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The balance between fumarate and 
malate plays and important role in plant 
development and postharvest quality in 

tomato fruit

Tomato	quality
Acidity (Organic acids)

- Plays an important roles in the organoleptic
properties

- Imposes a strong influence on crop quality, and is
an important factor in choosing the harvest date.

- In fruits, sourness is attributed to proton release
from acids, while the anion forms contribute an other
taste.

Fumarate	and	Malate	metabolisms

During oxidative metabolism several organisms produce small
amounts of fumarate, among other organic acids as metabolic
by-products (Lee et al., 2002). By contrast, certain fungi produce
significant quantities of fumarate from glucose and carbon dioxide
(Cao et al., 1996; Lee et al., 2002). This might lead to a catabolite
inhibition, even though the inhibitory effects vary widely from
metabolite to metabolite. The inhibition of by-product production
during the biosynthetic process can be then assumed as a way to
reduce the effect of catabolite repression. The idea that intermedi-
ates of primary metabolism may also serve as signalling molecules
has been recently suggested in yeast (Regev-Rudzki et al., 2009).
Accordingly, supplementation with Cu2+ in cultures of Torula coral-
lina reduced the production of fumarate, a strong inhibitor of ery-
throse reductase. As a result, erythrose reductase activity
inhibition is relieved and a high accumulation of erythritol is ob-
served (Lee et al., 2002). Due the presence of a trans double bond
in fumarate, unique among the TCA cycle intermediates, this may
allow fumarate to act as a key signalling molecule for the meta-
bolic status of the cell (Lee et al., 2002). Nevertheless the precise
mechanism by which fumarate inhibits erythrose reductase and
act as signalling metabolite remains to be deciphered.

Alginate production in Pseudomonas aeruginosa (Hassett et al.,
1997) and phosphorylation-independent flagellar motor switching
in Escherichia coli (Barak and Eisenbach, 1992; Montrone et al.,
1996) are also both regulated by intracellular fumarate levels. Fur-
thermore, the transcriptional regulation of the switch from aerobic
to anaerobic metabolism in response to the presence of the elec-
tron acceptors such as fumarate has been documented in E. coli
(Gunsalus, 1992; Stewart, 1993; Unden and Bongaerts, 1997) and
this ensures that only aerobic metabolism is functional in the pres-
ence of oxygen (Zientz et al., 1998). In the ruminal bacterium Sele-
nomonas ruminantium the dicarboxylic organic acids fumarate and
malate have been proposed to act as alternative modifiers of the
ruminal fermentation since they increase the activity of the succi-
nate–propionate metabolic pathway resulting in an increased lac-
tic acid uptake (Nisbet and Martin, 1990, 1993). Indeed, the
beneficial effects of fumarate (and malate) treatment on ruminal
fermentation efficiency are similar to those of the ionophore
monensin (Callaway and Martin, 1996, 1997; Nisbet et al., 2009)

and were attributed to a shift from production of CH4 to production
of propionate by the acids serving as an alternative electron sink
for reducing equivalent disposal (Martin, 1998; Ungerfeld et al.,
2007) resulting in more efficient meat or milk production. Whilst
arguably better characterized in non-plant systems this results
highlights a dilemma that we will return later, i.e. is it possible
to separate the functional role of these highly structurally similar
metabolites?

It has been indeed proposed that the associated accumulation of
fumarate competitively inhibits the 2-oxoglutarate-dependent
dioxygenases that regulate hypoxia-inducible factor (HIF), thus
activating oncogenic hypoxia pathways (Pollard et al., 2007;
Ratcliffe, 2007) and that activation of the HIF pathway might be
the final cause of the tumour predisposition. Furthermore human
fumarase has been identified as a tumour suppressor gene whose
bi-allelic deletion causes fumarate accumulation which in turn
leads to stabilization of the transcription factor HIF and tumour
proliferation (Regev-Rudzki et al., 2009) by preventing its prote-
asomal degradation. Furthermore an exciting connection between
primary metabolism (represented by the enzyme fumarase and
its corresponding metabolite, fumarate) and the DNA damage re-
sponse was recently demonstrated (Yogev et al., 2010), thereby
providing a scenario for metabolic control of tumour propagation.
However, the link between tumourigenesis and defects in the
respiratory chain and related energy metabolism remains obscure
and further studies are still required to fully explain the dual
localization of the enzyme fumarase.

2. The role of fumarate in plants

In eukaryotes, the enzyme fumarase (also called fumarate
hydratase in higher eukaryotes) is known to participate in the
TCA cycle in the mitochondrial matrix. However, a common theme,
conserved from yeast to humans, is the existence of a cytosolic iso-
enzyme of fumarase (Akiba et al., 1984; Pracharoenwattana et al.,
2010a; Tuboi et al., 1990). In yeast the cytosolic fumarase was sug-
gested to participate as a scavenger of fumarate from the urea cycle
and catabolism of amino acids, yet this has never really explained
the evolutionary conserved high levels of the protein in the cytosol
(Yogev et al., 2010). In human, as in yeast, a single gene encodes
fumarase but the mechanism of its distribution between the cyto-
sol and mitochondria (about 50% in each) is still unknown (Yogev
et al., 2010). Both isoforms of fumarases are encoded by a single
gene encoding a single polypeptide with an N-terminal mitochon-
drial targeting signal in yeast and rat (Sass et al., 2001; Suzuki
et al., 1989). The fumarase targeting signal is proteolytically
cleaved by the mitochondrion and fumarase then distributes be-
tween the cytosol and mitochondrion. Although it has been sug-
gested that the distribution of fumarase between cytosol and
mitochondrion in yeast is regulated by metabolites such as succi-
nate (Regev-Rudzki et al., 2009) the detailed mechanism for this
situation remains to be elucidated (Singh and Gupta, 2006; Yogev
et al., 2007). In plants the dual localization of fumarase seems to be
more complicate: studies in sycamore, potato and tomato provide
evidence for a single mitochondrial isoform (Gout et al., 1993; Nast
and Muller-Rober, 1996; Nunes-Nesi et al., 2007) while in Arabid-
opsis thaliana there is evidence for the presence of two genes
encoding fumarase, FUM1 (At2g47510) and FUM2 (At5g50950).
FUM1 is predicted to be targeted to the mitochondrion and is de-
tected in the mitochondrial proteome by mass spectrometry
(Heazlewood and Millar, 2005) while FUM2 was recently charac-
terized as a cytosolic isoform (Pracharoenwattana et al., 2010a).
In addition both rice (International Rice Genome Sequencing Pro-
ject, 2005) and poplar (Tuskan et al., 2006) genome sequencing
project has identified only a single gene encoding fumarase,

Fig. 1. Summary of the proposed functions of fumarate in biochemical pathways
(energy, signalling molecule, nitrogen assimilation, CO2 assimilation and pH
maintenance during nitrate reduction) and whole plant (stomata movement, root
exudation, pollen and seed germination).

W.L. Araújo et al. / Phytochemistry 72 (2011) 838–843 839

Malate is the predominant acid in tomatoAraujo	et	al.,	(2011)

citrate, which is then exported from the mitochondrion.
The use of malate as a sole substrate is a surprising
prediction because it requires the operation of NAD-malic
enzyme. Labelling experiments on a wide range of tissues
have shown that malic enzyme often provides only a small
fraction of the pyruvate entering the TCA cycle, e.g. 8% in
aerobic maize (Zea mays L.) root tips [27] and 2.5% in an
Arabidopsis cell suspension [28], although higher values
have been found in developing embryos, e.g. 40% in Bras-
sica napus [29] where much of the cytosolic pyruvate is
transported to the plastid for lipid synthesis. Moreover,
single and double knockouts of the two NAD-malic enzyme
genes had little effect on growth and development in
Arabidopsis [30]. Nevertheless, it is well established that
malate can act as a substrate for plant mitochondria [31]
and the analysis does demonstrate that alternative flux
modes are feasible and that this could be advantageous in
terms of metabolic flexibility.

Flux modes in the TCA cycle: breakdown of the
cyclic flux
The cyclic mode of the TCA cycle (Figure 2a) provides
efficient energy transfer from the carbon bonds of respir-

atory substrates to ATP. A corollary of this is that it might
not be necessary to maintain the cyclic flux if the demand
for ATP is low or if alternative sources of ATP are available.
Consistent with this argument, a recent flux-balance
model of heterotrophic Arabidopsis metabolism demon-
strates that a cyclic TCA cycle flux is only established as
the demand for ATP increases [19]. When the fluxes in the
model were constrained solely by the need to synthesise
biomass components in the correct proportions for rapidly
dividing heterotrophic cells, the model predicted an incom-
plete TCA cycle, with the reactions between 2-oxoglutarate
and fumarate carrying no flux (Figure 2d). In other words
carboxylic acid metabolism was organised principally to
provide carbon skeletons for nitrogen assimilation (the
reactions from acetyl CoA to 2-oxoglutarate) and aspartate
biosynthesis (the conversion of malate to OAA) rather than
to synthesise ATP. A combination of this partial TCA cycle,
which can still support a low rate of mitochondrial oxi-
dative phosphorylation, and substrate level phosphoryl-
ation by glycolysis was sufficient to supply the ATP
required for biomass production.

In practice, biomass production is not the only drain
on ATP and when TCA cycle fluxes are measured by

Figure 2. Carboxylic acid metabolism flux modes predicted from metabolic models. Predicted flux modes are shown in blue. Reactions shown in grey are quantitatively less
important, or even insignificant. Full reaction stoichiometry is not shown. (a) The conventional cyclic flux mode for the TCA cycle using pyruvate as the respiratory
substrate. (b) A stable cyclic flux mode predicted from analysis of an enzyme kinetic model [26]. (c) A stable non-cyclic flux mode predicted from analysis of an enzyme
kinetic model [26]. (d) Non-cyclic flux mode predicted to occur under conditions of low ATP demand in a genome scale metabolic model of Arabidopsis [19].
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Fumarate	and	Malate	metabolisms

Maleate	Isomerase	(MI)

Maleate Fumarate

Fumarate	and	Malate	metabolisms

Re
la
tiv
e	
ex
pr
es
sio

n	
(M

I)

Fumarate	and	malate	levels	in	leaves
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Fumarate	and	malate	levels	in	leaves
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•decrease in	photosynthesis

•Reduction in	number of stomata
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What	happens	in	fruits?
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Flower	and	fruit	phenotypes

Reduction in the number of flowers Reduction in the production
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Flower	and	fruit	phenotypes

No differences in fruit ripening was observedReduction in the number of flowers

Fruit ripening

Fumarate	and	malate	levels	in	fruits
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Primary metabolism

GC-TOF-MS
~ 60 metabolites

Alanine
Alanine,	beta
Asparagine
Aspartate
Cysteine,	S-

methyl-
GABA
Glutamine
Glutamate
Glycine	
Isoleucine
Lysine
Methionine
Ornithine
Phenylalanine
Proline
Serine
Serine,	O-

acetyl-
Threonine
Tryptophan
Tyramine 
Tyrosine
Valine

Ascorbic	acid
Citric	acid
Dehydroascorbic	acid
Galactonic	acid-1,4-lactone
Fumaric acid 
Galacturonic

acid/Glucuronic acid
Glyceric	acid
Malic	acid
Quinic acid
Pyroglutamic acid
Saccharic	acid	
Succinic acid

Erythritol	

Fructose

Fructose-6P

Fucose

Galactinol	

Glucose

Glucose-6P

Isomaltose 

Maltotriose 

Maltose

Raffinose 

Rhamnose

Sucrose

Trehalose

Xylose
Inositol,	myo-

Inositol-1-P, myo

Phosphoric	acid

Putrescine

Amino acids

Organic acids

Sugars and Sugars 
alcohol

Miscellaneous

Metabolomic	profiling

wt
Line 1
Line 2
Line 3

Transgenic fruits show a few consistent changes in sugars.

Metabolic profiling - Green fruits (35 DAF)

Glucose
Fructose

ATP
ADP

Glucose and Fructose

ADP

WT L1 L2 L3
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Starch	content
Starch content - mMDH plants (35 DAF)
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Starch content - mMDH plants (65 DAF)
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Post-harvest characteristics
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Red fruits

malate

starch

Soluble sugars

Brix index

Partial summary

Changes	in
Redox	state
AGPase

Water loss
turgor

Oportunists
pathogens infection
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