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Summary

� Plants rely on solar energy to synthesize ATP and NADPH for photosynthetic carbon fixa-

tion and all cellular need. Mitochondrial respiration is essential in plants, but this may be due

to heterotrophic bottlenecks during plant development or because it is also necessary in

photosynthetically active cells.
� In this study, we examined in vivo changes of cytosolic ATP concentration in response to

light, employing a biosensing strategy in the moss Physcomitrium patens and revealing

increased cytosolic ATP concentration caused by photosynthetic activity.
� Plants depleted of respiratory Complex I showed decreased cytosolic ATP accumulation,

highlighting a critical role of mitochondrial respiration in light-dependent ATP supply of the

cytosol. Consistently, targeting mitochondrial ATP production directly, through the construc-

tion of mutants deficient in mitochondrial ATPase (complex V), led to drastic growth reduc-

tion, despite only minor alterations in photosynthetic electron transport activity.
� Since P. patens is photoautotrophic throughout its development, we conclude that hetero-

trophic bottlenecks cannot account for the indispensable role of mitochondrial respiration in

plants. Instead, our results support that mitochondrial respiration is essential for ATP provision

to the cytosol in photosynthesizing cells. Mitochondrial respiration provides metabolic integra-

tion, ensuring supply of cytosolic ATP essential for supporting plant growth and development.

Introduction

Photosynthetic organisms are the main primary producers on our
planet, fixing c. 110 Gt Carbon per year and providing the che-
mical energy supporting most lifeforms (Ringsmuth et al., 2016).
Sunlight powers the photosynthetic electron flow catalysed by
photosystem (PS) I and II, cytochrome b6 f and the ATP synthase
that together mediate the synthesis of NADPH and ATP to drive
cellular metabolism. All eukaryotic photosynthetic organisms
require mitochondrial respiration in addition to photosynthesis.
Respiration allows for the transfer of electrons from metabolic
intermediates to oxygen through the activity of the respiratory
complexes localized in the inner mitochondrial membrane, Com-
plex I, II, III and IV, as well as alternative electron transport pro-
teins, such as NAD(P)H dehydrogenases and alternative oxidases.
Electron transport via complexes I, III and IV is coupled to pro-
ton transport and the generation of an electrochemical gradient
across the inner mitochondrial membrane that drives the synth-
esis of ATP through the F1FO ATP synthase, also called complex
V. The NADH:ubiquinone oxidoreductase complex (Complex I,
CI) is under most conditions a major site of electron entry into
the mitochondrial electron transport chain (mETC) and it can
provide up to 40% of the protons exploited for mitochondrial

ATP synthesis (Watt et al., 2010; Braun et al., 2014), even
though this varies widely depending on metabolic status and the
contribution of alternative electron transport components.

Respiration in plants is essential for survival. Functional
knockouts of respiratory complexes II, III, IV and V lead to leth-
ality (León et al., 2007; Robison et al., 2009; Radin et al., 2015;
Kolli et al., 2020). One evident explanation that applies for many
plants is the fact that mitochondria cover cellular energy demand
during the night and in nonphotosynthetic tissues, such as roots.
Importantly, seed plants typically go through developmental
stages where photosynthesis is not active, such as embryogenesis
and seed germination. While the need for energy supply in the
absence of photosynthetic activity provides a potential explana-
tion for why respiration is essential in plants, a tight functional
link between chloroplast and mitochondrial energy metabolism
has been described in multiple photosynthetic organisms. Mito-
chondria participates to photorespiration, recycling the glycolate
produced because of oxygenase activity of RuBisCO. In the dia-
tom Phaeodactylum tricornutum the metabolite exchange between
chloroplast and mitochondria was demonstrated to be essential
for carbon fixation (Bailleul et al., 2015). Experiments on the
green alga Chlamydomonas reinhardtii remarked the relevance of
metabolite exchange between chloroplasts and mitochondria for
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photosynthesis optimization (Cardol et al., 2003; Schönfeld
et al., 2004; Burlacot & Peltier, 2023). Studies using used barley
leaf protoplasts showed that glycine of photorespiratory origin
has a key role in the energization of cytosol and chloroplasts, and
in the maintenance of the redox balance in illuminated protoplast
(Gardeström & Wigge, 1988; Igamberdiev et al., 1998, 2001).
Additional evidence of mitochondrial modulation of photosyn-
thetic performance is available also from studies conducted using
green tissues of plants, where excess reducing power produced via
photosynthesis can be routed to mitochondrial respiration, pre-
venting over-reduction of photosynthetic electron transport com-
ponents and generation of reactive oxygen species (ROS) in the
plastid (Dutilleul et al., 2003; Noguchi & Yoshida, 2008; Zhang
et al., 2012; Mellon et al., 2021).

The assessment of impact of mitochondrial respiration in
photosynthetic cell metabolism, however, has been in part lim-
ited by the lack of genetic resources. While only knock-down
plants have been isolated and studied for complexes II, III, IV
and V so far, plants completely lacking mitochondrial Complex
I activity have been described in Arabidopsis thaliana as well as
in Nicotiana sylvestris and the moss Physcomitrium patens where
they showed a severe growth phenotype and, in the formers,
alterations in germination, fertilization, and pollen development
(Gutierres et al., 1997; Fromm et al., 2016; Mellon
et al., 2021). Interestingly, European mistletoe Viscum album
was shown to be able to live without a functional CI and most
of the relevant corresponding genes have been lost (Maclean
et al., 2018; Senkler et al., 2018; Schröder et al., 2022). While
this is an extreme example of evolutionary rearrangement of
central energy metabolism, probably linked to the specific life-
style as an obligate semi-parasite (although currently unique to
mistletoes and not found in other parasites), also Viscum shows
respiratory activity, likely based on alternative NADH dehydro-
genases.

In contrast to plants, a range of respiratory mutants depleted
in all respiratory complexes has been isolated in the green alga
Chlamydomonas reinhardtii. Those mutants show strong pheno-
types under heterotrophic conditions while their growth is gener-
ally unaltered or just moderately reduced under
photoautotrophic conditions (Duby & Matagne, 1999; Cardol
et al., 2009; Salinas et al., 2014; Larosa et al., 2018). Those obser-
vations may be taken as evidence that mitochondrial respiration
is required to support phases of heterotrophic lifestyles and is not
essential when photosynthesis is active. Alternatively, there may
be a fundamental difference in the role that respiration plays in
plants and algae that may have evolved to making plant, but not
algal, photosynthesis strictly dependent on mitochondrial respira-
tion (Mellon et al., 2021).

In photosynthetically active cells, both the chloroplasts and the
mitochondria are able to synthesize ATP. ATP is, however, also
essential in other subcellular compartments. In the cytosol major
ATP consumption occurs to support protein synthesis, mem-
brane transport or primary metabolic pathways. It was proposed
that when chloroplasts actively reduce CO2, cytosolic ATP origi-
nates mainly from the mitochondria as exported directly via the
ATP-ADP carriers (AACs) (Voon et al., 2018). By contrast, ATP

export from chloroplast was suggested to be enhanced under
stress conditions that slow CO2 fixation down and thus lower the
ATP consumption rate in the chloroplast (Gardeström & Igam-
berdiev, 2016). Even in that case ATP export would be indirect
via the triose-phosphate shuttle, since there is currently no evi-
dence for any direct and substantial ATP export from the stroma
to the cytosol. These conclusions derive from observations made
from experiments using biochemical fractionation and inhibitors
(Gardeström & Wigge, 1988; Krömer et al., 1993; Wigge
et al., 1993) and were more recently supported also by metabolic
modelling approaches (Shameer et al., 2019). Yet, information
from intact systems, that enable the exploration of dynamic tran-
sitions and responses to variable environmental conditions are
largely missing, which represents a remarkable shortcoming in
our current understanding of energy metabolism considering the
central role of ATP for (plant) life.

In this work we set out to address the question why mitochon-
drial respiration is essential in plants. Specifically, we aimed at
distinguishing between the two hypotheses that either (i) mito-
chondrial respiration is essential due to the need to sustain het-
erotrophic cells and heterotrophic phases of development where
photosynthesis is absent, or (ii) mitochondrial respiration is criti-
cal for cellular ATP supply in the presence of photosynthesis. We
chose the moss P. patens as a model that is able to complete its life
cycle entirely without any heterotrophic developmental stage,
enabling isolation of mutants that are not viable in other plants.
Further, we addressed the methodological limitation of insuffi-
cient subcellular resolution in ATP measurements by exploiting a
genetically encoded FRET sensor (ATeam1.03-nD/nA) that
allows monitoring of rapid ATP changes as recently demon-
strated in Arabidopsis (De Col et al., 2017; Voon et al., 2018;
Lim et al., 2022), an approach that enables to study metabolite
dynamics in intact cells (Lim et al., 2020). To measure the
impact of photosynthetic activity on ATP in situ we further
adapted an on-stage illumination approach (Elsässer et al., 2020).
Exploiting cytosol-specific ATP monitoring in P. patens enabled
us to explore the role of the mitochondria in cytosolic ATP sup-
ply. Genetic inactivation of respiratory complexes I and V
allowed us to gather compelling evidence that mitochondrial
respiration is essential for cytosolic ATP supply also while photo-
synthesis is active.

Materials and Methods

Plant materials and growth conditions

The wild-type (WT) strain used in this study was the Gransden
WT strain of Physcomitrium patens subsp. patens. Two different
media were used for growing protonemal tissue, the minimal
PpNO3 medium and the enriched version PpNH4 (Ashton
et al., 1979).

For propagation, protonemal tissue was grown on
cellophane-layered PpNH4 medium at 24°C under moderate
light intensity (50–80 μmol photons m�2 s�1) and long day con-
ditions (16 h : 8 h, light : dark) in growth chambers. WT and
WT-ATeam plants were harvested after 5 or 6 d of growth, and
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ndufa5 and ndufa5-ATeam plants were harvested after 7 to 10 d.
fAd plants were grown for months. Growth of fAd KO lines was
also tested under continuous illumination. For confocal imaging
experiments, protonemal tissue was grown on cellophane-layered
minimal PpNO3 medium under the same conditions and used
after 10 d of growth.

Moss transformation and transgenic plant selection

For generation of ATP reporter lines, the P. patens cytATeam_
pT1OG expression vector was generated, using the coding
sequence of ATeam1.03-nD/nA isolated from the Arabidopsis
Gateway expression vector pH2GW7_cytATeam1.03.nDnA (De
Col et al., 2017).

Transformation of P. patens was carried out by the polyethy-
lene glycol (PEG)-mediated method (Nishiyama et al., 2000),
using either protoplasts of WT or ndufa5 lines (the latter pub-
lished previously; Mellon et al., 2021) to generate reporter lines
in both WT and ndufa5 backgrounds. Screening of stably resis-
tant lines was done through quantification of mVenus fluores-
cence, as described in the main results section.

For generation of plants missing a functional mitochondrial
ATP synthase, we generated the Fad_KO_BHRf construct by
inserting the PCR-amplified flanking regions of the locus encod-
ing FAd (Pp3c9_7910) (Fig. S4A) in the BHRf vector (kindly
provided by F. Nogue, INRA Versailles, France). Transformation
of P. patens was carried out as described for ATP reporter lines.
In this case screening of stable resistant lines was done through
PCR verification of disruption of the genomic FAd locus
(Fig. S4B). Genomic DNA extraction protocol was adapted from
a previously published protocol (Edwards et al., 1991). PCR
amplifications of the recombination cassette were performed on
extracted gDNA. Primers used for construct design and line vali-
dation are the following (5 0 to 3 0 sequence). Fad-p1:
GTGGAATGGCATGATTTTAT; Fad-p2: ACTAAACAAC-
CAGACCAGGA; Fad-p3: CTTGGGATTGATGATGCTAT;
Fad-p4: TGGGTATTATCGGAGTCAAC; Fad-p5: CATC-
TACCATTTTGGGTTTC; Fad-p6: ACTTCGAACCAGTTC-
CAGTA; HNZ Up Rev: TGCGCAACTGTTGGGAAG; 35S
terminator: CGCTGAAATCACCAGTCTCTCT.

Confocal imaging

Plants were grown for 10 d on solid PpNO3 medium and dark
adapted for 40 min. A piece of protonema was extended on a
slide with a drop of liquid PpNO3 medium (without agar) and
covered with a coverslip. The coverslip was then fixed with duct
tape to avoid desiccation of the sample during the measurement.
This process was done in a dark room to keep the samples dark-
adapted.

Samples were illuminated with 50 μmol photons m�2 s�1 using
a red-filtered (580–630 nm) light (halogen lamp connected to an
optic fibre). Light intensity was set to 50 μmol photons m�2 s�1

using a light meter (LI-250A; Li-Cor, Lincoln, NE, USA). The
spectrum of the filtered light is included in the Fig. S1(D) and was
measured using a LI-COR LI-180 Spectrometer.

Imaging was performed using a 40× oil immersion lens using
a Leica SP5 confocal microscope (Leica Microsystems, Wetzlar,
Germany). An Argon laser (488 nm) was used to excite both
CFP and chlorophylls, with laser power set at 12.5%. A scan was
performed every 10 s. The first scan was done at darkness to
quantify the basal ATP levels. Light was then turned on and off
according to the described protocols. Three emission channels
were set up: CFP (465–500 nm), mVenus (525–561 nm) and
auto-fluorescence of Chls (670–690 nm) (see Fig. S1).

The acquired fluorescence datasets were analysed using the
MATLAB-based Redox Ratio Analysis software (RRA)
(Fricker, 2016). For each dataset, five square regions of interest
(ROIs) were analysed. Each ROI was analysed as a single replicate.
First, background signal was removed using the integrated func-
tionality of the RRA software. The intensities of the single mVenus
and CFP channels were then exported and used for further analysis
and plotting with OriginPro. We calculated the mVenus/CFP
intensity ratio, which was then log-transformed to approach the
normal distribution. The log-normalized values were then normal-
ized to the value at time 0, that is to the steady state in the dark.

The slope of the increase in the ATeam signal during dark-to-
light transitions was calculated by fitting the datapoints (norm.
log(mVenus/CFP)) to the formula y= a+ bx using the Linear
Fitting tool of OriginPro, where b is the reported slope.

Statistical significance between two samples was analysed by
two-tailed Student’s t-test (alpha= 0.05) using OriginPro. The
number of replicates and meaning of asterisks are indicated in the
figure legends.

Chlorophyll fluorescence experiments

Photosynthetic parameters were retrieved from Chl fluorescence to
analyse photosystem II (YII, qL) and a dual wavelength absorbance
spectrometry to analyse photosystem I (YI), as described previously
(Gerotto et al., 2016). Chlorophyll fluorescence and near-infrared
(NIR) absorption analyses were performed at room temperature
using a Dual-PAM 100 system (Walz) on protonema grown for
10 d in PpNO3 in WT and for c. 4 months for the fad mutant.
Before the analysis, plants were adapted in the dark for 40min.
Induction curves were obtained by setting actinic red light at (c.) 50
or 330 μmol photons m�2 s�1, and photosynthetic parameters were
recorded every 30 s. At each step, the photosynthetic parameters
were calculated as follows: YII as (F 0

m–Fo)/F 0
m; qL as (F 0

m–
F )/(F 0

m–F 0
o) × F 0

o/F; YI as 1–YND–YNA, with YNA as (Pm–P 0
m)/Pm

and YND as (P–Po/Pm) (Klughammer & Schreiber, 1994).

Results

Generation of P. patens plants accumulating ATP probe
ATeam in the cytosol

Stable P. patens WT lines constitutively accumulating
ATeam1.03-nD/nA in the cytosol, referred to as WT-ATeam,
were generated by protoplast transformation. After transforma-
tion, lines stably resistant to zeocin were screened through the
fluorescence of the mVenus channel to select the ones with
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detectable accumulation of the probe. At least three independent
lines were selected among the ones showing mVenus fluorescence
signal (Fig. S1A,B). The ATeam-expressing lines did not show
any visible growth defect and showed normal development
(Fig. S1A,B) with the ability to grow leaflets, rhizoids and sporo-
phytes and produce viable spores as well as the parental line, sug-
gesting that the probe accumulation did not cause major
alterations in metabolism and development.

The localization of the mVenus fluorescent signal in the lines
was verified by confocal microscopy, with Chl fluorescence mark-
ing chloroplast localization. The mVenus signal showed no over-
lap with Chl fluorescence and was localized in large areas inside
the cell, consistent with a cytosolic expression, confirming the
expected localization (Fig. 1a).

In the long term (> 1 yr, corresponding to > 5 tissue regenera-
tion) we observed a decrease in the fluorescence signal, most
likely due to silencing effects, as similarly observed for different
biosensor proteins in Arabidopsis (Schwarzländer et al., 2016; De
Col et al., 2017; Sadoine et al., 2021) and for other overexpressed
proteins in P. patens (Kubo et al., 2017). In case of any evidence
of silencing appeared, new lines were generated.

All imaging experiments were performed on protonema, a
young tissue regenerated vegetatively, and we did not observe any
mosaic silencing of the probe, meaning that the silencing, if pre-
sent, was homogenous in all the cells. Because the probe is ratio-
metric, a moderate silencing would not cause any drift in FRET,
as the value is self-normalized. In any case, if silencing effects
appeared, new WT-ATeam plants were isolated to ensure main-
tenance of a good signal-to-noise ratio.

Photosynthesis drives the increase of ATP concentration in
the cytosol during dark-to-light transitions

In each round of transformation, three independent lines gener-
ated were used to observe the cytosolic MgATP2� dynamics in
the cytosol during dark-to-light transitions and assess changes
in MgATP2� levels associated with the activation of photosynth-
esis. To this end, photosynthesis activity was induced using
50 μmol photons m�2 s�1 of red (λ> 630 nm) actinic light. Red
light is absorbed well by chlorophylls, but it does not interfere
with the acquisition parameters of mVenus or CFP channels
(465–561 nm). This choice of wavelengths thus enabled to keep
the actinic light on during the acquisition of fluorescence without
adding signal to the detector (Fig. S1C,D). Taking advantage of
the ratiometric nature of the probe and the natural distribution
of protonema in single-cell layers, we quantified the CFP and
mVenus signals and calculated the corresponding FRET ratio
(mVenus/CFP) in whole focal planes that contained dozens of
different cells (Figs 1a, S1C).

To follow the dynamic response of ATP, plants were first incu-
bated in the dark for 40 min to relax all photosynthesis-related
processes and enable all samples to start from a homogeneous,
dark-adapted state. When actinic illumination was switched on
the mVenus signal increased immediately with a corresponding
decrease in the CFP channel with the same kinetics (Fig. 1b) a
behaviour that indicates a bona fide increase in FRET efficiency
between probes. mVenus : CFP ratio indeed increased within sec-
onds of illumination, reaching a plateau after 1.5 min (Fig. 1c).
After light was turned off, FRET signal remained steady for c.
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Fig. 1 Light-induced MgATP2� accumulation in the cytosol of Physcomitrium patens. (a) Confocal images of two cells of protonema of one of the WT-
ATeam lines showing mVenus channel (yellow), Chl auto-fluorescence (magenta) and the merged image. Bar, 50 μm. (b) Normalized intensities of the
single channels of WT-ATeam lines showing their changes upon dark-to-light transitions. Plants were dark-adapted for 30min before the measurements,
and the first datapoint was measured before switching light on. Light periods are marked with a red bar and correspond to 50 μmol photons m�2 s�1 of red
light. Error bands represent the SE of mean (n= 40) (c) Normalized log-transformed FRET ratio during dark-to-light transitions of control and DCMU-
treated WT-ATeam plants. Light periods are marked with a red bar and correspond to 50 μmol photons m�2 s�1 of red light. Error bands represent the SE
of mean. Sample sizes are n= 40 wild-type (WT) and n= 13 (WT+DCMU). A live experiment is included as Supporting Information Video S1.
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1.5 min and then started to decrease, with a kinetic less steep than
the light-driven increase (Fig. 1c). When the light was switched
on a second time, the signal increased again, confirming that
MgATP2� concentration responded to the light presence. In the
second exposure to dark we observed a longer period of stability
(c. 2 min), before it started to decrease again.

The same measurements were repeated in the presence of
the PSII inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU) that blocks all photosynthetic electron transport, that
completely abolished all the above-mentioned dynamics (Figs 1c,
S1E), demonstrating that light alone did not affect the FRET sig-
nal and that the observed dynamics were fully dependent on
photosynthetic electron transport fuelled by the actinic light.

To assess the eventual effect of light quality on the cytosolic
MgATP2� dynamics, the same experiment was repeated using a
different setup already used for similar experiments in Arabidop-
sis, where photosynthesis is induced with white light that is
switched off during the confocal measurement, creating a
pseudo-continuous light effect (Elsässer et al., 2020). These
experiments showed very similar results, confirming that the
dynamics observed were indeed the result of MgATP2� accumu-
lation in cytosol induced by light, independently from the setup
and light wavelength (Fig. S2A–D). The comparison further vali-
dates that both on-stage live illumination approaches as usable.

To test the effect of light intensity on the increase of
MgATP2� during dark-to-light transitions, we compared the
kinetics of FRET upon illumination with different intensities,
namely 5, 50 or 200 μmol photons m�2 s�1 of red light (Fig. 2).

An intensity of 5 μmol photons m�2 s�1 of red light, which is
low and limiting for P. patens growth but high enough to initiate
photosynthetic activity, was sufficient to trigger an increase in
cytosolic MgATP2� (Fig. 2a), that was, however, slower than
in 50 μmol photons m�2 s�1 (Fig. 2b). This is in line with our

finding that the increase in cytosolic ATP is fully dependent on
the activation of electron transport in the thylakoids. On the
other hand, using a higher light intensity (200 μmol photons
m�2 s�1) did not alter the shape or magnitude of the increase of
cytosolic ATP, even before reaching the plateau (Fig. 2a,b),
meaning that 50 μmol photons m�2 s�1 of red light are sufficient
to saturate ATP biosynthesis capacity in these conditions. This
was also the case using the white light setup (Fig. S2A).

Mitochondrial respiration has seminal role in ATP supply in
the cytosol

Mitochondrial activity has been suggested to contribute to cytoso-
lic ATP biosynthesis in photosynthetic organisms and inhibitors
of the mitochondrial respiratory chain have been shown to alter
cytosolic ATP in Arabidopsis seedlings (De Col et al., 2017).

We monitored cytosolic ATP levels after blocking both the
cyanide-sensitive and cyanide-insensitive electron transfer path-
ways, by treating plants with both KCN and salicylhydroxamic
acid (SHAM), inhibitors of the Complex IV and the alternative
oxidase (AOX), respectively. After this treatment, the basal ATP
levels were drastically reduced (Fig. S3C). Exposure to actinic
light also triggered an increase of cytosolic ATP in
KCN/SHAM-treated samples but with slower kinetics compared
to control plants (Fig. S2E). This observation suggests that mito-
chondrial respiration provides a relevant contribution to cytosolic
ATP biosynthesis. To assess impact of mitochondrial respiration
on ATP biosynthesis using an orthogonal genetic approach and
exclude any secondary effects due to inhibitor treatments, the
ATeam1.03–nD/nA probe was introduced in P. patens lines lack-
ing the Complex I structural subunit NDUFA5 (ndufa5 KO)
previously shown to completely lack mitochondrial NADH
dehydrogenase activity (Mellon et al., 2021). Three independent
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n= 15 (50 μmol photons m�2 s�1) and n= 13 (200 μmol photons m�2 s�1). (b) Slope during the first minute of illumination. Error bars represent 1.5 times
the SD. Statistics: two-sample t-test, ***, P< 0.001; ns, P> 0.05. The box size indicates the interquartile range. Mean of data is represented as an empty
square, median of data is represented by a horizontal line.
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lines stably expressing the cytosolic probe in ndufa5 background,
that we will refer to as ndufa5-ATeam, were isolated.

Complex I mutants showed impaired cell and tissue morphol-
ogy: cells are smaller and protonema filaments more condensed
than in WT (Mellon et al., 2021) (Fig. S3A,B). The probe
expression showed no additional impact on growth beyond the
defects associated with ndufa5 depletion (Fig. S3A,B). The fluor-
escence intensity of the single channels was in all cases in a range
close to the WT-ATeam lines and thus the same confocal settings
were used for both lines to enable a reliable comparison of FRET
signals between WT and ndufa5 KO. There were no significant
differences in the FRET ratio between WT-ATeam and
ndufa5-ATeam dark-acclimated plants, meaning that the basal
cytosolic ATP levels did not show significant differences between
genotypes (Fig. S3C).

ndufa5-ATeam plants were exposed to the same light treat-
ment shown in Fig. 1, observing an increase in ATP during dark-
to-light transitions also in these mutants (Fig. 3). However, the
kinetics of FRET signal in ndufa5-ATeam plants was clearly
affected and the initial slope 2.7 times slower than in
WT-ATeam lines (Fig. 3b). Differently to WT-ATeam, the sig-
nal also rapidly decreased when the light was turned off after the
first 3 min of illumination. A second light treatment caused a
further increase in cytosolic ATP, as in WT-ATeam, without
reaching a plateau as observed in WT plants. These results sug-
gest that mitochondrial respiration is an important contributor
to the synthesis of cytosolic ATP and, remarkably, that Complex
I is strictly required for efficient cytosolic ATP kinetics during
dark-to-light transitions.

To further investigate the ATP dynamics, WT-ATeam and
ndufa5-ATeam plants were exposed to light treatments of differ-
ent duration. The extension of the illumination phase up to
8 min (Fig. 4a) showed that even though the rate of ATP bio-
synthesis was slower in the CI mutant, it almost reached the same
normalized value of FRET as WT.

On the other hand, when the illumination was reduced to
1 min (Fig. 4b), this time was sufficient for WT-ATeam to

show a sustained increase in cytosolic ATP while 1 min of dark-
ness was instead not enough to observe a signal decrease. A fol-
lowing longer darkness period indeed showed that at least one
and a half minutes of darkness were needed to observe the sig-
nal decrease. In ndufa5-ATeam, instead, FRET signal increase
was slower during illumination, and it decreased immediately in
the dark, confirming that rate of ATP biosynthesis was reduced
in the mutant.

Impairment of mitochondrial ATP biosynthesis drastically
decrease growth without impacting photosynthesis

To further verify the biological relevance of mitochondrial ATP
synthesis for plant metabolism we aimed to generate knockout
mutants of the mitochondrial F1FO-ATP synthase (complex V),
the complex responsible of exploiting the electrochemical gradi-
ent generated by the mETC to synthesize ATP.

The F1FO-ATP synthase is largely conserved among eukar-
yotes with homologs of yeast and mammals subunits found con-
served in green algae and plants and those could be identified in
P. patens genome as well (Table S1). Proteomics approaches
further identified two additional subunits in plants associated
with the FO domain, referred as FAd and 6 kDa, that present no
counterparts in mammals or yeast (Senkler et al., 2017). Both
subunits are also conserved in P. patens genome (Table S1). In
particular, the subunit FAd has been linked with development
and fertility in wheat where its repression leads to sterile plants
(Li et al., 2010). In Arabidopsis, the gene is highly expressed in
pollen during late developmental stages and the homozygous
mutants are not viable. The hemizygous mutant shows altered
mitochondrial morphology during the dehydration phase of pol-
len, causing their degeneration (Li et al., 2010).

Considering its functional impact and the fact that a single
nuclear gene encodes for FAd, this subunit was chosen as target
for the inactivation of complex V in P. patens. Two independent
fAd lines, depleted of the gene Pp3c9_7910, were isolated and
verified to have an insertion of the resistance cassette in the locus
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Fig. 3 Cytosolic ATP dynamics in the P. patens
Complex I deficient plant ndufa5-ATeam.
(a) Normalized FRET ratio during dark-to-light
transitions in wild-type (WT) and ndufa5 KO.
Dark and light periods are marked with grey or
red bars, respectively. The shadowed region
marks the timelapse used for the calculation of
slopes shown in (b). The vertical dashed bars
correspond to light–dark transitions. Error bands
represent the SE of mean. Sample sizes are
n= 40 (WT) and n= 55 (ndufa5). (b) Slope of
the normalized FRET ratio during the first minute
of illumination. The box size indicates the
interquartile range. Mean of data is represented
as an empty square, median of data is
represented by a horizontal line. Error bars
represent 1.5 times the SD. Statistics: two-sample
t-test, ****, P< 0.0001.
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of interest (Fig. S4A). This was possible because P. patens tissues
are haploid in most developmental stages and the transformation
procedure proceeds by vegetative propagation and it is thus possi-
ble to generate full knockout plants without passing through het-
erotrophic developmental stages, like spore formation and
germination.

fAd plants showed a pronounced growth defect, much stronger
than the one observed in the Complex I deficient ndufa5
(Fig. 5a). CV mutants’ growth could not be rescued by exposure
to continuous illumination or external feeding with glucose.

The pronounced nature of the growth defect unfortunately
strongly limited the experimental analyses that were feasible for
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Fig. 5 Growth phenotype and photosynthetic
properties of P. patens fAd plants. (a) Comparison
of wild-type (WT), ndufa5 and fAd colony size
after 3 or 20 wk of growth. WT plants cannot be
cultivated for months because of depletion of
nutrients in the medium. Bars, 2 mm. (b, c)
Quantum yield of Photosystem I (YI, b) and
Photosystem II (YII, c) monitored with PAM
during exposition to 8min of actinic light at
50 μmol photons m�2 s�1 followed by 8min of
dark. (d) Redox state of plastoquinone assessed
by the fluorescence parameter 1-qL. All kinetics
were measured after 40min of dark adaptation.
WT and fAd KO plants were grown
photoautotrophically for, respectively, 10 d and
4months. Data are expressed as the means �SD,
n= 4.
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Fig. 4 Cytosolic ATP dynamics in the
P. patens Complex I deficient plant ndufa5 under
alternative light–dark cycles. Dark-adapted plants
were exposed (a) to 8min of light followed by
2min of darkness or (b) to a light fluctuation that
consisted in 1 min of light, 1 min of darkness,
1 min of light and 4min of darkness. In both
cases light used was 50 μmol photons m�2 s�1 of
red light. Light and dark periods are marked with
red and grey bars, respectively. Error bands
represent the SE of mean. Sample sizes are
n= 15 (a, wild-type (WT)), n= 15 (a, ndufa5),
n= 5 (b, WT) and n= 25 (b, ndufa5).
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these plants. Yet, after c. 4 months it was possible to obtain
enough tissue to measure photosynthetic performance using Chl
fluorescence (Fig. 5b). Upon exposition to mild illumination
(50 μmol photons m�2 s�1), efficiency of photosystem (PS)I (YI)
was indistinguishable between WT and fAd plants. The efficiency
of PSII (YII) instead in the same conditions showed larger satura-
tion and correspondingly the mutant showed a stronger reduc-
tion of plastoquinone, as estimated from 1-qL, suggesting that
PSII electron transport capacity was reduced in the mutant with
respect to the WT. The same measurements repeated with a
stronger, saturating, light intensity (330 μmol photons m�2 s�1),
however, showed instead no difference between WT and the
Complex V mutant (Fig. S4C), suggesting the photosynthetic
light conversion is functional in the mutant. The mild alterations
in photosynthetic activity observed could also be due to the dif-
ferent age and growth rate of plants but in any case, they cannot
explain the major growth phenotype of the mutants.

Discussion

Light-driven ATP accumulation in the cytosol of P. patens

Dark-adapted cotyledons of Arabidopsis seedlings exhibited an
illumination-driven increase in ATP levels (Voon et al., 2018).
However, due to the high and saturating steady-state levels of
cytosolic ATP in Arabidopsis cotyledons, light-induced differ-
ences were only observable when ATP levels were reduced before
illumination through pretreatment with the Complex I inhibitor
rotenone, ensuring observations within the dynamic range of the
probe (Voon et al., 2018). Physcomitrium patens lines expressing
the FRET-based sensor ATeam1.03-nD/nA did not require pre-
treatment with inhibitors. Their analysis revealed that plant illu-
mination triggers a rise in cytosolic ATP in the absence of
pharmacological inhibition of mitochondrial electron transport.
This increase is entirely dependent on photosynthetic activity, as
it is fully abolished by the PSII inhibitor DCMU. Using different
light intensities, it was determined that 50 μmol photons
m�2 s�1 of red light, a wavelength efficiently absorbed by chloro-
phylls, was already saturating for the ATP biosynthesis in the
experimental system employed here, consistent with P. patens
growth saturating at a light intensity between 50 and 150 μmol
photons m�2 s�1 (Storti et al., 2020).

The MgATP2�, as the physiologically most relevant form of
ATP, is stable in the slightly alkaline pH milieu of the cytosol lead-
ing the stable sensor readings between pH 7.5 and 8.5 (De Col
et al., 2017). While illumination induces alkalinization in various
compartments in Arabidopsis it was verified that it did not cause an
increase in ATeam FRET (Elsässer et al., 2020). Hence, the most
plausible explanation for the ATeam response in P. patens is a bona
fide rise in ATP concentration. Under the assumption of no major
changes in total adenylate pool size in the observed time frame, this
indicates an increase in adenylate charge.

The differences in cytosolic ATP basal levels and dynamics
between Arabidopsis and P. patens could be associated to the evo-
lutionary distance between the species or to a different develop-
mental stage, Arabidopsis seedlings vs P. patens protonema cells

in minimal medium and fully photosynthetically active. Remark-
ably, P. patens can have a life cycle completely photoautotroph,
which is not the case for Arabidopsis.

In P. patens WT plants, the light-induced increase in FRET sig-
nal reaches a plateau c. 1 min after illumination. Conversely, it takes
c. 1.5 min of darkness for the FRET signal to decrease (Fig. 1). This
dynamic behaviour was highly reproducible. A potential technical
explanation for the presence of a plateau may be probe saturation
with MgATP2�, where the probe cannot resolve any further
increases in MgATP2�, as previously observed in Arabidopsis
(Voon et al., 2018). In that case MgATP2� concentration surpasses
the probe’s binding maximum of c. 3 mM (at 25°C) (De Col
et al., 2017) after 1 min of illumination, and it takes 1.5 min in the
dark to consume enough ATP to re-enter the probe’s dynamic
range. If this was the case, however, in experiments with shorter
illumination (1 min) FRET signal would be expected to decrease
immediately after the light is switched off. The ATeam signal
remains stable after the end of the illumination phase for c.
1.5min, independent of the duration of the light treatment (1, 3,
or 8 min). An alternative biological explanation consistent with all
observations is instead that MgATP2� concentration reaches a
steady state as a result of ATP buffering by a characteristic feature
of the metabolic system and/or its regulation.

This ATP buffering activity can be attributed to mitochondrial
respiration that utilizes reducing equivalents produced upstream
by photosynthesis and transported to the mitochondria through
redox shuttles (Igamberdiev & Bykova, 2023), thus maintaining
a supply of ATP in the cytosol. Following this hypothesis the
decrease of reducing equivalent export from the chloroplast
would thus only start impacting cytosolic ATP levels if the dark
period exceeded 1.5 min. The concept of ‘metabolic lag’ between
chloroplasts and mitochondria is not new, as it is the most
accepted hypothesis to explain the phenomenon referred to as
light-enhanced dark respiration (LEDR) (Lehmann et al., 2016).
This phenomenon describes the large value of respiration that
can be measured, either as O2 consumption or CO2 evolution, in
plants immediately after exposure to dark. Values of respiration
will then approach a lower steady value in circa 30 min (Azcón-
Bieto & Osmond, 1983). Behind LEDR it is believed to be the
accumulation of reduced substrates, exported by chloroplasts,
that are still available for mitochondria for some minutes even
though they are no longer produced after a recent light exposure
(Gessler et al., 2017). These can drive respiration, which could as
well be responsible for the ‘residual’ ATP production that we
describe here as ATP buffering.

Another important conclusion that can be drawn from the
observation of rapid cytosolic ATP accumulation after onset of
illumination and the delayed decrease after the onset of darkness
is an ability of the plant cells to mitigate the metabolic impact of
changes in illumination intensity, maintaining relatively steady
ATP levels even in the presence of abrupt light fluctuations. In a
natural and dynamic environment, light changes are common
and significantly impact photosynthetic productivity and yield in
crops (Wang et al., 2020; De Souza et al., 2022). The observed
kinetics imply that while photosynthetic activity responds rapidly
to changes in light availability, plant cells can stabilize their
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cytosolic ATP levels to uncouple cytosolic energy physiology
from abrupt light fluctuations, while maintaining a link to long-
lived changes in illumination. Using mitochondrial respiration as
an integrated strategy to supply the cytosol with photosynthesis-
derived ATP, rather than taking a more direct strategy such as
the triose-phosphate shuttle, may provide a decisive advantage
under natural highly dynamic circumstances. As such the ability
to maintain photosynthesis-derived ATP supply of the cytosol
stable by taking the ‘detour’ via mitochondrial respiration may
represent a central element of the strategy of plants to cope with
dynamic light conditions and to thrive under natural growth con-
ditions (Long et al., 2022).

Mitochondrial respiration is essential for cytosolic ATP
accumulation

About 1 min of illumination is sufficient to elevate cytosolic
MgATP2� levels to a steady state in WT. That steady state is
maintained for 1.5 min after onset of darkness (Fig. 4b). Contra-
rily, in ndufa5 plants lacking functional mitochondrial Complex
I, MgATP2� accumulation in the cytosol occurs at an approxi-
mately three times slower rate. As a result of slower accumulation,
a steady state in ATP levels is reached only after prolonged light
exposure of up to 8 min. Then similar MgATP2� levels are
reached as in WT.

The impact of respiration in cytosolic ATP supply is confirmed
by the dynamics immediately after light cessation. In the ndufa5
background, the sensor FRET signal decreases promptly in the
dark, whereas in WT background, it remains stable for c. 1.5 min.
This response behaviour supports the hypothesis that mitochondrial
respiration contributes to ATP supply to the cytosol not only dur-
ing illumination but also during dark-to-light transitions. ndufa5
plants, deficient in Complex I, which contributes to 40% of proton
translocation for mitochondrial ATP biosynthesis (Braun
et al., 2014), exhibit a significant reduction in ATP accumulation
in the cytosol. The degree by which ndufa5 plants are affected, even
though the lines retain proton translocation capacity from

respiratory complexes III and IV, emphasizes the importance of
functional mitochondrial respiration to act as major contributor to
cytosolic ATP supply in plants.

The essential role of mitochondrial ATP biosynthesis is further
underscored by the phenotype of mutants (FAd ) with impaired
mitochondrial ATP biosynthesis, showing massive growth reduc-
tion even under continuous illumination. The observation that
those mutants exhibit only mild alterations in photosynthetic
activity, further emphasize that it is mitochondrial ATP biosynth-
esis and ATP supply to the cytosol that make respiration indis-
pensable in photosynthetically active cells.

While the mutant data support that the mitochondrial contri-
bution is crucial, all observed dynamics strictly depend on photo-
synthetic activity, as evidenced by their dependence from light
and the abolition of ATP accumulation by the PSII inhibitor
DCMU. This aligns with the hypothesis that chloroplasts predo-
minantly export reducing equivalents, readily imported and uti-
lized by mitochondria for ATP synthesis, which is promptly
exported to the cytosol (Fig. 6).

These findings provide critical and hitherto lacking in vivo
validation of biochemical studies on plant cell ATP compartmen-
tation, highlighting limited capacity of chloroplasts to export
ATP in mature leaves. Our findings are consistent with the idea
that mitochondria play a quantitatively major role in ATP supply
to the cytosol, as proposed by previous work based on biochem-
ical considerations (Millar et al., 2011; Gardeström & Igamber-
diev, 2016). Metabolic flux balance analysis also recently showed
that cytosolic ATP supply by the mitochondria is an efficient
solution to the problem that arises when the capacity to export
ATP directly from the chloroplast is limited (Shameer
et al., 2019). It is interesting to underline the model-based quan-
titative predictions on the importance of mitochondrial ATP
synthesis for the cytosol under various conditions presented in
the latter are fully consistent with the results presented here show-
ing the role of mitochondrial respiration in determining the cyto-
solic ATP level in illuminated cells. Chloroplast capacity for ATP
biosynthesis pathways that is impacted by alterations in
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Fig. 6 Scheme depicting the proposed hypothesis
for differential ATP dynamics during dark-to-light
transitions in P. patens. In untreated wild-type
(WT) plants (left), exposure to light triggers the
transfer of electrons through the photosynthetic
electron transport chain (pETC) which increases
the abundance of reducing species, which are
exported to the cytosol and used in mitochondria
to sustain a transfer of electrons through the
mitochondrial electron transport chain (mETC),
coupled to ATP production. In presence of the
PSII inhibitor DCMU (centre), transfer of
electrons through the pETC is blocked, and
therefore, an increased activity of mETC is not
induced. In ndufa5 plants (right), the capacity of
mETC is reduced, and therefore, the ATP
production rate is slower.
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mitochondrial respiration. Chlamydomonas reinhardtii with
altered respiration increase their chloroplast ATP synthesis
through activation of Cyclic Electron Transport (Cardol
et al., 2003). We also previously showed in P. patens that chloro-
plast ATPase activity was induced by CI inactivation in ndufa5
(Mellon et al., 2021).

While chloroplast pathways are surely contributing to ATP
supply in the cell, the fAd mutants phenotype as well as the in
vivo ATP dynamics in ndufa5 suggest that they are unable to
quantitatively compensate for mitochondrial inactivation,
emphasizing the pivotal and dominant role of mitochondria in
cytosol ATP supply.

The use of P. patens, which is a bryophyte, allows us to elabo-
rate further conclusions. Opposite to Arabidopsis, this model is
photoautotrophic throughout its development. Therefore, the
impact of depleting respiration is not due to presence of hetero-
trophic tissues that rely exclusively on respiration for obtaining
energy and thus enable to conclude instead that the respiration is
essential in plants for the supply of ATP in the cytosol in active
photosynthetic tissues.

Evolutionary perspectives on photosynthesis-dependent
ATP biosynthesis in the mitochondria

Recent studies have shed light on the role of respiration in various
photosynthetic organisms, including diatoms, green algae, and
plants. While these investigations share a common recognition of
the biological relevance of respiration, mechanistic differences
have been observed. In the green alga Chlamydomonas reinhardtii
photosynthesis and growth can proceed in photoautotrophic con-
ditions even if respiratory Complexes III and IV are inactive (Sal-
inas et al., 2014). This contrasts with plants, where an
impairment of Complexes III and IV has a major impact on
growth and their complete inactivation is lethal. This divergence
can be attributed to the fact that Chlamydomonas in its natural
environment may also encounter anoxic conditions, resulting in
respiratory inhibition. By contrast, plants are mostly obligatory
autotrophs and have adapted to the constant presence of oxygen,
rendering them hypoxia sensitive (Loreti & Perata, 2020). Since
plants are normally exposed to oxygen, respiration can be conti-
nually active in plant cells without running any major risk of dys-
function. That may be sufficient to account for the evolutionary
adaptation of their photosynthetic energy metabolism to strictly
work in concert with respiration.

Delegating cytosolic ATP supply to mitochondrial respiration
in plant cells generates carbon and O2 cycling between the chloro-
plast and the mitochondria, implying that O2 and reducing power
produced by photosynthesis are consumed by mitochondrial
respiration. This allocation of metabolic roles between mitochon-
dria and chloroplasts also has an additional cost posed by the
requirement of several enzymes and transporters to sustain major
carbon flux rates–from carbon fixation by highly abundant
Rubisco and the enzymes of the Calvin-Benson-Bassham cycle, to
mitochondrial respiration by the enzymes of the Krebs cycle and
the OXPHOS protein complexes – as opposed to a seemingly sim-
ple solution by using a chloroplast ATP exporter. For instance, a

recent modelling approach suggests that higher capacity for mito-
chondrial ATP synthase flux is required in the light than in the
dark in source leaves (Shameer et al., 2019), underpinning
the possibility that additional investment into protein biosynthesis
is needed specifically for mitochondrial ATP supply of the cytosol
in the light, and beyond of what is required anyway under other
conditions. Assuming that these costs apply, relying on mitochon-
drial respiration for cytosolic ATP supply is expected to provide
an evolutionary advantage that outweighs these costs.

One possible advantage that is suggested by our observations is
the ability to maintain a steady ATP supply to the cytosol. Buf-
fering photosynthesis-derived ATP supply to the cytosol under
changeable light conditions may help mitigating changes in
photosynthetic activity induced by rapid light fluctuations while
maintaining a steady supply of ATP to maintain critical house-
keeping functions. By contrast, if ATP supply were more directly
linked to photosynthetic activity, cytosolic ATP availability
would closely follow illumination dynamics, resulting in rapid
dynamics in concentration (and possibly energy charge) follow-
ing any alteration in light availability.

Another potential advantage may lie in the regulation of
photosynthesis. The proton gradient (ΔpH) across the thylakoid
membrane serves as the energy source for ATP biosynthesis in
the chloroplast but also is a key signal for the regulation of photo-
synthesis, controlling the modulation of multiple mechanisms
such as nonphotochemical quenching (NPQ), xanthophyll cycle
and photosynthetic control (Eberhard et al., 2008). If mitochon-
dria are the primary contributors to ATP supply for the cytosol,
this will allow the metabolic demand for ATP supply to be
decoupled from photosynthetic regulation. In an alternative sce-
nario where ATP synthesis is localized in the chloroplast, limiting
ATP synthase activity to increase ΔpH and induce photosynth-
esis regulation would also restrict ATP supply to the cell. Under
stress conditions, active regulation of photosynthesis via regulat-
ing the activity state of ATP synthase may thus impede ATP sup-
ply to other parts of the cell, potentially impairing essential
functions of housekeeping and the ability to mount efficient
stress responses, such as membrane energization, active transport,
cytoskeletal remodelling and gene expression.

In both scenarios, photosynthesis-derived ATP supply via
mitochondrial respiration enables plants to respond effectively to
variable environmental conditions. This adaptability is a decisive
evolutionary driving force for plants and may even outweigh
potential disadvantages in simple energy efficiency. Hence, the
data we present here offer in vivo evidence that mitochondrial
respiration is strictly required and maintained in plants to ensure
cellular supply with photosynthesis-derived ATP.
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