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Decreased Mitochondrial Activities of Malate
Dehydrogenase and Fumarase in Tomato Lead
to Altered Root Growth and Architecture via
Diverse Mechanisms!WIlOA]

Margaretha J. van der Merwe, Sonia Osorio, Thomas Moritz, Adriano Nunes-Nesi, and Alisdair R. Fernie*

Max Planck Institute of Molecular Plant Physiology, D-14476 Potsdam-Golm, Germany (M.J.v.d.M., S.0O.,
AN.-N., ARF); and Umea Plant Science Center, Department of Forest Genetics and Plant Physiology,
Swedish University of Agricultural Sciences, SE-90183 Umed, Sweden (T.M.)

Transgenic tomato (Solanum lycopersicum) plants in which either mitochondrial malate dehydrogenase or fumarase was
antisense inhibited have previously been characterized to exhibit altered photosynthetic metabolism. Here, we demonstrate
that these manipulations also resulted in differences in root growth, with both transgenics being characterized by a dramatic
reduction of root dry matter deposition and respiratory activity but opposite changes with respect to root area. A range of
physiological, molecular, and biochemical experiments were carried out in order to determine whether changes in root
morphology were due to altered metabolism within the root itself, alterations in the nature of the transformants’ root
exudation, consequences of alteration in the efficiency of photoassimilate delivery to the root, or a combination of these factors.
Grafting experiments in which the transformants were reciprocally grafted to wild-type controls suggested that root length and
area were determined by the aerial part of the plant but that biomass was not. Despite the transgenic roots displaying alteration
in the expression of phytohormone-associated genes, evaluation of the levels of the hormones themselves revealed that, with
the exception of gibberellins, they were largely unaltered. When taken together, these combined experiments suggest that root
biomass and growth are retarded by root-specific alterations in metabolism and gibberellin contents. These data are discussed

in the context of current models of root growth and biomass partitioning.

The structure of the plant tricarboxylic acid (TCA)
cycle has been established for decades (Beevers, 1961),
and in vitro studies have established regulatory prop-
erties of many of its component enzymes (Budde and
Randall, 1990; Millar and Leaver, 2000; Studart-
Guimarées et al., 2005). That said, relatively little is
known, as yet, regarding how this important pathway
is regulated in vivo (Fernie et al., 2004a; Sweetlove
et al, 2007). Indeed, even fundamental questions
concerning the degree to which this pathway operates
in illuminated leaves (Tcherkez et al., 2005; Nunes-
Nesi et al., 2007a) and the influence it has on organic
acid levels in fruits (Burger et al., 2003) remain con-
tentious. Furthermore, in contrast to many other path-
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ways of primary metabolism, the TCA cycle has been
subjected to relatively few molecular physiological
studies. To date, the functions of pyruvate dehydro-
genase, citrate synthase, aconitase, isocitrate dehydro-
genase, succinyl-CoA ligase, fumarase, and malate
dehydrogenase have been studied via this approach
(Landschiitze et al., 1995; Carrari et al., 2003; Yui et al.,
2003; Nunes-Nesi et al., 2005, 2007a; Lemaitre et al.,
2007; Studart-Guimardes et al., 2007); however, several
of these studies were relatively cursory. Despite this
fact, they generally corroborate one another, with at
least two studies providing clear evidence for an
important role of the TCA cycle in flower development
(Landschiitze et al., 1995; Yui et al., 2003) or in the
coordination of photosynthetic and respiratory metab-
olisms of the illuminated leaf (Carrari et al., 2003;
Nunes-Nesi et al., 2005, 2007a).

In our own studies on tomato (Solanum lycopersi-
cum), we have observed that modulation of fumarase
and mitochondrial malate dehydrogenase activities
leads to contrasting shoot phenotypes, with the former
displaying stunted growth while the later exhibited an
enhanced photosynthetic performance (Nunes-Nesi
et al., 2005, 2007a). We were able to demonstrate that
the stunted-growth phenotype observed in aerial parts
of the fumarase plants was a consequence of altered
stomatal function (Nunes-Nesi et al., 2007a), whereas
the increased photosynthetic performance of the mi-
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tochondrial malate dehydrogenase seems likely to be
mediated by the alterations in ascorbate metabolism
exhibited by these plants (Nunes-Nesi et al., 2005;
Urbanczyk-Wochniak et al., 2006). In keeping with the
altered rates of photosynthesis in these antisense
plants, the fruit yield of fumarase and mitochondrial
malate dehydrogenase plants was decreased and in-
creased, respectively. However, the root biomass of
both transgenics was significantly reduced (Nunes-
Nesi et al., 2005, 2007a). These observations were
somewhat surprising given that it is estimated that
30% to 60% of net photosynthate is transported to root
organs (Merckx et al., 1986; Nguyen et al., 1999; Singer
et al., 2003). When taken together, these results suggest
that the root phenotype must result from either an
impairment of translocation or a root-specific effect.
Neither of these explanations is without precedence,
with inhibition of the expression of Suc transporters
(Riesmeier et al., 1993; Gottwald et al., 2000) resulting
in dramatically impaired root growth while organic
acid exudation itself has been implicated in a wide
range of root organ functions, including nutrient ac-
quisition (de la Fuente et al., 1997; Imas et al., 1997;
Neumann and Rémheld, 1999; Lopez-Bucio et al.,
2000; Anoop et al., 2003; Delhaize et al., 2004), metal
sequestration (Gillooly et al., 1983; de la Fuente et al.,
1997; Cramer and Titus, 2001), and microbial prolifer-
ation in the rhizosphere (Lugtenberg et al., 1999;
Weisskopf et al., 2005). In addition to the putative
mechanisms listed above, the TCA cycle could be
anticipated to play a vital role in meeting the high
energy demands of nitrogen fixation and polymer
biosynthesis associated with rapidly growing hetero-
trophic organs (Pradet and Raymond, 1983; Dieuaide-
Noubhani et al., 1997; Stasolla et al., 2003; Deuschle
et al., 2006). In keeping with this theory, alteration of
the energy status of roots and other heterotrophic
tissue has been documented to positively correlate
with elevated biomass production (Anekonda, 2001;
Regierer et al., 2002; Carrari et al., 2003; Lovas et al.,
2003; Geigenberger et al., 2005). Here, we performed a
detailed physiological, molecular, and biochemical
evaluation of whole plant and root metabolism of the
mitochondrial malate dehydrogenase and fumarate
antisense tomato lines. In this manner, we broadly
assessed biochemical changes in the root, including
the levels of several major phytohormones, as well as
dissected which characteristics were influenced by
aerial parts of the plant. The results obtained are
discussed both with respect to the regulation of the
TCA cycle per se and within the context of the deter-
mination of root morphology and growth.

RESULTS
Establishment of the Experimental System

Given the previous observations that plants exhibit-
ing reduced activities of several enzymes of the mito-
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chondrial TCA cycle display a restricted root biomass
(Carrari et al., 2003; Nunes-Nesi et al., 2005, 2007a), we
set out to better understand the mechanistic basis for
this phenomenon. For this purpose, we decided to
focus on well-characterized transgenic lines in which
the expression of fumarase (FL lines) or the mitochon-
drial malate dehydrogenase (mMDH lines) was re-
pressed. Three potential explanations could be
postulated to explain the observed alterations in root
morphology. The root phenotype could arise from (1)
altered photoassimilate supply from source organs, (2)
root-specific effects, (3) an altered root exudation pro-
file, or a combination of two or more of these factors.
The first step in this study was to find suitable exper-
imental growth conditions to assess the contributions
of these factors. Comparing endometabolite contents
between soil-grown and vermiculite-grown 5-week-
old tomato roots provided a practical incentive to
grow the plants on vermiculite (data not shown). In
accordance with current literature (Bertin et al., 2003),
the apical regions of the mature root were found to be
characterized by high organic acid content. For these
reasons, subsequent studies were focused on this
tissue.

Diurnal Variation in Root Endometabolite and
Exometabolite Profiles

Having established the experimental system with
which to address our questions, we next turned our
attention to the preliminary characterization of root
metabolite exudation. As a first experiment, we ana-
lyzed the levels of both endogenous root tip (the entire
100-mm region proximal to the apex) metabolites and
exuded metabolites during a 24-h cycle. Very few clear
trends were apparent in the data from the endogenous
metabolites. All amino acids analyzed remained stable
throughout the time course (Supplemental Fig. S1A),
and this was also true for the majority of the organic
acid and sugar compounds (Supplemental Fig. S1, B
and C). Tomato root systems subjected to an additional
2 d of darkness displayed a sharp decrease in both
organic acid and sugar (mainly Suc and Fru) contents
(Supplemental Fig. S1, E and F). By contrast, the amino
acid levels seemed either to remain unaltered by this
experimental treatment (e.g. Ser, Met, Ala, and Asp) or
peaked during defined times in the extended night
period (e.g. lle and Glu; Supplemental Fig. S1D).

In the case of the exometabolites, a more pro-
nounced circadian-like rhythm could be observed
(Supplemental Fig. S2). The pattern of organic acid
displayed a peak toward the end of the light period,
with the lowest reported values for organic acids and
sugars in the morning and during midday (Supple-
mental Fig. S2, B and C). As was observed for the
endometabolites, there were few trends in the levels of
amino acids, although Lys and Cys both peaked to-
ward the end of the light period (Supplemental Fig.
S2A). Most exometabolites displayed similar rhythmic
fluctuations on the extension of the night. However,
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the levels of Glu, isocitrate, citrate, Suc, Glc, and Fru
were dramatically decreased on extended darkness,
and their patterns displayed a dramatic decrease in
amplitude (Supplemental Fig. S2, D-F; Supplemental
Table S1).

Confirmation of Inhibition of Malate Dehydrogenase and
Fumarase Activities, and Consequently of Carbon
Dioxide Evolution, in Roots of the Transgenic Lines

As a first experiment, the activities of malate dehy-
drogenase and fumarase were detected in root extracts
of the previously characterized transgenic lines
(Nunes-Nesi et al., 2005, 2007a). These measurements
demonstrated that both sets of transgenics were char-
acterized by a dramatic decrease in the root activities
of their target enzymes (Table I). The FL lines were
characterized by decreases of root activity down to
18% of that observed in the wild type, whereas the
mMDH lines were characterized by decreases of total
malate dehydrogenase activity down to 39% of that
observed in the wild type (Table I). When these relative
values are compared with the previously recorded
changes in leaf activity, it appears that the mitochon-
drial malate dehydrogenase accounts for a higher
proportion of the total cellular activity in roots than
it does in leaves (Nunes-Nesi et al., 2005). By contrast,
the inhibition of fumarase activity in the roots is
marginally lower than that observed in leaves
(Nunes-Nesi et al., 2007a). In keeping with this, quan-
tification of the protein abundance in the transgenics
revealed that it was in accordance with the degree of
reduction in fumarase activity (data not shown). Fur-
thermore, 14CO2 evolution following the incubation of
root material in [U-'*C]Glc indicated that the trans-
genic lines displayed only 20% to 30% of the CO,
release of the wild type, implying a dramatic impair-
ment of TCA cycle activity in roots of the transform-
ants (data not shown). This respiratory restriction was
qualitatively consistent with those previously ob-
served in other tissues, although notably of much
greater magnitude in roots (Carrari et al., 2003; Nunes-
Nesi et al., 2005, 2007a).

Root Morphology and Physiology in the Mitochondrial
Malate Dehydrogenase and Fumarase Transformants

When grown in vermiculite, the transgenic lines
displayed dramatic alterations in root area that were
markedly reduced in the mMDH lines and signifi-
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cantly enhanced in two of the three FL lines (Fig. 1A).
A similar picture was apparent in root length, al-
though in this instance the increase was only signifi-
cant in one of the FL lines (line FL41; Fig. 1B).
Measuring the cell length of equivalent cells from the
root tip revealed that both lines FL11 and FL41 were
significantly longer (up to 2-fold as long) but that the
other lines were invariant in this parameter (Fig. 1C).
Perhaps surprisingly, the FL lines exhibited an invari-
ant cell width whereas lines mMDH?7 and mMDHS8
were characterized as having reduced cell widths (Fig.
1D). When the exudates of the transgenics were
harvested (as described in “Materials and Methods”)
and their pH quantified, it became apparent that the
exudates from all three mMDH lines were consider-
ably more acidic than those of the wild type (Fig. 1E).
Intriguingly, there was only a minor, and nonsignifi-
cant, decrease in total root fresh weight in both sets of
transformants (Fig. 1F) but relatively dramatic reduc-
tions in root dry mass (down to 25% of that observed
in the wild type; Fig. 1G). Direct analysis of the rate of
root respiration, however, confirmed that this was
impaired in both sets of transgenics, being reduced to
levels corresponding to approximately 20% of those
observed for the wild type (Fig. 1H). The root hair
density was largely unaltered in the transgenic lines,
being increased in line mMDHS8 but invariant in all
other lines (Fig. 1I). Similarly, mMDH7 and mMDHS8
displayed an increased vascular diameter, but all other
lines were invariant from the wild type (Fig. 1J).
Furthermore, both the number of secondary roots
and the number of cell layers were invariant in all
transgenic lines in comparison with the wild type
(data not shown). Thus, despite displaying similar
reductions in root respiration and dry mass, the trans-
formants displayed markedly different root pheno-
types, with the mitochondrial malate dehydrogenase
plants exhibiting stunted root growth and reduced
root area while roots of the FL lines were, if anything,
longer and had a greater surface area than those of the
wild type.

Root Carbohydrate, Adenylate, and Redox Contents of
the Transformants

We next decided to evaluate the content of carbo-
hydrates in the roots of material harvested at the end
of the light period from 5-week-old vermiculite-grown
plants. Soluble sugars and starch were extracted
and measured using established spectrophotometric

Table I. Characterization of enzyme activities in roots of 5-week-old FL and mMDH antisense transgenic plants

Values are presented as means = st of six individual plants per line; values shown in boldface were determined by the ¢ test to be significantly

different (P < 0.05) from the wild type. -, Not determined.

Enzyme Activities Wild Type mMDH7 mMDH8 mMDH21 FL11 FL41 FL63
wmol g™ fresh weight min™’
Total MDH-NAD dependent 3,420 = 310 1,540 x 140 1,330 £ 140 1,780 = 160 - - -
Fumarase 40.2 £ 5.1 - - - 872+09 7.12x09 22521
Plant Physiol. Vol. 149, 2009 655
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methods (Miiller-Réber et al.,, 1992; Table II). The
carbohydrate content of wild-type roots was similar
to that previously reported (Carrari et al., 2005; Lou
et al., 2007). These studies revealed that the FL lines
were characterized by decreased levels of Glc (signif-
icantly so in lines FL11 and FL63), Fru (significantly so
in lines FL11 and FL41), and Suc (significantly only in
line FL63). By contrast, the mMDH lines were invari-
ant in all of these parameters with respect to the wild
type. However, it is perhaps important to note that

656

neither the total soluble carbohydrate content nor the
protein content (Table II) of the FL lines was signifi-
cantly different from those of the wild type, with the
levels of starch being decreased in both sets of trans-
formants (significantly so in lines FL41 and all mMDH
lines; Table II).

Redox profiling of the transgenic lines revealed a
significant decreases in reduced glutathione in the FL
lines, while oxidized glutathione levels were reduced
to approximately 60% of that found in the wild type in

Plant Physiol. Vol. 149, 2009
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Table Il. Effects of decreased fumarase and mMDH activity on sugars, starch, and protein contents of 5-week-old mature antisense root tips

Data are presented as means = st of six individual plants per line. Values in boldface were determined by the t test to be significantly different (P <
0.05) from the wild type. Values are presented as umol g~' fresh weight, except for protein, which is ug g™' fresh weight.

Sugars/Protein Wild Type mMDH?7 mMDH8 mMDH21 FL11 FL41 FL63
Glc 48.6 £ 6.7 352 *56 48.9 + 4.7 33.1 %25 31.0 = 2.1 35059 29.5 £ 41
Fru 38.1 = 0.5 43.4 £ 2.7 40.6 £ 5.9 36974 29.0 = 2.7 342 x1.0 243 £52
Suc 11.6 £1.9 15.0 =23 142 £ 2.1 12.7 1.0 113 =12 99 1.6 55x1.1
Total soluble sugars 89.0 + 18.4 90.5 + 6.0 1049 = 7.4 72.1 £5.7 72.7 £ 4.3 742 5.8 54.0 £ 5.5
(hexose equivalents)
Starch 15.1 £ 2.7 6.7 £ 1.6 8.2£0.7 4.7 £ 0.7 8.8 £ 1.1 9.1 09 126 £ 1.7
Protein 147 £ 15 196 *= 54 152 = 53 129 £ 13 198 = 53 124 £ 6 187 £ 21

both the FL and mMDH lines (Fig. 2). In addition, a
tendency of increase in total ascorbate was observed in
both the mMDH and FL lines, although in both sets of
plants ascorbate levels were only significantly elevated
in a single line (mMDH21 and FL11, respectively).
Furthermore, the deduced ratio of total ascorbate to
ascorbate was largely unaltered in the mMDH lines
but dramatically lower in the FL lines. Despite these
changes, the levels of reducing equivalents were es-
sentially invariant in the transgenic lines, with only a
single significant difference being observed (the mild
decrease in NAD content in line FL41). In contrast, the
levels of adenylates appeared to be somewhat reduced
in the lines, significantly so in the case of line mMDHS8
(ADP) and line FL11 (AMP and ATP), but the ATP-
ADP ratios and the adenylate energy charges of the
transformants were invariant from the wild type
(Fig. 2).

Analysis of Endometabolites in the Transformants

To further characterize the metabolic changes in the
roots of these lines, an established gas chromatography-
mass spectrometry (GC-MS)-based metabolite-profiling
method (Fernie et al., 2004b) was employed. These
analyses allowed the detection of the relative levels of
over 50 metabolites. The mMDH lines displayed rela-
tively few significant alterations in the levels of these
metabolites (Table III). That said, clear trends toward
increases in a number of metabolites were noticeable,
including those in Ara (significant in lines mMDH?7
and mMDHS), Xyl, maltose, Tyr, tyramine, Trp (signif-
icant in line mMDH? only), and succinate (significant
in lines mMDHS8 and mMDH21). In addition, 3-phos-
phoglycerate decreased significantly in lines mMDH8
and mMDH21. By contrast, the FL lines were charac-
terized by greater and more consistent changes, with
most of the metabolites that were altered in the trans-
genics exhibiting decreased levels with respect to the
wild type (Table III).

Analysis of Exometabolites in the Transformants

We next utilized GC-MS to determine the relative
levels of metabolites excreted from the roots of trans-
genic and wild-type plants in order to assess the

Plant Physiol. Vol. 149, 2009

potential influence of exudation on the root pheno-
type. For this purpose, exudates were collected at the
end of the light period as described above from all
lines. As noted previously for the metabolite levels
within the transgenic roots, the number and magni-
tude of changes observed was much greater in the FL
lines than in the mMDH lines (Supplemental Table S3).
The malate dehydrogenase transformants were char-
acterized by only minor differences in their exudation
profiles, namely, decreased exudation of trehalose
(significant in line mMDH?) and of Glc, Gal, and
Man (significant in line mMDHS). By contrast, there
was a large increase in the relative levels of metabolites
exuded by the roots of the FL lines (despite a relatively
high level of biological variance in these samples).
Assessment of the sugars and sugar derivatives re-
vealed an increase in isomaltose, maltitol, trehalose,
rhamnose, Ara, Xyl, and Man (however, this was only
significant in line FL11) as well as in Glc (significant in
line FL63), Gal (significant in lines FL11 and FL63),
glycerol 1-phosphate (significant in line FL63), glyc-
erol, and Rib (significant in lines FL11 and FL63).
Changes were also apparent in the organic acids, with
increased exudation in shikimate (significant in all
lines), quinate, fumarate, and glycerate (significant in
lines FL11 and FL63), and citrate, succinate, oxalate,
benzoate, glutarate, malate, and saccharate (significant
in line FL11). Furthermore, the levels of several amino
acids were elevated in the FL line exudates, with the
levels of Gly (significant in all lines), B-Ala and Asp
(significant in lines FL11 and FL63), and Glu, hydoxy-Pro,
Asn, Met, Thr, Glu, and Ile (significant in line FL11) all
increasing. Gln levels also increased 10-fold in line
FL41.

In order to evaluate the exudation data in context
with that of the endometabolites, we ran a series of
calibration curves of authentic standards alongside
our experimental extracts to allow us to perform
absolute quantification of the metabolite levels (these
data can all be viewed in Supplemental Tables S2 and
S3). Several interesting features arise from this data
transformation. Consistent with previous reports (Carrari
et al., 2005; Desbrosses et al., 2005), the absolute levels
of metabolites with respect to one another are dramat-
ically different from those found in the leaves, with a
significantly higher content of organic acids found in
the heterotrophic organ. Comparison of the absolute
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Figure 2. Redox levels in 5-week-old-plants of reduced glutathione (GSH; A), oxidized glutathione (GSSG; B), total ascorbate
(Total AsA; C), ascorbate (AsA; D), adenylate (ADP, AMP, ATP; E-G), and reducing equivalents (NAD*, NADH, NADP*, NADPH;
H-K) in the root tissue of down-regulated mMDH and FL transgenic lines. The values are means = st of six individual plants.
Asterisks indicate values determined by the t test to be significantly different from the wild-type (WT) control (P < 0.05). FW,

Fresh weight.

levels of metabolites within the root system with those
in the exudate revealed that fumarate, shikimate, Rib,
Asp, Ala, Cys, y-aminobutyrate (GABA), Gly, Ile, Phe,
Thr, and Val were excreted at considerable levels
relative to their cellular content (data not shown). A
comparison of the relative secretion of metabolites
between the transgenics and the wild type revealed a
dramatic shift in the exometabolite-endometabolite
ratios. For both lines, the exudation of succinate was
largely unaltered, despite the fact that the levels of this
metabolite were increased within the roots of both sets

658

of transgenics. While such shifts were also apparent
for some other metabolites in the mMDH lines (e.g.
trehalose, Glc, Gal, and Man were exuded at decreased
levels, while the relative exudation of Lys was elevated
in comparison with the cellular content of the trans-
genics), the exudation pattern of the FL lines was
dramatically divergent from that of the endometabo-
lites of these lines. As described above, the FL lines
were characterized by large changes in the levels of
both endometabolites and exometabolites. When these
profiles are compared, they are highly dissimilar;

Plant Physiol. Vol. 149, 2009
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Table Ill. Relative metabolite contents of roots from mMDH and FL lines

Metabolites were determined as described in “Materials and Methods.” Data are normalized with respect to mean response calculated for the wild
type (to allow statistical assessment in the same way). Values are presented as means = st of six individual plants per line, and values in boldface
were determined by t test to be significantly different (P < 0.05) from the wild type.

Metabolite Wild Type mMDH7 mMDH8 mMDH21 FL11 FL41 FL63
Aconitate 1.00 = 0.48 0.99 = 0.35 0.87 = 0.40 0.88 * 0.39 0.56 * 0.52 0.24 = 0.35 0.76 + 0.73
Ala 1.00 £ 0.30 1.05 + 0.22 1.76 £ 0.41 1.22 = 0.26 1.24 £ 0.26 2,61 +0.23 1.29 = 0.17
Ara 1.00 = 0.33 2.66 = 0.33 291 = 0.28 1.51 £ 0.39 1.22 £ 0.31 1.96 = 0.44 0.83 = 0.25
Arg 1.00 £ 0.36 0.92 + 0.46 1.71 £ 0.49 0.97 = 0.60 0.69 + 0.56 1.54 = 0.60 0.85 = 0.60
Asn 1.00 £ 0.38 1.43 £ 0.30 1.55 * 0.86 0.80 = 0.48 0.53 = 0.71 0.42 = 0.60 0.51 = 0.85
Asp 1.00 £ 0.47 0.85 = 0.58 0.58 = 0.31 0.41 = 0.49 1.98 + 0.50 0.67 = 0.27 0.45 = 0.39
Citrate 1.00 = 0.32 1.43 = 0.30 1.75 £ 0.31 0.69 * 0.38 0.47 * 0.26 0.23 = 0.49 0.29 £ 0.48
Cys 1.00 = 0.17 2.43 + 0.44 2.84 + 0.39 1.20 = 0.35 1.31 £ 0.31 0.90 = 0.25 0.78 = 0.11
Dehydroascorbate 1.00 £ 0.33 1.25 £ 0.35 1.44 = 0.53 0.94 = 0.38 0.47 = 0.29 0.64 £ 0.76 0.21 = 0.24
Fru 1.00 £ 0.36 0.78 = 0.55 1.55 + 0.42 0.77 = 0.26 0.17 £ 0.40 0.08 = 0.53 0.17 = 0.35
Fru 6-P 1.00 = 0.47 1.03 = 0.30 1.06 £ 0.32 2.03 £ 0.47 1.62 + 0.33 0.73 £ 0.77 1.16 £ 0.69
Fumarate 1.00 = 0.23 1.97 * 0.58 2.08 * 0.56 0.54 * 0.25 2.19 + 0.47 0.70 = 0.30 0.63 += 0.38
GABA 1.00 = 0.21 1.13 £ 037 1.38 £ 0.40 0.85 * 0.38 0.29 = 0.22 0.42 = 0.36 0.25 = 0.21
Gal 1.00 = 0.31 2.04 = 0.44 1.25 £ 0.50 1.75 £ 0.57 0.32 = 0.32 0.40 = 0.57 0.20 £ 0.44
Galacturonate 1.00 £ 0.51 1.42 + 0.49 1.87 + 0.56 1.11 = 0.49 1.04 = 0.71 0.27 + 0.58 0.87 + 0.85
Glc 1.00 £ 0.32 1.27 £ 0.38 0.92 = 0.48 1.64 = 0.54 0.47 = 0.28 0.26 = 0.41 0.25 = 0.40
Glc 6-P 1.00 = 0.41 0.84 = 0.22 1.00 = 0.38 1.29 £ 0.42 1.50 = 0.38 0.42 = 0.76 1.09 = 0.80
Glu 1.00 = 0.41 0.87 = 0.45 1.18 £ 0.32 0.97 £ 0.49 0.26 = 0.42 0.16 = 0.26 0.13 + 0.47
Gln 1.00 £ 0.33 5.66 = 0.41 10.49 = 0.61 6.95 + 0.54 0.10 = 0.20 0.20 £ 0.43 0.06 = 0.19
Glyceric 3-P 1.00 = 0.25 0.62 £ 0.29 0.28 £ 0.25 0.35 + 0.47 0.15 = 0.31 0.37 = 0.67 0.13 £ 0.18
Glycerol 3-P 1.00 = 0.30 1.54 = 0.25 1.80 = 0.41 1.68 £ 0.56 2.36 = 0.41 2.72 £ 0.22 0.56 = 0.37
Gly 1.00 = 0.13 2.31 = 0.44 0.80 = 0.23 0.70 = 0.22 1.46 = 0.18 0.45 x 0.23 0.56 = 0.32

.00 £ 0.27 1.92 = 0.35 1.27 £ 0.32
lle .00 £ 0.24 1.46 = 0.24 1.55 £ 0.55
L-Ascorbate .00 = 0.36 1.95 = 0.53 1.22 = 0.32

Isocitrate 1
1
1
Leu 1.00 = 0.31 1.15 = 0.49 1.84 = 0.45
1
1
1

Lys .00 = 0.28 3.65 * 0.62 4.26 * 0.62
Malate .00 = 0.20 0.94 + 0.59 1.03 = 0.27
Maltose .00 £ 0.36 2.42 + 0.22 1.90 = 0.26
Mannitol 1.00 = 0.32 1.54 = 0.34 1.78 = 0.31
Met 1.00 = 0.38 0.58 = 0.34 0.16 + 0.28
Myoinositol 1.00 = 0.40 0.70 = 0.30 0.45 = 0.28
Palmeate (16:0) 1.00 = 0.35 2.15 + 0.38 1.58 = 0.40
Phe 1.00 = 0.30 1.65 *+ 0.41 1.33 = 0.48
Pro 1.00 = 0.35 1.55 = 0.55 1.11 + 0.42
Putrescine 1.00 + 0.30 2.78 = 0.30 1.31 = 0.42
Quinate 1.00 = 0.36 0.78 = 0.38 1.34 = 0.30
Saccharate 1.00 £ 0.28 0.66 = 0.27 0.61 = 0.40
Ser 1.00 = 0.53 2.20 = 0.39 1.35 = 0.49
Shikimate 1.00 = 0.30 3.25 + 0.31 1.01 = 0.39
Stearate (18:0) 1.00 = 0.33 6.67 + 0.42 7.45 £ 0.41
Succinate 1.00 = 0.32 3.68 * 0.30 8.60 = 0.31
Suc 1.00 = 0.30 2.04 + 0.44 1.78 = 0.40
Threonate 1.00 = 0.56 0.96 *+ 0.36 0.81 = 0.37
Thr 1.00 = 0.31 2.45 + 0.39 0.82 £ 0.20
Trehalose 1.00 = 0.33 1.34 £ 0.29 2.25 = 0.45
Trp 1.00 = 0.34 3.13 £ 0.27 3.77 £ 0.53
Tyramine 1.00 = 0.35 6.54 + 0.35 2.76 * 0.49
Tyr 1.00 + 0.28 3.31 £ 0.35 5.28 +£ 0.68
Val 1.00 = 0.20 0.96 + 0.23 1.34 = 0.46
Xyl 1.00 = 0.39 8.93 + 0.42 2.08 = 0.28

1.17 £ 0.37 1.10 = 0.49 0.30 = 0.44 0.98 = 0.67
1.87 = 0.52 1.23 = 0.48 0.65 = 0.25 0.83 = 0.29
0.80 £ 0.39 0.64 = 0.51 0.29 = 0.33 0.25 = 0.55
0.72 = 0.41 0.89 = 0.46 0.74 = 0.66 0.58 * 0.29
2.97 = 0.39 1.50 £ 0.39 1.17 £ 0.58 1.20 = 0.47
0.59 = 0.33 0.21 £ 0.36 0.13 = 0.33 0.37 £ 0.32
2.15 = 0.30 1.65 = 0.27 0.88 = 0.53 0.58 £ 0.28
1.39 * 0.37 2.13 = 0.64 4.60 = 0.90 8.79 = 0.66
0.45 = 0.39 0.15 £ 0.39 0.10 = 0.48 0.07 £ 0.30
0.38 £ 0.33 0.27 + 0.30 0.28 = 0.48 0.12 £ 0.21
1.17 £ 0.42 0.88 = 0.32 0.49 £ 0.27 0.49 £ 0.38
0.85 = 0.51 0.41 £ 0.48 0.46 = 0.50 0.33 = 0.35
1.21 £ 0.65 1.02 = 0.50 0.19 = 0.23 0.81 = 0.29
3.24 = 0.38 1.07 = 0.27 1.05 = 0.64 0.68 £ 0.33
1.45 = 0.62 1.05 * 0.33 0.60 £ 0.37 0.39 = 0.27
0.73 £ 0.30 0.71 £ 0.21 0.44 = 0.52 0.17 £ 0.18
0.97 = 0.48 0.69 = 0.39 0.64 = 0.64 0.49 = 0.21
0.86 = 0.24 0.87 = 0.38 0.17 £ 0.30 0.25 £ 0.39
5.15 £ 0.45 6.53 = 0.27 1.99 = 0.19 1.55 £ 0.38
8.27 £ 0.37 3.31 £0.38 5.74 = 0.58 7.09 £ 0.24
1.09 = 0.26 0.92 = 0.68 0.26 = 0.36 0.21 £ 0.33
0.49 = 0.35 0.46 = 0.29 0.24 = 0.11 0.31 = 0.10
1.32 = 0.58 1.11 = 0.30 0.71 = 0.30 0.93 £ 0.35
1.29 = 0.36 1.40 = 0.28 0.59 = 0.63 0.58 = 0.43
1.69 = 0.68 0.83 = 0.45 1.27 = 0.60 2.13 = 0.50
3.40 = 0.50 1.05 = 0.52 0.86 = 0.53 0.56 = 0.28
0.94 £ 0.16 0.91 = 0.66 1.34 = 0.67 1.21 £ 0.77
0.73 = 0.31 1.05 = 0.35 1.02 = 0.56 0.64 = 0.22
2.46 = 0.33 1.67 = 0.56 1.43 = 0.62 0.58 = 0.30

particularly prominent are the discrepancies in
changes in Glu and GIn and the organic acids malate,
citrate, and shikimate, all of which have considerable
shifts in the ratio of endometabolites to exometabo-
lites, indicating that their exudation is most likely
actively promoted in these lines.
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Redistribution of Isotope following Incubation of Root
Material in [*C]Glc

In order to gain further insight into the root metab-
olism of the transgenic lines, we next performed
feeding experiments in which we incubated root
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material of both transformants in [°’C]Glc for a period
between 3 and 5 h and determined the redistribution
of heavy label using a modified version of the GC-MS
metabolite profiling method described above
(Roessner-Tunali et al.,, 2004; Tieman et al., 2006).
Interestingly, the changes in redistribution of isotope
were more or less conserved across the lines, with
results from this experiment in close agreement with
the observed decrease in respiration rate (Table IV). In
lines from both sets of transformants, a decreased label
redistribution to Glu (significant in all lines with the
exception of mMDHS8) and fumarate (significant in
lines mMDH?21 and FL63) was observed. By contrast,
some of the changes were transformant specific; for
example, the redistribution of isotope to malate was
either unchanged or increased in the mMDH lines but
was reduced in the FL lines (significantly so in the case
of lines FL11 and FL41).

Evaluation of Phytohormone Content and the Expression
of Phytohormone-Associated Genes in Roots of
the Transgenics

Given the observed alterations in root architecture,
we thought it prudent to evaluate the levels of the
phytohormones abscisic acid (ABA), auxin (IAA), and
gibberellins (GAs), which have all been strongly im-
plicated to have great importance in root development
(Yaxley et al.,, 2001, Wilkinson and Davies, 2002;
Swarup et al, 2008; Ubeda-Tomas et al., 2008).
For this purpose, we applied two established GC-
MS-based protocols to extracts taken from the same
samples as used for the metabolite quantification
described above. The results revealed that there were
relatively few clear trends with respect to the observed
morphological phenotypes, with the exception that the
general reduction in the level of C19 GAs (GA,;, GA,,,
and GA, decreased in all transgenic lines tested, while
there were additionally significant decreases in the
C20-GAs GAg; and GAj4 in a subset of the lines), is
consistent with the general reduction of root biomass

in both sets of transgenics (Fig. 3). By contrast, the level
of auxin was invariant in the transgenics, while that of
ABA was decreased in the mMDH lines but unaltered
in the FL lines (Fig. 3).

Despite the relative paucity of changes in the levels
of the hormones themselves, we next decided to
evaluate the expression of genes associated with hor-
mone perception or signal transduction relay. In order
to achieve this, we isolated RNA from the same
material used for the phytohormone measurements,
with the exception that only one representative trans-
genic line was considered, and evaluated gene expres-
sion using the TOM1 microarray (Alba et al., 2004).
The pertinent data from this transcript profiling
study is presented in Figure 4, with transcripts being
grouped on the basis of their MapMan ontologies and
detailed description of their identities being provided
in Supplemental Table S4. While this presentation
revealed a large number of changes, these generally
did not correspond to the observed similarities or
differences in phenotype across the lines. Given that
the phenotypes displayed by both mMDH and fuma-
rase were relatively dramatic and were either con-
served or opposite, we had postulated that we may see
a similar behavior at the transcript level of key genes.
Studying Figure 4, however, revealed only a few
putative homologous genes displaying antagonistic
expression in the transgenics, for example, auxin re-
sponse factor 3 (EC 4.2.9.21), ABA-responsive protein
(EC 5.2.19.15), and MADS box transcription, and a few
that displayed similar changes in gene expression, for
example, GA 3-oxidase 1 (EC 6.4.15.16) GA 2-oxidase
(EC 4.4.17.20), and the response regulator protein (EC
4.44.17).

Analysis of the Influence of Modified Shoot Metabolism
on Root Function in the Transgenics

Given that the majority of the experiments described
thus far have focused directly on the roots (or root
system), we decided to additionally evaluate basic

Table IV. "C enrichment studies in 5-week-old mature root tips of FL and mMDH antisense transgenic lines

Root tips were segmented in 5-mm lengths and incubated for 3 and 5 h in [U-">C]Glc. Values are presented as means = s of six individual plants
per line; values in boldface were determined by the ¢ test to be significantly different (P < 0.05) from the wild type. Negligible enrichment is

indicated by “nd.”

Metabolite Wild Type mMDH?7 mMDH8 mMDH21 FL11 FL41 FL63
wmol fractional carbon enrichment g~' fresh weight h™'
Ala (x102) 3.0x1.0 50*1.0 8.0 3.0 3.0 1.0 50=*1.0 9.0 £ 2.0 40%=1.0
Asp (X102) 18.0 £ 8.0 4.0=*2.0 23.0x70 1.0+ 1.0 20.0 = 10.0 50=*1.0 3.0 1.0
Citrate 31.7 £10.3 15.6 + 4.7 69.1 + 21.5 7.3 %27 7520 5226 26.1 £ 12.6
Fru 33.1 = 15.8 539 + 183 40.7 £ 11.2 58.4 = 20.1 50.3 £ 16.8 203 £ 14.4 47.0 £ 15.0
Fumarate 0.7 £ 0.1 0.2 0.2 1.1 0.6 0.2 0.1 03 £0.2 0.5 = 0.1 0.2 £ 0.1
Glu (X102) 329.0 £ 135.0 19.0 + 8.0 95.0 = 33.0 20.0 £ 10.0 18.0 + 8.0 7.0 £2.0 3.0+1.0
Malate 4.7 209 33*x1.8 8916 2.6 = 0.8 0903 0.5 0.2 40=*13
Quinate 20*0.7 0.8 0.3 1.7 205 1.4+09 1.3x+04 0.8 0.3 0.9 £0.2
Ser 0.5*+03 0.5*+0.2 0.8 =04 0.2 = 0.1 0.2 £ 0.1 0.2 *02 0.1 0.0
Val 0.7 £0.4 23 %15 nd nd nd 0.3 0.2 0.1 £ 0.0
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Metabolite level (pg mg-1 FW)
Metabolite level (pg mg-1 FW)
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Figure 3. Phytohormone profiling of mMMDH 7, mMDHS8, FL11, and FL41 lines with 5-week-old plants. Quantifications include
the measurement of GA (A-1), IAA ()), and ABA (K). The values are means = st of six individual plants. Asterisks indicate values
determined by the t test to be significantly different from the wild-type (WT) control (P < 0.05). FW, Fresh weight.

aspects of root morphology and metabolism from the
whole plant perspective. For this purpose, reciprocal
grafting experiments between transgenic lines
(mMDHS8 and FL41) and wild-type controls were
performed and root morphological parameters of the
grafted material were determined. Plants were grown
on vermiculite for a period of 4 weeks, after which
graftings were carried out between wild-type stock
and transgenic scions and vice versa. The resultant
grafts were then left for another 2 weeks prior to the
determination of morphological attributes. The graft-
ing of wild-type scions onto transgenic stock was able
to revert the transgenic root-length and root-area
phenotypes to resemble those of the wild type (i.e.
they resulted in a relative reduction in the length of

Plant Physiol. Vol. 149, 2009

roots in the FL line and a relative increase in the
mMDH line; Fig. 5, A and B). By contrast, the grafts
were not able to alter the root biomass phenotype of
either line, indicating that this parameter was inde-
pendent of changes in the phenotype of the source
organs (Fig. 5C). For all morphological parameters
under consideration, wild type-to-wild type grafts
were not significantly different from the untreated
wild type, allowing us to exclude that the effects we
observed were a direct consequence of the grafting
process per se.

In a second experiment, we repeated the grafting
but only with the most extreme transgenic line, and
this time we harvested root tips from the rootstock of
the grafted plants and determined their metabolite
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Figure 4. Transcript responses in-
-3.0 0.0 3.0

volved in regulatory and/or signaling
responses in root growth and develop-
ment. The values are representative of

the log2-transformed values of three mMDH8 _ FL41

S A - 2.3.17.1
individual hybridizations, statistically 1.4.10.1
analyzed and Loewess tip-point nor- g
malized in R, and classed according to 7.43.14
MapMan classifications (Thimm et al., i
2004). Numerical annotations refer to 1.2.14.2
the.array Iayout,.a}nd putative identifi- g;g;?;g
cations are specified in Supplemental 13115;51;
Table S4. 72132
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content by GC-MS (Table V). As would perhaps be
expected, the metabolite levels of the untreated trans-
genic lines were highly consistent with those reported
in Supplemental Table S2, while the reciprocal grafts
contained far fewer metabolic changes than observed
in the ungrafted transgenic plants (irrespective of the
direction of the graft). Evaluating the entire metabolite
data sets by hierarchical cluster analysis (Saeed et al.,
2003) revealed that the ungrafted FL. metabolome is
the most divergent from that of the ungrafted wild
type. However, close inspection of the data in Table V
reveals specific patterns of metabolic change that can
be discerned that may contribute to the phenotypic
restoration. Using this approach, we were able to
identify that the levels of B-Ala and Pro were signif-
icantly different in the ungrafted roots of both trans-
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genic lines but returned to wild-type levels following
grafting of a wild-type scion. Using this approach,
other subsets of metabolites could be identified that
responded to the morphological restoration associated
with grafting in one or other of the transgenic lines.
Analysis of these data clearly revealed that levels of
the metabolites glycerol and glycerol-3 phosphate
were altered by the grafting process itself.

DISCUSSION

The aim of this work was to determine the impor-
tance of enzymes of malate metabolism for root mor-
phology and function. Initial observations previously
suggested that root biomass was decreased in trans-
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Root length (¢cm) Root area (cm?)

Root dry mass (g)

AL:WT

WT:AL
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AL-self
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Figure 5. Root morphology of 6-week-old grafted scions. Grafting the
wild-type leafstock onto transgenic rootstock (either mMDH8 [dark
gray bars] or FL41 [light gray bars]) or the reciprocal grafting led to a
restoration in both root area (A) and total root length (B) to those of the
wild-type self-grafted (WT:WT) control (dashed horizontal line). These
parameters were significantly altered (reduced in mMDH8 and in-
creased in FL41) in the ungrafted (ung) and self-grafted (self) antisense
lines (AL). However, the grafting could not restore the root dry mass (C).
Values are means * st of five individual grafting combinations.
Asterisks indicate values determined by the t test (P < 0.05).

genic tomato, exhibiting decreased expression either
of the mitochondrial malate dehydrogenase or the
predominantly expressed isoform of fumarase. On
evaluation of root metabolism, in plants prior to
flowering, we confirmed the reduction in root biomass
in both sets of lines. In addition, we observed that the
mMDH lines displayed decreased root length and a
decreased exudate pH (whereas the FL lines displayed
slightly increased root length). We also documented
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that, as would be expected, the rate of respiration in
the roots was more severely compromised than in the
leaves of these lines. This finding is interesting as it
suggests that there is less flexibility in respiration in
heterotrophic organs; however, currently we can only
speculate about the reasons underlying it. It is highly
likely that this observation merely reflects the relative
importance of the TCA cycle in the various organs;
however, we cannot formally exclude that alternative
respiratory substrates are more efficiently used in the
leaf. In keeping with the first hypothesis are the facts
that the respiration rates documented here in the roots
of the wild type (Fig. 1I) are far in excess of those
reported previously for wild-type tomato leaves
(Nunes-Nesi et al., 2005, 2007a) and that the rate of
the TCA cycle in the illuminated leaf is, at least to some
extent, restricted (Tcherkez et al., 2005; Nunes-Nesi
et al., 2007b). In addition, the results of the 13C-labeling
experiments (Table IV) reinforce this, since the results
from tomato root are suggestive of higher fluxes than
those previously reported for tomato leaves (Studart-
Guimarées et al., 2007). Furthermore, a severe inhibi-
tion of respiration is also evidenced by the reduced
levels of adenylates observed in the transgenic lines
(Fig. 2). Moreover, there is no current evidence to.
suggest that TCA cycle bypasses do not function as
effectively in roots as in leaves (Ishizaki et al., 2005;
Nunes-Nesi et al.,, 2005). Indeed, the facts that the
levels of reductant are not dramatically reduced and
that the level of ascorbate is even enhanced in the
transgenic lines (Fig. 2) are highly suggestive that
these bypasses are indeed engaged in the transform-
ants. That said, irrespective of the exact reason behind
the observed differences, it is clear that the TCA cycle
plays a less redundant role in root metabolism than in
leaf metabolism.

A major goal of this work was to improve our
understanding of the influence of malate metabolism
on root function in the tomato. Particular attention was
paid to dissecting whether the restriction of root
biomass observed here was the consequence of altered
source function, altered root exudation, or merely an
effect of altering metabolism in the root. In order to
address this question, we took a range of approaches,
including metabolite profiling of both cellular (endo-)
and exuded (exo-) metabolites of the root system as
well as analyzing the levels of phytohormones and the
expression of genes associated with their perception
and/or signal relay. For this purpose, we adopted an
established GC-MS protocol to evaluate endometabo-
lite and exometabolite contents of the transgenic root
systems as well as the endometabolite contents in the
root tips of grafted plants and used targeted ap-
proaches to measure phytohormones, carbohydrates,
adenylates, and redox compounds in the root tip. GC-
MS analysis of the endometabolites revealed very few
changes in the mMDH lines, while the majority of
endometabolites decreased in the FL lines. Compari-
son of the changes in exometabolite contents in the FL
and mMDH lines at the end of the light period
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Table V. Metabolite profiles of grafting combinations of transgenic scion with wild-type rootstock (MDH:WT, FL:WT), wild-type scion with
transgenic rootstock (WT:MDH, WT:FL), wild-type self-grafting (WT:WT), or ungrafted entities (wild type, MDH, FL)

Data are normalized with respect to the mean response calculated for the wild type. Values presented are means = st of four replicates; values in
boldface were determined by the t test to be significantly different (P < 0.05). nd, Not detected.

Metabolite Wild Type mMDH8 FL41 MDH:WT FLWT WT:MDH WT:FL WT:-WT
Ala 1.00 =032 1.08*0.27 181 *024 081 033 038=*0.13 085*=0.10 229=*0.89 0.88 *0.26
B-Ala 1.00 =009 1.89+036 330x0.17 262 =*1.15 0.62+010 0.85=*=009 1.12=*=0.16 1.05=*0.23
Asn 1.00 £ 055 144 *033 264023 046 =*021 094=*=046 097 x0.66 2.80=*0.60 0.33 *0.11
Asp 1.00 =017 139 *030 296x0.18 052 *0.22 1.04=*0.15 090*0.19 1.18 *0.01 0.82 *0.16
Benzoate 1.00 =0.14 079 £0.17 1.77+0.14 0.62 £0.10 0.82 =£0.11 0.86*0.05 1.04 £0.12 097 =0.13
GABA 1.00 =029 076 £034 176 =035 097 £0.29 120=*x0.19 139*x021 1.61 £0.12 1.10* 0.24
Citrate 1.00 £ 0.19 1.06 £031 276x0.21 0.13+0.02 1.07 007 0.73*0.19 0.74%=0.25 0.72*0.22
Fru 1.00 = 0.02 0.87 030 130%x023 007 £0.03 0.88=*0.07 0.82*x0.17 0.90=*0.03 1.02=*0.02
Fru 6-P 1.00 £ 031 1.02*0.42 249045 2.12*095 1.04%0.12 0.74*£0.19 155=*0.21 0.75*0.12
Fumarate 1.00 =2 0.09 1.21 =022 231+0.19 212 *094 058+0.11 049x0.10 0.82 £0.11 1.04 *0.38
Galacturonate  1.00 * 0.26 0.97 = 0.51 3.05+0.52 0.68 +*030 139*0.06 1.22*0.16 1.89+0.22 1.14 +0.19
Glc 1.00 = 0.65 0.79 £0.27 235*026 0.08 *£0.04 395+0.83 058=*054 0.79*053 1.56=0.56
Glc 6-P 1.00 £ 029 1.07£041 239*042 205091 1.03x010 0.76*020 1.66=*0.22 0.73 *0.14
Gin 1.00 £ 024 090 =035 431024 009 *£0.04 1.06*023 107 *025 144==001 0.85=*0.25
Glycerate 1.00 + 015 126 £0.23 227016 281 =122 1.18=x0.14 132 *020 2.09=%0.24 1.07 *0.24
Glycerol 1.00 £ 020 1.11 £0.19 280+0.11 2.15*0.78 1.25*030 2.19*053 272+0.72 247 +0.48
Glycerol 3-P 1.00 027 130*032 231+£025 1.00*044 138=*x023 222*0.78 4.05+1.19 2.73 *0.91
Gly 1.00 +0.12 162*030 317012 076031 117 x0.17 1.12*0.12 1.67 =0.41 1.52 *0.54
His 1.00 = 0.27 nd nd 0.26 = 0.12 0.89 £ 0.20 0.90 *.0.45 217x£0.32 198 = 1.04
Myoinositol 1.00 £ 0.10 0.64 + 048 1.83 038 056=*0.21 1.13£0.03 1.14*0.02 1.09*0.01 0.82 *0.12
lle 1.00 £ 0.16 1.19 =036 2.04 £020 090=*0.38 1.67x0.24 191 £0.83 233*058 1.34=*036
Lys 1.00 = 0.18 0.78 =051 166 £0.44 0.64 =027 1.14*x0.19 1.01 £0.27 1.69+0.18 1.01 = 0.21
Malate 1.00 £ 0.19 137 *£031 255*032 057*020 1.05*x0.08 0.86*021 1.19=*=0.01 0.93 £0.11
Maltitol 1.00+ 025 138*x025 337037 1.75*0.77 194%+0.26 129 *024 231+0.25 1.38 * 0.44
Maltose 1.00 =035 136*036 204 *027 217 %090 1.41=*020 1.08=*0.18 1.94*0.30 1.06 +0.14
Man 1.00 £ 0.09 1.00*0.19 2.63 £030 0.03*0.01 1.15=*0.13 092 *022 1.79=*0.35 1.10*0.17
Met 1.00 £ 025 1.03 £027 199027 055*023 1.02=*024 086*025 190026 1.11 *0.32
Phe 1.00 £ 0.21 103 £026 193 *024 073*x031 1.15*x0.14 1.05*023 1.65+£020 1.19 = 0.31
Pro 1.00 £ 0.15 215%£0.34 223+034 199*099 1.05*x0.15 093 025 131 *024 0.76 +0.13
Putrescine 1.00 £ 0.12 0.67 =+ 038 244 *0.46 0.17 £0.07 0.36+0.07 069 *=0.12 0.51+0.06 0.92 * 0.24
Raffinose 1.00 £ 038 3.62+£039 1.95*023 0.18x0.08 0.27+0.02 0.25=+0.03 0.34+0.05 0.25=0.05
Saccharate 1.00 £ 0.20 0.83 £0.23 215021 062 *0.25 120*0.03 123 *0.04 1.04*0.04 1.12=*0.08
Ser 1.00 £ 043 225x042 276+0.24 1.20*0.50 0.63 +0.08 0.58=*028 1.23=*029 0.60=*0.14
Succinate 1.00+0.17 242£029 120*x023 293*1.27 0.88=*x008 1.21*0.11 1.08=*0.15 0.99 +0.17
Suc 1.00 £ 033 230*= 056 1.42 *0.41 nd 0.80 = 0.21 0.71 £0.15 1.50*0.17 0.84 * 0.28
Thr 1.00+ 049 182*037 236x0.23 0.75=*031 0.78=*0.11 054=*0.17 0.85*0.11 0.58 = 0.09
Threonate 1.00 £ 049 072 £020 192 *0.26 0.75*0317 0.78*0.11 054 *0.17 0.85=*0.11 0.58 = 0.09
Tyr 1.00 £ 0.26 0.71 £ 046 1.52*043 0.17*0.07 1.00=*0.29 1.13*021 1.38=%=0.39 1.94 *0.48
Trehalose 1.00 £ 0.13 051 £042 1.59*0.19 029*0.13 0.68+0.04 081 *0.16 0.99 =0.23 1.12 +0.28
Trp 1.00 £ 0.17 090 £049 134 *053 0.01*000 1.07=*029 0.78=*0.12 0.60=%0.05 0.64*0.15
Val 1.00 +0.10 1.12*030 190+0.18 091 *038 1.04=x0.17 095 =*020 143*0.17 1.21 £0.26
Xylitol 1.00 £ 0.22 1.06 +0.31 241+£0.26 0.16 005 0.88=*0.11 1.13 2020 1.83 =046 1.74 *0.54

revealed that exudation was also markedly different
between the lines. The levels of a wide range of
exometabolites were elevated in the FL lines, while
there was little change in the mMDH lines. These
results provide compelling evidence that the reduced
root biomass phenotype is not a consequence of a
reduced organic acid exudation in the transgenics.
This observation is somewhat at odds with previous
studies showing that manipulations of TCA cycle
metabolism in the roots can greatly improve fitness
via a root exudate-mediated mechanism (Koyama
et al.,, 2000; Lépez-Bucio et al., 2000, 2003). Several
factors could explain this discrepancy, including the
facts that we are studying different species, subject to
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different nutrition and genetically modified at a dif-
ferent reaction step. However, irrespective of the rea-
son underlying the different conclusions of these
studies, our work clearly suggests that the change in
biomass observed is not the consequence of a reduced
exudation of organic acids.

The fact that one of the sets of transgenics was
previously demonstrated to display an enhanced rate
of photosynthesis and the other displayed a decreased
rate (Nunes-Nesi et al., 2005, 2007a) suggests that the
root biomass is unlikely to be greatly influenced by the
aerial part of the plant. The results of reciprocal
grafting experiments confirmed our intuition here,
since although a wild-type scion could restore the
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transgenic stock root length and area to wild-type
values, it had little effect on the root biomass. The
recovery of root length and root area following
grafting of the wild-type scion to the transgenic stock
is highly interesting and suggests that these param-
eters are dramatically influenced by photoassimilate
availability. However, the total root biomass and root
architecture appear to be regulated largely indepen-
dently of this. Results of a recent elegant study reveal
that root tip contact with low-phosphate medium
reprograms root architecture (Svistoonoff et al.,
2007). Similar effects have also been documented
for growth on low-nitrate medium (Zhang and
Forde, 1998; Forde and Lea, 2007). The fact that the
transgenic lines studied here exhibit altered architec-
ture implies that the altered exudation profiles may
play a role in nutrient uptake; however, analysis of a
broader range of lines than were examined in this
study would be required in order to confirm this
hypothesis.

What the results from these studies do clearly dem-
onstrate, however, is that the reduced root biomass is
due to a root-specific effect. One possible cause for this
is the dramatic reduction in respiration in this organ.
This reduction can be seen in both the direct oxygen
consumption measurements and the results obtained
from the *C isotope-labeling experiments, which im-
ply a slower general metabolism in the transformants.
This trend, however, is not apparent in the steady-state
levels of endometabolites, presumably due to the
different exudation rates of the different transgenics.
That the rate of respiration and the reduced root
biomass correlate, taken alongside the previously ob-
served links between energy metabolism, biosynthe-
sis, and growth (Regierer et al., 2002; Carrari et al.,
2003; Devaux et al., 2003), strongly implies that the
reduction in root biomass is the consequence of an
impairment in the root’s own energy metabolism.
While decreased provision of the necessary precursors
and energy for biosynthesis in the transgenics seems
the logical mechanism by which to explain the growth
inhibition of the roots, we also need to take into
account the results of the phytohormone profiling.
While there were differences in the expression levels of
a relatively large number of genes associated with
phytohormones and their downstream regulatory cas-
cades, it is important to note that the only phytohor-
mones that displayed consistent changes across the
transgenic lines were GAs. Perhaps equally impor-
tantly, we identified no antagonistic changes in the
levels of phytohormones themselves and hardly any
antagonistic changes in the levels of transcripts asso-
ciated with their signal perception/relay, suggesting
that they are unlikely to be involved in the establish-
ment of the defined altered root morphological phe-
notypes displayed by the transgenic lines. This finding
is somewhat surprising given the wealth of literature
indicating an important role of phytohormones in root
development. Several studies have either directly or
indirectly suggested important roles of auxin and/or
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ethylene in regulating root size in the elongation zone
(Chilley et al., 2006; Fitzgerald et al., 2006; Rahman
et al,, 2007; Stepanova et al., 2007, Okamoto et al.,
2008), while others pinpoint an important role of
cytokinin in the control of root cell division (Riefler
et al., 2006). These findings are largely in congruence
with previous observations of the roles of phytohor-
mones in the control of root growth and architecture
(Malamy, 2005; for review, see Lopez-Bucio et al.,
2006).

From our current study, we can state that the
steady-state levels of these compounds in the root
per se do not influence root branching and other
morphological effects observed in the transgenics. We
cannot, however, formally exclude that control of root
development could be mediated by the influx of
phytohormones from aerial parts of the plant, since
several of these phenotypes were rescued by the
grafting of a wild-type scion onto the transgenic
rootstock. While we were able to demonstrate that
this was able, at least partially, to complement the
metabolic phenotype of the transgenics, we did not
determine if this resulted in an altered exchange rate
of phytohormones between the aerial and subterra-
nean parts of the plant. Our results, however, do
allow us to conclude that, despite the presence of
compelling evidence for roles for IAA and ABA in
mediating root development (Grieneisen et al., 2007;
de Grauwe et al., 2008; Swarup et al., 2008, they are
involved in determining the root biomass phenotype
described here. The same, however, cannot be said of
the changes observed concerning GA. Recent studies
in pea (Pisum sativum) mutants deficient in gibberellin
revealed that their dwarf phenotype could be com-
plemented via provision of the hormone (Yaxley et al.,
2001). Reverse genetic analysis of tobacco (Nicotiana
tabacum) GA 2-oxidase, however, which was strongly
down-regulated in our transgenics, revealed that de-
ficiency of this enzyme resulted in shunted aerial
growth and a much reduced lignin deposition
(Biemelt et al., 2004). Given that such phenotypic
characterizations have also been imposed by the
modification of GA metabolism, we cannot rule out
the possibility that the mechanism by which restric-
tion of the TCA cycle results in modified root biomass
is at least in part mediated by changes in the hor-
mones that are apparent in these lines. While the
precise nature of the interaction between energy
metabolism and GA-mediated control of growth
could not be resolved in this study, it remains an
exciting topic for future research.

MATERIALS AND METHODS
Plant Material

Previously characterized tomato (Solanum lycopersicum ‘Moneymaker’)
seeds, exhibiting reduced expression of mitochondrial malate dehydrogenase
and fumarase (Nunes-Nesi et al., 2005, 2007a), were sterilized and germinated
on 2X MS medium (Murashige and Skoog, 1962). Plants were grown in a long-
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day regime at day/night temperatures of 22°C/20°C and a relative humidity
of 50% on a vermiculite medium supplemented with slow-release fertilizer
(Lewatit HD 50; Beyer). The presence of the transgene was verified by PCR
using standard protocols prior to analysis of enzyme activities of the protein in
question. Rootstock-to-leafstock wedge grafts were performed on 4-week-old
tomato plants that were defoliated to the third fully expanded leaf, with
V-intersection grafts performed and pinned by sterile aluminum supports.
Plants were covered with 20-L clear plastic bags and allowed to adjust to
natural lighting conditions for 24 h, after which they were returned to the
growth conditions described above.

Chemicals

Unless stated otherwise, all chemicals, cofactors, and enzymes were
purchased from either Sigma-Aldrich or Merck.

Exudation

Root exometabolites were collected at the end of the light period (unless
stated otherwise) by gently excavating the root system from the vermiculite
growth medium, washing, and incubating in double distilled water (pH 6.8)
under gentle agitation (100 rpm) for 1 h.

Bacterial Culturing Methods

The presence of colony-forming units was determined in order to monitor
microbial activity exactly as defined previously (Weisskopf et al., 2005), and a
value of log, < 0.69 was deemed satisfactory.

Enzyme Analyses

Enzymes were extracted as described previously (Tauberger et al., 2000)
and assayed exactly as described in the literature (Gibon et al., 2004; Nunes-
Nesi et al., 2005).

Immunodetection of Fumarase Protein

Protein-blot analysis of fumarase protein was carried out on 33 pg of crude
protein extract according to Nunes-Nesi et al. (2007a) and subjected to protein-
blot analysis according to standard procedures. Membranes were probed with
primary rabbit antibody raised against Arabidopsis (Arabidopsis thaliana)
fumarase protein (Behal and Oliver, 1997). The secondary antibody was an
affinity-purified IR Dye800-conjugated goat anti-rabbit antibody (Rockland
Immunochemicals). Signals were quantified using an Odyssey Infrared Im-
ager system (Li-Cor Biosciences).

Metabolic Profiling

Cellular metabolite levels were analyzed as outlined by Roessner et al.
(2001), with the exceptions that initial parameters taken were optimized for
tomato following the method of Roessner-Tunali et al. (2003) and that root
tissue was homogenized with a mortar and pestle in liquid nitrogen. Iden-
tification and quantification were optimized for tomato root tissue with
known standards, and the spectrum was adjusted accordingly. In the case of
root exometabolites, these were collected in double distilled water (pH 6.8) by
gentle agitation of roots (for 1 h) following excavation from the vermiculite
medium. Unless otherwise indicated, excavation was carried out at the end of
the light period. All material collected was rapidly frozen in liquid nitrogen
and stored at —80°C until further analysis. Optimization procedures for
determination of the exudate metabolite levels were carried out as described
above for the cellular metabolites of tomato root samples.

Carbohydrate, Energy, and Redox
Metabolite Measurements

The levels of starch, Suc, Fru, and Glc in the leaf tissue were determined
exactly as described previously (Miiller-Réber et al., 1992).The procedure of
extraction and assay of NADs was performed according to the method
described by Gibon and Larher (1997). Extraction and spectrophotometric
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determinations for NAD(P), NAD(P)H, ascorbate, and glutathione were
performed exactly as described by Queval and Noctor (2007).

[®CIGIc Feeding

Isotopic feeding of root material was done following the protocol outlined
by Roessner-Tunali et al. (2004). In brief, mature roots were cut into 5-mm
segments and washed three times in cold 10 mm MES-KOH (pH 6.5), and
approximately 0.2 g of tissue was incubated either in 20 mm [U-"C]Glc
(Omicron Biochemicals) or 20 mum natural abundance Glc in a total volume of 5
mL of 10 mm MES-KOH buffer (pH 6.5) per 100-mL Erlenmeyer flask. The
flasks were incubated for 3 and 5 h, respectively, under an agitation of 100
rpm. After this time period, tissue was thoroughly washed with 10 mm MES-
KOH buffer (pH 6.5), rapidly blotted dry on tissue paper, and snap frozen in
liquid nitrogen. Frozen tissue was stored at —80°C until further analysis.
Labeling patterns were analyzed as described previously (Giegé et al., 2003;
Roessner-Tunali et al., 2004).

Transcript Profiling

Total RNA extraction for 5-week-old root material was done using Trizol
according to the manufacturer’s specifications. Following this, first-strand
¢DNA synthesis was carried out using the SuperScript indirect cDNA labeling
kit (Invitrogen). Typically, 15 to 20 ug of total RNA (DNase I treated) was
incubated at 70°C for 10 min with 5 ug of oligo(dT),, primer in a total volume
of 18 uL and placed on ice for 5 min. Subsequently, a master mix consisting of
5X first-strand buffer, 0.15 umol of dithiothreitol, 15 mmol of deoxynucleoside
triphosphate mix, RNAseOUT, and SuperScript IIl reverse transcriptase was
added and the tube was incubated at 46°C. The mixture was hydrolyzed with
1 N NaOH, thoroughly mixed, and incubated at 70°C for 10 min, after which it
was neutralized with 1 N HCI. Sodium acetate (3 M, pH 5.2) was added before
proceeding to first-strand cDNA purification, following the kit instructions.
Labeling and hybridization of the TOM1 array were followed directly as
described previously (Alba et al., 2004). The TOM1 arrays (Cornell University)
were hybridized and scanned with a Fuji MAS FLA-8000 microarray scanner.
The GeneSpotter software (MicroDiscovery) was used for the grid positioning
and signal quantification. The resulting data were analyzed using the LIMMA
package (Smyth and Speed, 2003) for the bioconductor software (Gentleman
et al., 2004). Data were normalized using within-array print-tip Loess and
between-array quantile normalization. P values were corrected using a false
discovery rate correction (Benjamini and Hochberg, 1995), and a false discov-
ery rate P value (g value) of <0.05 was deemed significant. Data were
visualized with PageMan software (Usadel et al., 2006).

Root Respiration

Root tips (25 mg) were cut with a sharp blade, washed, and incubated in 10
mum MES-KOH (pH 6.5) in a Clark-type oxygen electrode. The rate of oxygen
consumption was calculated as described by Geigenberger et al. (2000).

Root Phenotype Assessment

Root phenotypes were digitally obtained and analyzed with Rootedge
software (version 2.3; Iowa State University Research Foundation) as de-
scribed by Kaspar and Ewing (1997). Cell size measurements were performed
on root sections.

Phytohormone Determination

Determination of abscisic acid was performed essentially as described by
Peng et al. (1999). In brief, frozen samples (0.5 g) were homogenized and
extracted overnight in 20 mL of 80% methanol. After extraction, each sample
was reduced in vacuo and diluted with 20 mL of water. The aqueous phase
was adjusted to pH 2.8 with 1 M HCI and partitioned four times with equal
volumes of ethyl acetate. The ethyl acetate extracts were combined and
evaporated to dryness. The residue was dissolved in 1 mL of 10% methanol
and applied to a preequilibrated C18 cartridge (Waters; http:/ /www.waters.
com). The column was washed with aqueous acetic acid (pH 3.0), and then
ABA was eluted with 80% methanol. After evaporation to dryness, the
samples were derivatized as described (Lisec et al., 2006) and analyzed by
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comparison with authentic standards using GC-MS. IAA and GAs were
analyzed by GC-MS exactly as described previously (Bjérklund et al., 2007).

Statistical Analyses

Unless otherwise specified, statistical analyses were performed using the ¢
test embedded in the Microsoft Excel software. Only the return of P < 0.05 was
designated significant.

Supplemental Data

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

Supplemental Figure S1. Relative response ratios of diurnal-like and
extended dark period of root metabolites from 5-week-old wild-type
tomato roots.

Supplemental Figure S2. Relative response ratios of diurnal-like and
extended dark period of exudates collected from 5-week-old wild-type
tomato roots.

Supplemental Table S1. Relative root exudates of antisense FL and
mMDH lines.

Supplemental Table S2. Absolute endometabolite concentrations (mmol
g ™! fresh weight) of antisense FL and mMDH lines.

Supplemental Table S3. Absolute exudate concentrations (mmol g~ fresh
weight) of antisense FL and mMDH lines.

Supplemental Table S4. Putative identifications of transcripts involved in
phytohormone responses, as identified from the corresponding Map-
Man annotation files (Thimm et al., 2004), and numerically listed in
Figure 4.
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