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It has long been recognized that photosynthesis and
respiration in the plant cell must be intimately linked,
given that they share carbon dioxide and oxygen as
substrate and product or as product and substrate,
respectively (for review, see Siedow and Day, 2000).
While the core reaction schemes of the pathways of
photosynthesis, respiration, and the associated pro-
cess of photorespiration are well defined, it is only
since the advent and widespread adoption of reverse
genetic strategies that the high level of interaction
between them has begun to be fully realized (Bauwe
et al., 2010; Sweetlove et al., 2010). However, the exact
contribution of each pathway to energy status is de-
pendent on cell type, and fundamental questions such
as the degree of inhibition of the tricarboxylic acid
(TCA) cycle in the light remain somewhat controver-
sial. Here, we will outline current understanding of the
influence of mitochondrial function, focusing almost
exclusively on the illuminated leaf of C3 plants and
taking the majority of our case studies from tomato
(Solanum lycopersicum) and Arabidopsis (Arabidopsis
thaliana). We contend that, having achieved a more
comprehensive understanding of the interaction be-
tween photosynthesis and respiration (and indeed
also photorespiration), the manipulation of mitochon-
drial metabolism and machinery has recently emerged
as a novel potential means to enhance photosynthesis.

THE NEED FOR COORDINATION OF CELLULAR
ENERGY METABOLISM

Given that, as stated above, the pathways of photo-
synthesis and respiration almost catalyze opposite
reactions, it follows that their relative activities must
be carefully regulated within plant cells. The same is
true for photorespiration, which, although being oblig-
atorily linked to photosynthesis since its entrance
reaction is the transfer of oxygen onto ribulose 1,5-
bisphosphate by the action of Rubisco, it can also

dramatically restrict photosynthesis if it is itself re-
stricted under conditions in which its intermediate
metabolites accumulate (Bauwe et al., 2010). While the
coordination of these pathways has been presumed for
decades, our understanding of the precise details of
how this is achieved is currently fragmentary. In some
plant tissues, such as roots, the complete reliance of
mitochondrial oxidative phosphorylation to meet the
energy demands of the cell greatly simplifies matters.
However, recent demonstrations of photosynthesis
occurring in germinating seeds and the fact that
some enzymes of the photorespiratory pathway are
expressed in a root-specific fashion (Borisjuk and
Rolletschek, 2009; https://www.genevestigator.com)
mean that such generalizations should not be blithely
assumed. A similar caution needs to be taken regarding
the assumed inhibition of the TCA cycle in the illumi-
nated leaf. There is some conflict between in vitro
enzyme measurements (Tovar-Méndez et al., 2003) and
even detailed flux profiles (Tcherkez et al., 2005), with
the results from transgenic plants described below in
the section “Altering Photosynthetic Carbon Assimila-
tion and Yield by Targeting the TCA Cycle.” What is
undoubtedly sure is that the TCA cycle flux is reduced
in the illuminated leaf when comparedwith that seen in
the dark. However, it seems likely that this can be
explained in part by the operation of different flux
modes in the light (Sweetlove et al., 2010).

Photosynthesis directly provides substrate for mito-
chondrial reactions occurring in the illuminated leaf.
In heterotrophic tissues and the darkened leaf, sub-
strates from photosynthesis are provided indirectly
via storage pools. While these facts have long been
established, the converse impact of mitochondria on
photosynthesis has only been demonstrated more
recently. For this reason, together with the fact that
this interaction probably involves signal transduction
and redox changes alongside the changes in substrate
provision and gene expression that link photosynthate
production to its utilization, it is unlikely that our
understanding of this interaction is complete. That
said, considerable advances have beenmade in the last
few decades, and the suggested putative associated
regulatory linkages linking mitochondrial function
and photosynthetic efficiency are presented in Figure
1. This Update gives a broad overview illustrated with
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a few case studies. One of the first roles proposed for
the mitochondria during photosynthesis was that they
supplied a large proportion of the ATP required to
sustain the high rates of Suc synthesis (Krömer et al.,
1993). Partial support that this is indeed true was

determined by measuring decreased cytosolic levels of
ATP following the inhibition of mitochondrial func-
tion. However, clear genetic evidence for such a role
has yet to be provided, with conflicting results being
documented for the cytoplasmic male sterile (CMSII)

Figure 1. Summary of major interactions and consequences of alterations on mitochondrial activity on photosynthesis. Plants
obtain the energy they require for growth from ATP produced through mitochondrial respiration and photosynthesis. The export
of excess NAD(P)H through the “malate valve” will allow the production of ATP during both photosynthesis and oxidative
phosphorylation. The ATP is also needed for the conversion of triose phosphate to Suc. Additionally, the malate (and fumarate)
produced by the TCA cycle is transported to the vacuole, where it is stored. By a yet unclear mechanism, the mitochondrial
function triggers stomatal movement by controlling organic acid levels in both the vacuole and the apoplast, leading to a relative
control of carbon dioxide assimilation. It is also hypothesized that an increased activity of L-galactono-1,4-lactone dehydro-
genase, which catalyzes the conversion of L-galactono-1,4-lactone to ascorbate and is coupled to the mitochondrial electron
transport chain, leads to an up-regulation of photosynthesis by an unclear mechanism involving the modulation of gene
expression in both cytosol and chloroplast, redox regulation, or merely efficient removal of photosynthate to support growth
requirements. The dotted arrow represents an unknown mechanism. AOX, Alternative oxidase; e-, electron; GalDH,
L-galactono-1,4-lactone dehydrogenase; GL, L-galactono-1,4-lactone; OAA, oxaloacetic acid; Pyr, pyruvate; 1, dicarboxylate
transporter; I, II, III, and IV, cytochrome pathway complex of the mitochondrial electron transport chain.
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mutant of tobacco (Nicotiana sylvestris) and the Aco1
mutant of Solanum pennellii (described in detail below).
Second, evidence has accumulated that certain reac-
tions of the mitochondrial TCA cycle are crucial to
support cytosolic nitrate accumulation (Nunes-Nesi
et al., 2007b). However, the results of a recent study in
Brassicus napus question the absolute requirement of
current nitrate assimilation during photosynthesis
(Gauthier et al., 2010). Given the lack of consensus in
response to these hypotheses, it is perhaps not sur-
prising that other roles have also been postulated.
These include the regulation of metabolite distribution
as ameans to balance cellular redox status (Raghavendra
and Padmasree, 2003; Scheibe et al., 2005), a signaling
function coordinating energy metabolism (Nunes-
Nesi et al., 2007b), buffering of metabolism by the
photorespiratory process (Bauwe et al., 2010), and mi-
tochondrially mediated retrograde signaling (Zarkovic
et al., 2005). Given that the last two of these have
recently been reviewed in the literature, we will not
cover them in any detail here. However, the processes
by which they are thought to operate are also indicated
in Figure 1.
We will focus on the first two of these postulated

processes, given their clear importance in explaining
some of the results following genetic intervention
(detailed below). The regulation of metabolite distri-
bution as a means to balance cellular redox status is a
long-established mechanism of metabolic and photo-
synthetic control based on the operation of the “so-
called” malate valve, which effectively operates as an
indirect export system for reducing equivalents. This
functions due to the operation of the chloroplastic
NADP-malate dehydrogenase, which is under the
control of the ferredoxin-thioredoxin system and
uses excess NADPH to convert oxaloacetic acid into
malate in order to regenerate the electron acceptor
NADP. Since this electron transfer to malate facilitates
the continuous production of ATP, this shunt effec-
tively operates as a redox regulator of photosynthesis
(Backhausen et al., 1998). Thus far, we have only
considered the chloroplast and cytosol in isolation.
However, the effectiveness of this mechanism is di-
rectly dependent on the maintenance of a malate
gradient from chloroplast to cytosol. Given the com-
plex compartmentation of malate (Meyer et al., 2010),
it thus follows that the interaction between mitochon-
drial, vacuolar, and peroxisomal malate pools, and
even that of the apoplast with the cytosolic pool, will
be important in facilitating or indeed limiting photo-
synthesis by allowing or halting the regeneration of
NADP. A second, redox-related mechanism linking
mitochondrial function to that of the plastid is that
mediated by ascorbate. Much is known concerning the
importance of ascorbate within photosynthesis, where
it plays a multifaceted role, acting in the Mehler
peroxidase reaction to regulate the redox state of
photosynthetic electron carriers and as a cofactor for
violaxanthin de-epoxidase, an enzyme involved in
xanthophyll cycle-mediated photoprotection, as well

as in controlling guard cell signaling and stomatal
movement and the expression levels of both nuclear
and chloroplastic components of the photosynthetic
apparatus (Nunes-Nesi et al., 2005). Recently, it was
identified that the terminal enzyme of ascorbate bio-
synthesis, L-galactono-1,4-lactone dehydrogenase, is
coupled to the cytochrome pathway (Bartoli et al.,
2000) and that, on inhibition of the TCA cycle, can be
engaged as an alternative electron donor to the mito-
chondrial electron transport chain (Nunes-Nesi et al.,
2005; Dinakar et al., 2010). Furthermore, in the same
study, loading of photosynthetic cells with exoge-
nously supplied ascorbate was demonstrated to result
in an elevated net carbon dioxide assimilation rate
(Nunes-Nesi et al., 2005). However, despite clear
evidence of a bridging role of ascorbate between
mitochondrial and plastidial functions, the exact
mechanistic details underlying this remain to be fully
elucidated.

HORSES FOR COURSES: CELL TYPE AND
ENVIRONMENTAL VARIANCE IN THE CELLULAR
DEPENDENCE OF THE MAJOR PATHWAYS OF
ENERGY METABOLISM

Before moving on to describing how photosynthesis
has been modified following the manipulation of
mitochondrial processes, it is prudent to comment on
another layer of complexity that will, in the future,
need to be resolved in order to allow fine-tuning of
photosynthesis. This is the diversity of cell types in
plants. There are over 40 different cell types in a
typical plant species, and the energy requirements of
these differ substantially, as does the reliance on the
different pathways of energy metabolism. These dif-
ferences are governed by factors including, among
others, the level of solar irradiance they are exposed to,
the growth rate of the tissue, the bulk of the surround-
ing tissue, the substrate storage capacity of the cell, the
relative health of the cell, and many other factors. As a
result, energy metabolism is tailored to the specific
demands of the cell and its environmental circum-
stances. The case of the inhibition of the TCA cycle in
the illuminated leaf is described above. However,
factors such as partial pressure of gasses in the envi-
ronment, temperature, and a wide range of stresses
also impact on the interplay between photosynthesis
and respiration. In C4 and Crassulacean acid metabo-
lism plants, additional mechanisms are in place that
considerably alter the pattern of energy metabolism in
leaves; however, these are largely outside the scope of
this article. Since characteristics of C4 metabolism are
found in the stems and petioles of C3 plants, it needs
to be considered in the context of C3 metabolism
(Hibberd and Quick, 2002). Recent work of the Hib-
berd laboratory has illustrated that C4 acid decarbox-
ylases required for C4 photosynthesis are active in the
midvein of the C3 species Arabidopsis and are impor-
tant in sugar and amino acid metabolism (Brown et al.,

Mitochondrial Roles in Photosynthesis

Plant Physiol. Vol. 155, 2011 103



2010). They were also able to reduce chlorophyll
biosynthesis specifically in cells close to leaf veins of
this species by using an enhancer trap system and
showed that photosynthesis in these cells played an
important role for the shikimate pathway and in leaf
senescence as well as contributing to plant fitness
(Janacek et al., 2009). It seems likely that further use of
such cell type-specific modifications, as well as com-
parative deep sequencing such as that carried out by
Bräutigam et al. (2011), will allow us to dramatically
enhance our understanding of how diverse cells coor-
dinate photosynthetic metabolism at a functional level.

ALTERING PHOTOSYNTHETIC CARBON
ASSIMILATION AND YIELD BY TARGETING THE
TCA CYCLE

While reverse genetic approaches to modify the
expression of constituent enzymes of the TCA cycle
were adopted in the later 1980s (for review, see Fernie
et al., 2004), early studies on this pathway concen-
trated on the importance of this pathway in plant
fertility and the uptake of nutrients from the soil. In
2003, however, studies of the wild species tomato
(Solanum pennellii) mutant Aco1, deficient in the ex-
pression of aconitase, demonstrated a 50% increase in
the rate of carbon dioxide assimilation and a 6-fold
increase in fruit yield (Carrari et al., 2003; Fig. 2). The
increase in fruit yield, while greater than any other
recorded following manipulation of enzymes of the
TCA cycle, must be viewed with caution due to two
peculiarities of S. pennellii. First, fruits of this species
are considerably smaller than those of cultivated to-
mato (S. lycopersicum), and second, this species dis-
plays dramatically elevated activities of aconitase in
comparison with the cultivated tomato (Steinhauser
et al., 2010). Antisense inhibition of the mitochondrial
malate dehydrogenase also enhanced the rate of carbon
dioxide assimilation (Nunes-Nesi et al., 2005), although
only by 20%. By contrast, the assimilation rates in lines
deficient in fumarase were reduced to 75% of wild-type
rates (Nunes-Nesi et al., 2007a), while tomato plants
deficient in the expression of succinyl-CoA ligase,
mitochondrial citrate synthase, and NAD-dependent
isocitrate dehydrogenase (Studart-Guimarães et al.,
2007; Sienkiewicz-Porzucek et al., 2008, 2010) exhibited
no effect. While it is not possible to drawn a universal
conclusion across the genotypes, since this relationship
is additionally complicated by alterations in shoot-root
partitioning of the genotypes (van der Merwe et al.,
2009), the fruit yield of the genotypes at least partially
reflects their leaf photosynthetic capabilities. Further-
more, it should be noted that succinyl-CoA ligase-
deficient plants were greatly compromisedwith respect
to fruit yield despite displaying essentially unaltered
rates of carbon dioxide assimilation (Fig. 2C). More-
over, the effects of the various genetic manipulations
are not greatly influenced by the degree of inhibition of
the target enzyme. Accordingly, while the reduction in

fumarase activity was the most dramatic and dis-
played the most detrimental effect on photosynthesis,
the relationship between the degree of loss of activity

Figure 2. Characteristics of tomato plants deficient in the enzymes of
the TCA cycle. A, Activity of the target enzyme in the tomato transgenic
lines. B, Assimilation rate at 1,000 mmol m22 s21. C, Fruit yield based
on total dry weight accumulated in the fruits at the end of development.
For each set of transgenics, one of the moderately inhibited lines was
chosen. For full details, see the respective references. WT, Wild type (S.
lycopersicum ‘Moneymaker’); ScoAL, succinyl-CoA ligase; Fum, fu-
marase; CS, citrate synthase; IDH, isocitrate dehydrogenase; MDH,
malate dehydrogenase; ACO, aconitase. The lines used were as fol-
lows: succinyl-CoA ligase, RL40; fumarase, FL11; citrate synthase,
CS22; isocitrate dehydrogenase, IDH4; malate dehydrogenase, AL21;
aconitase, Aco-1. Asterisks indicate values that were determined
by Student’s t test to be significantly different (P , 0.05) from the
respective wild type.
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in the transgenic lines did not correlate (either posi-
tively or negatively) with their carbon assimilation
rates. Going beyond tomato plants, this statement is
further supported by the lack of an observed growth
phenotype of Arabidopsis knockout mutants for the
NAD-dependent isocitrate dehydrogenase (Lemaitre
et al., 2007) and by potato (Solanum tuberosum) plants
exhibiting reduced expression of mitochondrial citrate
synthase (Landschütze et al., 1995).
Intriguingly, but perhaps not surprisingly, given the

broad number of associations between respiration and
photosynthesis and the centrality of the TCA cycle as a
metabolic hub, it is clear that more than one mecha-
nism underlies the changes in photosynthetic perfor-
mance described above. In the case of fumarase, the
carbon dioxide assimilation is decreased to 75% of that
observed in wild-type plants, with fumarase antisense
plants additionally displaying impaired stomatal
opening (Nunes-Nesi et al., 2007a). Detailed physio-
logical, biochemical, and gene expression studies have
revealed that this is most likely mediated via the
uptake of malate and/or fumarate by the guard cell
from its surrounding mesophyll cells. Conversely, the
enhanced rates of photosynthesis evidenced in the
Aco1 and mitochondrial malate dehydrogenase plants
appear to be regulated by changes in redox status,
most likely relayed by ascorbate, the terminal biosyn-
thetic enzyme of which is associated with the mito-
chondrial cytochrome pathway (Bartoli et al., 2000).
However, the exact details concerning how photosyn-
thesis is up-regulated in these plants are as yet unclear,
largely due to the complications in dissecting the
many possible functions of this enigmatic metabolite.
Irrespective of the molecular mechanisms that confer
the phenotypes described here, it is clear that genetic
manipulation of certain steps of the TCA cycle could
prove to be a worthy route to explore in an attempt to
enhance photosynthesis and crop yield. To place this
in a broader context, the maximal increase in assimi-
lation documented for this approach, 50%, is slightly
higher than that observed following the overexpres-
sion of a cyanobacterial Fru-1,6-/sedoheptulose-1,7-
bisphosphatase in tobacco (Miyagawa et al., 2001) and
is similar in magnitude to that observed following the
introduction of a chloroplastic photorespiratory by-
pass (Kebeish et al., 2007).

ALTERING PHOTOSYNTHETIC CARBON
ASSIMILATION BY OTHER
MITOCHONDRIAL MANIPULATIONS

It is not only the alteration of enzymes of the TCA
cycle that causes an effect on the rate of photosynthesis
but also the alteration of several members of the
mitochondrial electron transport chain. Arguably, the
clearest effects were observed following the biochem-
ical and physiological identification of a T-DNA in-
sertional mutant of Arabidopsis deficient in the
expression of the uncoupling protein AtUCP1, which

revealed a specific inhibition of photorespiration
(Sweetlove et al., 2006). Uncoupling proteins are inte-
gral to the inner mitochondrial membrane and func-
tion to dissipate the mitochondrial gradient as heat. It
has been postulated that this is especially important
when the demand for oxidation of NADH is high and
thus may potentiate high TCA cycle flux (Smith et al.,
2004). Consistent with this suggestion, the ucp1 mu-
tants displayed dramatically reduced rates of carbon
dioxide assimilation linked to a reduced rate of photo-
respiratory Gly oxidation (Sweetlove et al., 2006).
Intriguingly, similar uncoupling roles during photo-
respiration were also suggested for the alternative
oxidase (Bartoli et al., 2005; Strodtkötter et al., 2009)
and the internal NADH dehydrogenases (Escobar
et al., 2004). Both of these protein systems could allow
electron transport without proton translocation and
therefore could fulfill the same role as the UCP, albeit
by employing a different means to the same end. The
fact that both nonphosphorylating bypasses and the
UCP are required for the same function suggests that it
is of very high importance for maintaining the energy
balance of the cell. Evaluation of plants deficient in any
of the components suggests that neither mechanism is
completely effective in doing so. This is not surprising,
since UCPwill lead to a partial dissipation of the proton
gradient but will not completely remove the thermo-
dynamic constraints on electron flux (Sweetlove et al.,
2006). Similarly, flux through the alternative pathway
is never absolute, since the alternative oxidase is in
competition for electrons with complex III of the
cytochrome pathway. Effects on photosynthesis, how-
ever, are not restricted to the alternative pathway of
respiration. Indeed, the tobacco mutant CMSII, which
lacks functional complex I, also exhibited reduced
photosynthesis during photorespiratory conditions
via a mechanism highly similar to that observed in
the Arabidopsis ucp1mutants (Dutilleul et al., 2003). It
is thus clear that components of the mitochondrial
electron transport chain are essential for the proper
maintenance of intracellular redox gradients (Fig. 1),
to allow considerable rates of photorespiration and in
turn efficient photosynthesis. From the perspective of
enhancing photosynthesis, as yet, only alternative
oxidase has a demonstrated role. Bartoli et al. (2005)
demonstrated that the natural up-regulation of this
protein during drought stress in wheat (Triticum
aestivum) protected the plants against the loss of pho-
tosynthetic capacity compared with plants chemically
inhibited in this activity. Whether a robust increase in
photosynthetic capacity and plant performance in
either ambient or stress conditions could be achieved
by modifying any of these proteins by genetic means
remains to be tested.

In summary, although the last few years have seen
considerable advances in the understanding of the
interaction between mitochondrial and extramitochon-
drial metabolism, and in the identification of some of
the key players orchestrating these interactions, our
knowledge remains far from complete. For example, we
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are still lacking the molecular identity of many of the
transporter proteins required to mediate the operation
of the major pathways of energymetabolism (Reumann
and Weber, 2006). Our understanding of signal trans-
duction cascades and of retrograde signaling from the
mitochondria and/or chloroplast also remains frag-
mentary (Kleine et al., 2009). Moreover, the role of
mitochondrial metabolism in C4 and Crassulacean acid
metabolism plants as well as plants exhibiting mixed
photosynthetic metabolism has yet to be determined.
That said, nascent developments aimed at increasing
the sophistication of approaches to gain high resolution
of metabolism at both spatial and temporal levels are
occurring (Janacek et al., 2009; Niittylae et al., 2009;
Brown et al., 2010). Despite the fact that the manipula-
tion of various steps of mitochondrial metabolism has
been demonstrated to alter photosynthesis under am-
bient conditions, it is likely that these changes, by and
large, will not be maintained under extreme environ-
ments, and producing plants to meet this aim remains a
critical challenge.
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