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Chloroplasts use light energy and a linear electron transport (LET) pathway for the coupled 
generation of NADPH and ATP. It is widely accepted that the production ratio of ATP to 
NADPH is usually less than required to fulfill the energetic needs of the chloroplast. Left 
uncorrected, this would quickly result in an over-reduction of the stromal pyridine nucleotide 
pool (i.e., high NADPH/NADP+ ratio) and under-energization of the stromal adenine 
nucleotide pool (i.e., low ATP/ADP ratio). These imbalances could cause metabolic 
bottlenecks, as well as increased generation of damaging reactive oxygen species. 
Chloroplast cyclic electron transport (CET) and the chloroplast malate valve could each 
act to prevent stromal over-reduction, albeit in distinct ways. CET avoids the NADPH 
production associated with LET, while the malate valve consumes the NADPH associated 
with LET. CET could operate by one of two different pathways, depending upon the 
chloroplast ATP demand. The NADH dehydrogenase-like pathway yields a higher ATP 
return per electron flux than the pathway involving PROTON GRADIENT REGULATION5 
(PGR5) and PGR5-LIKE PHOTOSYNTHETIC PHENOTYPE1 (PGRL1). Similarly, the malate 
valve could couple with one of two different mitochondrial electron transport pathways, 
depending upon the cytosolic ATP demand. The cytochrome pathway yields a higher 
ATP return per electron flux than the alternative oxidase (AOX) pathway. In both Arabidopsis 
thaliana and Chlamydomonas reinhardtii, PGR5/PGRL1 pathway mutants have increased 
amounts of AOX, suggesting complementary roles for these two lesser-ATP yielding 
mechanisms of preventing stromal over-reduction. These two pathways may become 
most relevant under environmental stress conditions that lower the ATP demands for 
carbon fixation and carbohydrate export.

Keywords: ATP/NADPH, cyclic electron transport, energy and carbon balance, alternative oxidase, malate valve, 
mitochondrial electron transport, proton gradient regulation5/PGR5-like photosynthetic phenotype1, reactive 
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INTRODUCTION

Research over many years has established that chloroplasts 
and mitochondria act in a coordinated manner during 
photosynthesis (Krömer, 1995; Raghavendra and Padmasree, 
2003). For example, mitochondria oxidize the glycine associated 
with photorespiration and likely supply the bulk of the cytosolic 
ATP required for sucrose synthesis and export. More generally, 
optimal photosynthesis requires the maintenance of cellular 
energy and carbon balance (Paul and Foyer, 2001; Stitt et  al., 
2010; Kramer and Evans, 2011). Changes in the availability 
of light, CO2, and other environmental parameters can disrupt 
this balance. Hence, specific respiratory activities may aid in 
maintaining energy and carbon balance in the light, thereby 
directly optimizing photosynthesis. Early genetic studies in the 
green alga Chlamydomonas reinhardtii illustrated the complexity 
and potential plasticity of such organelle interactions (Lemaire 
et  al., 1988; Cardol et  al., 2009).

This review will briefly introduce the concepts of energy 
and carbon balance during C3 photosynthesis and then focus 
on two pathways of electron flow; cyclic electron transport 
(CET) in the chloroplast and alternative oxidase (AOX) respiration 
in the mitochondrion. The coordinated activity of these pathways 
may have a central role in maintaining energy and carbon 
balance during photosynthesis and in response to changing 
environmental conditions.

THE NEED TO MAINTAIN ENERGY AND 
CARBON BALANCE DURING 
PHOTOSYNTHESIS

During C3 photosynthesis in leaf mesophyll cells, a light-driven 
chloroplast electron transport chain (cETC) in the thylakoid 
membrane generates energy intermediates (ATP and NADPH) 
that are then utilized by a CO2-dependent carbon fixation 
process in the chloroplast stroma [the Calvin-Benson (CB) 
cycle] to produce triose phosphates (TP; Stitt et  al., 2010). 
Two major challenges for the chloroplast during this process 
are (1) to balance the overall rate of light-driven production 
of energy intermediates with their rate of consumption, principally 
by the CB cycle and (2) to match the production ratio of 
ATP to NADPH with its consumption ratio by chloroplast 
metabolism (Kramer and Evans, 2011). These two distinct 
aspects of energy balance are closely related. For example, if 
the production ratio of ATP to NADPH was too low to meet 
demand, then the shortfall of ATP would slow the CB cycle, 
the major consumer of energy intermediates in the chloroplast. 
This in turn would generate an additional imbalance between 
light energy absorption and use.

In linear electron transport (LET), photosystem II (PSII) 
uses light energy to extract electrons from water and pass 
these through the plastoquinone (PQ) pool, the cytochrome 
b6f (cyt b6f) complex, and plastocyanin to photosystem I  (PSI). 
PSI then uses additional light energy to pass the electrons 
through ferredoxin to reduce NADP+ to NADPH. During LET, 

the splitting of water and PQ oxidation by the cyt b6f complex 
each contributes to generating a trans-thylakoid proton gradient 
(ΔpH). The proton motive force (pmf) associated with this 
gradient is then used by the chloroplast ATP synthase (cATP 
synthase) to generate ATP from ADP and inorganic phosphate 
(Pi) by photophosphorylation. However, it is widely acknowledged 
that the production ratio of ATP to NADPH generated by 
LET is less than required by stromal metabolism (mainly carbon 
fixation and photorespiration), hence necessitating mechanism(s) 
to boost this ratio. Complicating this further, the ATP/NADPH 
balance required in the stroma to satisfy photorespiration is 
higher than needed to satisfy carbon fixation, meaning that 
the optimal ATP/NADPH production ratio will change if the 
ratio of Rubisco carboxylation to oxygenation changes 
(Backhausen and Scheibe, 1999; Noctor and Foyer, 2000; Foyer 
et  al., 2012; Walker et  al., 2016).

One means by which chloroplasts maintain energy balance 
during photosynthesis is to make use of additional secondary 
pathways of electron flow that support ΔpH generation, and 
hence net ATP synthesis, but not the net synthesis of NADPH. 
In C3 plants, potential additional pathways include the malate 
valve, the Mehler reaction, the plastid terminal oxidase, and 
two different pathways of CET around PSI. In the CET pathways, 
electrons in ferredoxin are cycled back through the PQ pool 
and cyt b6f complex (Heber and Walker, 1992; Johnson, 2011; 
Yamori and Shikanai, 2016). In the malate valve, stromal 
NADPH is consumed by the reduction of oxaloacetate (OAA) 
to malate, which is then exported to the cytosol in exchange 
for OAA (Selinski and Scheibe, 2018). As described later, this 
process has important links to mitochondrial respiration. In 
the Mehler reaction, an electron from PSI is transferred to 
oxygen generating superoxide, the controlled detoxification of 
which then consumes stromal NADPH (Asada, 2006). Finally, 
plastid terminal oxidase couples PQ oxidation with the reduction 
of oxygen to water (Nawrocki et  al., 2015). Another recently 
described pathway uses the stromal enzyme phosphoglycerate 
dehydrogenase to indirectly transfer electrons from the NADPH 
to NADH pool (Höhner et  al., 2021).

Another means by which chloroplasts maintain energy balance 
during photosynthesis is to use the thylakoid ΔpH buildup 
generated by electron flow (both LET and the secondary 
pathways) as a means to feedback-regulate LET. This provides 
photo-protection by preventing the over-reduction of cETC 
components. The two main ΔpH-dependent photo-protective 
processes are “non-photochemical quenching” (NPQ) 
mechanisms and “photosynthetic control.” NPQ mechanisms 
increase the fraction of absorbed light energy at PSII that is 
dissipated as heat rather than supporting photochemical PQ 
reduction (Wobbe et  al., 2016; Murchie and Ruban, 2020). 
This protects PSII from singlet oxygen-induced photo-damage 
and slows the rate of electron flow into the cETC. Photosynthetic 
control refers to when lumen acidification inhibits the rate of 
PQ oxidation by the cyt b6f complex, hence slowing the rate 
of electron flow toward PSI (Foyer et  al., 1990; Tikhonov, 
2013). This prevents the over-reduction of electron carriers 
on the PSI acceptor side, which can otherwise result in PSI 
photo-damage (Wobbe et  al., 2016).
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A third major challenge for the chloroplast during 
photosynthesis relates to carbon balance. Effective plant growth 
and development require a balance between source and sink 
activities (Fernie et al., 2020). If source leaf sucrose production 
in the light outpaces sucrose utilization by the sinks, then 
phloem transport will slow and source leaf sucrose concentration 
will rise. A buildup of cytosolic sugar phosphate precursors 
(at the expense of cytosolic Pi) will then slow the rate of 
sucrose synthesis, by still poorly understood feedback mechanisms 
(Baena-González and Lunn, 2020). The reduction of cytosolic 
Pi may then slow its exchange by the triose phosphate translocator 
for stromal TP’s. As sugar phosphates then accumulate in the 
chloroplast, stromal Pi will also decline. This may then limit 
cATP synthase activity and slow photosynthesis (Stitt et  al., 
2010; Morales et al., 2018; McClain and Sharkey, 2019). Persistent 
carbon imbalances can also reduce photosynthetic capacity 
through changes in gene expression (Paul and Foyer, 2001).

Continuing research aims to understand the extent to which 
each of the secondary pathways of electron flow contribute 
to the maintenance of energy balance. It seems possible that 
different pathways will prevail, depending upon their own 
unique biochemical and molecular characteristics, as well as 
the particular environmental conditions in which photosynthesis 
is operating (Backhausen et  al., 2000). In quantitative terms, 
CET and the malate valve (coupled with mitochondrial 
respiration) are likely to be  the most prominent pathways in 
C3 plants (Walker et  al., 2020). Hence, these pathways, and 
their potential interaction with one another to maintain energy 
balance, are the major subject of this review. The review will 
also briefly consider how these pathways may contribute to 
the maintenance of carbon balance during photosynthesis.

TWO DISTINCT PATHWAYS OF CET 
AROUND PHOTOSYSTEM I

CET around PSI acts to increase the ATP/NADPH production 
ratio of the cETC by avoiding the production of NADPH, 
while supporting the buildup of ΔpH for ATP synthesis. By 
balancing the ATP/NADPH ratio in the stroma, CET prevents 
metabolic bottlenecks that would otherwise slow the CB cycle. 
A balanced ATP/NADPH ratio allows high CB cycle activity 
and hence a high capacity to turn over the purine and adenine 
nucleotide pools. This ensures that the plant can take advantage 
of conditions when light and CO2 are abundant. In addition, 
while CET is not a net sink for electrons, it does contribute 
to photo-protection since the buildup of ΔpH can support 
increases in NPQ at PSII and photosynthetic control at cyt b6f.

There are two pathways of CET around PSI in C3 plants 
(Figure  1A). The major pathway involves the PROTON 
GRADIENT REGULATION5 (PGR5) and PGR5-LIKE 
PHOTOSYNTHETIC PHENOTYPE1 (PGRL1) proteins 
(Munekage et  al., 2002; DalCorso et  al., 2008; Hertle et  al., 
2013; Rühle et  al., 2021). The phenotype of PGR5/PGRL1 
pathway mutants is an inability to engage NPQ due to insufficient 
buildup of ΔpH across the thylakoid membrane. However, the 
precise molecular function of these proteins in the pathway 

remains uncertain (Shikanai, 2020). A distinguishing feature 
of the PGR5/PGRL1 pathway is its inhibition by antimycin A 
(Munekage et al., 2002; Nishikawa et al., 2012; Sugimoto et al., 
2013; Rühle et  al., 2021). The second pathway of CET involves 
an NADH dehydrogenase-like complex (NDH; Joët et al., 2001; 
Shikanai, 2016; Strand et  al., 2017a; Schuller et  al., 2019). The 
NDH complex is composed of at least 29 subunits (Arabidopsis 
thaliana), forms a super-complex with PSI, and is proton-
pumping meaning that it is higher ATP yielding (per electron 
transported) than the PGR5/PGRL1 pathway. Double mutants 
lacking both CET pathways show severe photosynthetic and 
growth phenotypes, even under relatively optimal growth 
conditions, illustrating the essential role of CET in C3 plants 
(Munekage et  al., 2004).

While PGR5/PGRL1 is considered the main pathway of 
CET in C3 plants, there is evidence that both pathways contribute 
to CET and can at least partially compensate for each other’s 
activity (Joët et  al., 2001; Munekage et  al., 2004; Munné-Bosch 
et  al., 2005; Wang et  al., 2015; Nakano et  al., 2019). That said, 
there is accumulating evidence that the NDH pathway has 
added importance at lower irradiances, while the PGR5/PGRL1 
pathway has added importance at higher irradiances. Since 
the ratio of photorespiration to carbon fixation typically increases 
with irradiance, it exaggerates the shortfall of ATP relative to 
NADPH production by LET. Hence, while the lower capacity 
(but higher ATP yielding) NDH pathway may be  sufficient at 
low irradiance, the PGR5/PGRL1 pathway may need to make 
an additional contribution to CET when the ATP/NADPH 
imbalance is greater, such as at higher irradiance. Fisher et  al. 
(2019) showed that ATP inhibits both CET pathways, with 
the PGR5/PGRL1 pathway being 2–3 fold more sensitive to 
such downregulation (i.e., lower half-maximal inhibitory 
concentration for ATP). This suggests that a moderate shortfall 
of ATP relative to NADPH production by LET (such as at 
low irradiance) should first engage the NDH pathway, while 
a more severe ATP shortfall (such as at high irradiance) would 
additionally engage the PGR5/PGRL1 pathway. According to 
this logic, engagement of the PGR5/PGRL1 pathway should 
require a more severe over-reduction of the stroma than 
engagement of the NDH pathway.

Studies across multiple species suggest that the NDH pathway 
is most relevant at lower irradiances (Ueda et  al., 2012; Kou 
et  al., 2015; Martín et  al., 2015; Yamori et  al., 2015). NDH 
mutants in liverwort (Marchantia polymorpha) and rice (Oryza 
sativa) display higher excitation pressure specifically at low 
irradiance, and the rice mutant shows reduced carbon fixation 
and growth at low but not high irradiance (Ueda et  al., 2012; 
Yamori et al., 2015). It seems probable that, when photosynthesis 
is light-limited, the higher ATP-yielding NDH pathway of CET 
is best suited to balance the ATP/NADPH production ratio 
of the chloroplast. Studies have also compared the thylakoid 
proteome of low, medium, and high irradiance-grown plants. 
In both pea (Pisum sativum) and A. thaliana, the protein 
amounts of both CET pathways increased with growth irradiance 
(Albanese et  al., 2018; Flannery et  al., 2021). However, only 
PGR5/PGRL1 pathway components increased substantially in 
A. thaliana between medium and high irradiance. Evidence 
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is also emerging that the CET pathways are controlled, at 
least in part, by the thiol-based redox regulation systems of 
the chloroplast. These include the ferredoxin-thioredoxin 
reductase and NADPH-thioredoxin reductase C systems (Yoshida 
and Hisabori, 2016a). Accumulating data suggest that low light 
may preferentially activate the NDH pathway via NADPH-
thioredoxin reductase C, while high light may preferentially 
activate the PGR5/PGRL1 pathway via ferredoxin-thioredoxin 
reductase (Nikkanen and Rintamäki, 2019). Overall, multiple 
lines of evidence suggest that while both CET pathways may 
increase in activity with increasing irradiance, there may also 
be  a gradual shift in electron partitioning toward the PGR5/
PGRL1 path as irradiance increases.

Nonetheless, what is the advantage of having two CET 
pathways rather than, for example, just a higher capacity NDH 
pathway? As irradiance increases and/or the leaf concentration 
of CO2 for carbon fixation becomes more limiting, it is 
advantageous that electron flux through the cETC 

be  downregulated through engagement of NPQ and 
photosynthetic control. This is necessary to ensure a balance 
between the rate of light-driven production of energy 
intermediates and their rate of consumption. In the absence 
of such balance, acceptor-side limitations at both photosystems 
could generate damaging reactive oxygen species (ROS), such 
as singlet oxygen at PSII and superoxide at both photosystems 
(Wobbe et  al., 2016). The NDH pathway has a stoichiometry 
of 8H+/2e− (proton-pumping complex plus cyt b6f Q-cycle) 
while the PGR5/PGRL1 pathway has a stoichiometry of 4H+/2e− 
(Q-cycle only), meaning that the PGR5/PGRL1 pathway will 
be  less thermodynamically constrained by an increase in pmf. 
Hence, PGR5/PGRL1 may be  able to function at a higher 
range of ΔpH than the NDH pathway (Shikanai, 2016). This 
would allow enhanced engagement of the ΔpH-dependent 
controls over electron transport (NPQ and photosynthetic 
control), while at the same time continuing to use CET as a 
means to balance the ATP/NADPH ratio. The necessity for 

A

B

FIGURE 1 | (A) The photosynthetic electron transport chain in chloroplast thylakoid membrane. Linear electron transport (LET) involves both photosystems while 
cyclic electron transport (CET) involves only photosystem I (PSI). Both modes of electron transport contribute to the proton motive force used by chloroplast ATP 
synthase (cATP synthase) to generate ATP, while only LET contributes to NADPH production. ATP and NADPH support carbon fixation by the Calvin-Benson (CB) 
cycle. One pathway of CET involves the proton-pumping NADH dehydrogenase-like (NDH) complex, while the other pathway involves the proteins PROTON 
GRADIENT REGULATION5 (PGR5) and PGR5-LIKE PHOTOSYNTHETIC PHENOTYPE1 (PGRL1). The malate valve can transfer NADPH equivalents from the 
stroma to cytosol. (B) The respiratory electron transport chain in inner mitochondrial membrane (IMM). Complex I, a family of other internal and external alternative 
dehydrogenases (NDin and NDex, respectively), and Complex II oxidize reducing equivalents. Electrons partition between the cytochrome (cyt) pathway [involving 
Complex III, cyt c, and Complex IV (cyt c oxidase)] and alternative oxidase (AOX). The proton motive force generated by electron transport is used by the 
mitochondrial ATP synthase (Complex V) to generate ATP. The proton gradient can also be dissipated by uncoupling proteins (UCP). Electron flow from reducing 
equivalents to cyt c oxidase is more tightly coupled to the generation of proton motive force (2–3 sites of proton translocation) than is electron flow from reducing 
equivalents to AOX (0–1 sites of proton translocation). Fd, ferredoxin; IMS, intermembrane space; and PC, plastocyanin.
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both of these processes tends to increase with irradiance. 
Another important requirement to generate the higher ΔpH, 
besides using PGR5/PGRL1 to maintain proton influx to the 
lumen, will be  to reduce the conductivity of proton efflux 
back to the stroma through cATP synthase (Kanazawa et  al., 
2017; Takagi et  al., 2017). It is evident that cATP synthase 
conductivity does change in response to metabolic conditions. 
For example, low stromal Pi (perhaps indicative of sufficient 
energy intermediates) is hypothesized to reduce cATP synthase 
conductivity, thus allowing for a higher steady-state ΔpH at 
any given rate of ATP synthesis (Takizawa et al., 2008). Another 
likely player in managing ΔpH is thylakoid membrane-localized 
ion transporters. For example, K+/H+ antiporter activity at low 
irradiance acts to reduce ΔpH while maintaining pmf, in this 
way maximizing PSII light use efficiency (Correa Galvis et  al., 
2020). In summary, having two distinct CET pathways allows 
CET to achieve two somewhat competing goals regarding energy 
balance – the need to increase the production ratio of ATP 
to NADPH (requiring dissipation of ΔpH), and the need to 
enhance ΔpH-dependent controls over electron transport when 
there is an imbalance between the generation and utilization 
of energy intermediates.

The ability of CET to modulate both the ATP/NADPH 
production ratio and ΔpH-dependent photo-protective 
mechanisms may be  particularly challenged under conditions 
of rapidly fluctuating irradiance. Such conditions are common 
in nature, and the response of photosynthesis to such conditions 
is now being studied intensively (Kaiser et  al., 2018; Slattery 
et  al., 2018). Plants readily acclimate to different steady-state 
growth irradiances through changes in gene expression that 
alter the relative abundance of different components of the 
photosynthetic apparatus (Schöttler and Tóth, 2014). However, 
a continuously fluctuating irradiance will preclude such long-
term acclimations, and presumably place added pressure on 
short-term, readily reversible regulatory mechanisms, such as 
those involving changes in electron and proton flux. The 
challenge is that optimal photosynthesis under fluctuating 
irradiance requires maximizing light energy absorption and 
use at the lower irradiance, maximizing photo-protection at 
the higher irradiance, and having the ability to rapidly and 
reversibly transition between the two states. There is strong 
evidence that changes in CET play an important role here. 
For example, while A. thaliana pgr5 mutants can survive and 
grow at steady-state low or high irradiance, the mutation is 
seedling-lethal under fluctuating irradiance (Tikkanen et  al., 
2010; Suorsa et  al., 2012). This primarily relates to the ability 
of CET to rapidly protect PSI from photo-damage due to 
excess electrons. Under fluctuating irradiance, CET acted to 
both balance the ATP/NADPH ratio, hence maintaining electron 
sink capacity downstream of PSI, and engage photosynthetic 
control, hence slowing electron flow into PSI (Kono and 
Terashima, 2016; Yamamoto and Shikanai, 2019). Analysis of 
rice mutants indicated that both pathways of CET had a role 
in optimizing photosynthesis under fluctuating irradiance, with 
the lack of either pathway resulting in significant PSI photo-
damage (Yamori et al., 2016). Recent transcriptome and proteome 
analyses in A. thaliana indicate that both CET pathways increase 

in capacity in fluctuating irradiance (Schneider et  al., 2019; 
Niedermaier et  al., 2020).

Besides irradiance changes, other environmental factors also 
challenge chloroplast energy balance. Examples include changes 
in water status and temperature. Water deficit induces stomatal 
closure that, by restricting CO2 diffusion into the leaf, acts to 
slow Rubisco carboxylation and promote Rubisco oxygenation. 
Numerous studies suggest increased CET under such conditions, 
presumably to satisfy the increased ATP (relative to NADPH) 
demand of photorespiration relative to carbon fixation. Whether 
one or both CET pathways are important during water deficit 
remains unclear. This may depend on plant species, developmental 
stage, and other accompanying environmental factors (Horváth 
et  al., 2000; Golding and Johnson, 2003; Munné-Bosch et  al., 
2005; Long et  al., 2008; Kohzuma et  al., 2009; Lehtimäki et  al., 
2010; Zivcak et  al., 2013; Leverne and Krieger-Liszkay, 2021). 
The ratio between photorespiration and carbon fixation also 
increases with temperature. This is because increased temperature 
decreases the solubility of CO2 more than O2, as well as 
decreasing the specificity of Rubisco for CO2 relative to O2. 
Moderate heat stress (40–42°C) increased the rate of CET in 
both A. thaliana and tobacco (Nicotiana tabacum), and mutants 
in either CET pathway compromised photosynthesis under 
these conditions (Wang et  al., 2006; Zhang and Sharkey, 2009; 
Tan et  al., 2020). Besides contributing to energy balance, 
increased rates of CET at these high temperatures might 
be  necessary to compensate for higher rates of thylakoid 
membrane leakiness to protons. In tomato (Solanum 
lycopersicum), high temperature (40°C) induced the expression 
of genes encoding components of both CET pathways (Lu 
et  al., 2020). In cowpea (Vigna unguiculata), high temperature 
(45°C) substantially reduced carbon fixation while cETC activity 
was stimulated and dependent upon photorespiration and other 
unidentified electron sinks (Osei-Bonsu et  al., 2021).

Several studies have linked CET to cellular amounts of H2O2. 
In barley (Hordeum vulgare), treatment of leaves with exogenous 
H2O2 increased amounts of NDH transcript, protein, and activity 
(Casano et  al., 2001; Lascano et  al., 2003). In tomato, a light 
quality-dependent systemic induction of NDH activity and a 
chilling-induced increase in PGR5 gene expression were each 
dependent upon increases in H2O2 (Guo et  al., 2016; Fang 
et  al., 2019). In A. thaliana, several different photorespiration 
mutants, as well as several other mutants with defective expression 
of chloroplast proteins, all displayed both increased amounts 
of H2O2 and increased rates of CET (Strand et  al., 2017b; Li 
et  al., 2019). Another study clearly showed that H2O2 could 
rapidly increase the rate of CET in A. thaliana and that this 
activation was specific to the NDH pathway (Strand et  al., 
2015). The authors hypothesized that when energy imbalances 
cause high stromal NADPH, a lack of electron acceptor increases 
PSI-dependent superoxide production and conversion to H2O2. 
The increase in H2O2 then activates CET to correct the energy 
imbalance (Strand et  al., 2015). In summary, there is evidence 
that H2O2 can increase CET through both changes in gene 
expression and activation at the enzyme level. Current evidence 
suggests that the NDH pathway is most subject to such control 
by H2O2. This may provide some rationale why NDH mutants 
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show photosynthetic defects under stressful abiotic conditions 
known to generate oxidative stress (Shikanai, 2016). NDH 
mutants can also display higher amounts of H2O2 in the light 
(Wang et  al., 2006; Sirpiö et  al., 2009).

DISTINCT PATHWAYS OF 
MITOCHONDRIAL ELECTRON 
TRANSPORT TO OXYGEN

Malate valves function to shuttle reducing equivalents from 
one cell compartment to another by using isoforms of malate 
dehydrogenase (MDH) in different cell compartments to 
reversibly interconvert malate and OAA, and dicarboxylate 
transporters to move these metabolites between compartments 
(Taniguchi and Miyake, 2012; Selinski and Scheibe, 2018). To 
shuttle excess reducing equivalents from the stroma to cytosol 
during photosynthesis requires that the malate exported from 
the chloroplast be  oxidized back to OAA, for return to the 
chloroplast. This malate oxidation will generate NADH, the 
turnover of which may then depend upon the mitochondrial 
electron transport chain (mETC).

A defining feature of the plant mETC is the presence of 
two pathways of electron flow from the ubiquinone (UQ) pool 
to oxygen (Figure  1B). The cytochrome (cyt) pathway consists 
of Complex III, cyt c, and Complex IV (cyt c oxidase). At 
Complex’s III and IV, electron flow is coupled to proton 
translocation from matrix to intermembrane space. The resulting 
pmf across the inner mitochondrial membrane (IMM) is used 
by the mitochondrial ATP synthase (Complex V) to generate 
ATP by oxidative phosphorylation. The other pathway of electron 
flow from UQ to oxygen consists simply of an ubiquinol oxidase 
termed AOX. Electron flow from UQ to AOX is not coupled 
to proton translocation, providing a means to relax the coupling 
between electron transport and ATP generation (Vanlerberghe, 
2013; Del-Saz et  al., 2018; Selinski et  al., 2018a). In recent 
years, plants with increased and decreased expression of AOX 
have been used to examine the potential role of this pathway 
in supporting photosynthesis and growth (reviewed by 
Vanlerberghe et  al., 2020). For example, if AOX respiration is 
necessary to balance the ATP/NADPH ratio of the chloroplast 
and hence prevent a stromal ATP limitation, then knockout 
of AOX might be  expected to decrease the concentration of 
the ATP-dependent products of the CB cycle, ribulose 
1,5-bisphosphate, and TP. Indeed, these metabolites were lower 
in the A. thaliana aox1a mutant during photosynthesis, while 
the amount of a non-ATP-dependent metabolite 
(phosphoglycerate) was unchanged relative to wild type (WT; 
Gandin et  al., 2012). Interestingly, the mutant also contained 
higher amounts of the two metabolite activators of AOX1A, 
pyruvate, and OAA (see below).

Both modeling and experimental studies suggest that the 
mETC is a net sink for electrons derived from chloroplast 
metabolism in the light (Krömer, 1995; Buckley and Adams, 
2011; Cheung et  al., 2015; Shameer et  al., 2019; Yamada et  al., 
2020; Alber and Vanlerberghe, 2021). One abundant source 

of electrons is a carbon reaction in the photorespiration pathway. 
Conversion of glycine to serine by the mitochondrial glycine 
decarboxylase (GDC) generates NADH. However, this does 
not represent a net source of chloroplast-derived reductant 
delivered to the rest of the cell since NADH that is subsequently 
consumed in the peroxisome by the photorespiratory enzyme 
hydroxypyruvate reductase stoichiometrically matches the NADH 
produced by GDC. [One caveat here is that some serine 
generated during photosynthesis may exit the photorespiratory 
pathway, in which case the pathway would generate some net 
reductant (Ros et  al., 2014)]. On the other hand, stromal 
reductant that accumulates due to an imbalanced generation 
of ATP relative to NADPH by the cETC could represent a 
net source of chloroplast-derived reductant requiring oxidation 
by the mETC following export to the cytosol by the malate 
valve. That said, this potential source of reductant does still 
depend, in part, upon photorespiration. As discussed earlier, 
this is because photorespiratory metabolism in the chloroplast 
has a higher demand for ATP relative to NADPH than carbon 
fixation (Backhausen and Scheibe, 1999; Foyer et  al., 2012; 
Walker et  al., 2016). Hence, the chloroplast demand for ATP 
relative to NADPH increases as the ratio of oxygenation to 
carboxylation by Rubisco increases. This enhances the shortfall 
of ATP relative to NADPH generation by LET, hence increasing 
the amount of excess stromal NADPH.

The ATP produced by oxidative phosphorylation cannot 
readily enter the chloroplast in the light and therefore must 
primarily act to satisfy cytosolic ATP demand (Gardeström 
and Igamberdiev, 2016; Voon et  al., 2018). Hence, the mETC 
would primarily contribute to the ATP/NADPH balance of 
the chloroplast by turning over chloroplast-derived reductant 
via the malate valve, which would then allow continued 
chloroplast electron flow coupled with photophosphorylation 
to boost the stromal ATP supply. Presumably, either cyt c 
oxidase or AOX could act as the sink for excess chloroplast-
derived reductant, and which pathway prevails likely depends 
upon the cytosolic demand for ATP. When such ATP demand 
is low, the activity of Complex V and hence the dissipation 
of pmf across the IMM is slowed by a low amount of matrix 
ADP. Under these conditions, electron flow through the proton-
pumping Complex’s III and IV becomes thermodynamically 
constrained by the increase in pmf. Such “adenylate control” 
is a major regulator of electron flow through the cyt pathway 
(O’Leary et al., 2019). However, the non-proton-pumping AOX 
is not subject to this constraint, allowing much higher rates 
of electron flow to oxygen when ADP is limiting (Vanlerberghe 
et  al., 1995).

During photosynthesis, a major cytosolic demand for ATP 
is to support the biosynthesis of sucrose, and then the active 
transport of sucrose into the phloem, for delivery to sink 
tissues (Krömer et al., 1988; Hendrix and Grange, 1991; Krömer 
and Heldt, 1991; Bouma et al., 1995; Krömer, 1995; Gardeström 
and Igamberdiev, 2016). This demand in turn depends upon 
the activity of the CB cycle to provide the TP’s for sucrose 
biosynthesis. When carbon fixation rates are less (e.g., low 
irradiance, water stress), rates of sucrose synthesis and export 
will be  less. When carbon fixation rates are greater (e.g., high 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Chadee et al. Chloroplast-Mitochondrion Metabolic Interactions

Frontiers in Plant Science | www.frontiersin.org 7 September 2021 | Volume 12 | Article 748204

irradiance, well-watered), rates of sucrose synthesis and export 
will be  greater. Hence, the choice of whether cyt c oxidase 
or AOX consumes excess chloroplast-derived reductant may 
depend, in part, on net rates of carbon fixation under different 
environmental conditions.

A key component of the chloroplast malate valve is an 
NADP-dependent MDH (NADP-MDH) in the stroma that 
couples NADPH oxidation with the reduction of OAA to malate 
(Taniguchi and Miyake, 2012). The malate produced then exits 
the chloroplast and is oxidized back to OAA in the cytosol 
or other cell compartment by NAD-dependent MDH isoforms, 
producing NADH. The activity of NADP-MDH is subject to 
tight thiol-based redox regulation to ensure that the valve is 
only active when the stromal NADPH/NADP+ ratio is high 
(Selinski and Scheibe, 2018). Interestingly, mitochondrial MDH 
(mMDH) is not redox-regulated but rather is regulated by 
adenylates acting as direct effectors of enzyme activity. In A. 
thaliana, mMDH1 activity (either malate oxidation or OAA 
reduction) is inhibited by an increase in the ATP/ADP ratio 
(Yoshida and Hisabori, 2016b). This result is consistent with 
earlier studies in mung bean (Asahi and Nishimura, 1973; 
Tobin and Givan, 1984). Hence, a high matrix ATP/ADP ratio 
could compromise the cell’s ability to manage the redox state 
of different NAD(P)H pools. For example, if mitochondrial 
OAA reduction to malate slows, it could compromise the 
shuttling from mitochondrion to peroxisome of reducing 
equivalents arising from photorespiratory glycine oxidation 
(Tomaz et  al., 2010; Lindén et  al., 2016; Lim et  al., 2020; 
Figure 2A). On the other hand, if mitochondrial malate oxidation 
to OAA slows, it could compromise the shuttling of reducing 
equivalents from the chloroplast to the mETC (Nunes-Nesi 
et al., 2005; Shameer et al., 2019; Zhao et al., 2020; Figure 2B). 
Hence, preventing either of these scenarios may in some cases 
depend upon a shift in the mETC from the cyt pathway to 
AOX in order to lower the ATP yield and hence ensure sufficient 
mMDH activity to manage the redox state of different  
NAD(P)H pools during photosynthesis.

Specific metabolites act as direct effectors of AOX activity, 
allowing for rapid and reversible changes in the partitioning 
of electrons between the cyt pathway and AOX in response 
to metabolic conditions within the mitochondrial matrix (Millar 
et al., 1993). Across plant species, pyruvate is a potent activator 
of multiple AOX isoforms (Millar et  al., 1993; Vanlerberghe 
et  al., 1995; Selinski et  al., 2018b). A comprehensive study of 
AOX effectors in A. thaliana has shown that the AOX1A 
isoform is activated by both pyruvate and OAA (Selinski et al., 
2018b). Pyruvate is the product of malate oxidation by 
NAD-dependent malic enzyme (NAD-ME), while OAA is the 
product of malate oxidation by mMDH. High matrix NADH 
favors NAD-ME over mMDH activity, since the equilibrium 
of the mMDH reaction strongly favors OAA reduction (Tobin 
et al., 1980). If malate is being imported into the mitochondrion 
as a means to shuttle reducing equivalents from the chloroplast 
to mETC, then mMDH activity is needed to generate the 
OAA for return to the chloroplast. AOX1A activation by OAA 
could be  important to ensure that NADH amounts remain 
low and favor malate oxidation by mMDH, even when ATP/

ADP ratios might otherwise constrain NADH oxidation by 
the cyt pathway (Selinski et  al., 2018b; Figure  2B). This may 
provide some rationale why other AOX isoforms not activated 
by OAA appear unable to compensate for AOX1A in optimizing 
photosynthesis (Strodtkötter et  al., 2009).

The stimulation of AOX activity by pyruvate and other 
metabolic activators first requires that the AOX dimer be present 
in its “reduced” form, where a regulatory disulfide bond between 
the two monomers is reduced to its component sulfhydryls 
(Umbach and Siedow, 1993; Vanlerberghe et  al., 1995). In 
isolated mitochondria, this reduction is initiated by the oxidation 
of specific tricarboxylic acid cycle intermediates, which 
presumably provides NADPH used by a mitochondrial 
thioredoxin system to catalyze the reduction (Vanlerberghe 
et  al., 1995; Gelhaye et  al., 2004). However, the physiological 
relevance of this oxidation and reduction for rapid and reversible 
changes in AOX activity remains uncertain since the reduced 
form of AOX is usually shown to dominate in vivo. This 
suggests that short-term biochemical control of AOX activity 
will depend primarily upon the concentration of metabolic 
effectors. However, in Alocasia odora, a shade species, there 
was a striking effect of growth irradiance on AOX redox status 
(Noguchi et al., 2005). While the total amount of AOX protein 
was similar between high irradiance-grown [photosynthetic 
photon flux density of 490 μmol m−2  s−1 (490 PPFD)] and low 
irradiance-grown (20 PPFD) plants, the AOX dimer was 
predominantly in its reduced active form in the former, but 
oxidized inactive form in the later. This might allow the low 
irradiance-grown plants to maintain the low respiration rate 
typical of shade plants, while also allowing for a rapid increase 
in AOX activity following sudden exposure to higher irradiance 
(Noguchi et  al., 2005).

Higher amounts of photorespiration (relative to carbon 
fixation) increases the chloroplast demand for ATP relative to 
NADPH, while at the same time reducing cytosolic ATP demand 
for sucrose synthesis and export, due to a relative slowing of 
carbon gain. Hence, as photorespiration increases, one might 
expect a shift toward more AOX respiration to oxidize excess 
reductant. In A. thaliana, the glycine to serine ratio gradually 
increases with increased temperature, presumably since higher 
temperatures promote photorespiration (Li et  al., 2020). In an 
aox1a mutant, the glycine to serine ratio was similar to WT 
at lower temperatures (4–12°C) but higher than WT at higher 
temperatures (23–35°C; Li et al., 2020). This suggests that GDC 
was inhibited in aox1a at higher temperatures, likely by high 
matrix NADH (Pascal et al., 1990; Bykova et al., 2014). Hence, 
as photorespiration becomes more active, AOX activity is 
necessary for redox balance, and the cyt pathway apparently 
cannot compensate for the lack of AOX, perhaps due to an 
insufficient demand for cytosolic ATP. Similarly, another study 
showed that photosynthesis in an A. thaliana aox1a mutant 
was only disrupted under photorespiratory conditions (Zhang 
et  al., 2017).

When the mETC is using AOX to facilitate electron movement 
from NADH to oxygen, only one site of proton translocation 
(Complex I) is active, hence lowering the ATP yield associated 
with electron flow. What happens if this ATP yield is still too 
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high to allow sufficient turnover of reductant by the 
mitochondrion during photosynthesis? In this case, two other 
mETC components could potentially further boost the capacity 
of the mitochondrion to act as electron sink. First, plant 
mitochondria contain a family of alternative NAD(P)H 
dehydrogenases that, unlike Complex I, are not proton-pumping 
(Rasmusson et  al., 2020; Figure  1B). Hence, if their activity 
was combined with AOX, electron flow from NAD(P)H to 
oxygen would involve no sites of proton translocation to support 
oxidative phosphorylation. Second, plant mitochondria have 
uncoupling proteins (UCPs) that are able to dissipate the proton 
gradient across the IMM, hence uncoupling electron transport 
from oxidative phosphorylation (Barreto et al., 2020; Figure 1B). 
In A. thaliana and other species, there is co-expression of the 
genes encoding AOX1A and the alternative dehydrogenase 
NDB2 (Clifton et  al., 2005; Yoshida and Noguchi, 2009; 
Wanniarachchi et  al., 2018; Sweetman et  al., 2020). NDB2 is 
the major external NADH dehydrogenase, meaning that it 
oxidizes NADH on the external (i.e., cytosolic) side of the 
IMM. An inter-dependence between NDB2 and AOX1A activities 
exists that could relate to redox poising of the UQ pool 
(Sweetman et  al., 2019). However, whether alternative 
dehydrogenases have a role in supporting photosynthesis remains 
unclear since there have been relatively few studies of plants 
with altered expression of these dehydrogenases (Sweetman 
et  al., 2019). More studies have examined the potential role 

of UCP’s during photosynthesis. GDC activity was restricted 
in an A. thaliana ucp1 mutant that, interestingly, was also 
deficient in AOX protein (Sweetlove et  al., 2006). Another 
interesting observation was that UCP1 overexpression in tobacco 
resulted in an increased abundance of transcripts encoding 
several major cETC components, but not mETC components 
(Laitz et al., 2015). In another study, inhibition of mitochondrial 
oxidative phosphorylation in the light with oligomycin resulted 
in a strong induction of both UCP and cATP synthase that 
was then able to maintain cETC activity and cell viability 
(Alber and Vanlerberghe, 2021). These studies suggest a 
connection between mitochondrial UCP’s and photosynthesis 
that deserves further study.

INTERACTION OF THE DIFFERENT 
CHLOROPLAST CET AND 
MITOCHONDRIAL ELECTRON 
TRANSPORT PATHWAYS

Evidence in the literature suggests that CET and the mETC 
may compensate for each other’s activity, perhaps signifying 
some complementarity of function. Following growth at low 
irradiance (40 PPFD), both pgr5 and crr2-2 (NDH) mutants 
of A. thaliana had a near 2-fold greater amount of AOX protein, 

A

B

FIGURE 2 | Malate valves may aid in managing the redox state of different NAD(P)H pools during photosynthesis. (A) Some reducing equivalents (NADH) 
generated during photorespiratory glycine oxidation in the mitochondrion may move to the peroxisome via a malate valve to support hydroxypyruvate (OH-pyruvate) 
reduction to glycerate (Tomaz et al., 2010; Lindén et al., 2016; Lim et al., 2020). This process requires oxaloacetic acid (OAA) reduction to malate by a mitochondrial 
malate dehydrogenase (mMDH), whose activity is subject to inhibition by ATP (see text for details). (B) Some reducing equivalents (NADPH) generated by linear 
electron transport (LET) in the chloroplast may move to the mitochondrion via a malate valve and be oxidized by the mitochondrial electron transport chain (mETC; 
Nunes-Nesi et al., 2005; Shameer et al., 2019; Zhao et al., 2020). This process requires malate oxidation to OAA by mMDH, whose activity is subject to inhibition by 
ATP. Activation of AOX by OAA may ensure that NADH and ATP amounts remain low enough to favor this malate oxidation (see text for details).
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compared to WT (Yoshida et  al., 2007). Following an 8 h high 
irradiance (320 PPFD) treatment of these plants, the AOX 
amount was now similar in WT and crr2-2, primarily due to 
an approximately 2-fold increase of AOX amount in the WT, 
with little change in crr2-2. On the other hand, the high 
irradiance treatment doubled the AOX amount in the pgr5 
mutant, such that these plants now maintained a much higher 
AOX amount than WT or crr2-2 plants (Yoshida et  al., 2007). 
These results suggest that both pathways of CET are consequential 
at low irradiance, with knockdown of either resulting in a 
compensatory increase in AOX amount. However, following 
the shift to high irradiance, only the loss of PGR5 required 
a further compensatory increase in AOX, suggesting that the 
NDH pathway was now less consequential than the PGR5/
PGRL1 pathway. Further, the increase of AOX in the WT 
plants in response to the irradiance shift suggests that both 
PGR5 and AOX are beneficial under these conditions. Like 
the CET pathways, AOX could provide a means to adjust the 
ATP/NADPH ratio of the chloroplast (by consuming chloroplast-
derived reductant) and/or bolster the ΔpH-dependent controls 
over cETC activity by promoting LET. Cyt c oxidase could 
equally fulfill these roles but only if its activity was not being 
constrained by rates of cytosolic ATP turnover, the demand 
for which may not increase, at least in the shorter-term, 
following transfer to higher irradiance. Another study found 
that a double mutant lacking both CET pathways not only 
had a 2-fold higher AOX protein content but also a significant 
decline in cyt c oxidase (subunit II) protein. This was evident 
even at a low growth irradiance (80 PPFD), indicating a 
fundamental shift in the composition of the respiratory chain 
(Florez-Sarasa et  al., 2016).

Other studies also imply complementary roles of the 
chloroplast PGR5/PGRL1 and mitochondrial AOX pathways. 
In C. reinhardtii, a pgrl1 mutant displayed normal photosynthesis 
and growth under a wide range of irradiance and CO2 
concentration. This was due in part to changes in respiration 
in the mutant, including increased amounts of AOX (Dang 
et al., 2014). However, growth of the mutant became compromised 
in fluctuating light, suggesting that respiration was unable to 
compensate for the lack of CET under those conditions. To 
our knowledge, it is unknown whether AOX respiration has 
a role in C3 plants under fluctuating light conditions, so this 
should be a priority for future study. Interestingly, photosynthetic 
performance was compromised under fluctuating light in plants 
with a mutated chloroplast NADP-MDH lacking redox regulation 
(Yokochi et  al., 2021). Further, the expression and protein 
amount of mitochondrial GDC and other photorespiratory 
enzymes increased in fluctuating light (Schneider et  al., 2019; 
Niedermaier et  al., 2020). This suggests that the high light 
phase of fluctuating light can result in leaf CO2 depletions 
that promote photorespiration, which could then necessitate 
an increased use of the malate valve and mitochondrial functions 
to balance the stromal ATP/NADPH ratio. During the high 
light phase of fluctuating light, increases in carbon fixation 
and sucrose synthesis likely lag behind increases in cETC 
activity. Hence, there would be  a transient increased demand 
on the mitochondrion to oxidize excess NADPH without a 

corresponding increase in ATP demand for sucrose synthesis. 
These conditions could necessitate the use of AOX as the 
mitochondrial electron sink.

Studies have also examined an A. thaliana aox1a/pgr5 double 
mutant (Yoshida et  al., 2011a; Jiang et  al., 2019). The double 
mutant grew much more poorly than either single mutant, 
particularly at early growth stages and higher growth irradiances 
(note that of the single mutants, only pgr5 showed compromised 
growth relative to WT; Yoshida et  al., 2011a). The growth 
phenotype of the double mutant may be  at least partly due 
to a reduced rate of carbon fixation at early growth stages 
(Jiang et  al., 2019). These studies emphasize that, even with 
a functional chloroplast NDH and mitochondrial cyt pathway 
in place, the lack of both lower-ATP yielding pathways (PGR5/
PGRL1 and AOX) can severely hinder plant performance relative 
to the lack of either one alone.

A potential consequence of having excess chloroplast reductant 
oxidized by the mETC is that it moves the burden of ROS 
generation from the cETC to the mETC (Zhao et  al., 2020). 
If only cyt c oxidase was present, then the extent to which 
turnover of chloroplast reductant generated mitochondrial ROS 
would depend upon the demand for mitochondrial-generated 
ATP, such as to support sucrose synthesis. Low ATP demand 
would increase the reduction state of mETC components, hence 
enhancing ROS generation (Møller, 2001). Instead, the presence 
of AOX will moderate the reduction state of mETC components 
when ATP demand is low. Hence, utilizing AOX, rather than 
the cyt pathway, to manage excess chloroplast reductant should 
be of particular importance when the demand for mitochondrial-
generated ATP is low. This would include conditions, such as 
water deficit, that slow CB cycle activity by restricting CO2 
supply. This has multiple potential impacts. First, it exaggerates 
the imbalance between energy generation in the thylakoids 
and energy use in the stroma. Second, it exaggerates the ATP/
NADPH imbalance in the chloroplast by promoting 
photorespiration. Third, since carbon fixation is restricted, it 
reduces the cytosolic ATP demand for sucrose synthesis and 
export. Indeed, some studies have shown that, under water 
deficit, oxidative damage can occur earlier in leaf mitochondria 
than chloroplasts (Bartoli et  al., 2004; Dahal and 
Vanlerberghe, 2017).

In tobacco experiencing water deficit, oxidative damage 
(protein carbonylation amount) was enhanced in AOX1A 
knockdowns in both the mitochondrion and chloroplast, 
suggesting that the AOX pathway was a necessary electron 
sink and acted to prevent ROS generation in both organelles 
(Dahal and Vanlerberghe, 2017). This occurred despite the 
knockdowns displaying higher rates of CET than WT under 
water deficit conditions (Dahal et  al., 2014; Dahal and 
Vanlerberghe, 2018a). The protein oxidative damage correlated 
closely with losses of PSII function in the chloroplast and cyt 
c oxidase function in the mitochondrion. On the other hand, 
AOX overexpression reduced oxidative damage and preserved 
the organelle functions relative to WT plants (Dahal and 
Vanlerberghe, 2017). Other studies also report increased rates 
of CET in the absence of AOX. In broad bean (Vicia faba), 
chemical inhibition of AOX decreased the ratio of PSII to PSI 
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operating efficiency, particularly at low measurement irradiance, 
suggestive of increased CET (Yoshida et  al., 2006). Similar 
results were seen in the A. thaliana aox1a mutant, but at high 
rather than low measurement irradiance (Yoshida et al., 2011a).

Rates of sucrose synthesis and export, and hence demand 
for cytosolic ATP, are expected to increase when plants are 
grown at elevated (i.e., above ambient) atmospheric concentrations 
of CO2 (ECO2; Paul and Foyer, 2001; Long et  al., 2004). These 
conditions should also suppress photorespiration, hence easing 
the ATP/NADPH imbalance associated with LET. Nonetheless, 
tobacco showed a preferential increase in AOX transcript and 
protein (relative to cyt c oxidase) under such conditions 
suggesting a role for AOX other than maintaining energy 
balance (Chadee and Vanlerberghe, 2020). Interestingly, the 
increase in AOX at ECO2 was accompanied by the increased 
expression of a sugar-responsive gene encoding a chloroplast 
glucose-6-phosphate/phosphate translocator (GPT; Chadee and 
Vanlerberghe, 2020). Further, tobacco AOX1A knockdowns 
grown at ECO2 had higher amounts of leaf starch and sucrose 
than WT plants (Dahal and Vanlerberghe, 2018b). These results 
suggest that, in some circumstances, leaf AOX respiration may 
provide a means to consume excess carbohydrate that accumulates 
due to an imbalance between photosynthetic activity and sink 
carbohydrate demand. Such carbon imbalances can result in 
both short-term bottlenecks in photosynthetic activity and 
long-term declines in photosynthetic capacity (Paul and Foyer, 
2001; Fabre et  al., 2019; McClain and Sharkey, 2019). Well-
watered tobacco plants grown at ECO2 displayed slightly lower 
rates of CET than plants grown at ambient CO2. Nonetheless, 
knockdown of AOX had no effect on the rate of CET in 
ambient-grown plants, but did increase the rate of CET in 
the plants grown at ECO2, compared to WT (Dahal and 
Vanlerberghe, 2018b). This suggests some compensatory function 
of CET in the AOX knockdowns suffering carbon imbalance. 
Increased GPT expression appears to be  a common response 
to growth at ECO2 across species (Li et  al., 2006; Leakey 
et  al., 2009; Chadee and Vanlerberghe, 2020). It presumably 
allows some flux of glucose-6-phosphate back into the chloroplast 
during photosynthesis, perhaps as part of a response to carbon 
imbalance. This flux could support additional starch synthesis 
(Dyson et  al., 2015) or potentially feed carbon back into the 
CB cycle via a glucose-6-phosphate shunt (Sharkey and Weise, 
2016; Preiser et  al., 2019; Weise et  al., 2019). This shunt can 
be  a dominating contributor to CO2 release in the light (Xu 
et  al., 2021) and consumes ATP (Sharkey and Weise, 2016). 
The increase in CET in the AOX1A knockdowns suffering 
carbon imbalance might be to compensate for ATP consumption 
by such shunt activity, but this hypothesis awaits further  
investigation.

Interestingly, at least three A. thaliana transcriptome studies 
have identified both AOX and GPT genes as among those 
that rapidly increase in expression following a shift to higher 
irradiance (Kleine et  al., 2007; Crisp et  al., 2017; Huang et  al., 
2019). In one study, AOX1A, AOX1C, AOX1D, and GPT2 were 
among a core set of 250 genes differentially regulated at all 
six time points (between 30 min and 72 h) after transfer from 
a growth irradiance of 60 PPFD to a treatment irradiance of 

1,200 PPFD (Huang et  al., 2019). At each time point, the 
AOX and GPT2 transcripts were increased in abundance, while 
most photosynthesis-related gene transcripts either declined or 
remained unchanged. The transcript of the alternative 
dehydrogenase NDB2 was also increased at most time points. 
Carbon fixation may have been inhibited during the 72 h high 
irradiance treatment, at least based on the clear suppression 
of growth compared to plants maintained at the low irradiance 
(Huang et  al., 2019). This perhaps leaves an open question of 
whether the AOX and GPT2 changes at high irradiance were 
occurring primarily in response to a carbon or energy imbalance.

PGR5/PGRL1-dependent CET is likely dependent upon 
additional protein components not yet identified. Nonetheless, 
the pathway likely depends upon far fewer protein components 
than NDH, which is the largest complex in the cETC. Similarly, 
the AOX pathway of electron flux from UQ to oxygen is 
simple in terms of protein composition relative to the cyt 
pathway components involved in electron flux from UQ to 
oxygen (Complex III + cyt c + Complex IV). The relatively simple 
composition of the PGR5/PGRL1 and AOX pathways may 
allow the plant to increase the capacity of these pathways 
relatively rapidly, and with relatively little investment of energy 
for biosynthesis. If this is the case, acclimation to acute 
environmental changes may preferentially rely upon rapid and 
low cost adjustment of PGR5/PGRL1 and AOX pathway 
capacities, while chronic environmental changes might rely 
preferentially upon slower and more costly adjustments in the 
NDH and cyt pathway capacities. For example, in A. thaliana, 
plants grown long term at high irradiance had higher amounts 
of cyt c oxidase subunit II protein than plants grown at low 
irradiance, while the amount of AOX protein was similar 
between the two growth conditions. On the other hand, plants 
shifted short term to higher irradiance displayed a rapid increase 
in AOX protein but no change in cyt c oxidase (Yoshida et  al., 
2011b). To our knowledge, no comparable study has examined 
the response of both CET pathways to both long-term and 
short-term changes in irradiance, so this would be an interesting 
subject to investigate. In pea, AOX capacity and protein amount 
increased within 10 min of a high irradiance treatment (Dinakar 
et  al., 2010).

The pathways of electron transport that may be preferentially 
responding to acute environmental changes (PGR5/PGRL1 and 
AOX) are also those with the lower ATP yield. This would 
inherently increase the flexibility of the metabolic network 
under changing conditions by loosening the coupling between 
electron transport and ATP generation. The AOX increase 
would rapidly enhance the capacity of the mitochondrion to 
act as an electron sink, while the PGR5/PGRL1 increase would 
rapidly enhance the capacity of CET to build up the thylakoid 
ΔpH. These changes would also act to minimize ROS generation 
in both organelles.

CONCLUSION

We hypothesize that chloroplast PGR5/PGRL1 and 
mitochondrial AOX represent stress-inducible electron 
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transport pathways that, owing to their lower ATP yield 
(compared to the chloroplast NDH and mitochondrial cyt 
pathway, respectively), rapidly increase the flexibility of 
metabolism within their respective organelles. Stress conditions 
(e.g., water stress and temperature extremes) typically reduce 
energy demands for carbon fixation and sucrose synthesis/
export. A shift toward AOX would maintain the electron 
sink capacity of the mitochondrion, despite lower cytosolic 
ATP demand. Meanwhile, a shift toward PGR5/PGRL1 would 
enhance chloroplast photo-protection, in the face of overall 
lower energy demands for carbon fixation. This would protect 
both organelles from excessive ROS production and oxidative 
damage during stress. It may be  relevant to identify 
physiological or biochemical constraints that normally limit 
the function of one or the other pathway under particular 
environmental conditions, hence necessitating an increased 
contribution from the alternate organelle to maintain energy 
and carbon balance during photosynthesis. There may also 

be  more specific means to coordinate the activity of the 
two pathways. Photorespiratory H2O2 has been hypothesized 
to coordinate CET and AOX activities, but the details of 
this remain uncertain (Sunil et  al., 2019).

AUTHOR CONTRIBUTIONS

All authors contributed insight toward, and commented on, a 
draft version of the manuscript prepared by GV. All authors 
approved the submitted version of the manuscript.

ACKNOWLEDGMENTS

The authors thank the Natural Sciences and Engineering Research 
Council of Canada (NSERC) for research grant funding (Fund 
# RGPIN-2019-04362 to GV).

 

REFERENCES

Albanese, P., Manfredi, M., Re, A., Marengo, E., Saracco, G., and Pagliano, C. 
(2018). Thylakoid proteome modulation in pea plants grown at different 
irradiances: quantitative proteomic profiling in a non-model organism aided 
by transcriptomic data integration. Plant J. 96, 786–800. doi: 10.1111/tpj. 
14068

Alber, N. A., and Vanlerberghe, G. C. (2021). The flexibility of metabolic 
interactions between chloroplasts and mitochondria in Nicotiana tabacum 
leaf. Plant J. 106, 1625–1646. doi: 10.1111/tpj.15259

Asada, K. (2006). Production and scavenging of reactive oxygen species in 
chloroplasts and their functions. Plant Physiol. 141, 391–396. doi: 10.1104/
pp.106.082040

Asahi, T., and Nishimura, M. (1973). Regulatory function of malate dehydrogenase 
isoenzymes in the cotyledons of mung bean. J. Biochem. 73, 217–225

Backhausen, J. E., Kitzmann, C., Horton, P., and Scheibe, R. (2000). Electron 
acceptors in isolated spinach chloroplasts act hierarchically to prevent over-
reduction and competition for electrons. Photosynth. Res. 64, 1–13. doi: 
10.1023/A:1026523809147

Backhausen, J. E., and Scheibe, R. (1999). Adaptation of tobacco plants to 
elevated CO2: influence of leaf age on changes in physiology, redox states 
and NADP-malate dehydrogenase activity. J. Exp. Bot. 50, 665–675. doi: 
10.1093/jxb/50.334.665

Baena-González, E., and Lunn, J. E. (2020). SnRK1 and trehalose 6-phosphate 
– two ancient pathways converge to regulate plant metabolism and growth. 
Curr. Opin. Plant Biol. 55, 52–59. doi: 10.1016/j.pbi.2020.01.010

Barreto, P., Couñago, R. M., and Arruda, P. (2020). Mitochondrial uncoupling 
protein-dependent signaling in plant bioenergetics and stress response. 
Mitochondrion 53, 109–120. doi: 10.1016/j.mito.2020.05.001

Bartoli, C. G., Gómez, F., Martínez, D. E., and Guiamet, J. J. (2004). Mitochondria 
are the main target for oxidative damage in leaves of wheat (Triticum 
aestivum L.). J. Exp. Bot. 55, 1663–1669. doi: 10.1093/jxb/erh199

Bouma, T. J., De Visser, R., Van Leeuwen, P. H., De Kock, M. J., and Lambers, H. 
(1995). The respiratory energy requirements involved in nocturnal carbohydrate 
export from starch-storing mature source leaves and their contribution to 
leaf dark respiration. J. Exp. Bot. 46, 1185–1194. doi: 10.1093/jxb/46.9.1185

Buckley, T. N., and Adams, M. A. (2011). An analytical model of non-
photorespiratory CO2 release in the light and dark in leaves of C3 species 
based on stoichiometric flux balance. Plant Cell Environ. 34, 89–112. doi: 
10.1111/j.1365-3040.2010.02228.x

Bykova, N. V., Møller, I. M., Gardeström, P., and Igamberdiev, A. U. (2014). 
The function of glycine decarboxylase complex is optimized to maintain 
high photorespiratory flux via buffering of its reaction products. Mitochondrion 
19, 357–364. doi: 10.1016/j.mito.2014.01.001

Cardol, P., Alric, J., Girard-Bascou, J., Franck, F., Wollman, F. A., and Finazzi, G. 
(2009). Impaired respiration discloses the physiological significance of state 
transitions in Chlamydomonas. PNAS 106, 15979–15984. doi: 10.1073/
pnas.0908111106

Casano, L. M., Martín, M., and Sabater, B. (2001). Hydrogen peroxide mediates 
the induction of chloroplastic Ndh complex under photooxidative stress in 
barley. Plant Physiol. 125, 2450–1458. doi: 10.1104/pp.125.3.1450

Chadee, A., and Vanlerberghe, G. C. (2020). Distinctive mitochondrial and 
chloroplast components contributing to the maintenance of carbon balance 
during plant growth at elevated CO2. Plant Signal. Behav. 15:e1795395. doi: 
10.1080/15592324.2020.1795395

Cheung, C. Y. M., Ratcliffe, R. G., and Sweetlove, L. J. (2015). A method of 
accounting for enzyme costs in flux balance analysis reveals alternative 
pathways and metabolite stores in an illuminated Arabidopsis leaf. Plant 
Physiol. 169, 1671–1682. doi: 10.1104/pp.15.00880

Clifton, R., Lister, R., Parker, K. L., Sappl, P. G., Elhafez, D., Millar, A. H., 
et al. (2005). Stress-induced co-expression of alternative respiratory chain 
components in Arabidopsis thaliana. Plant Mol. Biol. 58, 193–212. doi: 
10.1007/s11103-005-5514-7

Correa Galvis, V., Strand, D. D., Messer, M., Thiele, W., Bethmann, S., Hübner, D., 
et al. (2020). H+ transport by K+ EXCHANGE ANTIPORTER3 promotes 
photosynthesis and growth in chloroplast ATP synthase mutants. Plant 
Physiol. 182, 2126–2142. doi: 10.1104/pp.19.01561

Crisp, P. A., Ganguly, D. R., Smith, A. B., Murray, K. D., Estavillo, G. M., 
Searle, I., et al. (2017). Rapid recovery gene downregulation during excess-
light stress and recovery in Arabidopsis. Plant Cell 29, 1836–1863. doi: 
10.1105/tpc.16.00828

Dahal, K., and Vanlerberghe, G. C. (2017). Alternative oxidase respiration 
maintains both mitochondrial and chloroplast function during drought. New 
Phytol. 213, 560–571. doi: 10.1111/nph.14169

Dahal, K., and Vanlerberghe, G. C. (2018a). Improved chloroplast energy balance 
during water deficit enhances plant growth: more crop per drop. J. Exp. 
Bot. 69, 1183–1197. doi: 10.1093/jxb/erx474

Dahal, K., and Vanlerberghe, G. C. (2018b). Growth at elevated CO2 requires 
acclimation of the respiratory chain to support photosynthesis. Plant Physiol. 
178, 82–100. doi: 10.1104/pp.18.00712

Dahal, K., Wang, J., Martyn, G. D., Rahimy, F., and Vanlerberghe, G. C. (2014). 
Mitochondrial alternative oxidase maintains respiration and preserves 
photosynthetic capacity during moderate drought in Nicotiana tabacum. 
Plant Physiol. 166, 1560–1574. doi: 10.1104/pp.114.247866

DalCorso, G., Pesaresi, P., Masiero, S., Aseeva, E., Schünemann, D., Finazzi, G., 
et al. (2008). A complex containing PGRL1 and PGR5 is involved in the 
switch between linear and cyclic electron flow in Arabidopsis. Cell 132, 
273–285. doi: 10.1016/j.cell.2007.12.028

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1111/tpj.14068
https://doi.org/10.1111/tpj.14068
https://doi.org/10.1111/tpj.15259
https://doi.org/10.1104/pp.106.082040
https://doi.org/10.1104/pp.106.082040
https://doi.org/10.1023/A:1026523809147
https://doi.org/10.1093/jxb/50.334.665
https://doi.org/10.1016/j.pbi.2020.01.010
https://doi.org/10.1016/j.mito.2020.05.001
https://doi.org/10.1093/jxb/erh199
https://doi.org/10.1093/jxb/46.9.1185
https://doi.org/10.1111/j.1365-3040.2010.02228.x
https://doi.org/10.1016/j.mito.2014.01.001
https://doi.org/10.1073/pnas.0908111106
https://doi.org/10.1073/pnas.0908111106
https://doi.org/10.1104/pp.125.3.1450
https://doi.org/10.1080/15592324.2020.1795395
https://doi.org/10.1104/pp.15.00880
https://doi.org/10.1007/s11103-005-5514-7
https://doi.org/10.1104/pp.19.01561
https://doi.org/10.1105/tpc.16.00828
https://doi.org/10.1111/nph.14169
https://doi.org/10.1093/jxb/erx474
https://doi.org/10.1104/pp.18.00712
https://doi.org/10.1104/pp.114.247866
https://doi.org/10.1016/j.cell.2007.12.028


Chadee et al. Chloroplast-Mitochondrion Metabolic Interactions

Frontiers in Plant Science | www.frontiersin.org 12 September 2021 | Volume 12 | Article 748204

Dang, K.-V., Plet, J., Tolleter, D., Jokel, M., Cuiné, S., Carrier, P., et al. (2014). 
Combined increases in mitochondrial cooperation and oxygen photoreduction 
compensate for deficiency in cyclic electron flow in Chlamydomonas reinhardtii. 
Plant Cell 26, 3036–3050. doi: 10.1105/tpc.114.126375

Del-Saz, N. F., Ribas-Carbo, M., McDonald, A. E., Lambers, H., Fernie, A. R., 
and Florez-Sarasa, I. (2018). An in vivo perspective of the role(s) of the 
alternative oxidase pathway. Trends Plant Sci. 23, 206–219. doi: 10.1016/j.
tplants.2017.11.006

Dinakar, C., Raghavendra, A. S., and Padmasree, K. (2010). Importance of 
AOX pathway in optimizing photosynthesis under high light stress: role of 
pyruvate and malate in activating AOX. Physiol. Plant. 139, 13–26. doi: 
10.1111/j.1399-3054.2010.01346.x

Dyson, B. C., Allwood, J. W., Feil, R., Xu, Y., Miller, M., Bowsher, C. G., et al. 
(2015). Acclimation of metabolism to light in Arabidopsis thaliana: the 
glucose 6-phosphate/phosphate translocator GPT2 directs metabolic 
acclimation. Plant Cell Environ. 38, 1404–1417. doi: 10.1111/pce.12495

Fabre, D., Yin, X., Dingkuhn, M., Clément-Vidal, A., Roques, S., Rouan, L., 
et al. (2019). Is triose phosphate utilization involved in the feedback inhibition 
of photosynthesis in rice under conditions of sink limitation? J. Exp. Bot. 
70, 5773–5785. doi: 10.1093/jxb/erz318

Fang, P., Yan, M., Chi, C., Wang, M., Zhou, Y., Zhou, J., et al. (2019). 
Brassinosteroids act as a positive regulator of photoprotection in response 
to chilling stress. Plant Physiol. 180, 2061–2076. doi: 10.1104/pp.19.00088

Fernie, A. R., Bachem, C. W. B., Helariutta, Y., Neuhaus, H. E., Prat, S., 
Ruan, Y.-L., et al. (2020). Synchronization of developmental, molecular and 
metabolic aspects of source-sink interactions. Nat. Plants 6, 55–66. doi: 
10.1038/s41477-020-0590-x

Fisher, N., Bricker, T. M., and Kramer, D. M. (2019). Regulation of photosynthetic 
cyclic electron flow by adenylate status in higher plant chloroplasts. BBA-
Bioenergetics 1860:148081. doi: 10.1016/j.bbabio.2019.148081

Flannery, S. E., Hepworth, C., Wood, W. H. J., Pastorelli, F., Hunter, C. N., 
Dickman, M. J., et al. (2021). Developmental acclimation of the thylakoid 
proteome to light intensity in Arabidopsis. Plant J. 105, 223–244. doi: 10.1111/
tpj.15053

Florez-Sarasa, I., Noguchi, K., Araújo, W. L., Garcia-Nogales, A., Fernie, A. R., 
Flexas, J., et al. (2016). Impaired cyclic electron flow around photosystem 
I  disturbs high-light respiratory metabolism. Plant Physiol. 172, 2176–2189. 
doi: 10.1104/pp.16.01025

Foyer, C. H., Furbank, R., Harbinson, J., and Horton, P. (1990). The mechanisms 
contributing to photosynthetic control of electron transport by carbon 
assimilation in leaves. Photosynth. Res. 25, 83–100. doi: 10.1007/BF00035457

Foyer, C. H., Neukermans, J., Queval, G., Noctor, G., and Harbinson, J. (2012). 
Photosynthetic control of electron transport and the regulation of gene 
expression. J. Exp. Bot. 63, 1637–1661. doi: 10.1093/jxb/ers013

Gandin, A., Duffes, C., Day, D. A., and Cousins, A. B. (2012). The absence 
of alternative oxidase AOX1A results in altered response of photosynthetic 
carbon assimilation to increasing CO2 in Arabidopsis thaliana. Plant Cell 
Physiol. 53, 1627–1637. doi: 10.1093/pcp/pcs107

Gardeström, P., and Igamberdiev, A. U. (2016). The origin of cytosolic ATP 
in photosynthetic cells. Physiol. Plant. 157, 367–379. doi: 10.1111/ppl. 
12455

Gelhaye, E., Rouhier, N., Gérard, J., Jolivet, Y., Gualberto, J., Navrot, N., et al. 
(2004). A specific form of thioredoxin h occurs in plant mitochondria and 
regulates the alternative oxidase. PNAS 101, 14545–14550. doi: 10.1073/
pnas.0405282101

Golding, A. J., and Johnson, G. N. (2003). Down-regulation of linear and 
activation of cyclic electron transport during drought. Planta 218, 107–114. 
doi: 10.1007/s00425-003-1077-5

Guo, Z., Wang, F., Xiang, X., Ahammed, G. J., Wang, M., Onac, E., et al. 
(2016). Systemic induction of photosynthesis via illumination of the shoot 
apex is mediated sequentially by phytochrome B, auxin and hydrogen peroxide 
in tomato. Plant Physiol. 172, 1259–1272. doi: 10.1104/pp.16.01202

Heber, U., and Walker, D. (1992). Concerning a dual function of coupled 
cyclic electron transport in leaves. Plant Physiol. 100, 1621–1626. doi: 10.1104/
pp.100.4.1621

Hendrix, D. L., and Grange, R. I. (1991). Carbon partitioning and export from 
mature cotton leaves. Plant Physiol. 95, 228–233. doi: 10.1104/pp.95.1.228

Hertle, A. P., Blunder, T., Wunder, T., Pesaresi, P., Pribil, M., Armbruster, U., 
et al. (2013). PGRL1 is the elusive ferredoxin-plastoquinone reductase in 

photosynthetic cyclic electron flow. Mol. Cell 49, 511–523. doi: 10.1016/j.
molcel.2012.11.030

Höhner, R., Day, P. M., Zimmermann, S. E., Lopez, L. S., Krämer, M., Giavalisco, P., 
et al. (2021). Stromal NADH supplied by PHOSPHOGLYCERATE 
DEHYDROGENASE3 is crucial for photosynthetic performance. Plant Physiol. 
186, 142–167. doi: 10.1093/plphys/kiaa117

Horváth, E. M., Peter, S. O., Joët, T., Rumeau, D., Cournac, L., Horváth, G. V., 
et al. (2000). Targeted inactivation of the plastid ndhB gene in tobacco 
results in an enhanced sensitivity of photosynthesis to moderate stomatal 
closure. Plant Physiol. 123, 1337–1349. doi: 10.1104/pp.123.4.1337

Huang, J., Zhao, X., and Chory, J. (2019). The Arabidopsis transcriptome responds 
specifically and dynamically to high light stress. Cell Rep. 29, 4186–4199. 
doi: 10.1016/j.celrep.2019.11.051

Jiang, Z., Watanabe, C. K. A., Miyagi, A., Kawai-Yamada, M., Terashima, I., 
and Noguchi, K. (2019). Mitochondrial AOX supports redox balance of 
photosynthetic electron transport, primary metabolite balance, and growth 
in Arabidopsis thaliana under high light. Int. J. Mol. Sci. 20:3067. doi: 
10.3390/ijms20123067

Joët, T., Cournac, L., Horvath, E. M., Medgyesy, P., and Peltier, G. (2001). 
Increased sensitivity of photosynthesis to antimycin A induced by inactivation 
of the chloroplast ndhB gene. Evidence for a participation of the NADH-
dehydrogenase complex to cyclic electron flow around photosystem I. Plant 
Physiol. 125, 1919–1929. doi: 10.1104/pp.125.4.1919

Johnson, G. N. (2011). Physiology of PSI cyclic electron transport in higher 
plants. Biochim. Biophys. Acta 1807, 384–389. doi: 10.1016/j.bbabio.2010.11.009

Kaiser, E., Morales, A., and Harbinson, J. (2018). Fluctuating light takes crop 
photosynthesis on a rollercoaster ride. Plant Physiol. 176, 977–989. doi: 
10.1104/pp.17.01250

Kanazawa, A., Ostendorf, E., Kohzuma, K., Hoh, D., Strand, D. D., Sato-Cruz, M., 
et al. (2017). Chloroplast ATP synthase modulation of the thylakoid proton 
motive force: implications for photosystem I  and photosystem II 
photoprotection. Front. Plant Sci. 8:719. doi: 10.3389/fpls.2017.00719

Kleine, T., Kindgren, P., Benedict, C., Hendrickson, L., and Strand, Å. (2007). 
Genome-wide gene expression analysis reveals a critical role for 
CRYPTOCHROME1 in the response of Arabidopsis to high irradiance. 
Plant Physiol. 144, 1391–1406. doi: 10.1104/pp.107.098293

Kohzuma, K., Cruz, J. A., Akashi, K., Hoshiyasu, S., Munekage, Y. N., Yokota, A., 
et al. (2009). The long-term responses of the photosynthetic proton circuit 
to drought. Plant Cell Environ. 32, 209–219. doi: 10.1111/j.1365-3040. 
2008.01912.x

Kono, M., and Terashima, I. (2016). Elucidation of photoprotective mechanisms 
of PSI against fluctuating light photoinhibition. Plant Cell Physiol. 57, 
1405–1414. doi: 10.1093/pcp/pcw103

Kou, J., Takahashi, S., Fan, D.-Y., Badger, M. R., and Chow, W. S. (2015). 
Partially dissecting the steady-state electron fluxes in photosystem I  in wild-
type and pgr5 and ndh mutants of Arabidopsis. Front. Plant Sci. 6:758. 
doi: 10.3389/fpls.2015.00758

Kramer, D. M., and Evans, J. R. (2011). The importance of energy balance in 
improving photosynthetic productivity. Plant Physiol. 155, 70–78. doi: 10.1104/
pp.110.166652

Krömer, S. (1995). Respiration during photosynthesis. Annu. Rev. Plant Physiol. 
Plant Mol. Biol. 46, 45–70. doi: 10.1146/annurev.pp.46.060195.000401

Krömer, S., and Heldt, H. W. (1991). On the role of mitochondrial oxidative 
phosphorylation in photosynthesis metabolism as studied by the effect of 
oligomycin on photosynthesis in protoplasts and leaves of barley (Hordeum 
vulgare). Plant Physiol. 95, 1270–1276. doi: 10.1104/pp.95.4.1270

Krömer, S., Stitt, M., and Heldt, H. W. (1988). Mitochondrial oxidative 
phosphorylation participating in photosynthetic metabolism of a leaf cell. 
FEBS Lett. 226, 352–356. doi: 10.1016/0014-5793(88)81453-4

Laitz, A. V. N., Acencio, M. L., Budzinski, I. G. F., Labate, M. T. V., Lemke, N., 
Ribolla, P. E. M., et al. (2015). Transcriptome response signatures associated 
with the overexpression of a mitochondrial uncoupling protein (AtUCP1) 
in tobacco. PLoS One 10:e0130744. doi: 10.1371/journal.pone.0130744

Lascano, H. R., Casano, L. M., Martín, M., and Sabater, B. (2003). The activity 
of the chloroplastic Ndh complex is regulated by phosphorylation of the 
NDH-F subunit. Plant Physiol. 132, 256–262. doi: 10.1104/pp.103. 
020321

Leakey, A. D. B., Xu, F., Gillespie, K. M., McGrath, J. M., Ainsworth, E. A., 
and Ort, D. R. (2009). Genomic basis for stimulated respiration by plants 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1105/tpc.114.126375
https://doi.org/10.1016/j.tplants.2017.11.006
https://doi.org/10.1016/j.tplants.2017.11.006
https://doi.org/10.1111/j.1399-3054.2010.01346.x
https://doi.org/10.1111/pce.12495
https://doi.org/10.1093/jxb/erz318
https://doi.org/10.1104/pp.19.00088
https://doi.org/10.1038/s41477-020-0590-x
https://doi.org/10.1016/j.bbabio.2019.148081
https://doi.org/10.1111/tpj.15053
https://doi.org/10.1111/tpj.15053
https://doi.org/10.1104/pp.16.01025
https://doi.org/10.1007/BF00035457
https://doi.org/10.1093/jxb/ers013
https://doi.org/10.1093/pcp/pcs107
https://doi.org/10.1111/ppl.12455
https://doi.org/10.1111/ppl.12455
https://doi.org/10.1073/pnas.0405282101
https://doi.org/10.1073/pnas.0405282101
https://doi.org/10.1007/s00425-003-1077-5
https://doi.org/10.1104/pp.16.01202
https://doi.org/10.1104/pp.100.4.1621
https://doi.org/10.1104/pp.100.4.1621
https://doi.org/10.1104/pp.95.1.228
https://doi.org/10.1016/j.molcel.2012.11.030
https://doi.org/10.1016/j.molcel.2012.11.030
https://doi.org/10.1093/plphys/kiaa117
https://doi.org/10.1104/pp.123.4.1337
https://doi.org/10.1016/j.celrep.2019.11.051
https://doi.org/10.3390/ijms20123067
https://doi.org/10.1104/pp.125.4.1919
https://doi.org/10.1016/j.bbabio.2010.11.009
https://doi.org/10.1104/pp.17.01250
https://doi.org/10.3389/fpls.2017.00719
https://doi.org/10.1104/pp.107.098293
https://doi.org/10.1111/j.1365-3040.2008.01912.x
https://doi.org/10.1111/j.1365-3040.2008.01912.x
https://doi.org/10.1093/pcp/pcw103
https://doi.org/10.3389/fpls.2015.00758
https://doi.org/10.1104/pp.110.166652
https://doi.org/10.1104/pp.110.166652
https://doi.org/10.1146/annurev.pp.46.060195.000401
https://doi.org/10.1104/pp.95.4.1270
https://doi.org/10.1016/0014-5793(88)81453-4
https://doi.org/10.1371/journal.pone.0130744
https://doi.org/10.1104/pp.103.020321
https://doi.org/10.1104/pp.103.020321


Chadee et al. Chloroplast-Mitochondrion Metabolic Interactions

Frontiers in Plant Science | www.frontiersin.org 13 September 2021 | Volume 12 | Article 748204

growing under elevated carbon dioxide. PNAS 106, 3597–3602. doi: 10.1073/
pnas.0810955106

Lehtimäki, N., Lintala, M., Allahverdiyeva, Y., Aro, E.-M., and Mulo, P. (2010). 
Drought stress-induced upregulation of components involved in ferredoxin-
dependent cyclic electron transfer. J. Plant Physiol. 167, 1018–1022. doi: 
10.1016/j.jplph.2010.02.006

Lemaire, C., Wollman, F.-A., and Bennoun, P. (1988). Restoration of phototrophic 
growth in a mutant of Chlamydomonas reinhardtii in which the chloroplast 
atpB gene of the ATP synthase has a deletion: an example of mitochondria-
dependent photosynthesis. PNAS 85, 1344–1348. doi: 10.1073/pnas.85.5.1344

Leverne, L., and Krieger-Liszkay, A. (2021). Moderate drought stress stabilizes 
the primary quinone acceptor QA and the secondary quinone acceptor QB 
in photosystem II. Physiol. Plant. 171, 260–267. doi: 10.1111/ppl.13286

Li, Y.-T., Liu, M.-J., Li, Y., Liu, P., Zhao, S.-J., Gao, H.-Y., et al. (2020). 
Photoprotection by mitochondrial alternative pathway is enhanced at heat 
but disabled at chilling. Plant J. 104, 403–415. doi: 10.1111/tpj.14931

Li, P., Sioson, A., Mane, S. P., Ulanov, A., Grothaus, G., Heath, L. S., et al. 
(2006). Response diversity of Arabidopsis thaliana ecotypes in elevated [CO2] 
in the field. Plant Mol. Biol. 62, 593–609. doi: 10.1007/s11103-006-9041-y

Li, J., Tietz, S., Cruz, J. A., Strand, D. D., Xu, Y., Chen, J., et al. (2019). 
Photometric screens identified Arabidopsis peroxisome proteins that impact 
photosynthesis under dynamic light conditions. Plant J. 97, 460–474. doi: 
10.1111/tpj.14134

Lim, S.-L., Voon, C. P., Guan, X., Yang, Y., Gardeström, P., and Lim, B. L. 
(2020). In planta study of photosynthesis and photorespiration using NADPH 
and NADH/NAD+ fluorescent protein sensors. Nat. Commun. 11:3238. doi: 
10.1038/s41467-020-17056-0

Lindén, P., Keech, O., Stenlund, H., Gardeström, P., and Moritz, T. (2016). 
Reduced mitochondrial malate dehydrogenase activity has a strong effect 
on photorespiratory metabolism as revealed by 13C labelling. J. Exp. Bot. 
67, 3123–3135. doi: 10.1093/jxb/erw030

Long, S. P., Ainsworth, E. A., Rogers, A., and Ort, D. R. (2004). Rising 
atmospheric carbon dioxide: plants FACE the future. Annu. Rev. Plant Biol. 
55, 591–628. doi: 10.1146/annurev.arplant.55.031903.141610

Long, T. A., Okegawa, Y., Shikanai, T., Schmidt, G. W., and Covert, S. F. 
(2008). Conserved role of PROTON GRADIENT REGULATION 5  in the 
regulation of PSI cyclic electron transport. Planta 228, 907–918. doi: 10.1007/
s00425-008-0789-y

Lu, J., Yin, Z., Lu, T., Yang, X., Wang, F., Qi, M., et al. (2020). Cyclic electron 
flow modulate the linear electron flow and reactive oxygen species in tomato 
leaves under high temperature. Plant Sci. 292:110387. doi: 10.1016/j.
plantsci.2019.110387

Martín, M., Noarbe, D. M., Serrot, P. H., and Sabater, B. (2015). The rise of 
the photosynthetic rate when light intensity increases is delayed in ndh 
gene-defective tobacco at high but not at low CO2 concentration. Front. 
Plant Sci. 6:34. doi: 10.3389/fpls.2015.00034

McClain, A. M., and Sharkey, T. D. (2019). Triose phosphate utilization and 
beyond: from photosynthesis to end product synthesis. J. Exp. Bot. 70, 
1755–1766. doi: 10.1093/jxb/erz058

Millar, A. H., Wiskich, J. T., Whelan, J., and Day, D. A. (1993). Organic acid 
activation of the alternative oxidase of plant mitochondria. FEBS Lett. 329, 
259–262. doi: 10.1016/0014-5793(93)80233-K

Møller, I. M. (2001). Plant mitochondria and oxidative stress: electron transport, 
NADPH turnover, and metabolism of reactive oxygen species. Annu. Rev. 
Plant Physiol. Plant Mol. Biol. 52, 561–591. doi: 10.1146/annurev.arplant. 
52.1.561

Morales, A., Yin, X., Harbinson, J., Driever, S. M., Molenaar, J., Kramer, D. M., 
et al. (2018). In silico analysis of the regulation of the photosynthetic electron 
transport chain in C3 plants. Plant Physiol. 176, 1247–1261. doi: 10.1104/
pp.17.00779

Munekage, Y., Hashimoto, M., Miyake, C., Tomizawa, K.-I., Endo, T., Tasaka, M., 
et al. (2004). Cyclic electron flow around photosystem I  is essential for 
photosynthesis. Nature 429, 579–582. doi: 10.1038/nature02598

Munekage, Y., Hojo, M., Meurer, J., Endo, T., Tasaka, M., and Shikanai, T. 
(2002). PGR5 is involved in cyclic electron flow around photosystem I  and 
is essential for photoprotection in Arabidopsis. Cell 110, 361–371. doi: 10.1016/
S0092-8674(02)00867-X

Munné-Bosch, S., Shikanai, T., and Asada, K. (2005). Enhanced ferredoxin-
dependent cyclic electron flow around photosystem I  and α-tocopherol 

quinone accumulation in water-stressed ndhB-inactivated tobacco mutants. 
Planta 222, 502–511. doi: 10.1007/s00425-005-1548-y

Murchie, E. H., and Ruban, A. V. (2020). Dynamic non-photochemical quenching 
in plants: from molecular mechanism to productivity. Plant J. 101, 885–896. 
doi: 10.1111/tpj.14601

Nakano, H., Yamamoto, H., and Shikanai, T. (2019). Contribution of NDH-
dependent cyclic electron transport around photosystem I  to the generation 
of proton motive force in the weak mutant allele of pgr5. Biochim. Biophys. 
Acta 1860, 369–374. doi: 10.1016/j.bbabio.2019.03.003

Nawrocki, W. J., Tourasse, N. J., Taly, A., Rappaport, F., and Wollman, F. A. 
(2015). The plastid terminal oxidase: its elusive function points to multiple 
contributions to plastid physiology. Ann. Rev. Plant Biol. 66, 49–74. doi: 
10.1146/annurev-arplant-043014-114744

Niedermaier, S., Schneider, T., Bahl, M.-O., Matsubara, S., and Huesgen, P. F. 
(2020). Photoprotective acclimation of the Arabidopsis thaliana leaf proteome 
to fluctuating light. Front. Genet. 11:154. doi: 10.3389/fgene.2020.00154

Nikkanen, L., and Rintamäki, E. (2019). Chloroplast thioredoxin systems 
dynamically regulate photosynthesis in plants. Biochem. J. 476, 1159–1172. 
doi: 10.1042/BCJ20180707

Nishikawa, Y., Yamamoto, H., Okegawa, Y., Wada, S., Sato, N., Taira, Y., et al. 
(2012). PGR5-dependent cyclic electron transport around PSI contributes 
to the redox homeostasis in chloroplasts rather than CO2 fixation and 
biomass production in rice. Plant Cell Physiol. 53, 2117–2126. doi: 10.1093/
pcp/pcs153

Noctor, G., and Foyer, C. H. (2000). Homeostasis of adenylate status during 
photosynthesis in a fluctuating environment. J. Exp. Bot. 51, 347–356. doi: 
10.1093/jexbot/51.suppl_1.347

Noguchi, K., Taylor, N. L., Millar, A. H., Lambers, H., and Day, D. A. (2005). 
Response of mitochondria to light intensity in the leaves of sun and shade 
species. Plant Cell Environ. 28, 760–771. doi: 10.1111/j.1365-3040.2005.01322.x

Nunes-Nesi, A., Carrari, F., Lytovchenko, A., Smith, A. M. O., Loureiro, M. E., 
Ratcliffe, R. G., et al. (2005). Enhanced photosynthetic performance and 
growth as a consequence of decreasing mitochondrial malate dehydrogenase 
activity in transgenic tomato plants. Plant Physiol. 137, 611–622. doi: 10.1104/
pp.104.055566

O’Leary, B. M., Asao, S., Millar, A. H., and Atkin, O. K. (2019). Core principles 
which explain variation in respiration across biological scales. New Phytol. 
222, 670–686. doi: 10.1111/nph.15576

Osei-Bonsu, I., McClain, A. M., Walker, B. J., Sharkey, T. D., and Kramer, D. M. 
(2021). The roles of photorespiration and alternative electron acceptors in 
the responses of photosynthesis to elevated temperatures in cowpea. Plant 
Cell Environ. 44, 2290–2307. doi: 10.1111/pce.14026

Pascal, N., Dumas, R., and Douce, R. (1990). Comparison of the kinetic behavior 
toward pyridine nucleotides of NAD+-linked dehydrogenases from plant 
mitochondria. Plant Physiol. 94, 189–193. doi: 10.1104/pp.94.1.189

Paul, M. J., and Foyer, C. H. (2001). Sink regulation of photosynthesis. J. Exp. 
Bot. 52, 1383–1400. doi: 10.1093/jexbot/52.360.1383

Preiser, A. L., Fisher, N., Banerjee, A., and Sharkey, T. D. (2019). Plastidic 
glucose-6-phosphate dehydrogenases are regulated to maintain activity in 
the light. Biochem. J. 476, 1539–1551. doi: 10.1042/BCJ20190234

Raghavendra, A. S., and Padmasree, K. (2003). Beneficial interactions of 
mitochondrial metabolism with photosynthetic carbon assimilation. Trends 
Plant Sci. 8, 712–718. doi: 10.1016/j.tplants.2003.09.015

Rasmusson, A. G., Escobar, M. A., Hao, M., Podgórska, A., and Szal, B. (2020). 
Mitochondrial NAD(P)H oxidation pathways and nitrate/ammonium redox 
balancing in plants. Mitochondrion 53, 158–165. doi: 10.1016/j.mito.2020.05.010

Ros, R., Muñoz-Bertomeu, J., and Krueger, S. (2014). Serine in plants: biosynthesis, 
metabolism, and functions. Trends Plant Sci. 19, 564–569. doi: 10.1016/j.
tplants.2014.06.003

Rühle, T., Dann, M., Reiter, B., Schünemann, D., Naranjo, B., Penzler, J.-F., 
et al. (2021). PGRL2 triggers degradation of PGR5 in the absence of PGRL1. 
Nat. Commun. 12:3941. doi: 10.1038/s41467-021-24107-7

Schneider, T., Bolger, A., Zeier, J., Preiskowski, S., Benes, V., Trenkamp, S., 
et al. (2019). Fluctuating light interacts with time of day and leaf developmental 
stage to reprogram gene expression. Plant Physiol. 179, 1632–1657. doi: 
10.1104/pp.18.01443

Schöttler, M. A., and Tóth, S. Z. (2014). Photosynthetic complex stoichiometry 
dynamics in higher plants: environmental acclimation and photosynthetic 
flux control. Front. Plant Sci. 5:188. doi: 10.3389/fpls.2014.00188

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1073/pnas.0810955106
https://doi.org/10.1073/pnas.0810955106
https://doi.org/10.1016/j.jplph.2010.02.006
https://doi.org/10.1073/pnas.85.5.1344
https://doi.org/10.1111/ppl.13286
https://doi.org/10.1111/tpj.14931
https://doi.org/10.1007/s11103-006-9041-y
https://doi.org/10.1111/tpj.14134
https://doi.org/10.1038/s41467-020-17056-0
https://doi.org/10.1093/jxb/erw030
https://doi.org/10.1146/annurev.arplant.55.031903.141610
https://doi.org/10.1007/s00425-008-0789-y
https://doi.org/10.1007/s00425-008-0789-y
https://doi.org/10.1016/j.plantsci.2019.110387
https://doi.org/10.1016/j.plantsci.2019.110387
https://doi.org/10.3389/fpls.2015.00034
https://doi.org/10.1093/jxb/erz058
https://doi.org/10.1016/0014-5793(93)80233-K
https://doi.org/10.1146/annurev.arplant.52.1.561
https://doi.org/10.1146/annurev.arplant.52.1.561
https://doi.org/10.1104/pp.17.00779
https://doi.org/10.1104/pp.17.00779
https://doi.org/10.1038/nature02598
https://doi.org/10.1016/S0092-8674(02)00867-X
https://doi.org/10.1016/S0092-8674(02)00867-X
https://doi.org/10.1007/s00425-005-1548-y
https://doi.org/10.1111/tpj.14601
https://doi.org/10.1016/j.bbabio.2019.03.003
https://doi.org/10.1146/annurev-arplant-043014-114744
https://doi.org/10.3389/fgene.2020.00154
https://doi.org/10.1042/BCJ20180707
https://doi.org/10.1093/pcp/pcs153
https://doi.org/10.1093/pcp/pcs153
https://doi.org/10.1093/jexbot/51.suppl_1.347
https://doi.org/10.1111/j.1365-3040.2005.01322.x
https://doi.org/10.1104/pp.104.055566
https://doi.org/10.1104/pp.104.055566
https://doi.org/10.1111/nph.15576
https://doi.org/10.1111/pce.14026
https://doi.org/10.1104/pp.94.1.189
https://doi.org/10.1093/jexbot/52.360.1383
https://doi.org/10.1042/BCJ20190234
https://doi.org/10.1016/j.tplants.2003.09.015
https://doi.org/10.1016/j.mito.2020.05.010
https://doi.org/10.1016/j.tplants.2014.06.003
https://doi.org/10.1016/j.tplants.2014.06.003
https://doi.org/10.1038/s41467-021-24107-7
https://doi.org/10.1104/pp.18.01443
https://doi.org/10.3389/fpls.2014.00188


Chadee et al. Chloroplast-Mitochondrion Metabolic Interactions

Frontiers in Plant Science | www.frontiersin.org 14 September 2021 | Volume 12 | Article 748204

Schuller, J. M., Birrell, J. A., Tanaka, H., Konuma, T., Wulfhorst, H., Cox, N., 
et al. (2019). Structural adaptations of photosynthetic complex I  enable 
ferredoxin-dependent electron transfer. Science 363, 257–260. doi: 10.1126/
science.aau3613

Selinski, J., Hartmann, A., Deckers-Hebestreit, G., Day, D. A., Whelan, J., and 
Scheibe, R. (2018b). Alternative oxidase isoforms are differentially activated 
by tricarboxylic acid cycle intermediates. Plant Physiol. 176, 1423–1432. doi: 
10.1104/pp.17.01331

Selinski, J., and Scheibe, R. (2018). Malate valves: old shuttles with new 
perspectives. Plant Biol. 21, 21–30. doi: 10.1111/plb.12869

Selinski, J., Scheibe, R., Day, D. A., and Whelan, J. (2018a). Alternative oxidase 
is positive for plant performance. Trends Plant Sci. 23, 588–597. doi: 10.1016/j.
tplants.2018.03.012

Shameer, S., Ratcliffe, R. G., and Sweetlove, L. J. (2019). Leaf energy balance 
requires mitochondrial respiration and export of chloroplast NADPH in 
the light. Plant Physiol. 180, 1947–1961. doi: 10.1104/pp.19.00624

Sharkey, T. D., and Weise, S. E. (2016). The glucose 6-phosphate shunt around 
the Calvin-Benson cycle. J. Exp. Bot. 67, 4067–4077. doi: 10.1093/jxb/erv484

Shikanai, T. (2016). Chloroplast NDH: a different enzyme with a structure 
similar to that of respiratory NADH dehydrogenase. Biochim. Biophys. Acta 
1857, 1015–1022. doi: 10.1016/j.bbabio.2015.10.013

Shikanai, T. (2020). Regulation of photosynthesis by cyclic electron transport 
around photosystem I. Adv. Bot. Res. 96, 177–204. doi: 10.1016/j.
copbio.2013.08.012

Sirpiö, S., Allahverdiyeva, Y., Holmström, M., Khrouchtchova, A., Haldrup, A., 
Battchikova, N., et al. (2009). Novel nuclear-encoded subunits of the chloroplast 
NAD(P)H dehydrogenase complex. J. Biol. Chem. 284, 905–912. doi: 10.1074/
jbc.M805404200

Slattery, R. A., Walker, B. J., Weber, A. P. M., and Ort, D. R. (2018). The 
impacts of fluctuating light on crop performance. Plant Physiol. 176, 990–1003. 
doi: 10.1104/pp.17.01234

Stitt, M., Lunn, J., and Usadel, B. (2010). Arabidopsis and primary photosynthetic 
metabolism – more than icing on the cake. Plant J. 61, 1067–1091. doi: 
10.1111/j.1365-313X.2010.04142.x

Strand, D. D., Fisher, N., and Kramer, D. M. (2017a). The higher plant plastid 
NAD(P)H dehydrogenase-like complex (NDH) is a high efficiency proton 
pump that increases ATP production by cyclic electron flow. J. Biol. Chem. 
292, 11850–11860. doi: 10.1074/jbc.m116.770792

Strand, D. D., Livingston, A. K., Satoh-Cruz, M., Froehlich, J. E., Maurino, V. G., 
and Kramer, D. M. (2015). Activation of cyclic electron flow by hydrogen 
peroxide in  vivo. PNAS 112, 5539–5544. doi: 10.1073/pnas.1418223112

Strand, D. D., Livingston, A. K., Satoh-Cruz, M., Koepke, T., Enlow, H. M., 
Fisher, N., et al. (2017b). Defects in the expression of chloroplast proteins 
leads to H2O2 accumulation and activation of cyclic electron flow around 
photosystem I. Front. Plant Sci. 7:2073. doi: 10.3389/fpls.2016.02073

Strodtkötter, I., Padmasree, K., Dinakar, C., Speth, B., Niazi, P. S., Wojtera, J., 
et al. (2009). Induction of the AOX1D isoform of alternative oxidase in 
A. thaliana T-DNA insertion lines lacking isoform AOX1A is insufficient 
to optimize photosynthesis when treated with antimycin A. Mol. Plant 2, 
284–297. doi: 10.1093/mp/ssn089

Sugimoto, K., Okegawa, Y., Tohri, A., Long, T. A., Covert, S. F., Hisabori, T., 
et al. (2013). A single amino acid alteration in PGR5 confers resistance to 
antimycin A in cyclic electron transport around PSI. Plant Cell Physiol. 54, 
1525–1534. doi: 10.1093/pcp/pct098

Sunil, B., Saini, D., Bapatla, R. B., Aswani, V., and Raghavendra, A. S. (2019). 
Photorespiration is complemented by cyclic electron flow and the alternative 
oxidase pathway to optimize photosynthesis and protect against abiotic stress. 
Photosynth. Res. 139, 67–79. doi: 10.1007/s11120-018-0577-x

Suorsa, M., Järvi, S., Grieco, M., Nurmi, M., Pietrzykowska, M., Rantala, M., 
et al. (2012). PROTON GRADIENT REGULATION5 is essential for proper 
acclimation of Arabidopsis photosystem I to naturally and artificially fluctuating 
light conditions. Plant Cell 24, 2934–2948. doi: 10.1105/tpc.112.097162

Sweetlove, L. J., Lytovchenko, A., Morgan, M., Nunes-Nesi, A., Taylor, N. L., 
Baxter, C. J., et al. (2006). Mitochondrial uncoupling protein is required 
for efficient photosynthesis. PNAS 103, 19587–19592. doi: 10.1073/
pnas.0607751103

Sweetman, C., Miller, T. K., Booth, N. J., Shavrukov, Y., Jenkins, C. L. D., 
Soole, K. L., et al. (2020). Identification of alternative mitochondrial electron 
transport pathway components in chickpea indicates a differential response 

to salinity stress between cultivars. Int. J. Mol. Sci. 21:3844. doi: 10.3390/
ijms21113844

Sweetman, C., Waterman, C. D., Rainbird, B. M., Smith, P. M. C., Jenkins, C. D., 
Day, D. A., et al. (2019). AtNDB2 is the main external NADH dehydrogenase 
in mitochondria and is important for tolerance to environmental stress. 
Plant Physiol. 181, 774–788. doi: 10.1104/pp.19.00877

Takagi, D., Amako, K., Hashiguchi, M., Fukaki, H., Ishizaki, K., Goh, T., et al. 
(2017). Chloroplastic ATP synthase builds up a proton motive force preventing 
production of reactive oxygen species in photosystem I. Plant J. 91, 306–324. 
doi: 10.1111/tpj.13566

Takizawa, K., Kanazawa, A., and Kramer, D. M. (2008). Depletion of stromal 
Pi induces high “energy-dependent” antenna exciton quenching (qE) by 
decreasing proton conductivity at CFo-CF1 ATP synthase. Plant Cell Environ. 
31, 235–243. doi: 10.1111/j.1365-3040.2007.01753.x

Tan, S.-L., Yang, Y.-J., Liu, T., Zhang, S.-B., and Huang, W. (2020). Responses 
of photosystem I  compared with photosystem II to combination of heat 
stress and fluctuating light in tobacco leaves. Plant Sci. 292:110371. doi: 
10.1016/j.plantsci.2019.110371

Taniguchi, M., and Miyake, H. (2012). Redox-shuttling between chloroplast 
and cytosol: integration of intra-chloroplast and extra-chloroplast metabolism. 
Curr. Opin. Plant Biol. 15, 252–260. doi: 10.1016/j.pbi.2012.01.014

Tikhonov, A. N. (2013). pH-dependent regulation of electron transport and 
ATP synthesis in chloroplasts. Photosynth. Res. 116, 511–534. doi: 10.1007/
s11120-013-9845-y

Tikkanen, M., Grieco, M., Kangasjärvi, S., and Aro, E.-M. (2010). Thylakoid 
protein phosphorylation in higher plant chloroplasts optimizes electron 
transfer under fluctuating light. Plant Physiol. 152, 723–735. doi: 10.1104/
pp.109.150250

Tobin, A., Djerdjour, B., Journet, E., Neuburger, M., and Douce, R. (1980). 
Effect of NAD+ on malate oxidation in intact plant mitochondria. Plant 
Physiol. 66, 225–229. doi: 10.1104/pp.66.2.225

Tobin, A. K., and Givan, C. V. (1984). Adenine nucleotide regulation of malate 
oxidation in isolated mung bean hypocotyl mitochondria. Plant Physiol. 76, 
21–25. doi: 10.1104/pp.76.1.21

Tomaz, T., Bagard, M., Pracharoenwattana, I., Lindén, P., Lee, C. P., Carroll, A. J., 
et al. (2010). Mitochondrial malate dehydrogenase lowers leaf respiration 
and alters photorespiration and plant growth in Arabidopsis. Plant Physiol. 
154, 1143–1157. doi: 10.1104/pp.110.161612

Ueda, M., Kuniyoshi, T., Yamamoto, H., Sugimoto, K., Ishizaki, K., Kohchi, T., 
et al. (2012). Composition and physiological function of the chloroplast 
NADH dehydrogenase-like complex in Marchantia polymorpha. Plant J. 72, 
683–693. doi: 10.1111/j.1365-313X.2012.05115.x

Umbach, A. L., and Siedow, J. N. (1993). Covalent and noncovalent dimers 
of the cyanide-resistant alternative oxidase protein in higher plant mitochondria 
and their relationship to enzyme activity. Plant Physiol. 103, 845–854. doi: 
10.1104/pp.103.3.845

Vanlerberghe, G. C. (2013). Alternative oxidase: a mitochondrial respiratory 
pathway to maintain metabolic and signaling homeostasis during abiotic and 
biotic stress in plants. Int. J. Mol. Sci. 14, 6805–6847. doi: 10.3390/ijms14046805

Vanlerberghe, G. C., Dahal, K., Alber, N. A., and Chadee, A. (2020). Photosynthesis, 
respiration and growth: a carbon and energy balancing act for alternative 
oxidase. Mitochondrion 52, 197–211. doi: 10.1016/j.mito.2020.04.001

Vanlerberghe, G. C., Day, D. A., Wiskich, J. T., Vanlerberghe, A. E., and 
McIntosh, L. (1995). Alternative oxidase activity in tobacco leaf mitochondria: 
dependence on tricarboxylic acid cycle-mediated redox regulation and pyruvate 
activation. Plant Physiol. 109, 353–361. doi: 10.1104/pp.109.2.353

Voon, C. P., Guan, X., Sun, Y., Sahu, A., Chan, M. N., Gardeström, P., et al. 
(2018). ATP compartmentation in plastids and cytosol of Arabidopsis thaliana 
revealed by fluorescent protein sensing. PNAS 115, E10778–E10787. doi: 
10.1073/pnas.1711497115

Walker, B. J., Kramer, D. M., Fisher, N., and Fu, X. (2020). Flexibility in 
the energy balancing network of photosynthesis enables safe operation 
under changing environmental conditions. Plants 9:301. doi: 10.3390/
plants9030301

Walker, B. J., VanLoocke, A., Bernacchi, C. J., and Ort, D. R. (2016). The 
costs of photorespiration to food production now and in the future. Annu. 
Rev. Plant Biol. 67, 107–129. doi: 10.1146/annurev-arplant-043015-111709

Wang, P., Duan, W., Takabayashi, A., Endo, T., Shikanai, T., Ye, J.-Y., et al. 
(2006). Chloroplastic NAD(P)H dehydrogenase in tobacco leaves functions 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1126/science.aau3613
https://doi.org/10.1126/science.aau3613
https://doi.org/10.1104/pp.17.01331
https://doi.org/10.1111/plb.12869
https://doi.org/10.1016/j.tplants.2018.03.012
https://doi.org/10.1016/j.tplants.2018.03.012
https://doi.org/10.1104/pp.19.00624
https://doi.org/10.1093/jxb/erv484
https://doi.org/10.1016/j.bbabio.2015.10.013
https://doi.org/10.1016/j.copbio.2013.08.012
https://doi.org/10.1016/j.copbio.2013.08.012
https://doi.org/10.1074/jbc.M805404200
https://doi.org/10.1074/jbc.M805404200
https://doi.org/10.1104/pp.17.01234
https://doi.org/10.1111/j.1365-313X.2010.04142.x
https://doi.org/10.1074/jbc.m116.770792
https://doi.org/10.1073/pnas.1418223112
https://doi.org/10.3389/fpls.2016.02073
https://doi.org/10.1093/mp/ssn089
https://doi.org/10.1093/pcp/pct098
https://doi.org/10.1007/s11120-018-0577-x
https://doi.org/10.1105/tpc.112.097162
https://doi.org/10.1073/pnas.0607751103
https://doi.org/10.1073/pnas.0607751103
https://doi.org/10.3390/ijms21113844
https://doi.org/10.3390/ijms21113844
https://doi.org/10.1104/pp.19.00877
https://doi.org/10.1111/tpj.13566
https://doi.org/10.1111/j.1365-3040.2007.01753.x
https://doi.org/10.1016/j.plantsci.2019.110371
https://doi.org/10.1016/j.pbi.2012.01.014
https://doi.org/10.1007/s11120-013-9845-y
https://doi.org/10.1007/s11120-013-9845-y
https://doi.org/10.1104/pp.109.150250
https://doi.org/10.1104/pp.109.150250
https://doi.org/10.1104/pp.66.2.225
https://doi.org/10.1104/pp.76.1.21
https://doi.org/10.1104/pp.110.161612
https://doi.org/10.1111/j.1365-313X.2012.05115.x
https://doi.org/10.1104/pp.103.3.845
https://doi.org/10.3390/ijms14046805
https://doi.org/10.1016/j.mito.2020.04.001
https://doi.org/10.1104/pp.109.2.353
https://doi.org/10.1073/pnas.1711497115
https://doi.org/10.3390/plants9030301
https://doi.org/10.3390/plants9030301
https://doi.org/10.1146/annurev-arplant-043015-111709


Chadee et al. Chloroplast-Mitochondrion Metabolic Interactions

Frontiers in Plant Science | www.frontiersin.org 15 September 2021 | Volume 12 | Article 748204

in alleviation of oxidative damage caused by temperature stress. Plant Physiol. 
141, 465–474. doi: 10.1104/pp.105.070490

Wang, C., Yamamoto, H., and Shikanai, T. (2015). Role of cyclic electron 
transport around photosystem I  in regulating proton motive force. Biochim. 
Biophys. Acta 1847, 931–938. doi: 10.1016/j.bbabio.2014.11.013

Wanniarachchi, V. R., Dametto, L., Sweetman, C., Shavrukov, Y., Day, D. A., 
Jenkins, C. L. D., et al. (2018). Alternative respiratory pathway component 
genes (AOX and ND) in rice and barley and their response to stress. Int. 
J. Mol. Sci. 19:E915. doi: 10.3390/ijms19030915

Weise, S. E., Liu, T., Childs, K. L., Preiser, A. L., Katulski, H. M., 
Perrin-Porzondek, C., et al. (2019). Transcriptional regulation of the glucose-6-
phosphate/phosphate translocator 2 is related to carbon exchange across 
the chloroplast envelope. Front. Plant Sci. 10:827. doi: 10.3389/fpls.2019.00827

Wobbe, L., Bassi, R., and Kruse, O. (2016). Multi-level light capture control 
in plants and green algae. Trends Plant Sci. 21, 55–68. doi: 10.1016/j.
tplants.2015.10.004

Xu, Y., Sharkey, T. D., Shachar-Hill, Y., and Walker, B. J. (2021). The metabolic 
origins of non-photorespiratory CO2 release during photosynthesis: a metabolic 
flux analysis. Plant Physiol. 186, 297–314. doi: 10.1093/plphys/kiab076

Yamada, S., Ozaki, H., and Noguchi, K. (2020). The mitochondrial respiratory 
chain maintains the photosynthetic electron flow in Arabidopsis thaliana 
leaves under high-light stress. Plant Cell Physiol. 61, 283–295. doi: 10.1093/
pcp/pcz193

Yamamoto, H., and Shikanai, T. (2019). PGR5-dependent cyclic electron flow 
protects photosystem I  under fluctuating light at donor and acceptor sides. 
Plant Physiol. 179, 588–600. doi: 10.1104/pp.18.01343

Yamori, W., Makino, A., and Shikanai, T. (2016). A physiological role of cyclic 
electron transport around photosystem I  in sustaining photosynthesis under 
fluctuating light in rice. Sci. Rep. 6:20147. doi: 10.1038/srep20147

Yamori, W., and Shikanai, T. (2016). Physiological functions of cyclic electron 
transport around photosystem I  in sustaining photosynthesis and plant 
growth. Annu. Rev. Plant Biol. 67, 81–106. doi: 10.1146/annurev-arplant-043015- 
112002

Yamori, W., Shikanai, T., and Makino, A. (2015). Photosystem I  cyclic electron 
flow via chloroplast NADH dehydrogenase-like complex performs a 
physiological role for photosynthesis at low light. Sci. Rep. 5:13908. doi: 
10.1038/srep13908

Yokochi, Y., Yoshida, K., Hahn, F., Miyagi, A., Wakabayashi, K., Kawai-Yamada, M., 
et al. (2021). Redox regulation of NADP-malate dehydrogenase is vital for 
land plants under fluctuating light environment. PNAS 118:e2016903118. 
doi: 10.1073/pnas.2016903118

Yoshida, K., and Hisabori, T. (2016a). Two distinct redox cascades cooperatively 
regulate chloroplast functions and sustain plant viability. PNAS 113, 
E3967–E3976. doi: 10.1073/pnas.1604101113

Yoshida, K., and Hisabori, T. (2016b). Adenine nucleotide-dependent and redox-
independent control of mitochondrial malate dehydrogenase in Arabidopsis 
thaliana. Biochim. Biophys. Acta 1857, 810–818. doi: 10.1016/j.
bbabio.2016.03.001

Yoshida, K., and Noguchi, K. (2009). Differential gene expression profiles of 
the mitochondrial respiratory chain components in illuminated Arabidopsis 
leaves. Plant Cell Physiol. 50, 1449–1462. doi: 10.1093/pcp/pcp090

Yoshida, K., Terashima, I., and Noguchi, K. (2006). Distinct roles of the 
cytochrome pathway and alternative oxidase in leaf photosynthesis. Plant 
Cell Physiol. 47, 22–31. doi: 10.1093/pcp/pci219

Yoshida, K., Terashima, I., and Noguchi, K. (2007). Up-regulation of mitochondrial 
alternative oxidase concomitant with chloroplast over-reduction by excess 
light. Plant Cell Physiol. 48, 606–614. doi: 10.1093/pcp/pcm033

Yoshida, K., Watanabe, C. K., Hachiya, T., Tholen, D., Shibata, T., Terashima, I., 
et al. (2011b). Distinct responses of the mitochondrial respiratory chain to 
long- and short-term high-light environments in Arabidopsis thaliana. Plant 
Cell Environ. 34, 618–628. doi: 10.1111/j.1365-3040.2010.02267.x

Yoshida, K., Watanabe, C. K., Terashima, I., and Noguchi, K. (2011a). Physiological 
impact of mitochondrial alternative oxidase on photosynthesis and growth 
in Arabidopsis thaliana. Plant Cell Environ. 34, 1890–1899. doi: 
10.1111/j.1365-3040.2011.02384.x

Zhang, Z.-S., Liu, M.-J., Scheibe, R., Selinski, J., Zhang, L.-T., Yang, C., et al. 
(2017). Contribution of the alternative respiratory pathway to PSII photoprotection 
in C3 and C4 plants. Mol. Plant 10, 131–142. doi: 10.1016/j.molp.2016.10.004

Zhang, R., and Sharkey, T. D. (2009). Photosynthetic electron transport and 
proton flux under moderate heat stress. Photosynth. Res. 100, 29–43. doi: 
10.1007/s11120-009-9420-8

Zhao, Y., Yu, H., Zhou, J.-M., Smith, S. M., and Li, J. (2020). Malate circulation: 
linking chloroplast metabolism to mitochondrial ROS. Trends Plant Sci. 25, 
446–454. doi: 10.1016/j.tplants.2020.01.010

Zivcak, M., Brestic, M., Balatova, Z., Drevenakova, P., Olsovska, K., Kalaji, H. M., 
et al. (2013). Photosynthetic electron transport and specific photoprotective 
responses in wheat leaves under drought stress. Photosynth. Res. 117, 529–546. 
doi: 10.1007/s11120-013-9885-3

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2021 Chadee, Alber, Dahal and Vanlerberghe. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with 
these terms.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1104/pp.105.070490
https://doi.org/10.1016/j.bbabio.2014.11.013
https://doi.org/10.3390/ijms19030915
https://doi.org/10.3389/fpls.2019.00827
https://doi.org/10.1016/j.tplants.2015.10.004
https://doi.org/10.1016/j.tplants.2015.10.004
https://doi.org/10.1093/plphys/kiab076
https://doi.org/10.1093/pcp/pcz193
https://doi.org/10.1093/pcp/pcz193
https://doi.org/10.1104/pp.18.01343
https://doi.org/10.1038/srep20147
https://doi.org/10.1146/annurev-arplant-043015-112002
https://doi.org/10.1146/annurev-arplant-043015-112002
https://doi.org/10.1038/srep13908
https://doi.org/10.1073/pnas.2016903118
https://doi.org/10.1073/pnas.1604101113
https://doi.org/10.1016/j.bbabio.2016.03.001
https://doi.org/10.1016/j.bbabio.2016.03.001
https://doi.org/10.1093/pcp/pcp090
https://doi.org/10.1093/pcp/pci219
https://doi.org/10.1093/pcp/pcm033
https://doi.org/10.1111/j.1365-3040.2010.02267.x
https://doi.org/10.1111/j.1365-3040.2011.02384.x
https://doi.org/10.1016/j.molp.2016.10.004
https://doi.org/10.1007/s11120-009-9420-8
https://doi.org/10.1016/j.tplants.2020.01.010
https://doi.org/10.1007/s11120-013-9885-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The Complementary Roles of Chloroplast Cyclic Electron Transport and Mitochondrial Alternative Oxidase to Ensure Photosynthetic Performance
	Introduction
	The Need to Maintain Energy and Carbon Balance During Photosynthesis
	Two Distinct Pathways of CET Around Photosystem I
	Distinct Pathways of Mitochondrial Electron Transport to Oxygen
	Interaction of the Different Chloroplast CET and Mitochondrial Electron Transport Pathways
	Conclusion
	Author Contributions

	References

