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Abstract
Reactive oxygen species (ROS) are generated in electron transport processes of living organisms in oxygenic environments.
Chloroplasts are plant bioenergetics hubs where imbalances between photosynthetic inputs and outputs drive ROS genera-
tion upon changing environmental conditions. Plants have harnessed various site-specific thylakoid membrane ROS prod-
ucts into environmental sensory signals. Our current understanding of ROS production in thylakoids suggests that oxygen
(O2) reduction takes place at numerous components of the photosynthetic electron transfer chain (PETC). To refine mod-
els of site-specific O2 reduction capacity of various PETC components in isolated thylakoids of Arabidopsis thaliana, we
quantified the stoichiometry of oxygen production and consumption reactions associated with hydrogen peroxide (H2O2)
accumulation using membrane inlet mass spectrometry and specific inhibitors. Combined with P700 spectroscopy and
electron paramagnetic resonance spin trapping, we demonstrate that electron flow to photosystem I (PSI) is essential for
H2O2 accumulation during the photosynthetic linear electron transport process. Further leaf disc measurements provided
clues that H2O2 from PETC has a potential of increasing mitochondrial respiration and CO2 release. Based on gas exchange
analyses in control, site-specific inhibitor-, methyl viologen-, and catalase-treated thylakoids, we provide compelling evi-
dence of no contribution of plastoquinone pool or cytochrome b6f to chloroplastic H2O2 accumulation. The putative pro-
duction of H2O2 in any PETC location other than PSI is rapidly quenched and therefore cannot function in H2O2 transloca-
tion to another cellular location or in signaling.

Introduction
Plants exploit a range of redox balancing and signaling
mechanisms to maintain an energetic homeostasis in chloro-
plasts, particularly important under fluctuating light
conditions. These mechanisms alleviate over-excitation and

over-reduction of critical photosynthetic electron transfer
chain (PETC) components that may generate reactive oxy-
gen species (ROS). Although ROS formation within the pho-
tosynthetic apparatus contributes to photodamage, they
also function as critical feedback mechanisms and chemical
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messengers to modify and restore an optimal redox balance.
Because ROS formation occurs at the crossroads between
photosynthetic damage and regulation, the elucidation of
the specific locations and mechanisms of photosynthetically
derived ROS generation is critical for understanding the
interactions between photodamage and photoprotection.
Such knowledge is central for future projects aimed at im-
proving photosynthetic productivity.

Understanding site-specific ROS formation within the thy-
lakoid membrane is complicated by the fact that the various
components of the PETC participate in several redox reac-
tions, forming a variety of site-specific ROS molecules with
varying reactivity and reaction products. For example, during
conditions of over-excitation, highly reactive and long-lived
chlorophyll triplet states can form and photosensitize mo-
lecular oxygen (O2) to singlet oxygen (1O2) (Halliwell and
Gutteridge, 1984). This short-lived and highly reactive form
of oxygen is mostly associated with photosystem II (PSII)
(Durrant et al., 1990; Telfer et al., 1999) and leads to rapid
peroxidation of proteins, lipids, and nucleotides. On the
other hand, electron transfer within the PETC can result in
the reduction of O2 to form the superoxide anion (O�•

2 ).
This reaction was originally described by Mehler (1951) and
occurs primarily at the acceptor side of PSI (Mehler, 1951;
Furbank and Badger, 1983). To counter this reaction, the
catalyst superoxide dismutase (SOD) enzymatically dismu-
tates two O�•

2 molecules into the oxidant hydrogen perox-
ide (H2O2), with a release of one O2. Although H2O2 is
relatively stable in biological systems, further reduction of
H2O2 can result in the formation of highly destructive hy-
droxyl radicals (HO•). To minimize potential damage from
such destructive molecules, strong ROS scavenging systems
comprising peroxiredoxins, ascorbate, and ascorbate peroxi-
dase enzymes (Asada, 2006) operate in both the thylakoid
membrane and in the stroma. They facilitate the complete
enzymatic two-electron reduction and protonation of H2O2,
thereby yielding two water molecules and completing an
electron pathway described as the water–water cycle (WWC)
(Asada, 1999). Despite the antioxidant systems that can effi-
ciently quench ROS, a growing body of evidence suggests
that photosynthetically derived ROS such as H2O2 act in envi-
ronmental sensing (Mubarakshina and Ivanov, 2010) and
intercellular relay of information (Fichman et al., 2019) or
function directly as a retrograde signal exported from the
chloroplasts to the nucleus (Exposito-Rodriguez et al., 2017;
Gollan and Aro, 2020).

Numerous strategies to measure site-specific ROS forma-
tion in PETC have been developed and applied over several
decades, using isolated photosynthetic complexes, thylakoid
membranes, or intact leaves. The resulting literature suggests
that in addition to the Mehler reaction at PSI, O�•

2 and
H2O2 can form within the PETC at heavily reduced PSII
(Tiwari and Pospisil, 2009), the PQ pool (Khorobrykh and
Ivanov, 2002; Mubarakshina and Ivanov, 2010; Mubarakshina
Borisova et al., 2012; Khorobrykh et al., 2015), plastid termi-
nal oxidase (PTOX) (Heyno et al., 2009), and cytochrome b6f

(Cyt-b6f) complex (Baniulis et al., 2013). The current work
aimed at resolving whether the O�•

2 produced in these dif-
ferent sites is rapidly quenched or whether it can induce an
accumulation of H2O2 in PETC that can migrate from one
cellular location to another and allows H2O2 to function as
a secondary messenger for plant acclimation to specific envi-
ronmental cues. To this end, by using strict biophysical and
biochemical controls, we measured the true capacity of oxy-
gen reduction/consumption at different sites in PETC (PSI,
PSII, PQ-pool, and Cyt-b6f) in proportion to the PSII water
oxidation rates.

It is necessary to revisit site-specific ROS formation in the
thylakoid membrane, incorporating stronger controls, higher
precision and with the capacity to discriminate O2 reduction
and true H2O2 accumulation. Incorporating lessons from
our recent finding of the failure of DNP-INT to completely
block electron transfer to PSI (Fitzpatrick et al., 2020), we
have taken a methodical three-step approach to re-examine
H2O2 formation and accumulation in isolated thylakoids of
Arabidopsis (Arabidopsis thaliana) and have then tested our
conclusions in vivo.

As the first step, to avoid artifacts from any residual activity
of the PSI Mehler reaction, we measured P700 redox kinetics
under experimental conditions to verify that each PETC in-
hibitor (Figure 1, as described schematically) completely
blocked the re-reduction of oxidized P700 (P700 + ). As the
second step, we took advantage of the fact that isolated thy-
lakoids lack the stroma and terminal electron acceptor
NADP + , and thus the electrons derived from oxidation of
H2O at PSII are transferred terminally to O2 via the PETC.
The overall process can be dissected into partial reactions
(Asada, 2006; Figure 1, Reactions 1–4). These partial reactions
can be estimated from the stoichiometry of O2 produced
and O2 consumed at each step. Reaction (1)—The oxidation
of two H2O molecules at PSII releases one O2 and four elec-
trons into the PETC. Reaction (2)—The four electrons reduce
four O2 molecules to O�•

2 . Reaction (3)— The four O�•
2 dis-

mutate or decompose (rapidly) into two H2O2 molecules,
reforming two molecules of O2. Such reactions are enzymati-
cally catalyzed by thylakoid-bound SODs. Reaction (4)—A
complete degradation of two H2O2 further yields one mole-
cule of O2 and two H2O, the latter reforming the H2O origi-
nally oxidized at PSII, resulting in a net O2 flux of zero.
Noteworthy, if thylakoid bound ascorbate peroxidases and
peroxiredoxines would eliminate the accumulation of H2O2,
the whole process would end at Reaction (3) with produc-
tion of H2O in the WWC. This means that upon addition of
external catalase (Cat), Reaction (4) would not commence.
This would limit the O2 flux ratio to Reaction (3) as shown
in the scheme in Figure 1, which, however, was not the case
in current experiments. At each of these four steps the stoi-
chiometric ratio of O2 produced to O2 consumed varies,
which we describe as the O2 flux ratio (Figure 1, O2 flux ra-
tios). The O2 flux ratio was quantified with MIMS by separat-
ing the two events from each other, that is the rate of PSII
H2O splitting reactions was measured by the production rate
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of the naturally abundant O2 isotopolog (Figure 1, 16O2, blue
font), while O2 reduction reactions were determined by the
consumption rate of the artificially enriched heavy O2 isoto-
polog (Figure 1, 18O2, red font).

The key advantages of the first and second steps of our
approach, compared with measuring net O2 fluxes polaro-
graphically, are that (1) no assumptions are required to de-
termine the number of electrons entering the PETC, (2) the
1:1 ratio of Reaction 4 is measurable, even if H2O2 is catalyti-
cally decomposed, and (3) it is possible to clearly observe
when O2 was consumed in the absence of electron trans-
port, that is, to observe the 0:1 stoichiometry described in
Reaction 5 (Figure 1), which results from lipid/protein perox-
idation reactions such as those resulting from 1O2 forma-
tion. As the third step in our approach, electron
paramagnetic resonance (EPR) spin-trapping was applied to
thylakoid samples under similar experimental conditions.
This enabled us to directly infer the ROS formed at each

location in the PETC, to support the observations and con-
clusions made with the MIMS data.

Results

Controlling ROS formation at PSI resulting from
partial blockage of PETC
As described in Figure 1, application of specific inhibitors
enables systematic segmentation of the PETC into discrete
components. It was then possible to measure the site-
specific ROS formation of each component with MIMS or
EPR. However, the efficacy of each inhibitor to completely
block the re-reduction of oxidized P700 (P700 + , special chlo-
rophyll pair in PSI) had to be systematically confirmed via
P700 spectroscopy, using a Dual PAM, under emulated ex-
perimental conditions (Figure 2), in order to avoid any arti-
facts during measurement of illuminated samples with EPR
or MIMS from a still active PSI Mehler reaction. The oxida-
tion of P700 was achieved through application of a

Figure 1 Schematic description of O2 reduction, H2O2 accumulation, and H2O2 decomposition cycle operating in isolated thylakoid membrane
samples, highlighting labeled isotope reactions and the targets of specific PETC inhibitors, and catalysts, used in this study. Water oxidation at PSII
generates a 16O2, represented in blue font, and releases four electrons into the PETC, represented by yellow arrows. These four electrons reduce
four artificially enriched 18O2, represented in red font. According to the reactions presented at the top right, the superoxide is dismutated into
H2O2 and finally back to H2O, reproducing the H2O originally oxidized but now containing a red, labeled O2. This final reaction can be catalyzed
by externally added catalase (Cat) in the isolated thylakoids, which instantly pushes the cycle to the end. Breaking the complete cycle into partial
reactions (Reactions 1–4) provides a stoichiometric gas flux ratio to associate each step of the cycle back to the O2 production to consumption ra-
tio being measured with MIMS. Reactions 1 and 4 have the same ratio but are distinguished by the O2 uptake component, occurring only with ar-
tificial acceptors. Three well-known inhibitors DCMU, DBMIB, and HgCl2 are shown at the site of inhibition in electron transport chain that is the
PQ-pool reduction at QB binding site, the PQ-pool oxidation at Cyt-b6f and the plastoquinone reduction at Cyt-b6f. Reaction 5 is a variant of the
ratio, predicted from observations that DCMU blocks all water oxidation but samples were still able to consume O2 in a light dependent manner,
suggesting 1O2 or organic peroxide formation. PQ, plastoquinone.

114 | PLANT PHYSIOLOGY 2022: 189; 112–128 Fitzpatrick et al.



background far red (FR) light (128mmol photons m–2 s–1)
and following simultaneously the re-reduction of P700 by
activation of the PSII catalyzed electron transfer for 50ms
(singleturnover, ST flash) and 50 ms (multiple turnover, MT)
by exposure of strong actinic light pulses (10,000mmol pho-
tons m–2 s–1). The redox measurement and quantification
of P700 in Dual PAM is based on strong absorption charac-
teristics of oxidized P700 between 800 and 840 nm. A differ-
ence of transmittance between the 875 and 830 nm in
darkness shows completely reduced P700. The calibrated ki-
netic signal of P700 is represented as DI/I � 10–3 units. The
following inhibitors were tested and used: (1) DCMU, as an
inhibitor of PQ pool reduction, enabled PSII to be heavily re-
duced (Witt et al., 1968), (2) DBMIB, as an inhibitor of PQ
oxidation by Cyt-b6f, enabled complete reduction of PSII
and the PQ pool (Bauer and Wijnands, 1974), and (3) HgCl2,
as an inhibitor of plastocyanin (PC) function, enabled reduc-
tion of PSII, PQ pool, and Cyt-b6f (Kimimura and Katoh,
1972). Historically, DNP-INT has been used to block reduc-
tion of Cyt-f while enabling interaction of the low potential
chain of Cyt-b6f complex with plastosemiquinone, consid-
ered necessary for the formation of O�•

2 within the PQ-pool
(Khorobrykh and Ivanov, 2002; Mubarakshina and Ivanov,
2010). However, in an attempt to maintain such dynamics
between the PQ pool and Cyt-b6f in isolated thylakoids and
leaf discs, we observed that DNP-INT failed to completely
block the reduction of PSI (Fitzpatrick et al., 2020). Hence,
HgCl2 was considered the best available alternative.
Although HgCl2 has been reported to have multiple inhib-
itory effects on photosynthetic apparatus (Carpentier,
2001), we observed strong PSII activity in isolated

thylakoid membranes in the presence of HgCl2 under
both growth light (GL) and high light (HL) (see
Supplemental Figure S1).

Freshly prepared isolated thylakoid (Figure 2A) and intact
leaf (Figure 2B) samples from Arabidopsis were incubated in
darkness with 10mM DCMU, 10mM DBMIB, or 2 mg mL–1

HgCl2 (we found HgCl2 toxic to intact leaves so this inhibi-
tor was applied only for isolated thylakoid samples). As neg-
ative controls for blocking PSI activity, 10mM methyl
viologen (MV; catalyst of O2 reduction at PSI acceptor side)
and untreated control samples were also measured. During
the preceding dark incubation, a single saturating pulse (SP)
of actinic light revealed an overall capacity of each sample
to rapidly oxidize P700 followed by fast re-reduction in all
samples except for the HgCl2-treated thylakoids.
Subsequently, the electrons released from water by PSII into
the PETC by actinic light pulses transiently reduced P700 +

in both sets of untreated control samples (Figure 2, A and
B, black traces), evidenced by the pulse length-dependent
decrease, or “dip” of the P700 + signal, before being fully re-
oxidized by the continuous FR background light (Tiwari
et al., 2016). In contrast, no transient dip was observed in
the P700 + signal when thylakoid samples were treated with
DCMU, DBMIB, or HgCl2 (Figure 2A, red, blue, and pink
color traces), or in leaves treated with DCMU or DBMIB
(Figure 2B, red and blue traces). This confirmed that these
inhibitors blocked all electron transport from PSII to PSI.
Uniquely, HgCl2 blocked the re-reduction of P700 + in iso-
lated thylakoid samples following the actinic light pulse in
the initial dark phase of the measurement (Figure 2A, pink
trace). This was consistent with HgCl2 targeting the function

Figure 2 Comparison of site-specific inhibitors in blocking electron flow from PSII to PSI. Dark-adapted isolated thylakoids, or intact leaves, were
exposed to a saturating pulse (SP) of actinic light. Following this, P700 re-reduction was measured under FR background illumination by firing
strong actinic light (10,000mmol photons m–2 s–1) pulses for 50 ms (ST) and 50 ms (MT) on (A) isolated thylakoids equivalent to chlorophyll con-
centration of 80 mg chl mL–1 in measuring buffer containing the uncoupler NH4Cl (5 mM) and (B) intact leaves. Leaves were infiltrated in darkness
using water for the control sample. Inhibitors/modulators were used at 10 mM concentration, except for HgCl2 used at 2 mg mL–1. Representative
curves averaged from minimum three to five biological replicates (n = 3).
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of PC, which was then severely restricted in its capacity to
deliver electrons to P700 + throughout the rest of the mea-
surement. Samples infiltrated with MV (Figure 2, A and B,
green traces) exhibited clear actinic light dependent dips.
However, due to the accelerated rate of re-oxidation pro-
duced by the artificial PSI acceptor, and catalyst of O�•

2 for-
mation, the “dips” following ST and MT pulses were
“narrowed” compared with the control samples (Figure 2, A
and B, black traces,) in which electrons took longer to find
an acceptor.

O2 flux ratio measured with MIMS positively
identified H2O2 accumulation in thylakoid samples
Freshly prepared thylakoid samples were illuminated at a rel-
atively low light intensity, equivalent to GL (120mmol pho-
tons m–2 s–1), to minimize 1O2 formation and to verify that
H2O2 accumulation results in a 1:2 O2 flux ratio (Figure 1)
in MIMS measurements (Figure 3, A–G). To ensure that the
O2 flux ratios were calculated based on light-dependent O2

fluxes, the background dark rate of O2 consumption (also
observed in Furbank and Badger (1983) was offset to zero.
Control samples (Figure 3A) produced O2 in a relatively sta-
ble manner across the 3 min of illumination, at a rate of
�2.5mmol mg chl–1 h–1. The simultaneous rate of O2 con-
sumption was less stable, exhibiting a steady decrease in the
integrated rate over the 3 min of illumination. However, the
initial O2 consumption rate of �5.0mmol mg chl–1 h–1 was
double the initial O2 production rate, resulting in an O2 flux
ratio of 1:2, consistent with accumulation of H2O2

(Figure 1). The addition of Cat (700 unit/mL–1) to rapidly
degrade any H2O2 formed did not drastically affect the rate
or stability of O2 production (Figure 3B). However, it de-
creased the absolute rate of O2 consumption so that it
matched the O2 evolution rate, resulting in the 1:1 O2 flux
ratio expected in the absence of H2O2 accumulation
(Figure 1). It is clear that when H2O2 accumulates, the rate
of O2 consumption is greater than the rate of O2 evolution
(Figure 3, A and C) (red line is a greater magnitude than the
blue line and net rate shown with a gray line is negative). In
contrast, when the accumulation of H2O2 is excluded by the
addition of Cat (Figure 3, B and D) or in samples excluding
PSI function (Figure 3, E–G), we clearly observed that O2

consumption cannot substantially exceed O2 production, as
any H2O2 formed was immediately decomposed, re-releasing
the 18O2.As a positive control for H2O2 accumulation, and
to simultaneously test the sample’s acceptor side limitation
at PSI, 10mM MV was added to thylakoid samples. The O2

evolution
rate increased to 12.5mmol O2 mg chl–1 h–1 and the initial

O2 consumption rate of 25.0mmol O2 mg chl–1 h–1 repro-
duced the O2 flux ratio of 1:2 observed in control samples
(Figure 3C, observe change in y-axis scale). This result veri-
fied that control samples illuminated at GL were PSI accep-
tor limited; therefore, all components of the thylakoid
membrane were heavily reduced during illumination. The
addition of Cat to MV-treated thylakoid samples

(Figure 3D) replicated the effects of Cat added to control
thylakoids, reproducing a 1:1 O2 flux ratio with no effect on
the rate of O2 production. The strong negative O2 con-
sumption rate following illumination, both in control and
amplified in MV treated samples, suggested that the declin-
ing O2 consumption rate during illumination was a product
of 18O2 release from an accumulated H2O2. This was sup-
ported by the observation that the sum of the O2 consump-
tion rate at the end of the light period and the negative
rate at the beginning of the dark period approximated the
initial O2 consumption rate in untreated control and MV
samples (for a more detailed explanation of interpreting
time-resolved gas flux transients, and how the negative O2

consumption burst has been interpreted as the decomposi-
tion of an accumulated H2O2 pool, refer to Supplemental
Figure S2). In the summary bar chart of the O2 flux ratios
(Figure 3H), it can be seen that the control and MV treated
samples exhibited an O2 flux ratio of 1:2. Conversely, in sam-
ples where Cat precluded H2O2 accumulation an O2 flux ra-
tio of 1:1 was observed. Hence, MIMS was able to
discriminate between isolated thylakoid samples in which
H2O2 was accumulated from those in which the H2O2 was
rapidly decomposed.

MIMS confirms that O2 reduction at PQ-pool and
Cyt-b6f cannot accumulate H2O2

To compare the site-specific capacity of heavily reduced
PETC components upstream of PSI to generate ROS and
accumulate H2O2 in vitro, we measured the O2 flux ratios
of freshly isolated thylakoid samples incubated with
10 mM DCMU, 10 mM DBMIB, or 2 mg mL–1 HgCl2. Based
on the results of MV addition to isolated thylakoids, dis-
cussed above, we were confident that components within
the PETC were heavily reduced at GL irradiance.
Incubation with DCMU clearly impaired all O2 production
(Figure 3E) and although noisy, O2 consumption was min-
imal. In contrast, samples incubated with DBMIB exhib-
ited strong O2 production by water oxidation at the
initiation of illumination, in the absence of commensurate
O2 consumption. This resulted in an initial O2 flux ratio
of 1:0 (Figure 1, Reaction 1), consistent with DBMIB
accepting electrons from PSII as reported previously
(Lozier and Butler, 1972). The rate of O2 production
peaked; presumably as available DBMIB was fully reduced
and then slowed as O2 consumption became the primary
electron sink (more evidence that samples were acceptor-
limited). The steady-state rate of O2 production and con-
sumption of �1.0 mmol O2 mg chl–1 h–1 (Figure 3F) com-
prised an O2 flux ratio of 1:1. This ratio matched the
addition of Cat to control and MV treated thylakoid sam-
ples. According to the results of a DBMIB concentration–
response curve, the integrated area of the O2 evolution
peak was DBMIB concentration-dependent (r2 of 0.99)
while the steady-state rate following the peak was DBMIB
concentration-independent (Supplemental Figure S3).
This result thus suggested that DBMIB was not acting as a
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redox intermediate in the steady-state O2 consumption
pathway. Incubating thylakoids with HgCl2 (Figure 3G)
produced a very similar PSII activity as that in DBMIB
samples, exhibiting a steady-state rate of O2 production
�1.0 mmol O2 mg chl–1 h–1 and a 1:1 O2 flux ratio.
Importantly, the lack of a large initial peak in O2 production
supported the conclusions drawn from the DBMIB concen-
tration–response curve (Supplemental Figure S3). The small
initial peak in O2 production observed with HgCl2 was also
evident in control samples with and without Cat (Figure 3,
A and B) but absent from DCMU curves, suggesting it was
the product of reducing a small intrinsic pool of acceptors
between PSII and PSI, likely the PQ pool.

The fact that HgCl2 and DBMIB samples exhibited almost
identical steady-state rates and a 1:1 O2 flux ratio at GL sup-
ported the contention that a pathway to O2 reduction
operates within the thylakoid membrane. While this

pathway upstream of PSI exhibited a smaller capacity to re-
duce O2 compared to the PSI Mehler reaction, it clearly sup-
ports PSI independent steady-state turnover of PSII. PTOX
may be a candidate to explain such a pathway, reducing O2

to H2O with reductant from PQH2 (Cournac et al., 2000). In
an effort to control for PTOX function, we repeated DBMIB
measurements in the presence of the widely used PTOX
inhibitors n-propyl gallate or octyl gallate (Cournac et al.,
2000). Unexpectedly in our measurements, both treatments
enhanced O2 production (PSII activity) and O2 consump-
tion, even in the presence of DCMU (Supplemental Figure
S4, with short discussion of these experiments). We did not
investigate this result further, concluding that based on
analysis of the P700 kinetics of isolated thylakoids
(Figure 2A) and the O2 Flux ratios of thylakoid samples
(Figure 3H), H2O2 can only accumulate in the thylakoid
membrane if electrons are able to reach PSI.

Figure 3 Integrated rates of 16O2 production and 18O2 consumption by isolated thylakoid samples, measured simultaneously at 120mmol photons
m–2 s–1 with MIMS. Illumination of samples represented by yellow bar with gray representing darkness. Curves A, untreated control; B, untreated
control + Cat; C, 10mM (MV), D, 10mM MV + Cat (observe increased scale for c and d), E, 10 mM DCMU, F, 10 mM DBMIB and G, 2 mg mL–1

HgCl2 are the product of averaging minimum three replicates plotted with standard error. H, The ratios of O2 production to consumption rates
were calculated as described in text and plotted as a decimal value to highlight conditions in which H2O2 could accumulate, based on the stoichi-
ometry of partial reactions from O2 reduction to water formation again. All measurements were performed in measurement buffer containing the
uncoupler NH4Cl (5 mM). All curves are an average of minimum three representative replicates (n = 3) plotted with standard error (6SE).
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Increasing the redox and excitation pressure
highlighted separate ROS pathways within the
thylakoid membrane in vitro
To test the impact of increased excitation and redox pres-
sure on the results described above, we repeated all MIMS
measurements with inhibitors using HL illumination
(900mmol photons m–2 s–1) (Figure 4). The untreated con-
trol samples increased rates of O2 production and consump-
tion to �5 and 10mmol O2 mg chl–1 h–1, respectively
(Figure 4A), while the 1:2 O2 flux ratio was maintained. We
assured that relatively low rates observed were a result of
the lack of electron acceptors in isolated thylakoids (no ex-
ternally added ferredoxin [Fd]) and the absence of extra
SOD in our experiments. Contrasting to untreated control
thylakoids, the DCMU response was markedly different at
higher illumination. The dosage required to fully impair PSII
function increased to 50mM and a strong light-dependent,
Cat independent, O2 consumption was observed at a rate of
�1.5mmol O2 mg chl–1 h–1 (Figure 4, B and F), consistent
with previously published observations (Khorobrykh et al.,
2011). The O2 flux ratio of 0:1 in DCMU-treated thylakoids
was consistent with activity of Reaction 5 (Figure 1), sug-
gesting peroxidation of lipids and membranes via formation
of 1O2 and/or organic peroxides (Khorobrykh et al., 2011), in
the absence of water splitting at PSII. Addition of Cat had
no effect on the measured rates (Figure 4F) confirming that
H2O2 accumulation was not behind the observed O2 con-
sumption. This is in line with findings, based on the use of
the fluorescent biosensor HyPer2, that PSII cannot generate
H2O2 in the presence of DCMU (Exposito-Rodriguez et al.,
2017). Increased irradiance also affected the DBMIB and
HgCl2 treatments. Steady-state O2 production by DBMIB
treated samples increased by �50%, from 1.0 up to 1.5mmol
O2 mg chl–1 h–1 (Figure 4C), while it increased three-fold in
the HgCl2 samples, from �1.0 to 3.0mmol O2 mg chl–1 h–1

(Figure 4D). However, O2 consumption rates in both treat-
ments increased by a larger relative amount than O2 pro-
duction, shifting the apparent O2 flux ratio toward 1:2
(Figure 4E). Although, based on the O2 flux ratio, this sug-
gested that H2O2 was accumulating within the thylakoid
membrane, we observed that the rate of O2 consumption in
DBMIB samples was insensitive to Cat (Supplemental Figure
S5A, we could not measure HgCl2 samples with Cat due to
the toxicity of Hg2 + for the Cat enzyme). We suspect that
the isolated thylakoid samples experience strong acceptor
side limitation at PSII. This was exacerbated by the higher ir-
radiance which increased the probability of chlorophyll trip-
let states and therefore 1O2 formation. The 1O2 associated
lipid/membrane peroxidation was enhanced by the HL treat-
ment, resulting in a strong background rate of O2 consump-
tion not associated with electron transport or O�•

2

formation, previously defined as DCMU insensitive O2 con-
sumption (Furbank and Badger, 1983).

This interpretation was supported when we tested
MV + Cat at HL, in which a small Cat insensitive O2 con-
sumption was also observed (Supplemental Figure S5B). In

order to account for the contribution of 1O2 formation in
calculating the absolute O2 flux ratios of DBMIB and HgCl2
samples, the DCMU + Cat rates were directly subtracted
from the DBMIB and HgCl2 results (Figure 4, G and H).
Resultant curves from both DBMIB and HgCl2 treatments
were almost identical to those measured at GL, excluding
the slight increase in steady-state gas fluxes. Both exhibited
an O2 flux ratio of �1:1 (Figure 4E), further supporting that
H2O2 cannot accumulate within the thylakoid membrane at
either PSII, the PQ pool, or Cyt-b6f complex. This conclusion
was further reinforced by the insensitivity to Cat of the HL
enhanced O2 uptake of DBMIB-treated thylakoid samples
(Supplemental Figure S5A).

EPR spin trapping data, consistent with conclusions
from in vitro MIMS measurements, support the
function of PTOX
To test conclusions relating to ROS formation in the PETC
based on MIMS measurements, we next applied EPR spin
trapping to isolated thylakoid samples. We used 5-(diisopro-
poxyphosphoryl)-5-methyl-1-pyrroline-N-oxide 2-diisopropyl-
phosphono-2-methyl-3,4-dihydro-2H-pyrrole-1-oxide
(DIPPMPO), a more lipophilic spin trap with higher sensitiv-
ity and greater adduct stability for O�•

2 (DIPPMPO-OOH),
OH–• (DIPPMPO-OH), and carbon-centered adducts
(DIPPMPO-R) than other commonly used spin traps like
DMPO (Villamena, 2017). Isolated thylakoids were incubated
with DIPPMPO in darkness for 5 min, before sample illumi-
nation with actinic light for 3 min at 150mmol photons m–2

s–1. Samples were then centrifuged and the supernatant
transferred into an EPR capillary for measurement, while the
pellet was discarded. To compare the relative capacity for
ROS formation at different locations within the PETC com-
pared with untreated controls, the inhibitors DCMU and
HgCl2 were applied across a series of measurements with
MV included as a positive control for enhanced O�•

2 adduct
formation. Based on our MIMS results on redox activity of
DBMIB (Figures 3F and 4, C and G), we excluded DBMIB
from EPR measurements as it is also known to alter the re-
dox potential of the iron–sulfur clusters of PSI and Cyt-b6f
complex (Malkin, 1981), thus possibly producing artifacts
and interference in EPR spin trapping of ROS.

To control putative background EPR signals, potentially
arising from DIPPMPO incubation with isolated thylakoids
and the inhibitors, the EPR response of each sample was
measured after 5 min of dark incubation. No EPR signal was
produced in darkness (Figure 5A). Illumination of the spin
trap with control thylakoids generated a clear spin trap-ROS
adduct signal (Figure 5B, black trace) which increased two-
to three-fold through addition of MV (Figure 5B, purple
trace). We performed a simulation fitting of the experimen-
tal EPR spectra to figure out what proportion of different
radicals are present in it. Auto simulation was performed by
Winsim application using previously reported values of hy-
perfine coupling constants for DIPPMPO adducts (Chalier
and Tordo, 2002), setting a 1% limit for g-value and
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hyperfine coupling constants but enabling automatic adjust-
ment for other parameters during fitting. The best fit simu-
lated spectrum of DIPPMPO radical is obtained (Figure 5C)
for an experimental spectrum of untreated control thyla-
koids (Figure 5B, upper trace). It contained �73% O�•

2 ad-
duct (DIPPMPO-OOH), 18% OH–• (DIPPMPO-OH), and 9%
carbon-centered adduct (DIPPMPO-R). Variation of 5%–10%
was observed in the contribution of superoxide and hy-
droxyl adducts between biological replicates.

The addition of DCMU decreased the measured spin-trap
signal by 90% compared with untreated controls (Figure 5B).
A very weak signal in DCMU treated thylakoids comprised
�65% carbon-centered radicals and only small contributions
were observed from O�•

2 and OH–• adducts (Figure 5B, blue
trace). This was consistent with the 0:1 O2 flux ratio
(Figure 1, Reaction 5) observed in MIMS data (Figure 4B)
and the peroxidation of lipids and membranes via formation

of 1O2 and/or organic peroxides (Khorobrykh et al., 2011).
The addition of HgCl2 reduced the adduct signal up to 95%
compared with the untreated control samples (Figure 5B,
green trace), despite MIMS data showing that HgCl2 only
slowed PSII O2 evolution, and associated O2 consumption,
by �40% (Figures 3G and 4H). While the O2 dynamics
strongly suggest that electrons produced through oxidation
of water at PSII were accepted by O2, the lack of O�•

2 adduct
formation infers enzymatic reduction of O2 to water, with-
out formation of ROS. Such a pathway is reminiscent of the
flavodiiron proteins functional at the PSI acceptor side in
lower-order phototrophs and gymnosperms (Il�ık et al., 2017)
and makes it conceivable that PTOX performs a similar
function in flowering plants. The data are also consistent
with function of the theorized PQH2/PQH– mechanisms for
formation and quenching of O�•

2 (Khorobrykh and
Tyystjärvi, 2018). However, spin-traps are notorious for their

Figure 4 Integrated rates of 16O2 production and 18O2 consumption by isolated thylakoid samples, measured simultaneously at 900mmol photons
m–2 s–1 with MIMS. Illumination of samples represented by yellow bar with gray representing darkness. A, untreated control, B, 50mM DCMU C,
10 mM DBMIB, and D, 2 mg mL–1 HgCl2. O2 consumption rates increased more than O2 production rates in all inhibited samples, compared with
measurements at 120 mmol photons m–2 s–1. F, 50 mM DCMU + Cat suggests 1O2 formation as a likely reason for increased O2 consumption, sub-
sequently this curve was subtracted from both DBMIB and HgCl2 curves resulting in (G) DBMIB-(DCMU + Cat) and (H) HgCl2-(DCMU + Cat). E,
Plotting O2 production to O2 consumption ratios from all curves highlights that subtraction of O2 consumption associated with peroxidation of
lipids, proteins, and membranes by 1O2 resulted in the return of O2 flux ratios that exclude the accumulation of H2O2. All curves are an average of
minimum three representative replicates (n = 3) plotted with standard error (6SE). All measurements of isolated thylakoids were performed in
measurement buffer containing the uncoupler NH4Cl (5 mM).
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inefficiency at penetrating the membranes, making this data
difficult to interrogate further. Despite this, the suppression
of the EPR spin-trap signal (Figure 5B), in conjunction with
the 1:1 O2 flux ratio measured with MIMS (Figures 3G and
4H), rules out the accumulation of H2O2 in HgCl2-treated
thylakoid samples. As HgCl2 enabled the reduction of all
components upstream of PSI, these data offer robust evi-
dence that stable accumulation of H2O2 requires PSI activity.

Detecting photosynthetic H2O2 accumulation via O2

stoichiometry in leaf discs
To test the applicability of our in vitro findings, we devel-
oped a MIMS methodology to estimate O2 flux ratios in
vivo (Arabidopsis leaf discs), under similar conditions to
those tested with isolated thylakoids. As the primary termi-
nal electron acceptor in leaves is CO2 and mitochondrial
respiration is a large contributor to O2 consumption, it was
not possible to simply divide the gross O2 production rate
by the gross O2 consumption rate. Alternatively, we esti-
mated the O2 flux ratio associated specifically with the
steady-state WWC determined in the absence of photorespi-
ration. Assuming a 1:1 ratio between 16O2 evolution and
13CO2 (artificially enriched) fixation by Rubisco during oxy-
genic photosynthesis, we determined the difference between
the production of electrons at PSII and the consumption of
electrons by the Calvin–Benson–Bassham (CBB) cycle. This
difference provided an upper limit of 16O2 production spe-
cifically linked to the WWC. The rate of 18O2 consumption
associated with the Mehler reaction was then determined
by subtracting the rate of 12CO2 produced by mitochondrial
respiration, from the gross rate of 18O2 consumption

(assuming a 1:1 ratio between CO2 production and O2 con-
sumption during aerobic mitochondrial respiration). By si-
multaneously measuring the fluxes of four stable isotopes,
representing isotopologs of both O2 and CO2, we could esti-
mate the steady-state rate of O2 production and O2 con-
sumption associated specifically with the WWC and hence,
estimate the in vitro and in vivo O2 flux ratio according to
the scheme in Figure 1.

Arabidopsis leaf discs (12.5 mm in diameter) were floated
overnight in near darkness on water containing 10mM
DCMU, 10mM MV, or 10mM DBMIB (or plain water—
untreated control), then sealed into the MIMS cuvette and
purged with air scrubbed of all 12CO2 (Soda Lime, Li-Cor
USA). To this 3% 13CO2 and 2% 18O2 were injected by vol-
ume (total O2 �21%). After a few minutes darkness to en-
sure isotopic equilibrium throughout the sample, data
acquisition was initiated. An illumination protocol of 3 min
darkness, 5 min at GL, 5 min at HL, and 3 min darkness was
applied. In the data, all samples exhibited an apparent
“peak” of 18O2 production during transition from GL to HL,
and 18O2 uptake following transition from HL to darkness.
This trend was also observed in the blank control measure-
ments (Supplemental Figure S6) indicating that it was an ar-
tifact, potentially a light effect on the membrane. To avoid
this artifact and emphasize the steady-state results in the
main panels, the integrated gas flux rates versus time
(Figure 6, A, B, D, and E) are displayed with breaks in the x-
axis. For reference, the inset figures display the full curves.
All rates used to calculate the O2 flux ratios (Figure 6F) are
based on the averaged steady-state fluxes measured from
minimum three biological replicates. These values are

Figure 5 Light-induced superoxide formation in isolated thylakoids. Superoxide was measured by spin trapping with DIPPMPO (A) in the dark
and (B) after 3 min of illumination with white light (150 lmol photons m–2 s–1). Typical spectra of DIPPMPO-OOH with hyperfine splitting con-
stants (cis aP 4.968 mT, aN 1.314 mT, aH 1.102 mT; trans aP 4.95 mT, aN 1.301 mT, aH 1.022 mT), DIPPMPO-OH (aP 4.659 mT, aN 1.414 mT, aH

1.339 mT) and DIPPMPO-R (aP 4.59 mT, aN 1. 491 mT, aH 2.22 mT) adducts were measured in the presence of DCMU (QB–site inhibitor), HgCl2
(PC inhibitor), and MV (Catalyst of O2 reduction at PSI). C, Simulated spectra of the experimental spectrum of control thylakoids from (B), Light
upper trace consisting of different proportion of each DIPPMPO-OOH, DIPPMP-OH, and DIPPMPO-R are shown. Thylakoids were isolated from 6-
week-old plants, grown under constant light of 120 lmol photons m–2 s–1 with dark and light cycle of 16/8 h. Thylakoids equivalent to 150 lg chl
mL–1 were illuminated with actinic light (150 lmol photons m–2 s–1) in the presence of 50 mM DIPPMPO, 100 lM desferal, and 50 mM Hepes–
NaOH (pH 7.5) with each electron transfer modulator DCMU (10 mM), HgCl2 (2 mg/150mg chl), and MV (10 mM). EPR settings were microwave
frequency 9.41 GHz, center field 336.2 mT, field sweep 15 mT, microwave power 5 mW, modulation frequency of 100 kHz, modulation width of
0.05 mT, sweep time 60 s. A minimum three to five independently isolated thylakoid samples (n = 3) were used for the final spectra, and five accu-
mulations were recorded from each sample.
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presented as a table in the supplementary data
(Supplemental Table S1).

Untreated control leaf discs (Figure 6A) performed as
expected in a high CO2 environment. Rates of O2 produc-
tion and CO2 fixation (Figure 6, blue and green curves) were
strongly related across all irradiances. The 12CO2 efflux gen-
erated by mitochondrial respiration apparently decreased in
association with increasing irradiance (Figure 6, A–E, pink
line, Figure 6C, highlighted by purple line). This result was
likely a product of CO2 re-fixation (Busch et al., 2013), as
such dark respiration was assumed to be constant when cal-
culating the in vivo O2 flux ratio from untreated control
discs, as concluded by Farquhar and Busch (2017). The rate
of O2 production providing electrons used specifically in the
Mehler reaction of control discs was estimated at 0.4 6 0.3
and 0.7 6 0.6mmol O2 m–2 s–1 at GL and HL, respectively.
This matched the estimated rate of Mehler O2 consumption
of 0.4 6 0.1 and 0.6 6 0.4mmol O2 m–2 s–1 at GL and HL.

The resulting in vivo O2 flux ratio of �1.0 (GL = 1.0 6 0.1,
HL = 1.1 6 0.1) discounted accumulation of H2O2, as

expected with an elevated CO2 atmosphere. Despite differ-
ences in methodology, these rates compare well with previ-
ous MIMS-based estimates of Mehler-specific O2

consumption under similar conditions (Mubarakshina and
Ivanov, 2010).

The DBMIB treatment completely impaired 13CO2 fixation
(Figure 6D, green line) and had no effect on 12CO2 efflux
(Figure 6C, black line). However, light-dependent O2 produc-
tion was evident and it corresponded with an increase in
the rate of O2 consumption above that required for mito-
chondrial respiration. This result supports the function of an
O2 reduction pathway within the thylakoid membrane, ob-
served in vitro, and the calculated O2 flux ratio of �1.0
(GL = 1.1 6 0.4 and HL = 0.9 6 0.3) reinforced the in vitro
conclusions that H2O2 cannot accumulate within the re-
duced PQ pool. The DBMIB dependent O2 production
“peak” was not observed in the leaf discs, potentially due to
chlororespiration during dark incubation preceding the
measurements that may have fully reduced all DBMIB in the
samples before illumination. Contrasting the earlier

Figure 6 The integrated rates versus time of O2 and CO2 fluxes from intact leaf discs measured at three different light conditions. Rate versus
time plots of (A) control, (B) MV, (D) DBMIB, and (E) DCMU infiltrated leaf discs. Inset shows complete curves and the main figure highlights
steady-state rates across the dark and two light intensities GL = 120 (from 300 to 600 s) and HL = 900 (600–720 s) mmol photons m–2 s–1, respec-
tively. For direct comparison, part C shows CO2 efflux rates (mitochondrial respiration) from the four treatments. F, O2 flux ratio associated with
Mehler reaction calculated as described in text. All curves average of minimum three representative replicates (n = 3) plotted with standard error
(6SE). The apparent mismatch between activation of light and photosynthetic activity is a result of the integration of rates over time required to
minimize noise and allowing a focus on steady-state rates.
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experiments, DCMU infiltration was not completely effec-
tive, although it severely impaired O2 production during illu-
mination (Figure 6E). However, this O2 production was
matched by commensurate CO2 fixation during illumination
(GL = 0.1 6 0.06, HL = 0.2 6 0.2mmol m–2 s–1). Importantly,
the illuminated O2 consumption rate doubled from a dark
rate of 0.4mmol O2 m–2 s–1 to �0.8mmol O2 m–2 s–1. In the
absence of any change to the respiratory CO2 efflux
(Figure 6C, green trace) and with all PSII activity accounted
for by CO2 fixation, the light-dependent O2 consumption
was most likely a product of 1O2 formation and associated
peroxidation of lipids, proteins, and membranes. The calcu-
lated O2 flux ratio of zero (Figure 6F) was in-line with our in
vitro MIMS and EPR results and in agreement with pub-
lished literature that H2O2 cannot accumulate at PSII in the
presence of DCMU (Exposito-Rodriguez et al., 2017).

As a final positive control to test the methodology in esti-
mating H2O2 accumulation, we infiltrated leaf discs with
MV. In leaf discs, MV competes with CO2 fixation reactions
for reductant at PSI, impairing rates of CO2 fixation com-
pared with untreated control discs. The accumulation of
ATP that would otherwise be used in the CBB cycle limits
the supply of phosphate for further ATP production. The
subsequent impairment of ATP-synthase results in the accu-
mulation of a strong proton gradient across the thylakoid
membrane, which impairs O2 production and likely results
in a counterintuitively reduced PQ pool as previously de-
scribed (Shapiguzov et al., 2020). The illuminated rate of O2

consumption in MV treated leaf discs was approximately
two-fold the rate of O2 production, suggesting the accumu-
lation of H2O2 (Figure 6B). However, in darkness, MV ap-
proximately doubled the 12CO2 efflux rate associated with
mitochondrial respiration compared with all other samples
(Figure 6C, orange line), as observed by Scarpeci and Valle
(2008). Uniquely for the MV treated samples, the 12CO2 ef-
flux rate was further enhanced by illumination. Assuming
this was due to mitochondrial respiration with a 1:1 respira-
tory quotient accounted for a substantial portion of the in-
crease in O2 consumption. This observation was only
possible due to our application of the 13CO2 offset method,
which enabled an accurate O2 flux ratio of 0.7 6 0.05 to be
determined at both GL and HL. This ratio supports the for-
mation and accumulation of some photosynthetically de-
rived H2O2, as more O2 was consumed than produced by
PSII. However, the ratio also suggests that ROS scavenging
components associated with the WWC were able to manage
approximately half of the H2O2 produced in the presence of
MV, at the impaired rates of PSII activity. Although the sig-
nal-to-noise ratio of this in vivo method could not discrimi-
nate subtle events, the in vivo data broadly supported the
in vitro conclusions that (1) H2O2 could not accumulate at
PSII (2) an O2 reduction pathway operates in the presence
of DBMIB which precludes the accumulation of H2O2. In ad-
dition, application of 13CO2 to discriminate mitochondrial
respiration from CO2 fixation by the CBB cycle unexpectedly
revealed a light-dependent stimulation of mitochondrial

respiration in MV treated leaf discs, which we examined
further.

Functional evidence suggests that H2O2

accumulation induces cooperation between
chloroplasts and mitochondria
Infiltration with MV resulted in a light-dependent increase
in mitochondrial 12CO2 efflux. This respiratory “burst” oc-
curred after the light-dependent increase in O�•

2 production
and H2O2 accumulation in chloroplasts (Figure 6B, compare
the red and pink curves, note that apparent “early” light re-
sponse in data is an artifact from integrating data points
over 30 s, all gas fluxes were integrated equally). Generation
of O�•

2 and subsequent H2O2 formation also occurs in
Complex-I of mitochondria, and can be specifically inhibited
by rotenone, without affecting the TCA cycle or oxidative
phosphorylation. To further probe the mitochondrial 12CO2

efflux, we vacuum infiltrated leaves also with Cat and with
rotenone. Neither compound affected the gas exchange
trends of 12CO2 efflux in comparison with untreated control
discs (infiltrated with water) (Supplemental Figure S7, com-
pare blue, pink and black curves). When leaves were infil-
trated with MV + rotenone, samples exhibited a similar
light-induced respiratory burst of 12CO2 efflux as the stan-
dard MV infiltrated leaves (Figure 6C, compare the orange
curve to the red curve in Supplemental Figure S7). Thus, the
chloroplast originated H2O2 was an apparent cause for upre-
gulation of mitochondrial 12CO2 burst. However, leaves infil-
trated with MV + Cat shared dynamics with DCMU and
DBMIB infiltrated discs, showing no light-dependent burst of
12CO2 efflux (Figure 6C, compare green and black curves
with the green curve of Supplemental Figure S7). Therefore,
the light-dependent 12CO2 burst was only apparent follow-
ing infiltration with MV and was not affected by rotenone
but was blocked by Cat. This indicates that MV stops NADP
reduction in chloroplasts and, due to an absence of NADPH,
neither the formation nor the export of malate can take
place from chloroplasts. We speculate this as a possible evi-
dence for H2O2 signaling to mitochondria (Cui et al., 2019),
relating to “malate cycling” (Zhao et al., 2020). It is conceiv-
able that mitochondria are primed to process an influx of
malate during a prolonged PSI acceptor limitation, providing
a buffer to minimize ROS accumulation and damage at PSI
(Noguchi and Yoshida, 2008). As no malate could form in
leaves infiltrated with MV, due to an absence of NADP re-
duction, the primed mitochondria likely increased the rate
of decarboxylation reactions due to an increased sink
availability.

Discussion
ROS produced photosynthetically in chloroplast thylakoid
membrane play a key role in photodamage, environmental
sensing, and photosynthetic regulation. Within this para-
digm, it is proposed that relatively stable ROS, such as H2O2,
can be exported from the chloroplast to act directly as a sig-
nal in fine-tuning nuclear gene expression during plant
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acclimation to changing environments (Exposito-Rodriguez
et al., 2017; Gollan and Aro, 2020), or as a trigger for cellular
processes such as stomatal closure (Wang et al., 2016; Iwai
et al., 2019). Models of ROS signaling require that the sour-
ces of, and responses to (signaling pathway) specific ROS are
well understood. While chloroplast H2O2 signaling pathways
are slowly being defined (Rossel et al., 2007; Bechtold et al.
2008; Dietz et al., 2016; Crisp et al., 2017; Gollan and Aro,
2020), the endogenous sources of specific ROS in the thyla-
koid membrane and the environmental conditions that lead
to their formation are still subject to debate. For example,
the current literature supports the generation of a stable
H2O2 pool, capable of export from the chloroplast, in multi-
ple sites of PETC including the reduction of O2 at PSII
(Tiwari and Pospisil, 2009; Khorobrykh, 2019), the PQ pool
(Khorobrykh and Ivanov, 2002; Mubarakshina and Ivanov,
2010; Khorobrykh et al., 2015), PTOX (Heyno et al., 2009),
Cyt-b6f complex (Baniulis et al., 2013), and PSI (Mehler,
1951; Kozuleva et al., 2020). This broad range of candidates
complicates models of ROS signaling, resulting in debates
like those between Wang et al. (2016) and Iwai et al. (2019).
While both agree that stomatal closure is triggered by chlo-
roplast-derived H2O2, the former argues in favor of reduced
PQ as the source H2O2 and the latter concludes that it
must be sourced from PSI. These discrepancies, together
with our recent finding that the inhibitor DNP-INT, used
historically in this field, fails to completely block re-
reduction of P700 + (Fitzpatrick et al., 2020) prompted us to
re-evaluate the ROS formation by specific PETC components
of the thylakoid membrane. As the application of DNP-INT
in previous studies (Khorobrykh and Ivanov, 2002; Borisova-
Mubarakshina et al., 2018) likely failed to fully inhibit the PSI
Mehler reaction, artifacts may have been reported which
could complicate the models of ROS signaling. By thor-
oughly testing the efficacy of all chosen inhibitors with P700
spectroscopy, and directly quantifying the simultaneous O2

production and consumption reactions with MIMS, we have
taken here an approach to measuring site-specific ROS for-
mation within the PETC, and particularly the accumulation
of H2O2, which minimizes the number of assumptions to be
made during analysis.

H2O2 accumulation via O2 photoreduction in
isolated thylakoids occurs exclusively at PSI
Measuring the stoichiometry of O2 produced and consumed
by isolated thylakoids during illumination enabled the calcu-
lation of an O2 flux ratio, which was anticipated to reach 1:2
when H2O2 accumulated as described previously by Allen
(1977) and Asada (1999, 2006) (Figure 1). As expected, we
observed a 1:2 O2 flux ratio in untreated control and MV-
treated thylakoid samples (Figures 3H and 4E). Further addi-
tion of Cat to these thylakoid samples pushed the ratio
back to 1:1 (Figure 3, B and D), confirming that accumula-
tion of H2O2 was responsible for the observed 1:2 O2 flux ra-
tio. This result fully supports the known fact that the PSI
Mehler reaction generates H2O2 (Mehler, 1951). In stark

contrast to O2 flux results with control- and MV-treated
thylakoids, the isolated thylakoids incubated with HgCl2 and
DBMIB, which we demonstrated with concomitant measure-
ments of P700 redox kinetics to completely block all PSI
function (Figure 2, A and B), exhibited 1:1 O2 flux ratios.
These stoichiometric O2 production and consumption
experiments undoubtedly demonstrate that efficient inter-
chain PETC inhibitors completely block the accumulation of
H2O2 and, conversely, a stable pool of H2O2 can be acquired
in isolated thylakoids only via the activity of PSI.

Separating the formation of H2O2 from its
accumulation within the thylakoid membrane
Stable accumulation of H2O2 produced a 1:2 O2 flux ratio in
our experiments, being consistent to support the function
of a putative direct H2O2 retrograde signal. In contrast, the
1:1 O2 flux ratio that implies no stable accumulation of
H2O2 for export, questions the involvement of thylakoid
components upstream of PSI in the H2O2 related long dis-
tance regulatory processes. However, a substantial body of
previous research suggests that H2O2 can form upstream of
PSI (the PQ pool [Khorobrykh and Ivanov, 2002;
Mubarakshina and Ivanov, 2010; Khorobrykh et al., 2015],
PTOX [Heyno et al., 2009], and Cyt-b6f complex [Baniulis
et al., 2013]). While our data seem to contradict these
works, we postulate that the discrepancies merely highlight
a difference in our approach, which relies on the strength of
the MIMS data in separating H2O2 formation from H2O2 ac-
cumulation. Recall that illumination of control and MV
treated thylakoid samples generated substantial quantities of
H2O2 (Figure 3, A and C), yet a 1:1 O2 flux ratio was ob-
served in the presence of Cat (Figure 3, B and D). In the
same manner, it is plausible that H2O2 may form within the
thylakoid membrane upstream of PSI as previously sug-
gested (Khorobrykh and Ivanov, 2002; Heyno et al., 2009;
Mubarakshina and Ivanov, 2010; Baniulis et al., 2013;
Khorobrykh et al., 2015). Nevertheless, the MIMS data un-
equivocally show that such H2O2 is not stable and must be
rapidly broken down, analogous to the Cat-treated control
samples. Importantly, PSII oxygen evolution was active in
the presence of DBMIB and HgCl2 (Figure 3, B and D), mak-
ing it plausible that O�•

2 was formed and, therefore, also
H2O2 was apparently being transiently produced in the ab-
sence of PSI. It is conceivable that such unstable H2O2 may
be positively detected by sensitive dyes (Cathcart et al.,
1983), spin-traps, specific sensor proteins (Villamena and
Zweier, 2004), or other sensitive methods of H2O2 detection.
For this reason, the capacity of the MIMS method to dis-
criminate between H2O2 that accumulated, versus H2O2

that briefly formed, is an important distinction from the
perspective of the putative H2O2 retrograde signal.

Pathway(s) of O2 photoreduction within the
thylakoid membrane
MIMS measurements of thylakoid samples incubated with
HgCl2 (Figures 3G and 4H) and both thylakoid and leaf

Oxygen reduction capacity during photosynthesis PLANT PHYSIOLOGY 2022: 189; 112–128 | 123



samples incubated with DBMIB (Figures 3F, 4G, and 6D)
maintained steady-state O2 production during illumination.
This PSII activity was associated with commensurate O2 con-
sumption resulting in a 1:1 O2 flux ratio. Both DBMIB- and
HgCl2-treated thylakoid samples exhibited similar O2 flux
rates at GL which did not increase during HL illumination in
the DBMIB-treated samples, a dynamic also observed in
DBMIB infiltrated leaf discs (Figure 6D; Supplemental Table
S1). Conversely, the O2 flux rate doubled in response to HL
in the HgCl2 thylakoid samples (Supplemental Figure S1, di-
rect comparison of thylakoid samples). As the PSII contribu-
tion to O�•

2 formation is relatively low (Khorobrykh, 2019),
the DBMIB pathway (excluding Cyt-b6f) tested the maxi-
mum rate of O2 reduction resulting from direct interaction
between reduced QA, QB or the PQ pool, and O2, potentially
via the theorized PQH2/PQH- O�•

2 formation and quenching
mechanism (Khorobrykh and Tyystjärvi, 2018), and/or di-
rectly via PTOX (Cournac et al., 2000). That the rate was sat-
urated at a low irradiance was consistent with in vitro
characterizations of the PTOX pathway (Nawrocki et al.,
2015). In comparison, the reduction of PQ pool and Cyt-b6f
in HgCl2-treated thylakoids corresponded to an increased
rate of both O2 production and consumption at HL, which
supports the widely held hypothesis that Cyt-b6f can gener-
ate O�•

2 as demonstrated by Baniulis et al. (2013) (as HgCl2
was toxic for leaf discs, a direct comparison between in vitro
and in vivo HgCl2 samples was impossible). We unexpect-
edly found that application of the specific PTOX inhibitors
n-propyl- and octyl-gallate increased the rates of both O2

production and consumption (Supplemental Figure S4),
confounding our attempt to examine the specific contribu-
tion of PTOX to the rate of O2 reduction. The absence of
an EPR spin-trap signal in HgCl2-treated thylakoids supports
a route of catalyzed O2 reduction within the thylakoid
membrane, possibly at PTOX (Figure 5B, green curve). These
results suggest that (1) thylakoid membranes apparently
support at least two separate routes of O2 reduction up-
stream of PSI, (2) both routes of O2 reduction exhibit a
lower absolute capacity than the PSI Mehler reaction, and
(3) none of the O2 reduction pathways upstream of PSI pro-
duce a stable pool of H2O2 that could be exported as a ret-
rograde signal.

A simpler model for H2O2 signaling
Our conclusions broadly support what is already described
regarding the formation of ROS by photosynthetic processes
in the chloroplast (Kozuleva et al., 2020), including our ob-
servation of multiple distinct pathways for ROS formation
associated with the thylakoid membrane. We have not ruled
out that O�•

2 and possibly H2O2 form upstream of PSI and
can be detected by rapidly reacting dyes (Cathcart et al.,
1983), spin-traps, or specific sensor proteins (Villamena and
Zweier, 2004). Despite this, our results dismiss the possibility
that any stable pool of H2O2 can accumulate upstream of
PSI. This finding has important consequences for models of
chloroplast H2O2 retrograde signaling, as it implies that any
H2O2 exported from the chloroplast was formed at PSI. In

the absence of added Fd, isolated thylakoid samples do not
exhibit strong rates of O2 reduction (Furbank and Badger,
1983). This implicates the acceptor side of PSI in O�•

2 forma-
tion. In addition, activity of O2 reduction was efficiently
quenched by the addition of NADP + (Furbank and Badger,
1983), suggesting that the acceptor side capacity of PSI regu-
lates the rate of O�•

2 formation. As no other potential
source of H2O2 formation could generate a stable H2O2

pool within the thylakoid membrane during our experi-
ments, the data suggest that only the PSI acceptor side con-
tributes to H2O2 involved in direct H2O2 retrograde
signaling (Exposito-Rodriguez et al., 2017; Gollan and Aro,
2020). Therefore, the export of H2O2 from the chloroplast
specifically communicates PSI acceptor limitation to the
broader cell.

Based on the available data, we propose that H2O2 suffi-
ciently accumulates for export from chloroplasts only under
conditions where PSI acceptors are fully reduced, and the an-
tioxidant pathways of the WWC have become overwhelmed.
This is in line with the absence of Cat (which does not re-
quire reductant to function or exhibits H2O2 sensitivity;
Mhamdi et al., 2010) from chloroplasts, which instead rely on
pathways of H2O2 detoxification that are sensitive to excess
H2O2 accumulation (Kitajima et al., 2010). In this model, the
peroxiredoxin, ascorbate, and ascorbate peroxidase enzymes
of the Mehler WWC act as a buffer, decreasing the sensitivity
of any chloroplast-derived H2O2 signal to short term and
transitory stress events. Therefore, any H2O2 retrograde signal,
which is the quickest to trigger a regulatory response during
HL stress (Gollan and Aro, 2020), only forms once environ-
mental conditions potentially leading to PSI damage start to
dominate (Tiwari et al., 2016). Such a mechanism avoids nu-
clear responses during transient stresses, such as sun flecks or
patchy cloud cover. This avoids potentially premature down-
regulation of key photosynthetic processes such as light-har-
vesting (Borisova-Mubarakshina et al., 2015) during otherwise
low-light conditions. While short-term stress events can be
mitigated via the enzymes of the WWC and other regulatory
processes such as nonphotochemical quenching and photo-
synthetic control at Cyt-b6f (Shimakawa and Miyake, 2018),
longer term environmental shifts that lead to chronic over-
reduction of the PSI acceptor pool will result in the deactiva-
tion of the WWC’s antioxidant enzymes, followed by accu-
mulation and eventual export of H2O2. In this model, the PSI
acceptor side-specific H2O2 retrograde signal is a mechanism
to convey information from chloroplasts to the nucleus
when dominant environmental conditions change and the
PSI acceptor side faces chronic limitation. This provides the
nucleus with a mechanism to efficiently respond for acclima-
tion to a new environment, while avoiding nuclear responses
to short-term perturbations such as sun flecks.

Possible evidence of direct H2O2-triggered
cooperation between chloroplast and mitochondria
In order to estimate the O2 flux ratio associated specifically
with the Mehler reaction of leaf discs, we artificially enriched
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the leaf disc sample atmosphere to 2% with 13CO2. This en-
abled us to discriminate between photosynthetic assimila-
tion of 13CO2 and the efflux of respiratory 12CO2 (Figure 6).
With this method, we observed that leaf discs infiltrated
with MV exhibited a sharp increase in 12CO2 efflux from mi-
tochondrial respiration during illumination. The light depen-
dant burst of 12CO2 efflux was absent in leaves infiltrated
with DCMU or DBMIB, excluding oxidation of the PSI ac-
ceptor side as a cause. The 12CO2 burst was maintained in
leaves infiltrated with MV + Rotenone, yet inhibited when
leaves were infiltrated with both MV + Cat. These results
suggest that H2O2 formed by MV at the acceptor side of PSI
may have triggered an increase in mitochondrial respiration.
This fits with a growing body of evidence that mitochondria
and chloroplasts interact to optimize the photosynthetic
performance. From an efficiency perspective, the organelles
co-locate to improve C3 photosynthesis by maximizing the
assimilation of respired CO2 (Busch et al., 2013). From a reg-
ulatory perspective, it has long been known that mitochon-
dria can accept excess electrons from the chloroplast
thylakoid membrane in leaves (Noguchi and Yoshida, 2008)
and it was recently confirmed that mitochondrial AOX ex-
pression reduces ROS damage, and was necessary for HL ac-
climation in green algae (Kaye et al., 2019). In chloroplasts,
under efficient NADPH generation in reducing conditions
like HL, oxaloacetate is reduced to malate by plastidial
NADPH-dependent malate dehydrogenase. Malate can be
easily transported through subcellular membranes to cytosol
and other organelles serving as a substrate for ATP and
NADH production (Selinski and Scheibe, 2019), thus func-
tioning as a powerful transporter of reducing equivalents
across cellular compartments and controlling redox balance
and metabolism between mitochondria and chloroplasts.
The term “malate circulation” has been proposed (Zhao
et al., 2020) to describe the various regulatory functions
spanning both organelles, potentially including programmed
cell death, that relate to the “malate valve” (Selinski and
Scheibe, 2019).

To explain our observation that MV infiltration increased
the CO2 efflux measured from leaf discs during illumination
in a Cat sensitive manner, we propose that H2O2 produced
by MV was exported from the chloroplast, which then trig-
gered upregulation or “priming” of an oxidative pathway in
surrounding mitochondria, potentially AOX (based on work
with Chlamydomonas [Kaye et al., 2019]). Therefore, the mi-
tochondria were primed by artificially produced H2O2; the
upregulated pathway increased the oxidative sink capacity
within the mitochondria. To satisfy this increased sink, the
rate of decarboxylation reactions may have been upregu-
lated, an effect already observed in mitochondria in the ab-
sence of photosynthesis (Scarpeci and Valle, 2008).

It is conceivable that the pre-incubation with MV contrib-
uted to priming this response, hence its rapid activation
during illumination, although the speed of the response may
be evidence that this is a critical pathway to facilitate pro-
tection of PSI during acute acceptor limitation. It precedes

down-regulation of photosynthetic processes triggered by
H2O2 retrograde signaling, which take at least half an hour
(Gollan and Aro, 2020), during which time the interaction
may function to provide the PSI acceptor side with either
NADP + via the malate valve (Noguchi and Yoshida, 2008),
or CO2 via the upregulated carboxylation reactions observed
during our measurements. The latter response could be of
great significance if the stomata also close due to a H2O2

trigger (Iwai et al., 2019). This explanation fits our proposed
model of PSI-specific H2O2 signaling. It suggests that H2O2

export from the chloroplast simultaneously signals down
regulation of photosynthetic processes during prolonged ac-
ceptor limitation and upregulation of a pathway to tempo-
rarily increase the PSI acceptor capacity via the malate valve
and potentially directly via the increased availability of re-
spired CO2.

Concluding remarks
We have demonstrated that H2O2 can accumulate in the
thylakoid membrane only via the PSI Mehler reaction.
Accumulation and a long lifetime of H2O2 make it possible
for H2O2 to migrate from one cellular location to another.
This explicitly excludes the involvement of other PETC com-
ponents in chloroplastic H2O2 signaling pathways, with sub-
stantial implications for models of H2O2 involvement in
processes like stomatal regulation or retrograde signaling.
We have confirmed the function of separate O2 consump-
tion pathways within the thylakoid membrane, involving the
PQ pool and Cyt-b6f, yet neither of them demonstrated the
capacity to accumulate H2O2. We propose a model for chlo-
roplastic H2O2 signaling based on the PSI acceptor side ca-
pacity. This enables efficient nuclear regulation in response
to chronic environmental changes, while avoiding unneces-
sary responses to short-term stress caused by conditions
such as sun-flecks or patchy cloud cover. Finally, we have
discovered potential evidence for H2O2-triggered coopera-
tion between the chloroplast and mitochondria. We suggest
that this may alleviate PSI acceptor side stress when the an-
tioxidant systems of the WWC are overwhelmed and PSI is
more susceptible to damage.

Materials and methods

Plant material and thylakoid isolation
The Arabidopsis (A. thaliana) plants were grown at atmo-
spheric CO2 under dark/light cycle of 16/8 h at 120mmol
photons m–2 s–1. Thylakoids were isolated from 6 weeks old
plants using standard method as described earlier (Tiwari
et al., 2016). All measurements were performed with freshly
isolated thylakoids in measurement buffer containing:
330 mM sorbitol, 5 mM MgCl2, 10 mM NaCl, 5 mM NH4Cl,
50 mM Hepes pH 7.6, unless stated otherwise.
Measurements on intact leaf or leaf discs on Dual Pam and
MIMS were performed using the same plants. For infiltration
of electron transfer inhibitors/modulators in leaves, detached
leaves were floated at 25�C in darkness for 1 h in either H2O
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(control) or H2O + 10mM DBMIB or H2O + 10mM DNP-
INT, or H2O + 10mM MV.

P700 redox kinetics measurements
Detached leaves and isolated thylakoids were used for P700
redox kinetics measurements using Dual-Pam-100 (Heinz
Walz GmbH, Effeltrich, Germany). The P700 was oxidized
under continuous FR light. The partial and complete re-
reduction of P700 by electrons flow from PSII was achieved
by shooting two short pulses of SPs that is, ST 50ms and
MT 50 ms, over the FR light oxidized P700 (Tiwari et al.,
2016).

Superoxide measurement
Spin trapping for O�•

2 was performed in isolated thylakoids
using Miniscope (MS5000) EPR-spectrometer equipped with
variable temperature controller (TC-HO4) and Hamamatsu
light source (LC8). The isolated thylakoids equivalent to
150mg mL–1 Chl were illuminated under actinic light (150
mmol photons m–2 s–1) for 180 s in the presence of
DIPPMPO spin trap (50 mM) in 50 mM Hepes-NaOH (pH
7.5) with 50mM desferal. Subsequently, the samples were
centrifuged at 6,500 � g for 5 min and supernatant was
used for EPR measurements. The electron transport inhibi-
tors DCMU (10mM), DBMIB (10mM), DNP-INT (10mM),
HgCl2 (2 mg mL–1), and MV (10mM) were added in reaction
medium when indicated prior to the measurements. The
measurements were conducted at frequency 9.41 GHz, cen-
ter field 3,363 G, field sweep 150 G, microwave power 3 mW,
and modulation frequency of 100 kHz with modulation
width of 2 G. A minimum three to five independently iso-
lated thylakoid samples were used for the final spectra and
five accumulations were recorded from each sample.

Gas exchange measurements in liquid samples
The MIMS liquid cuvette consisted of an in-house modified
Hansatech O2 electrode body, with the silver/platinum elec-
trode replaced by a stainless-steel assembly supporting a
Teflon membrane (Hansatech, King’s Lynn, UK) attached di-
rectly to the High Vacuum inlet of a Thermo Sentinel-PRO
magnetic sector mass spectrometer (Thermo-Fisher,
Waltham, MA, USA), collecting masses 32 and 36 with a to-
tal cycle time of �4.5 s. Freshly isolated thylakoid was stored
on ice in darkness. For each run sufficient measurement
buffer (containing: 330 mM sorbitol, 5 mM MgCl2, 10 mM
NaCl, 5 mM NH4Cl, and 50 mM Hepes pH 7.6) was loaded
into the cuvette with the addition, via syringe (�50mg mL–1

chlorophyll) to a final volume of 1,000mL. In darkness the
sample was purged with N2 to minimize background 16O2

before a bubble of 18O2 (99% Cambridge Isotope
Laboratories Inc, UK) was loaded into the stirring liquid,
bringing the concentration of the heavier isotope up to ap-
proximately 150 nmol mL–1. The bubble was removed and
inhibitors were injected at this moment (10mM DCMU,
10mM MV, 10mM DBMIB, and 10mM DNP-INT). Samples
were illuminated via halogen lamp (Dolan Jenner, USA) at
low light (120mmol photons m–2 s–1) or HL (900mmol

photons m–2 s–1). At the end of each run, the Chl concen-
tration of each sample was determined in triplicate using
the Porra Method (Porra et al., 1989) in 90% (v/v) MeOH to
ensure accurate normalization of rates between samples.
The cuvette was washed thoroughly with multiple rinses of
70% (v/v) ethanol followed by MQ H2O when changing be-
tween inhibitors to avoid cross contamination. All data were
analyzed and fluxes calculated with equations described in
Beckmann et al. (2009), which includes offsets for the chang-
ing relative concentrations of 16O2 and 18O2, while any back-
ground O2 consumption produced by thylakoid samples
was normalized to zero in darkness as per (Furbank and
Badger, 1983).

Gas exchange measurements in leaf discs
Gas fluxes from intact leaf discs in an atmosphere enriched
in two stable isotopes, 18O2 and 13CO2, were performed us-
ing MIMS in an in-house built 1,000mL gas-phase cuvette
connected to the same mass spectrometer, collecting masses
32, 36, 44, and 45 with a cycle time of �6 s. A 14 mm diam-
eter leaf discs cut from fully developed wild type
Arabidopsis plants floated in darkness for 4 h in a dish of
H2O (control), H2O + MV (10mM), H2O + DBMIB (20mM),
and H2O + DCMU (10mM) at �20�C. For leaf disc samples
infiltrated with Cat, SHAM, and rotenone, discs were vac-
uum infiltrated before being allowed to dry on damp tissue
in darkness for �1 h (until discs were no longer transpar-
ent). For all samples, in minimal light, a 12.5-mm disc was
cut from the incubated 14 mm discs and loaded into the
pre-calibrated cuvette at 25�C. In darkness, the samples
were purged with atmospheric air scrubbed of endogenous
12CO2 (Soda Lime, Li-Cor, USA), the cuvette was then
enriched to approximately 2% 13CO2 and 3% 18O2 by vol-
ume, with the remainder of the atmosphere comprising ap-
proximately standard atmospheric concentrations. The very
low 12CO2 partial pressure in the beginning of measure-
ments minimized membrane consumption of this isotope
to almost zero, enabling the rate of its production in dark-
ness (mitochondrial respiration) to be used as a basis for
setting the background consumption rate of 18O2 (mito-
chondrial respiration in dark, plus Mehler reaction during il-
lumination). Rates of 16O2 (PSII water splitting) and 13CO2

(CO2 fixation by Rubisco) were both set to zero in darkness.
The enriched CO2 atmosphere avoided photorespiration,
while an approximately atmospheric level of O2 was main-
tained to maximize the probability of observing Mehler-asso-
ciated O2 reduction, with the same offsets for steady
dilution of the stable isotopes used in calculations of steady-
state fluxes as described for liquid phase measurements.
Following initiation of data acquisition, samples experienced
3 min of darkness, 5 min of GL (120mmol photons m–2 s–1),
5 min of HL (900mmol(photons) m–2 s–1), and then 4 min
of darkness. Rates were calculated according to equations
described in Beckmann et al. (2009).
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Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Direct comparison of O2 evolu-
tion rates by thylakoid membranes incubated with DBMIB
(10mM) and HgCl2 (2 mg mL–1) at 120 and 900mmol pho-
tons m–2 s–1.

Supplemental Figure S2. Interpreting time-resolved gas
fluxes, examining the post illumination 18O2 burst as further
evidence of H2O2 accumulation.

Supplemental Figure S3. Plotting integrated peak area
and steady-state O2 evolution rate as functions of DBMIB
concentration.

Supplemental Figure S4. Investigation into the effects of
n-propyl gallate and octyl gallate applied at 0.5 mM to iso-
lated thylakoid membranes.

Supplemental Figure S5. Impact of HL on isolated thyla-
koid samples treated with Cat was consistent for all mea-
sured samples.

Supplemental Figure S6. Gas fluxes measured in a blank
cuvette.

Supplemental Figure S7. Comparison of mitochondrial
12CO2 efflux from vacuum-infiltrated leaf discs.

Supplemental Table S1. Average steady-state approxima-
tion of rates of gas exchange in mmol m–2 s–1 in leaf discs.
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