a strong correlation (r = 0.96; P < 0.001) between
assimilation rates and stomatal conductance was evident.

Compelling evidence for an increased stomata function is
provided by the carbon isotope composition ratio (5'3C) pattern
(Figure 8), since the succinate dehydrogenase antisense plants
displayed lower (more negative) 8'3C values than did the wild
type. By contrast, fumarase antisense plants displayed higher
313C. It should be emphasized that the isotope discrimination
pattern provides a useful estimation of long-term gas exchange,
since §13C reflects the internal leaf carbon dioxide, which is
dependent on stomatal conductance on the one hand and on the
mesophyll capacity to fix CO, on the other. Given that Rubisco
preferentially fixes 2CO, above '3CO,, when it has an abundant
supply of carbon dioxide, considerably less 13C will be fixed, but
when its supply is limited, Rubisco will increase '3C fixation (Stitt
and Schulze, 1994). Taking into account that neither specific leaf
area nor total leaf area were increased in the transformants (see
Supplemental Figure 8 online), it follows that the increased whole
plant biomass (Figure 2C) must have resulted from increased
photosynthetic rates per unit leaf area as opposed to increased
whole-plant photosynthesis due to a larger total leaf area. That
said, the 3'3C values will also be affected by respiratory frac-
tionations. These fractionations are, however, likely to be very
small or even negligible. In fact, it is important to note that small

indicates values that were determined by the Student’s t test to be
significantly different (P < 0.05) from the wild type.
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Figure 7. Effect of Decreased Mitochondrial Succinate Dehydrogenase
Activity on Photosynthetic Parameters.

(A) Rate of net CO, assimilation as a function of internal leaf CO,
concentration (Ci). WT, wild type.

(B) and (C) Time taken for stomatal opening following a dark-to-light
transition (B) and time taken for stomatal closure following a light-to-dark
transition (C). Values are presented as means + St of six individual
determinations per line. All measurements were performed in 4- to
5-week-old plants.

differences between genotypes could merely reflect changes
in the respiratory rate. It is, however, highly unlikely that such
changes could underlie the differences observed here. In addi-
tion, our 8'3C results suggest that CO, does not have to be
recycled within the leaf, indicating that the biochemical discrim-
ination by Rubisco is the predominant factor accounting for the
observed values and that diffusion of CO, within the leaf is
relatively unimportant. We can, therefore, state that these results

are in close accordance with the instantaneous gas exchange
data, which revealed improved photosynthetic rates linked to
increased stomatal conductance, which, in turn, led to improved
carbon dioxide supply to the leaf tissues. In addition, these
results are in good agreement with data presented in Tables 2
and 4 and Figure 7, which suggest that higher assimilation rates
cannot be directly associated with a higher photosynthetic
capacity, despite a higher Rubisco activity.

Apoplastic Concentrations of Malate and Fumarate in
Succinate Dehydrogenase and Fumarase Antisense Lines

While the reduced levels of whole leaf malate and fumarate in the
succinate dehydrogenase antisense lines could theoretically
provide a mechanism that could explain their altered stomatal
function, we wanted to confirm that this phenomenon was also
observed within the apoplastic fluid of the transformants. This is
essential information, since it is the apoplastic concentration that
is likely to be critical in driving stomatal opening and closure.
Since we previously characterized antisense tomato plants de-
ficient in fumarase activity as additionally displaying elevated
cellular concentrations of malate and fumarate and altered
stomatal function (Nunes-Nesi et al., 2007b), we also evaluated
these lines here. There were significant decreases in the apo-
plastic levels of malate and fumarate in the succinate dehydro-
genase antisense lines in comparison to the wild type. By contrast,
the fumarase antisense lines showed increased apoplastic lev-
els of malate (Figure 9A) and fumarate (Figure 9B). These results
demonstrate a negative correlation between the concentrations of
these metabolites and gas exchange through the stomata.

In a first attempt to evaluate whether the phenotype observed
here was due to the influence of the mesophyll on the guard cell
or was a guard cell autonomous effect, we decided to isolate
guard cell protoplasts (GCPs) and mesophyll cell protoplasts
(MCPs) of succinate dehydrogenase and fumarase antisense
lines as well as from wild-type tomato. Despite the technical
complexity of preparing protoplasts from tomato, we were
eventually able to generate and characterize appropriate proto-
plasts. Interestingly, as observed previously (Shimazaki et al.,
1982, 1983; Gautier et al., 1991; Vani and Raghavendra, 1994),
in all genotypes, the GCP revealed a much higher respiratory

Table 4. Gas Exchange Parameters of Wild-Type and Transgenic
Tomato Plants

A (umolm—2s-1) gs(mmolm2s-') C/C,

FL11 10.6 + 0.4 164.0 + 4.2 0.61 + 0.03
FL41 9.9 0.2 159.7 + 5.9 0.63 = 0.02
Wild type  13.1 = 0.5 209.3 = 7.8 0.68 = 0.03
SDH14  17.9:0.9 297.5 + 11.3 0.77 = 0.02
SDH 43 169+ 0.4 290.4 + 2.2 0.75 + 0.02

Instantaneous gas-exchange variables, namely, the net CO, assimila-
tion rate (A), stomatal conductance to water vapor (gs), and internal-to-
ambient CO, concentration ratio (C/C,) were measured under natural
irradiance. Values presented are means = SE of six individual plants per
line. Values in bold were determined by the Student’s t test to be
significantly different (P < 0.05) from the wild type.
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Values are presented as means * SE of six individual determinations per
line. All measurements were performed in 4-week-old plants. The lines
used were as follows: the wild type (WT), black bars; SDH14, gray bars;
SDH43, dark-gray bars; FL11, light-gray bars, FL41, white bars. An
asterisk indicates values that were determined by the Student’s t test to
be significantly different (P < 0.05) from the wild type.

activity when compared with MCP (see Supplemental Figure 9
online). We also observed that both succinate dehydrogenase
and fumarase lines had a significant reduced respiratory activity
(see Supplemental Figure 9 online), in good agreement with
previous results observed in leaf material (Figure 1C). When we
analyzed the photosynthetic activity of GCP and MCP, we
observed an increased O, uptake in both cell protoplast types
in succinate dehydrogenase antisense lines, while the opposite
pattern was observed in fumarase antisense lines (see Supple-
mental Figure 9 online). We additionally measured the levels of
malate and fumarate in the isolated protoplasts. There were
significant decreases in the protoplastic levels of malate and
fumarate in the succinate dehydrogenase antisense lines in
comparison to the wild type (see Supplemental Figure 9 online).
By contrast, the fumarase lines showed increased levels of
malate and fumarate (see Supplemental Figure 9 online). While
these data are somewhat difficult to interpret, we believe they are
consistent with our previous suggestion that the stomatal effect
is due to changes in mesophyll metabolism. Moreover, the changes
in malate and fumarate in the guard cell protoplasts are directly
proportional to that detected in the apoplastic washes. Further-
more, the fact that the protoplasts were isolated from transgenic
lines displaying constitutive downregulation of the target gene
means that the guard cells used for protoplast generation can-
not be regarded as entirely independent entities, since their
changes in photosynthetic and respiratory activities could be due
to environmental reprogramming of guard cell gene expression.

Analysis of Stomatal Response of Wild-Type and
Transgenic Lines

To further characterize these lines, we evaluated the response of
intact leaves either from the wild type or succinate dehydrogen-
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ase antisense lines (SDH14 and SDH43) and fumarase antisense
lines (FL11 and FL41) to the exogenous application of a range of
physiologically relevant substances (ABA, malate, and fuma-
rate), both in the presence and absence of the channel potas-
sium transporter blocker CsCl (Ichida et al., 1997; Figure 10).
Application of malate and fumarate restricted stomatal aperture
in a concentration-dependent manner in all genotypes, and, as
observed previously, this effect is more marked following malate
feedings (Figure 10A; Lee et al., 2008). To control for possible
osmotic effects, 20 mM sorbitol (the highest concentration used
for malate and fumarate) was supplied to the medium. However,
no apparent effect on guard cell movement was observed, thus
ruling out osmotic effects being responsible for the altered
stomatal function (Figure 10A). In the absence of experimental
treatments, the succinate dehydrogenase lines exhibited an
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Figure 9. Apoplastic Concentrations of Malate and Fumarate in Succi-
nate Dehydrogenase and Fumarase Antisense Lines.

The apoplastic concentrations of malate (A) and fumarate (B) were
determined as described in Methods. Values are presented as means *=
SE of six individual determinations per line. All measurements were
performed in 4- to 5-week-old plants. The lines used were as follows: the
wild type (WT), black bars; SDH14, gray bars; SDH43, dark-gray bars;
FL11, light-gray bars; FL41, white bars. An asterisk indicates values that
were determined by the Student’s t test to be significantly different (P <
0.05) from the wild type. FW, fresh weight.
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increased stomatal aperture, while the fumarase lines exhibited a
decreased aperture with respect to the wild type. That said,
application of ABA normalizes the aperture across the geno-
types, providing further evidence that the effects observed
in the transgenic lines are independent of ABA. This finding
also contributes to our understanding of the establishment of
the molecular hierarchy of stomatal movement (Fernie and
Martinoia, 2009; Meyer et al., 2010a), suggesting that the ABA-
mediated pathway exhibits a higher influence on stomatal func-
tion than does the organic acid—-mediated pathway (Figure 10B).
Intriguingly, the absolute stomatal aperture of the succinate
dehydrogenase antisense lines following these feedings resem-
bles that of the fumarase antisense lines in the absence of
experimental treatment, suggesting that we were able to phe-
nocopy their aperture by altering the apoplastic organic acid
content. Application of the potassium transporter blocker CsCl
(Ichida et al., 1997) resulted in a moderate reduction in stomatal
aperture in all genotypes, albeit to a greater extent in the
fumarase lines (Figure 10B). When the leaves were incubated in
ABA and CsCl, malate and CsCl, or fumarate and CsCl, their
stomatal apertures were further reduced in comparison to those
of samples treated with ABA, malate, or fumarate alone. How-
ever, differences between the genotypes were essentially con-
served. A similar situation was observed following incubation
of leaves in ABA and malate, and ABA and fumarate. The
combined data therefore suggest that the difference in stoma-
tal behavior in the transgenic lines is independent both of
potassium influx (for details, see Ichida et al., 1997) and ABA-
mediated calcium influx (for details, see Schroeder and
Hagiwara, 1990). We additionally analyzed the results in terms
of relative values. For this purpose, we normalized the data
with respect to the mean response calculated for the wild type
in the control treatment (see Supplemental Figure 10 online).
However, this data transformation essentially confirmed the
results presented above and, as such, merely provides further
support for our interpretations.

Given that malate has often been described as a component of
mechanisms that sense high concentrations of CO, (Vavasseur
and Raghavendra, 2005; Geiger et al., 2009), we next analyzed
whether the transgenic lines in addition exhibited differential
expression of the currently known (and putative) malate trans-
porters or if this response was mediated merely at the substrate
level. Three malate transporters have been cloned that are re-
sponsible for cytosol to vacuole and cytosol to apoplast ex-
change (Emmerlich et al., 2003; Lee et al., 2008; Meyer et al.,
2010b), and, by analogy to microbial systems, it had been
thought likely that the SLOW ANION CHANNEL-ASSOCIATED1
(SLACT) also transports malate (Camarasa et al., 2001; Negi
et al., 2008). Recent evidence demonstrated by functional ex-
pression in Xenopus laevis oocytes that guard cell-expressed
Arabidopsis SLAC1 encodes a weak voltage-dependent, anion-
selective plasma membrane channel rather than a malate trans-
porter (Geiger et al., 2009). To extend our characterization of the
succinate dehydrogenase- and fumarase-deficient genotypes,
we attempted to look at the level of gene expression of these
three transporters. We were able to identify homologs of
ABCB14 and the vacuolar malate transporter (tonoplast Dicar-
boxylate Transporter [tDT]) but not of SLAC7 when searching
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Figure 10. Stomatal Movement in the Presence of Malate or Fumarate
and in Combination with ABA and the Channel Blocker CsCl.

(A) The effects of malate and fumarate concentrations on stomatal
closing of leaves of wild-type plants. For control treatments, we used the
stomatal opening buffer and, additionally, 20 mM sorbitol.

(B) Effects of malate and fumarate alone and in combination with ABA
and CsCl on transgenic plants.

Detached leaves were floated on stomatal opening buffer (10 mM MES-
KOH, pH 6.15, 5 mM KCI, and 50 uM CaCl,) under illumination for 2 h to
induce stomatal opening and then treated with different malate and
fumarate concentrations for an additional hour (A) or with either 20 mM
malate, 20 mM fumarate, 20 mM CsCl, or 5 uM ABA and the combina-
tions shown in (B) for an additional hour. Thereafter, stomatal apertures
were measured. Data are mean =+ SE of at least 120 stomata obtained
from three independent experiments with comparable results. The lines
used were as follows: the wild type (WT), black bars; SDH14, dark-gray
bars; SDH43, gray bars; FL11, light-gray bars; FL41, white bars. An
asterisk indicates values that were determined by the Student’s t test to
be significantly different (P < 0.05) from the wild type or the correspond-
ing control.



EST libraries and the currently available data from the tomato
genome sequencing project (van der Hoeven et al., 2002; http://
solgenomics.net/genomes/Solanum_lycopersicum/genome_
data.pl). Quantitative real-time PCR (qRT-PCR) analysis of the
transcript level of ABCB14 and tDT homologs revealed that the
former was expressed at similar levels in the succinate dehy-
drogenase antisense lines and the wild type (Figure 11A), while
the latter was upregulated in both the succinate dehydrogenase
antisense and the fumarase antisense lines (Figure 11B), sug-
gesting that the stomatal effects observed are also not mediated
by an alteration in the efficiency of vacuolar malate export. This
statement is in keeping with the fact that homozygous T-DNA
insertional knockout mutants lacking a functional tDT did not
show an obvious phenotype but contained less malate in leaves
(Hurth et al., 2005) as observed in this work. In a further exper-
iment, we evaluated the levels of ABA using a method recently
established in our laboratory (van der Merwe et al., 2009);
however, levels of the phytohormone were also invariant be-
tween genotypes (Figure 11C).

Analysis of Alterations in Gene Expression in llluminated
Leaves and in Epidermal Fragments

To broaden the characterization of the transgenic lines, we
performed microarray analysis using TOM1 microarrays (Alba
et al., 2004). For this purpose, we focused on the line SDH14 and
the wild type and hybridized RNA both from whole leaf and
epidermal fragments. Evaluation of epidermal fragments has
proven highly informative in assessing the transcriptome of
guard cells (Leonhardt et al., 2004), while the proteome of guard
cell protoplasts has also recently been studied (Zhao et al.,
2008). However, our studies revealed no significant changes in
the expression of genes in the succinate dehydrogenase anti-
sense line compared with the wild type after adjusting for multiple
testing, in keeping with the few significant changes reported for
the fumarase antisense lines (Nunes-Nesi et al., 2007b). For this
reason, we decided to carry out a more focused analysis using a
more sensitive qRT-PCR platform. Because different stimuli,
such as CO,, humidity, light, and hormones, can regulate sto-
mata opening (Schroeder et al., 2001; Pandey et al., 2007; Ward
et al., 2009), we analyzed a range of genes involved in this
process. We identified the tomato homologs of signature genes
for stomatal signal cascade from the literature as previously
shown, including the small subunit of Rubisco (Rbcs), light-
responsive genes (Figure 12A), such as cation/H* exchanger 20
(CHX20), phototropin 1 (PHOT1), PHOT2, and Cold Circadian
Rhythm RNA Binding 2 (CCR2), as well as some ABA-responsive
genes (Figure 12B), such as ABA insensitive 2 (ABI2), H* ATPase
(AHA2), calcium-dependent protein kinase 6 (CPK®6), nitrate
reductase 2 (NIA2), open stomata 1 (OSTT7), and phospholipase
D a1 (PLD«aT). Additionally, we also identified signaling and
solute transporter related genes (Figures 12C and 12D) (e.g.,
calcium sensing receptor [CaS], inward-rectifying Shaker chan-
nel [KAT2], respiratory burst oxidase homolog B [RBOHB], sugar
transporter 1 [STP1], calcineurin B-like interacting protein kinase
[CIPK15], glutathione peroxidase 3 [GPX3], G-protein coupled
recepetor type G protein [GTG17], and the tonoplast intrinsic
protein [TIP]) and used these to probe changes in gene expres-

SDH Inhibition Enhances Photosynthesis 613

121  ABCB14

0.8 1
0.6 -

0.4 1

Relative values

0.2

0.0 T
1.6 1 DT

141 *
1.2
1.0 A
0.8 A
0.6 A
0.4
0.2

0.0 T T
] ABA
300 [

w

Relative values

o

200

100 A

ABA (g kg-1 FW)

Figure 11. Expression of Malate Transporters and Measurements of
ABA Levels.

gRT-PCR analysis of the expression of ABCB14 (A) and the tonoplast
dicarboxylate transporter (tDT) (B) and ABA analyses (C) in leaves of the
wild-type and transgenic lines. All measurements were performed on
4-week-old plants. Values are presented as means =+ SE of six individual
determinations per line. The lines used were as follows: the wild type
(WT), black bars; SDH14, gray bars; SDH43, dark-gray bars; FL11, light-
gray bars; FL41, white bars. An asterisk indicates values that were
determined by the Student’s t test to be significantly different (P < 0.05)
from the wild type. FW, fresh weight.

sion in either the succinate dehydrogenase or fumarase anti-
sense lines at either the whole leaf or epidermal fragment levels
(Figure 12). The levels of these genes were similar in the trans-
genic lines. As can be seen in the Figure 12A, the tranformants
only showed clear opposite patterns in the expression of Rbcs,
reflecting, to some extent, the higher initial and total Rubisco
activities observed in succinate dehydrogenase antisense
plants. Furthermore, the majority of the genes showed similar
patterns of transcript accumulation, and while some quantitative
differences were apparent and significant, none of those were
consistent within the genotypes evaluated here.



614 The Plant Cell

A
— %
—_i%
Rbes |
R %
jr— —i%
I
(BN IEREH
CCR2 E I
e
-]

L. H

PHOT1 E

[— :‘H*
PHOT2 E 1

_:.B*

CHX20

> [T

L

STP1

i

RBOHB

|

KAT2

) SDH L14
== SDH L43
- WT
1 FL11
] FL41

CaS

LTI T TR T I T O Ty

I’

0.0 0.9 1.0 1.1
Relative expression

B N e |
——

PLDa 3
e

e ey

— —
B

OST-E I

——

e

e |

e

NIA2 E =

| ——]

e ————

— F—i
e ey |

CPK6 |
— |
e O | ——————|
P |
f—_— ]

AHA1 I
—
—————— &
N oy
e

ABI2 =
e %
N L E

0.0 0.9 1.0 1.1

D —

- F—

= =

TIP E

I

[ |
GTG i

[

1}

[ N ————

GPX3
|

. —  H
[ — —

CIPK15 E/_—'
| m
[

0.0 0.9 1.0 14

Relative expression
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Light-responsive genes (A); ABA-responsive genes (B); signaling (C) and solute (D) transporter-related genes. The transcripts analyzed here were as
follows: Rbcs, CCR2, PHOT1, PHOT2, CHX20, PLDa1, OST1, NIA2, CPK6, AHA2, ABI2, STP1, RBOHB, KAT2, CaS, TIP, GPCR1, GTG1, GPX3, and
CIPK15. Analyses were done in epidermal fragments of fully expanded leaves of 4-week-old plants. Values are presented as means *+ SD of six
individual plants. The lines used were as follows: the wild type (WT), black bars; SDH14, gray bars; SDH43, dark-gray bars; FL11, light-gray bars; FL41,
white bars. An asterisk indicates values determined by the Student’s t test to be significantly different (P < 0.05) from the wild type.

Analyzing the Regulation of Guard Cell Aperture by
the Mesophyll

Since our results were obtained from transgenic lines displaying
constitutive downregulation of SDH2-2, and considering that
this gene has a relatively low expression in tomato guard cells, it
is reasonable to hypothesize that the mesophyll regulates the
stomatal aperture and that the stomatal effect observed in this
study is due to changes in mesophyll metabolism. To address

this question, we generated a series of lines of SDH2-2 in
antisense orientation that had been independently transformed
under the control of a guard cell-specific promoter, MYB60,
which has been shown to be strongly expressed in guard cells
but not in epidermal cells (Cominelli et al., 2005; Nagy et al.,
2009). We then transferred nine transgenic lines obtained by
Agrobacterium-mediated transformation to the greenhouse.
Screening of the lines by gRT-PCR for SDH2-2 expression
yielded four lines that displayed a considerable reduction in the



level of SDH2-2 transcripts in epidermal fragments (Figure 13A).
Moreover, the expression of the nontargeted isoform SDH2-1 in
epidermal fragments was unaltered in the transformants (Figure
13B). We additionally verified that the expression of neither
isoform was altered in total leaf extracts, confirming that these
four lines (MYB60:SDH2, MYB60:SDH3; MYB60:SDH5, and
MYB60:SDH8) were suitable for assessing the effects of a mild
reduction in mitochondrial succinate dehydrogenase activity on
guard cells. We additionally observed that the succinate-depen-
dent DCPIP reduction (see Supplemental Figure 11 online) was
not impaired in leaves of these transformants, further confirming
the specificity of the guard cell inhibition. Detailed physiological
analyses of the above-mentioned transgenic lines revealed that
guard cell-targeted expression of SDH2-2 did not promote a
similar stomatal phenotype as observed in lines in that SDH2-2
had been constitutively downregulated. First of all, changes in
total leaf malate and fumarate contents (see Supplemental
Figure 11 online) and in apoplastic concentration of both organic
acids were not observed (Figures 13C and 13D). Second, we
performed an extensive physiological characterization by gas
exchange analysis, and we did not observe any alteration in
assimilation rates or in stomatal conductance (Figures 13E and
13F). Furthermore, our studies demonstrated that the dynamics
of stomatal opening and closing in response to light and dark,
respectively, were not altered in the guard cell-specific trans-
formants (see Supplemental Figure 11 online). Additionally, we
did not observe any alteration in stomatal conductance, dark
respiration, or C/C, in the MYB60:SDH2-2 lines in both the light
and CO, response experiments. Consistent with the above de-
scribed data, water loss from leaves excised from MYB60:SDH2
plants was invariant from the wild type with respect to fresh weight
loss after 180 min. Furthermore, these plants revealed no clear
differences in leaf formation, leaf area, onset of senescence or
flowering time, growth phenotype, or their harvest index.

DISCUSSION

Over many years, considerable research effort has been ex-
pended to better comprehend both the formation and physiology
of stomata (Hedrich and Neher, 1987; Schroeder and Hagiwara,
1990; Berger and Altmann, 2000; Bergmann et al., 2004; Lee
et al., 2008; Zhao et al., 2008; Casson and Hetherington, 2010).
Given the relative ease of the isolation of guard cells, which gate
stomata, our understanding of these cells exceeds that of many
of the other 40 cell types described thus far in plants (Martin et al.,
2001; Fernie, 2007). The adoption of forward genetic screens has
seen massive advances in our understanding of the develop-
mental processes that regulate the process of cell fate and
subsequently underpin stomatal density (Berger et al., 1998;
Nadeau and Sack, 2002; von Groll et al., 2002; Nadeau and Sack,
2003; Bergmann et al., 2004; Wang et al., 2007). By contrast,
although the physiological roles of potassium, calcium, and the
phytohormone ABA are well defined (Schroeder and Hagiwara,
1990; Schachtman et al., 1992; Pei et al., 2000), it is still a matter
of debate as to whether guard cells function autonomously or are
subject to regulation by their neighboring mesophyll cells (Lee
et al., 2008; Mott, 2009). That said, both the data that we provide
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and the recent characterization of Arabidopsis plants deficient
in the expression of ABCB14 (Lee et al., 2008) add further evi-
dence to support the contention of Mott and others that the
mesophyll harbors significant regulation over guard cell function
(Lee et al., 2008; Fernie and Martinoia, 2009; Mott, 2009).

In this study, we were interested in establishing the importance
of the TCA cycle enzyme succinate dehydrogenase, which
catalyzes the conversion of succinate to fumarate, in the func-
tioning of the illuminated leaf. After demonstrating that antisense
succinate dehydrogenase lines had a decreased flux through the
TCA cycle but elevated photosynthetic rates, as evidenced by
feeding experiments, gas exchange measurements and GC-MS
profiling, we concentrated our study on the stomatal function of
the transformants. The link between mitochondrial metabolism
and photosynthetic performance described here is by no means
without precedence and has received much attention in the form
of both reverse genetic and inhibitor studies (Padmasree et al.,
2002; Fernie et al., 2004b; Plaxton and Podesta, 2006; Sweetlove
et al., 2007). Evidence has accumulated that the operation of
respiration can boost photosynthetic performance (Nunes-Nesi
et al., 2005; Plaxton and Podesta, 2006; Tcherkez et al., 2009);
however, the fact that the effects observed here were mediated
by a modification in stomatal performance drove us to focus on
this parameter. Intriguingly, tomato plants with a deficiency in
fumarase expression were previously shown to have a reduced
flux through the TCA cycle, a large reduction in carbon dioxide
assimilation, and restricted growth, due to impaired stomatal
aperture (Nunes-Nesi et al., 2007b). The succinate dehydrogen-
ase lines characterized here display an essentially opposite
phenotype, with enhanced carbon dioxide assimilation resulting
in elevated aerial growth during the late stages of plant devel-
opment. The delayed response at the whole-plant level is likely
the cumulative effect of enhanced carbon assimilation over time.

There were few changes in other aspects of photosynthetic
metabolism in the succinate dehydrogenase antisense lines,
suggesting that the correct expression of SDH is of relatively
small importance in terms of total cellular homeostasis. Interest-
ingly, but not surprisingly, as was previously observed in other
genotypes deficient in enzymes of the TCA cycle (Carrari et al.,
2003; Nunes-Nesi et al., 2005, 2007a; Sienkiewicz-Porzucek
et al., 2008), the activities of other key enzymes of carbon
metabolism were largely unaltered, as were the levels of phos-
phorylated intermediates, suggesting that the increased CO,
assimilation rates were not mediated by a classical metabolic
mechanism. Indeed, despite the fact that the previously charac-
terized lines displayed large alterations in the expression of
photosynthesis-related genes (Urbanczyk-Wochniak et al.,
2006), the SDH lines described here were characterized by
very few transcriptional changes. Furthermore, a comprehen-
sive GC-MS-based metabolite profile revealed relatively few
changes in metabolites, with those observed being relatively mild
(Figure 5; see Supplemental Table 2 online).

Morphological analysis revealed that stomatal density was
unaltered in the transformants. However, detailed gas exchange
measurements revealed that the enhanced carbon dioxide as-
similation was a function of enhanced stomatal conductance
facilitated by the wider stomatal aperture of the transformants.
Chloroplastic electron transport rate and both initial and total in
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Figure 13. Physiological Characterization of SDH2-2 Lines under the Control of the Guard Cell-Specific Promoter MYB60.

(A) and (B) Relative transcript abundance of mitochondrial Complex Il subunits (SDH2-2 and SDH2-1, respectively). The abundance of SDH mRNAs

was measured by quantitative RT-PCR. WT, wild type.

(C) and (D) Apoplastic concentrations of malate (C) and fumarate (D). Malate and fumarate were determined as described in Methods. FW, fresh weight.
(E) and (F) Assimilation rate as a function of PFD intensities (E) and net CO, assimilation rate as a function of internal leaf CO, concentration Ci (F).
Values are presented as mean * SE of six individual plants per line. Asterisks indicate values that were determined by the Student’s t test to be

significantly different from the wild type (P < 0.05).

vitro Rubisco activities were also enhanced in the transformants,
and the activation state revealed a tendential increase across the
lines. Given that the expression levels of the genes encoding
the electron transport and Rubisco proteins were also elevated in
the transgenics, this might suggest the existence of an adaptive

mechanism that allows the available intracellular carbon dioxide
to be used. This hypothesis is further supported by the results of
metabolic control analysis studies in tobacco, which revealed
that changes in the amount and activity of Rubisco did not
universally correlate with alterations in the photosynthetic rates



(Quick et al., 1991; Stitt et al., 1991). This suggests that the
relatively minor (~25%) increase observed in the transgenics is
unlikely to drive the changes in photosynthesis per se. Further-
more, similar changes in sugar content to those observed here
were documented in the Acol mutant of the wild species of
tomato, Solanum pennellii, which is deficient in the expression of
aconitase but not in antisense lines of this species in which the
expression of the mitochondrial malate dehydrogenase had
been inhibited, despite the fact that both lines display elevated
rates of photosynthesis and aerial growth (Carrari et al., 2003;
Nunes-Nesi et al., 2005). However, the significance of this
difference is currently unknown. Returning to the succinate
dehydrogenase antisense plants, and given that Rubisco pref-
erentially uses 2CO, (Farquhar et al., 1982; Stitt and Schulze,
1994), an increased stomatal conductance would be expected to
increase the amounts of carbon assimilated, especially since the
activity of Rubisco is enhanced in parallel. The elevated growth
rate of the transformants, in particular the increased fruit yield,
provides further support for this statement. The increased fruit
yield of the transformants additionally supplies more evidence in
support of the theory that fruit yield is largely dependent on
photoassimilate supply from the leaves (Fridman et al., 2004;
Hackel et al., 2006; Schauer et al., 2006). When taken together,
these observations suggest that manipulation of stomatal func-
tion is a promising approach for the improvement of crop yield.
It is, however, important to highlight that this work was per-
formed in a greenhouse under controlled conditions that pre-
cluded water stress. Given the twin roles of stomata as a
conduit for CO, and water, it is important to note that the
adoption of the approach we describe here to field-grown crops
(including tomato, itself, in certain climate zones) is unlikely to
prove facile.

Having established that the elevated photosynthetic rates (and
subsequent increased growth rates) were, at least, predomi-
nantly due to the altered stomatal function of the transformants,
we concentrated on trying to understand the mechanisms un-
derlying this change. To this end, we initially performed exper-
iments to determine whether the changes in total cellular malate
and fumarate content were reflected in the apoplastic concen-
trations of these metabolites. This was indeed the case for both
the succinate dehydrogenase antisense lines, which displayed
decreased apoplastic levels of both metabolites, and in the
fumarase antisense lines, which displayed increased apoplastic
levels of both metabolites. Additionally, the measurement of O,
uptake and evolution were consistent with the guard cell con-
taining a high catabolic activity, but the mesophyll cell making a
greater contribution to the anabolic process. In keeping with this,
a remarkable correlation between malate (and fumarate) levels
determined in the apoplast (Figure 9) and the protoplast prep-
arations (see Supplemental Figure 9 online) is apparent. Given
that the protoplasts are derived from transgenic plants, with
constitutive downregulation of SDH2-2 by the transgene in the
mesophyll cells, it follows that these changes in malate content in
the guard cell result from the altered metabolism of its surround-
ing cellular environment. In a complementary approach, we
evaluated the response of the wild type and both transgenic sets
to the exogenous application of either metabolite at physiolog-
ically relevant concentrations. Application of both malate and
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fumarate to wild-type plants resulted in a concentration-dependent
restriction of the stomatal aperture, albeit with malate being more
potent at equivalent concentrations. This was also true in the
transgenic lines, demonstrating that they are in no way impeded
in their capacity to respond to this organic acid, thus providing
further evidence that the effects we observed are independent of
any alteration in the metabolic capacity of the guard cell. Given
that malate is physiologically present in the apoplast at higher
concentrations than fumarate (3 times as high, according to this
study), it seems likely that malate exerts a greater in vivo
influence on stomatal aperture than fumarate does. These stud-
ies, when considered alongside the recent identification of
transporters that import malate (or fumarate) into the guard cell
(Lee et al., 2008), or have been assumed to export it (Negi et al.,
2008; Vahisalu et al., 2008), thus provide a mechanism by which
these organic acids can influence stomatal function. When taken
together, these studies provide a mechanism linking mesophyll
and stomatal function and thus add further evidence to support
the hypothesis of Mott (2009) that guard cells are not autono-
mously regulated.

Despite the fact that these data document the importance of
organic acids in guard cell function, the experiments discussed
thus far do not, in their own right, rule out an interaction with other
well-characterized mechanisms of guard cell regulation, such as
those that involve ABA, potassium, nitrous oxide, or calcium
(Assmann and Shimazaki, 1999; Assmann and Wang, 2001;
Hetherington, 2001; Coursol et al., 2003; Hetherington and
Brownlee, 2004; Roelfsema and Hedrich, 2005; Israelsson et al.,
2006; Mori et al., 2006; Sutter et al., 2007; Zhu et al., 2007; Kwak
et al., 2008; Dreyer and Blatt, 2009; Li et al., 2009; Pandey et al.,
2009; Ribeiro et al., 2009; Wilson et al., 2009). Although the
accumulation of violaxanthin that was observed in the succinate
dehydrogenase transgenic plants is reminiscent of the accumu-
lation of this pigment in several mutants of ABA biosynthesis
(Hurry etal., 1997; Galpaz et al., 2008), we were not able to detect
any differences in the level of the phytohormone in the trans-
formants. Moreover, analysis of the expression data did not
uncover large changes in ABA-responsive genes (Hetherington
and Quatrano, 1991; Hildmann et al., 1992; Abe et al., 1997) or of
genes/proteins associated with ABA-mediated signal transduc-
tion relay (Leonhardt et al., 2004). The recent proteomic study of
Zhao et al. (2008) highlighted a plethora of proteins that were
differentially expressed in guard cells as opposed to mesophyll
cells, many of which have previously been characterized as
being ABA responsive. Similarly, the experiments in which leaves
from the transgenic and wild-type lines were incubated in the
presence of the potassium channel blocker CsCl (Ichida et al.,
1997) yielded similar results. Moreover, the restriction in stomatal
aperture was additive when leaves were incubated in CsCl and
malate or in CsCl and fumarate. The efflux of both anions and
K+* from guard cells via anion and K*,,; channels contributes to
loss of guard cell turgor, which subsequently leads to stoma-
tal closing (Schroeder and Hagiwara, 1989; Pei et al., 1997;
Gaedeke et al., 2001; Wang et al., 2001; Vahisalu et al., 2008).
The synthesis of these findings shaped the model that continu-
ous membrane hyperpolarization by constitutively activated
H+-ATPase counteracts ABA-induced stomatal closure (Merlot
et al., 2007; Kwak et al., 2008). Since blocking of the potassium
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Figure 14. Mitochondrial Function Triggers Stomatal Movement by Regulating Organic Acid Levels.

The malate (fumarate) produced by the TCA cycle is transported to the vacuole, where it is stored. By an unclear mechanism, the level of organic acid is
altered in the subsidiary cells, leading to an increased (decreased) concentration in the guard cells that culminates with the closing (opening) of stomata.
Stomatal movement is additionally regulated by other well-characterized mechanisms (K*, Cl—, ABA, and Ca?2*); therefore, future work is required to fully
understand the molecular regulatory hierarchy of this highly specialized cell type.

channels had the same effect irrespective of genotype, it is hard
to believe that the metabolic shifts reported here mediated the
stomatal phenotype through a direct effect on these trans-
porters. Interestingly, the leaf disc experiments we described
here suggest that the effect of ABA is potentially dominant to that
of organic acids; however, the relevance of this finding in the
context of the transgenics characterized here is minimal. There-
fore, it is conceivable under certain cellular circumstances that
stomatal function can be regulated by the rate of respiration of
the neighboring mesophyll cells. Furthermore, the microarray
data presented here display few of the trademark features of cell
autonomous regulation. Finally, the lack of evidence for change
in the levels of ascorbate or, in the evaluation of expression data,
of reactive oxygen species, in this study leads us to conclude that
the effects of stomatal aperture that we described are not
mediated by hydrogen peroxide (Zhang et al., 2001; Chen and
Gallie, 2004).

A process of elimination thus leaves us with malate (and
fumarate) as the major mediator of the altered stomatal function
exhibited in the transgenic plants. Our data, when taken along-
side that recently obtained for Arabidopsis ABCB14 (Lee et al.,
2008), provide strong evidence that modulation of the malate
concentration in guard cells can greatly influence stomatal
function. Considering the sensitivity of anion channels to extra-
cellular anions, Hedrich and Marten (1993) suggested that guard
cells might sense CO, via changes in the apoplastic malate
concentration. In keeping with this theory, the apoplastic malate
concentration increases at high atmospheric CO, concentra-
tions (Hedrich et al., 1994). Furthermore, malate induces stomata
closure in epidermal strips of fava bean (Vicia faba) with a half
maximal concentration of 0.3 mM. In good agreement with these

results, feeding malate to excised leaves reduces the transpira-
tion rate in a dose-dependent manner (Hedrich et al., 2001).
However, even at the highest concentration of malate used (40
mM), stomata still responded to CO, in the atmosphere, indicat-
ing that guard cells must have at least one additional CO,
sensing system. Thus, further experimentation is required to
tease out the molecular hierarchy shared between this mecha-
nism and those mediated by ABA and K* ions. It seems likely that
the relative importance of each regulatory mechanism will vary
with circumstances; however, a fuller understanding of this is
surely required to engineer sustainable increases in crop yield.
Finally, it is interesting to note that although neither malate nor
fumarate exert their effects on stomata by affecting ABA, the
phytohormone could, conditionally, act upstream of the organic
acids, given that a recent study in Arabidopsis revealed the
SDH2-3 gene to be upregulated by ABA (Roschzttardtz et al.,
2009). It will be important to establish the functional significance
of this observation in future studies.

In summary, the above questions notwithstanding, in this
article, we demonstrated that antisense inhibition of succinate
dehydrogenase in a guard cell-independent manner led to an
alteration in the levels of organic acids in guard cells, while the
antisense inhibition of fumarase led to a feedback inhibition of
respiratory metabolism, which resulted in an increased concen-
tration of malate (and, to a lesser extent, of fumarate) and, in turn,
promoted stomatal closure. Thus, the results presented here
show that alterations in mitochondrial metabolism of the meso-
phyll cells strongly impact stomatal function by regulating the
levels of organic acids, as outlined in our model illustrated in
Figure 14. This model describes not only the results of this work
but also that of others (Lee et al., 2008; Sibbernsen and Mott,



2010), suggesting mesophyll regulation over guard cell aperture.
Moreover, it is in strong accordance with the hypothesis of
Hedrich and Marten (1993) that malate acts as a CO, sensor and
even implicates the mitochondrial TCA cycle and associated
enzymes in this process. It follows that an increased concentra-
tion of CO, would inhibit the decarboxylation reactions of the
TCA cycle and, as such, restrict flux through pyruvate dehydro-
genase and the NAD-malic enzyme. As a consequence, pyruvate
and malate would be anticipated to accumulate, leading to a
reduced stomatal aperture. By contrast, low CO, would favor the
decarboxylation reactions and promote an increase in the flux
through pyruvate dehydrogenase and the NAD-malic enzyme,
and, as such, a decrease in pyruvate and malate concentration
would lead to an increased stomatal opening.

The fact that the effects on stomatal aperture were not ob-
served when a guard cell-specific promoter was used indicates
that the mesophyll plays the predominant role in defining the
phenotype observed in the transformants downregulated using
the CaMV 35S promoter. Taken together with the fact that the
downregulation of SDH2-1 under the control of the CaMV 35S
promoter did not affect SDH expression in lower epidermal
fragments allows us to exclude even a minor influence of this cell
type on the results obtained. Future work is clearly required to
further examine the crosstalk between malate and ABA, K*, and
ClI~ ions to fully understand the molecular regulatory hierarchy of
this highly specialized cell type.

METHODS

Materials

Tomato (Solanum lycopersicum cv Moneymaker) was obtained from
Meyer Beck. Plants were handled as described in the literature (Carrari
et al., 2003; Nunes-Nesi et al., 2005). Briefly, plants were grown in par-
allel in the greenhouse, with a minimum irradiance of 250 wmol photons
m~2 s~1, at 22°C, and under a 16-h-light/8-h-dark regime. Experiments
were performed on mature fully expanded source leaves from 4- to
5-week-old plants. Unless specified otherwise, all chemicals and enzymes
used in this study were obtained from Roche Diagnostics, with the exception
of radiolabeled sodium bicarbonate and p-[1-1C]-, [2-1“C]-, D-[3,4-14C]-,
and D-[6-1%C]- glucose, which were from Amersham International.

cDNA Cloning and Expression

First, an 825-bp full-length cDNA of SI SDH2-2 was amplified using the
primers 35S-SISDH2-2 forward 5'-CACCATGGCGACTAGTTTAATCCG-
ACG-3’ and 35S-SISDH2-2 reverse 5'-AGGTGCCATCTCCAGCTTCTTG-3'
and cloned in antisense orientation into the vector pK2WG7 (Liu et al.,
1990) between the CaMV 35S promoter and the ocs terminator. This
construct was introduced into plants by an Agrobacterium tumefaciens—
mediated transformation protocol, and plants were selected and main-
tained as described in the literature (Tauberger et al., 2000). Initial
screening of 15 lines was performed using oxygen consumption analysis
of the rate of respiration (Araujo et al., 2008) and RNA gel blot analysis.
These screens allowed the selection of eight lines, which were taken to
the next generation.

Second, guard cell-specific reduction of S| SDH2-2 expression was
obtained by the insertion of the 825-bp full-length SI SDH2-2 cDNA in
antisense orientation, under the control of the MYB60 promoter (Nagy
et al., 2009) and nos terminator cloned into a Gateway plant-compatible
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transformation vector (Curtis and Grossniklaus, 2003). The following pri-
mers were used for this cloning: MYB60-SISDH2-2 forward, 5'-TTGG-
CGCGCCATGGCGACTAGTTTAATC-3’, and MYBG60-S/ISDH2-2 reverse,
5'-CCTTAATTAAAGGTGCCATCTCCAGCTTC-3'. The construct obtained
was introduced into plants by an Agrobacterium-mediated transformation
protocol, and plants were selected and maintained as described by
Tauberger et al. (2000). The screening of nine lines was performed by
gRT-PCR analyses. These screens allowed for the selection of four lines,
which were taken to the next generation.

Mitochondrial Respiration, Succinate-Dependent Oxygen
Consumption, and DCPIP Reduction

Total succinate dehydrogenase activity was confirmed in the second
harvest of these lines after which three lines were chosen for detailed
physiological and biochemical analyses. The succinate dehydrogenase
activity was determined using a Clark-type electrode, after mitochondrial
isolation from fruits harvested at 35 d after flowering of both wild-type and
transformant plants using a Percoll gradient purification method (Millar
et al., 2001). The mitochondrial activity was subsequently determined by
applying the same method to mitochondrial fractions that was described
in the protocol for mitochondrial isolation described by Sweetlove et al.
(2002). The purity of the mitochondrial preparations was confirmed as
described previously (Carrari et al., 2003; Nunes-Nesi et al., 2007b).
Protein was quantified using the Bio-Rad protein assay reagent (Bio-Rad
Laboratories). Mitochondrial respiration was measured as oxygen con-
sumption using a Clark-type electrode with the addition NADH (1 mM),
malate (5 mM), citrate (5 mM), KCN (1 mM), ADP (0.5 mM), and
salicylhydroxamic acid (SHAM) (10 mM) to determine mitochondrial
respiration rates. Calibration of the electrode was performed by addition
of sodium dithionite to remove all oxygen in the electrode chamber. All
reactions were performed at 25°C using 1 mL of mitochondrial reaction
medium (Sweetlove et al., 2002). To investigate the succinate-dependent
O, consumption, 10 mM succinate was added to the reaction solution.
To confirm the purity of the mitochondrial preparations, the activity of
cytochrome ¢ oxidase (CCO) and UDP-glucose pyrophosphorylase
(UGPase) (Carrari et al., 2003), which serve as marker enzymes for the
mitochondria and cytoplasm, respectively, was determined. The con-
tamination of the mitochondria was, in all instances, <10%, and
recoveries of the marker enzymes were 91% for UGPase and 93%
for CCO.

The mitochondria-enriched fraction from tomato leaves was obtained
by homogenizing 250 mg of leaves in prechilled extraction medium
containing 300 mM mannitol, 30 mM MOPS-KOH, pH 7.5, 1 mM EDTA,
0.1% (w/v) BSA-fraction V, 0.1% (w/v) polyvinylpyrrolidone, and 4 mM
Cys. The homogenate was passed through three layers of miracloth
(Calbiochem) and centrifuged at 1000g for 10 min. The supernatant was
then transfered to new tubes and centrifuged at 12,5009 for 20 min, and
the pellet was resuspended using a soft paintbrush dipped in 300 mM
mannitol, 30 mM MOPS-KOH, pH 7.5, and 1 mM EDTA. The succinate
dehydrogenase activity was determined as described by Huang et al.
(2010), with modifications. Briefly, the mitochondria-enriched fraction
(50 to 100 p.g protein) was assayed for activity spectrophotometrically at
600 nm and 25°C, in a reaction medium containing 50 mM potassium
phosphate, pH 7.4, 10 mM sodium succinate, 0.1 mM EDTA, 0.1% (w/v)
BSA, 10 mM potassium cyanide, 0.15 mM DCPIP, and 2 mM phenazine
methosulfate.

Phylogenetic Analysis

Protein sequences were retrieved from GenBank through the BLASTp
algorithm using the SI SDH2-2 amino acid sequence as query. Sequences
were aligned using the ClustalW software package (Higgins and Sharp,
1988) using default parameters. Neighbor-joining trees (Saitou and Nei,
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1987) were constructed with MEGA4.1 Beta 2 software (Tamura et al.,
2007) using midpoint rooting. Distances were calculated using pairwise
deletion and Poisson correction for multiple hits, and bootstrap values
were obtained with 1000 pseudoreplicates.

RNA Gel Blot Analysis

Total RNA was isolated using the commercially available Trizol kit (Gibco
BRL) according to the manufacturer’s suggestions for extraction from
plant material. Hybridization using standard conditions was performed
using the ESTs for the iron-sulfur subunit of succinate dehydrogenase
obtained from the Clemson University collection.

Analysis of Enzyme Activities

Enzyme extracts were prepared as described previously (Gibon et al.,
2004), except that Triton X-100 was used at a concentration of 1% and
glycerol at 20%. Fumarase, AGPase, PEP carboxylase, and sucrose
phosphate synthase were determined as described by Gibon et al. (2004).
Rubisco activity was determined as described by Sharkey et al. (1991).
Malate dehydrogenase (NADP) was assayed as described by Scheibe
and Stitt (1988) and malate dehydrogenase (NAD) as described by Jenner
et al. (2001).

Determination of Metabolite Levels

Leaf samples were taken at the time points indicated, immediately frozen
in liquid nitrogen, and stored at —80°C until further analysis. Extraction
was performed by rapid grinding of tissue in liquid nitrogen and imme-
diate addition of the appropriate extraction buffer. The levels of starch,
sucrose, fructose, and glucose in the leaf tissue were determined exactly
as described previously (Fernie et al., 2001). Malate and fumarate were
determined exactly as detailed by Nunes-Nesi et al. (2007b). The levels of
all other metabolites were quantified by GC-MS as described by
Roessner et al. (2001), with the exception that the peak identification
was optimized to tomato tissues (Roessner-Tunali et al., 2003), and the
metabolites studied included recent additions to our mass spectral
libraries (Kopka et al., 2005; Schauer et al., 2005). Photosynthetic
pigments were determined exactly as described by Bender-Machado
et al. (2004).

ABA Analysis

Extraction of ABA from leaves was performed exactly as described by van
der Merwe et al. (2009).

Measurements of Photosynthetic Parameters

The #C-labeling pattern of sucrose, starch, and other cellular constitu-
ents was performed by illuminating leaf discs (10-mm diameter) in a leaf-
disc oxygen electrode (Hansatech) in saturating '*CO, at a PFD of 700
pmol m=2 s~ at 25°C for 30 min, and subsequent fractionation was
performed exactly as detailed by Lytovchenko et al. (2002). Fluorescence
emission was measured in vivo using a PAM fluorometer (Walz) on plants
maintained at fixed irradiance (100 and 700 wmol photons m—2s~) for 30
min prior to measurement of chlorophyll a fluorescence yield and relative
ETR, which were calculated using the WinControl software package
(Walz). Gas-exchange measurements were performed with a LI-6400
open-flow gas exchange system (Li-Cor). Photosynthetic light response
curves (A/PFD) were produced by increasing PFD from 0 to 1000 wmol
(photons) m—2 s~1. The reference CO, concentration (C,) was set at 400
wmol CO, mol~" air. The responses of A to internal CO, concentration
(A/Ci curve) were determined at 700 pmol (photons) m=2 s~1, at 25°C.
Measurements started at 350 wmol CO, mol~1, and once the steady state

was reached (within 3 to 5 min), CO, concentration was gradually lowered
to 50 wmol mol~" and then increased stepwise up to 2000 wmol mol~",
exactly as described by Long and Bernacchi (2003). Estimation of the
maximum carboxylation rate (Vomax), €lectron transport rate (Jmax), and
triose phosphate use (TPU) variables were computed from the A/C;
curves using the A/C; curve fitting model developed by Sharkey et al.
(2007). All measurements were performed at 25°C, and vapor pressure
deficit was kept at 2.0 = 0.2 kPa, while the amount of blue light was set to
10% PFD to optimize stomatal aperture.

Carbon Isotope Composition Ratio

Leaf tissue was collected between 11:00 and 13:00 h, and stable carbon
isotope ratio (373C) was analyzed as described by DaMatta et al. (2002).

Measurement of Respiratory Parameters

Dark respiration was measured using the same gas exchange system as
defined above. Estimations of the TCA cycle flux on the basis of *CO,
evolution were performed following incubation of isolated leaf discs in 10
mM MES-KOH, pH 6.5, containing 2.32 KBq mL~" of [1-14C]-, [2-14C]-,
[3,4-14C]-, or [6-1“C]Glc. Evolved *CO, was trapped in KOH and quan-
tified by liquid scintillation counting. The results were interpreted follow-
ing Rees and Beevers (1960).

Stomatal Analysis

After 2 h of illumination in the dark-light cycle as described above, dental
resin imprints (Kagan et al., 1992; Berger and Altmann, 2000) were taken
from the abaxial surface of two leaflets, the third and fourth fully devel-
oped leaves. Nail polish copies were prepared as described by von Groll
et al. (2002), and the images were taken with a digital camera (Color View;
Soft Imaging System) attached to a microscope (Olympus BX41). The
measurements were performed on the images using the Cell® software
(Soft Imaging System). Stomatal density was determined in five to eight
different fields of 0.55 mm2 per leaflet, and aperture measurements were
determined in 90 to 120 guard cell pairs distributed in at least six separate
fields of 0.14 mm?2. For Figure 10, detached leaves were cut and floated in
stomatal opening solution containing 10 mM MES-KOH, pH 6.15, 5 mM
KCI, and 50 uM CaCl, at 25°C. The described solutions were added to the
opening solution after 2 h of illumination, and stomatal apertures were
measured 2 h later.

Water Loss Measurements

For water loss measurements, the weight of detached leaves, incubated
abaxial side up under greenhouse conditions, was measured at the
indicated time points. Water loss was calculated as a percentage of the
initial fresh weight.

Isolation of Apoplastic Fluid

Apoplastic fluid was isolated essentially by following the protocol of
Sweetlove et al. (1998). Briefly, leaves were collected and washed in ice-
cold milli-Q water (Milipore) and were then vacuum infiltrated in 100 mM
KCI twice for 2 min each. The leaves were then blotted dry, placed
between two funnels to hold them flat, and centrifuged for 10 min at 1000g
at 4°C. The volume of the collected liquid was measured and stored at
—80°C until required.

Preparation of Epidermal Fragments

Epidermal fragments from fully expanded leaves highly enriched for
guard cells (>90%) were prepared using the blender method described by
Scheibe et al. (1990).



Isolation of Guard Cell Protoplasts

Guard cell protoplasts from tomato plants were isolated and purified
mainly as described in the protocol developed for Arabidopsis thaliana
(Pandey et al., 2002; Yoo et al., 2007) with modifications. Fully expanded
leaves (~10 g) with the main veins removed were surfaced sterilized in
0.5% (v/v) NaOCl and 0.12% (v/v) Tween 20 solution for 5 min, washed in
96% (v/v) ethanol for 2 s, followed by three washes in sterile distilled
water. The leaves were then blended twice for 1 min in a waring blender in
100 mL of cold distilled water. The first enzyme digestion of epidermal
peels was performed for 1 h at a shaking speed of 150 rpom. The second
enzyme digestion was performed for 1 h at a speed of 50 rpm. The pore
size of the nylon mesh used after the first and the second digestions was
60 and 30 um, respectively. After Histopaque purification, the cells were
resuspended in 1 mL of basic solution containing 5 mM MES-Tris, pH 5.5,
0.5 m M CaCl,, 0.5 mM MgCl ,, 10 uM KH ,PO4, 0.5 mM ascorbic acid,
and 0.55 M sorbitol. Ten microliters of the suspension was then taken,
and the number of protoplasts was estimated with a hemocytometer. The
pellet was washed three times with 0.4 M mannitol containing 1 mM
CaCl,. Isolated guard cell protoplasts were stored in 0.4 M mannitol
containing 1 mM CaCl, at 2 to 4°C in the dark until use. Protein
concentrations were determined as described above and chlorophyll
concentration was determined as described by Porra et al. (1989). The
yield of guard cell protoplasts was on average 5 X 105 mL~1, which
corresponds to ~30 pg of protein. The purity of the final guard cell
preparation was consistently higher than 99.0% on a cell basis, with little
contamination originating from mesophyll cells and epidermal cells.

Preparation of Mesophyll Cell Protoplasts

Mesophyll cell protoplasts were prepared as described (Shimazaki et al.,
1982) with modifications. Fully expanded leaves (~3.0 g) were sterilized
in 0.5% (v/v) NaOCI, 0.12% (v/v) Tween 20 solution for 5 min, washed in
96% (v/v) ethanol for 2 s, followed by three washes in sterile distilled
water. The leaves were placed in 0.3 M sorbitol and 50 mM CaCl, and
sliced into ~1- to 2-mm strips. After 30 min of plasmolysis at room
temperature, the strips were vacuum infiltrated three times for 1 min and
treated with 25 mL of an enzyme solution containing 2% (w/v) Cellulase
Onozuka R-10 (Yakult Honsha) and 0.5% (w/v) Macerozyme R-10 (Yakult
Honsha) in a buffer containing 0.65 M mannitol, 2 mM CaCl,, 5 mM MES-
KOH, pH 5.5, and 0.2% (w/v) BSA. Enzymatic digestion was performed
for ~30 min at room temperature after vacuum infiltration. The second
digestion was performed for 2.0 h at 25°C. The released mesophyll cell
protoplasts were collected by low-speed centrifugation (100g for 7 min)
and were washed twice with 0.6 M mannitol containing 1 mM CaCl,.
Finally, the protoplasts were resuspended in standard uptake buffer
(1 mM CaCl,, 1 mM MgCl,, 0.65 M mannitol, and 10 mM MES-Tris, pH
5.5). Isolated mesophyll cell protoplasts were stored on ice in the dark
until use. Protein and chlorophyll concentrations were determined as
stated above. The rate of O, evolution and uptake was determined at
25°C as described elsewhere (Shimazaki et al., 1982) for both guard cell
and mesophyll cell protoplasts.

Microarray Analysis

TOM1 glass slides containing arrayed tomato ESTs were obtained
directly from the Center for Gene Expression Profiling at the Boyce
Thompson Institute, Cornell University, the Geneva Agricultural Experi-
ment Station, and the USDA Federal Plant and Nutrition Laboratory. The
tomato array contains 13,440 spots randomly selected from cDNA
libraries isolated from a range of tissues, including leaf, root, fruit, and
flowers, and representing a broad range of metabolic and developmental
processes. Further annotation of this file was performed to provide gene
identities and putative functions for the ESTs described on the Solana-
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ceae Genomics Network website (http://soldb.cit.cornell.edu). Fluores-
cent probe preparation and microarray hybridization were performed
exactly as described previously (Urbanczyk-Wochniak et al., 2006). Five
microarrays were hybridized with extracts from whole leaves from wild-
type and SDH14 plants using a dye-swap strategy, such that wild-type
plants were labeled with Cy3 three times. In the case of epidermal
fragments, four slides were hybridized, where each genotype was labeled
with Cy3 two times. Microarray experiment slides were normalized with
print-tip loess and moving minimum background subtraction using the
Bioconductor limma package framework (Gentleman et al., 2004). Micro-
array slides were subsequently scale normalized, with the log ratios be-
ing adjusted to have the same median absolute deviation across arrays
(Yang et al., 2002; Smyth and Speed, 2003). Moderated t statistics were
used to detect any genes likely to be differentially expressed between
wild-type and SDH14 plants either in the whole leaf or in epidermal
fragments (Smyth, 2004). Finally, the resulting P values were corrected for
multiple testing using the Benjamini Hochberg procedure (Benjamini and
Hochberg, 1995).

gRT-PCR

qRT- PCR was performed exactly as described by Zanor et al. (2009)
using the fluorescent intercalating dye SYBR Green in an iCycler detec-
tion system (Bio-Rad). The primers used here are described in Supple-
mental Table 4 online. To normalize gene expression, the constitutively
expressed ubiquitin3 (UBI3) was amplified using the following primers:
forward, 5'-AGGTTGATGACACTGGAAAGGTT-3', reverse, 5'-ATCGCC-
TCCAGCCTTGTTGTA-3’ (Wang et al., 2008).

Statistical Analysis

Data were statistically examined using analysis of variance and tested for
significant (P < 0.05) differences using Student’s t tests. The term
significant is used in the text only when the change in question has
been confirmed to be significant (P < 0.05) with the Student’s t test. All the
statistical analyses were performed using the algorithm embedded into
Microsoft Excel.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL
data libraries under the following accession numbers: SDH2-2 (SGN-
U563726); SDH 2-1 (SGN-U563725); Rbcs (SGN-U577358); CHX20
(SGN-U585825) ; PHOT1 (SGN-U563240); PHOT2 (SGN-U565446); CCR2
(SGN-U578513); ABI2 (SGN-U569923); AHA2 (SGN-U593808); CPK6
(SGN-U317299); NIA2 (SGN-U579543); OST1 (SGN-U568947); PLDa1
(SGN-U580437); CaS (SGN-U567109); KAT2 (SGN-U603185); RBOHB
(SGN-U564615); STPT (SGN-U579712); CIPK15 (SGN-U583600); GPX3
(SGN-U576688); GTG1 (SGN-U581783) ; TIP (SGN-U580398); ABCB 14
(SGN-U571503); tDT (SGN-U565207); UBI3 (X58253); SGN-U579957
(glycolate oxidase); SGN-U580678 (ribulose-phosphate 3-epimerase);
SGN-U566206 (similar to lipase in Arabidopsis); SGN-U584266 (UDP-
sulfoquinovose:DAG  sulfoquinovosyltransferase/sulfolipid synthase);
SGN-U563031 (CTD phosphatase-like protein 3); SGN-U591223 (sub-
tilase family protein); SGN-U595977 (hypothetical protein); and SGN-
U573103 (unnamed).

Supplemental Data

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

Supplemental Figure 1. Characterization and Expression of Tomato
SDH2-2.

Supplemental Figure 2. Expression of Tomato Succinate Dehydro-
genase in Epidermal Fragments.
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Supplemental Figure 3. Relative Expression of Off Target Genes
Supposed to Effect Succinate Dehydrogenase Sequence in Tomato.

Supplemental Figure 4. Analysis of Succinate Dehydrogenase Expres-
sion and Activity in Tomato Plants during Normal Plant Development.

Supplemental Figure 5. Carbon Dioxide Evolution from Positionally
Labeled Glucose in Leaves of Antisense SDH Tomato Plants.

Supplemental Figure 6. Stomatal Properties of 4-Week-Old Trans-
genic and Wild-Type Tomato Plants.

Supplemental Figure 7. Fresh Weight Loss from Detached Leaves of
Wild-Type and Transgenic Tomato Plants.

Supplemental Figure 8. Growth Variables of Leaves of 4-Week-Old
Transgenic and Wild-Type Tomato Plants.

Supplemental Figure 9. Respiratory and Photosynthetic Activities of
GCP and MCP.

Supplemental Figure 10. Relative Stomatal Movement under Malate
or Fumarate and Its Combination with ABA and Channel Blocker.

Supplemental Figure 11. Physiological Characterization of SDH2-2
Lines under the Control of a Guard Cell-Specific Promoter, MYB60.

Supplemental Table 1. Pigment Contents in Antisense Succinate
Dehydrogenase Tomato Plants.

Supplemental Table 2. Relative Metabolite Content of the Fully
Expanded Leaves from 4-Week-Old Plants of the Antisense Succi-
nate Dehydrogenase Plants.

Supplemental Table 3. Gas Exchange Parameters Derived by Fitting
A/Ci Data.

Supplemental Table 4. Primers Used in the RT-PCR Analyses
Performed in This Study.

Supplemental Data Set 1. Text File Corresponding to Alignment
Shown in Supplemental Figure 1.
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