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Cyclic electron flow (CEF) around photosystem I is thought to
balance the ATP/NADPH energy budget of photosynthesis, requiring that its rate be finely regulated. The mechanisms of this
regulation are not well understood. We observed that mutants
that exhibited constitutively high rates of CEF also showed
elevated production of H2O2. We thus tested the hypothesis that
CEF can be activated by H2O2 in vivo. CEF was strongly increased
by H2O2 both by infiltration or in situ production by chloroplastlocalized glycolate oxidase, implying that H2O2 can activate CEF
either directly by redox modulation of key enzymes, or indirectly
by affecting other photosynthetic processes. CEF appeared with a
half time of about 20 min after exposure to H2O2, suggesting activation of previously expressed CEF-related machinery. H2O2-dependent
CEF was not sensitive to antimycin A or loss of PGR5, indicating that
increased CEF probably does not involve the PGR5-PGRL1 associated
pathway. In contrast, the rise in CEF was not observed in a mutant
deficient in the chloroplast NADPH:PQ reductase (NDH), supporting
the involvement of this complex in CEF activated by H2O2. We propose that H2O2 is a missing link between environmental stress, metabolism, and redox regulation of CEF in higher plants.
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I

n oxygenic photosynthesis, linear electron flow (LEF) is the
process by which light energy is captured to drive the extraction
of electrons and protons from water and transfer them through a
system of electron carriers to reduce NADPH. LEF is coupled to
proton translocation into the thylakoid lumen, generating an
electrochemical gradient of protons ðΔ~
μH +Þ or proton motive
force (pmf). The pmf drives the synthesis of ATP to power the
reactions of the Calvin–Benson–Bassham (CBB) cycle and other
essential metabolic processes in the chloroplast. The pmf is also a
key regulator of photosynthesis in that it activates the photoprotective qE response to dissipate excess light energy and downregulates electron transfer by controlling the rate of oxidation of
plastoquinol at the cytochrome b6f complex (b6f), thus preventing
the buildup of reduced intermediates (1, 2).
LEF results in the transfer or deposition into the lumen of
three protons for each electron transferred through PSII, plastoquinone (PQ), b6f, plastocyanin, and photosystem I (PSI) to
ferredoxin (Fd). The synthesis of one ATP is thought to require
the passage of 4.67 protons through the ATP synthase, so that
LEF should produce a ratio of ATP/NADPH of about 1.33; this
ratio is too low to sustain the CBB cycle or supply ATP required
for translation, protein transport, or other ATP-dependent processes (3). In addition, the relative demands for ATP and NADPH
can change dramatically depending on environmental, developmental, and other factors, leading to rapid energy imbalances that
require dynamical regulation of ATP/NADPH balance.
Several alternative electron flow pathways in the chloroplast
have been proposed to augment ATP production, thus balancing
the ATP/NADPH budget of the chloroplast (2, 3). Perhaps the
www.pnas.org/cgi/doi/10.1073/pnas.1418223112

most important and complicated of these pathways is cyclic electron flow around photosystem I (CEF), in which electron flow
from the acceptor side of PSI is shunted back into the PQ pool,
generating additional pmf that can power ATP production without
net NADPH production. There are several proposed CEF pathways that may operate under different conditions or in different
species (reviewed in refs. 2 and 3). In higher-plant chloroplasts,
the most studied routes of CEF are the antimycin A-sensitive
pathway, which involves a complex of two CEF-related proteins,
PGR5 (Proton Gradient Regulation 5) and PGRL1 (PGR5-like 1),
directly reducing the quinone pool (4–7), the respiratory complex
I analog, the NADPH dehydrogenase (NDH) complex (8–10),
which oxidizes Fd or NAD(P)H to reduce plastoquinone (8, 11),
and through the Qi site of b6f (12, 13). Different CEF mechanisms
seem to operate in other species. In Chlamydomonas, for example,
CEF seems to be conducted by a supercomplex of PSI, b6f, and the
PGRL1 protein (14, 15), and the involvement of PGR5 has recently
been described as important for CEF under hypoxia (16, 17).
Regardless of the mechanism of CEF, the overall process must
be well regulated to properly balance the production of ATP to
match the demands of metabolism. The mechanism of this regulation is not known, but many general models have been proposed.
Perhaps the most widely cited regulatory model is the antenna
state transition, which was previously shown to be correlated with
activation of CEF in Chlamydomonas reinhardtii (14, 18) and favor
the formation of the PSI–b6f supercomplex (14). However, it was
recently shown that state transitions are not required for CEF
activation, supporting models that include redox control (15–17,
19–22). Other possible regulatory mechanisms include sensing of
ATP/ADP ratios (23, 24), the redox status of NAD(P)H or Fd
(25), various CBB metabolic intermediates (reviewed in ref. 26),
calcium signaling (15, 27), phosphorylation of CEF-related proteins (27), and the reactive oxygen species H2O2 (26–29).
Significance
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CEF in higher plants in vivo.
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One possibility is that CEF may be at least partly regulated by
H2O2 (26), which is produced by the light reactions of photosynthesis and already known to regulate other cellular processes
such as plant growth, development, and defense (30–32). Based
on in vitro studies, it was previously proposed that H2O2 could
activate CEF or chlororespiration by modifying the NDH complex (27). It has also been shown that H2O2 can increase the
expression of the NDH complex (29) and may further affect the
accumulation of photosynthetic metabolites, indirectly activating
CEF (26). Consistent with this possibility, H2O2 is a well-documented signaling molecule (33), possibly through its ability to
oxidize thiols (34, 35). Furthermore, H2O2 is expected to be
produced under many conditions that initiate CEF [e.g., under a
deficit of ATP, when electrons should accumulate in the PSI
acceptor pools, leading to superoxide production that can be
converted to H2O2 by superoxide dismutase (36)].
This study aims to test the hypothesis that CEF can be initiated in vivo by H2O2 using a combination of in vivo spectroscopy
and genetic modifications to selectively and rapidly initiate H2O2
production in the chloroplast.
Results
H2O2 Accumulation in the High-CEF Mutant hcef1. The Arabidopsis
mutant hcef1 (37), which is deficient in chloroplastic fructose
1,6-bisphosphase (FBPase) activity and displays constitutively
high CEF rates, was tested for increased H2O2 accumulation.
When measured by the Amplex Red assay (Fig. 1) hcef1 showed
three times as much H2O2 as the wild-type Columbia-0 (Col-0)
(2.99 ± 0.17 and 1.00 ± 0.13, respectively, n = 3, P > 0.001,
Student’s t test). This result was confirmed by staining leaves with
3,3′ diaminobenzidine (DAB), showing that hcef1 (Fig. 1, Inset
B) showed qualitatively increased levels of H2O2 compared with
Col-0 (Fig. 1, Inset A). These results indicate that the loss of
FBPase in hcef1 led to increased H2O2 accumulation, probably
resulting from a buildup of reducing intermediates of photosynthetic electron transfer (37), and are consistent with a functional connection between H2O2 and CEF activation.
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Effects of H2O2 Production by Plants Expressing Glycolate Oxidase in
Chloroplast. We next tested whether CEF is activated when in-

tracellular H2O2 production is rapidly induced. To achieve this,
we compared photosynthetic properties of Col-0 and transgenic
Arabidopsis plants that express glycolate oxidase (GO) targeted
to the chloroplast (38). These “GO” plants produce H2O2 in
the chloroplast by the oxidation of glycolate upon activation of
photorespiration, and are thus useful tools for studying changes
in photosynthetic activities induced by the metabolic generation
of H2O2 in the chloroplast. We focus mainly on the GO5 line
because of its relatively high and robust H2O2 production rates
(38, 39) (Fig. S1), but we obtained similar results with other lines
(discussed below).
GO expression had measurable effects on several photosynthetic parameters (Fig. S2). PSII photochemical efficiency (ϕII)
(Fig. S2A) and LEF (Fig. S2B) (calculated by variable chlorophyll fluorescence yield) (40, 41) saturated more rapidly with
increasing light intensity in GO5 compared with Col-0, leading to
a lower LEF, particularly at intensities above 200 μmol photons·m−2·s−1. GO5 showed stronger activation of the photoprotective qE response (Fig. S2C), likely indicating an increase in
light-induced pmf and lumen acidification. A substantial (about
twofold) increase in pmf in GO5 was confirmed by the extent of
the rapid light–dark change in the electrochromic shift (ECSt),
which is proportional the light-induced pmf (42–44, Methods).
Increased pmf occurred in GO5 despite a lower LEF, suggesting
that either proton influx was increased above that supported by
LEF alone or that proton efflux was slowed.
The conductivity of the thylakoid to protons (gH +), which
primarily reflects the activity of the ATP synthase, was estimated
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1418223112

Fig. 1. The hcef1 mutant shows elevated H2O2 accumulation. Leaf H2O2
content was determined using the Amplex Red assays and expressed as
resorufin fluorescence against a standard curve. Results were normalized to
the average Col-0 H2O2 content. Data are presented on a per-leaf area basis.
Mean ± SD, n = 3. (Inset) Qualitative H2O2 accumulation measured by DAB
staining of representative leaves of Col-0 (A) and hcef1 (B). Both assays were
performed on leaves from fully mature rosettes as described in Livingston
et al. (37).

by the decay kinetics of the electrochomic shift (ECS) signal (43,
45). In GO5, gH+ was ∼30% lower than in Col-0 (Fig. S2E),
implying that, although the ATP synthase activity was somewhat
decreased in the mutant, it could not by itself explain the large
increase in light-induced pmf, suggesting that CEF contributes
substantially to pmf in GO5 (see discussion in refs. 37 and 46).
This conclusion was supported by a statistically significant [analysis
of covariance (ANCOVA) P < 0.05, n = 3] increase of about 36%
in light-driven pmf, estimated by ECSt as a function of pmfLEF (Fig.
S2F), a parameter that estimates pmf generated by LEF alone (44,
47), implying that CEF was activated in GO5.
Increased CEF in GO5 was further indicated by a complementary approach comparing estimated light-driven proton flux
(vH +) as a function of LEF (47, 48). As shown in Fig. 2A, the
slope of vH + as a function of LEF was increased in GO5 in
comparison with Col-0 by ∼47.6% (Fig. 2A, ANCOVA P < 0.05,
n = 3). The increase in CEF was eliminated by infiltration of
100 μM methyl viologen, which blocks CEF by shunting electrons
from PSI to O2 (37) (Fig. S3). The increase in relative CEF
(calculated by the parameter ΔvH + / vH + LEF, see Eq. 3, Methods)
was not caused simply by decreasing LEF because CEF is slow in
wild type under nonstressed conditions (see refs. 37 and 46 and
Fig. S3). Instead, assuming a similar ratio of proton translocation
for electron flux, CEF was observed to increase in GO5 in absolute terms from minimal activation in the control (as previously reported in ref. 37) to ∼24 μmol electrons·m−2·s−1 when
LEF was 50 μmol electrons·m−2·s−1. Analyzing the ECS and
fluorescence data described above (and in Methods, Eq. 3), we
estimated that vH + relative to LEF was increased by about 50%
in GO5 over Col-0, indicating an increase in CEF activation in
the mutant (Fig. 2) (see refs. 37 and 46). The difference in the
apparent extents of CEF activation (about 36% versus about
50%) may be ascribed to differences in proton to electron
stoichiometries for CEF versus LEF or to ambiguities in quantification of the proton and electron fluxes. Moreover, as shown
in Figs. S3–S5, the qualitative increase in H2O2 content of GO5,
GO16, and GO20 and estimates of increased CEF indicate a
positive relationship between the extent of H2O2 production in
multiple GO lines with differing levels of GO activity (38).
Finally, in an independent assessment of CEF induction, we
observed a strong increase in GO5 compared with Col-0 of the
postillumination chlorophyll fluorescence rise (Fig. S6), which is
attributed to CEF-related reduction of the plastoquinone pool in
the dark through the NDH complex (9, 49, 50).
Strand et al.

Together, these results strongly imply that introduction of
GO in chloroplasts activated CEF. However, in the GO plants
glyoxylate, produced by the glycolate oxidase in the chloroplasts,
also accumulates and may induce CEF. To test this possibility we
measured CEF in GO5 plants also coexpressing malate synthase
targeted to the chloroplast (GOMS1 and GOMS14 lines), which
can further convert glyoxylate to malate (38). We do not expect
large effects of increased malate production because it is already produced in the chloroplast, readily exported through the
malate shunt, and subsequently oxidized by the mitochondria.
We observed qualitatively similar photosynthetic effects of GO5
and GOMS14 (Fig. S7), indicating that the production of H2O2
rather than glyoxylate is the likely inducer of CEF (Fig. S7).
The observed increase in CEF was insensitive to infiltration
with 20 μM antimycin A (Fig. 2B, ANCOVA, P > 0.05, n = 3),
well above the observed Ki for inhibition of the antimycin
A-sensitive pathway of CEF (51). These results imply that NDH,
rather than the PGR5/PGRL1 pathway, is the predominant
route for elevated CEF in GO5, and are also in accord with the
observed increased postillumination rise (Fig. S6).
Interestingly, when expressed on a chlorophyll basis, the NDH
content of GO5 was higher in GO5 than in wild type (Fig. S8),
consistent with previous results indicating the accumulation of
NDH in response to H2O2 (29). These results indicate that H2O2
likely has effects on both short-term activation of NDH and
longer-term effects on its expression levels.
Kinetics of CEF Induction upon Activation of H2O2 Production in GO5.
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Fig. 3 shows the kinetics of induction of CEF in the GO5 plants
upon rapid initiation of H2O2 production. GO5 plants were
initially grown under high (3,000 ppm) CO2 conditions to minimize photorespiration (52, 53), thereby preventing the production of H2O2 by GO (38, 39). Photosynthetic parameters were
measured in intact leaves under 2,000 ppm CO2 and then rapidly
switched to ambient air (about 400 ppm CO2) at time 0 to initiate H2O2 production. Steady-state fluorescence and ECS
measurements were made every 14 min and analyzed as in Fig.
2A to estimate changes in CEF. Increased CEF appeared with
a half time of about 20 min, reaching an apparent maximum
relative CEF of 0.62, or a 62% increase in vH +/ LEF, in 42 min
(ΔvH +/ vH +LEF, see Eq. 3, Methods). No increase in CEF was seen
in similarly treated Col-0 leaves (Fig. 3).
Induction of CEF by Infiltration of Leaves with H2O2. Fig. 4 shows the
effects of infiltration of aqueous solutions of H2O2 into Col-0
Strand et al.

Fig. 3. Induction kinetics of CEF activation upon initiation of intracellular
H2O2 production. The activation time course for CEF in Col-0 (●) and GO5 (○)
were determined upon switching atmosphere from 2,000 ppm CO2 to
400 ppm CO2 at time 0 to activate photorespiration. Relative CEF was determined as described in Fig. 1. Reported values are the mean of three biological trials ± SEM.
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Fig. 2. GO5 shows increased CEF relative to Col-0. (A) Light-driven proton
flux (vH +) plotted against LEF in attached Col-0 (●) and GO5 (○) leaves.
(B) Calculated relative CEF contributions from intact leaves and leaves infiltrated with 20 μM antimycin A (AA). Mean ± (A) SD (n = 3) or (B) SEM (n ≥ 3).
Asterisk indicates statistical significance from Col-0; no significant differences were seen between water and AA within genotype.

leaves on induction of CEF, measured as in Fig. 3. As we previously described, there was very little contribution from CEF in
Col-0 plants under nonstressed control conditions, implying that
under these conditions other mechanisms (e.g., malate valve or
the Mehler reaction) are sufficient to balance ATP and NADPH
requirements (47, 54). Infiltration of leaves with as low as
300 μM (0.001%) H2O2 led to induction of significant CEF rates
in vivo (Fig. 4). The observed H2O2-induced increase in CEF
depended on the concentration of H2O2 in the infiltrate, with
an apparent half-saturation concentration of about 3 mM. Infiltration of Col-0 with 300 μM, 3 mM, and 30 mM H2O2 increased the CEF to 21, 42, and 68% compared with LEF over
the water-treated controls. Infiltration with higher concentrations of H2O2 or over longer time periods led to strong loss of
photosynthetic activity; these conditions were therefore excluded
from this study. Infiltration of H2O2 into pgr5 (6), which lacks the
antimycin A-sensitive PGR5-dependent CEF pathway, resulted
in activation of CEF at Col-0 levels (65%). In contrast, H2O2
infiltration of crr2-2, which is deficient in NDH (10, 55), resulted
in very low levels of CEF (5%) (Fig. 4). These results support our
conclusion that the H2O2-induced CEF occurs predominantly
through NDH rather than PGR5/PGRL1.
We also tested for effects of H2O2 on the postillumination
chlorophyll fluorescence rise signal (Fig. 5). In this case, we
found it necessary to modify the assay procedure to obtain more
reproducible results. The fluorescence rise depends on the
presence of both active PQ reductase and sufficiently reduced
NADPH and/or Fd pools. In the presence of H2O2 it is likely that
NADPH will be oxidized in the dark by monodehydroascorbate
reductase and dehydroascorbate reductase (36, 56), thus inhibiting the CEF-dependent fluorescence rise. We circumvented
this problem by flushing with N2 immediately before and during
the duration of the experiment, thus ensuring that the NADPH
pool is strongly reduced. Under these conditions the fluorescence rise was much stronger and more rapid even in the control
leaves (compare Fig. 5 and Fig. S6). In fact, the rise in fluorescence, particularly after infiltration with 30 mM H2O2, was sufficiently rapid as to overlap with the oxidation that occurs after
switching off the actinic light. Therefore, to distinguish the CEFrelated reduction, we applied a series of two far-red light pulses
to transiently oxidize the PQ pool (Fig. 5, Inset), after which we
observed its rereduction, presumably through the CEF-related
plastoquinone reductase. The postfar-red fluorescence rise was
substantially larger and more rapid after exposure to H2O2. In
fact, H2O2-treated leaves showed higher fluorescence yield even

in the dark period at the beginning of the experiment, suggesting
that the plastoquinone pool was reduced even before illumination. These results support the hypothesis that the PQ reductase
was more activated after exposure to H2O2.
Discussion
CEF Is Induced by H2O2 Production in Vivo. Past work has shown that
mutants in higher plants that accumulate highly reducing stromal
redox components also induce elevated CEF, for example mutants deficient in FBPase (i.e., hcef1), aldolase, and glyceraldehyde-3-phosphate dehydrogenase (26, 37, 50). Similarly, certain
environmental conditions (e.g., drought stress) lead to both increased H2O2 and elevated CEF (57, 58). In contrast, simply
decreasing the rate of photosynthesis without increased levels of
H2O2 does not seem to induce CEF (26, 59).
These observations suggest a possible regulatory link between
H2O2 production and the activation of CEF. To test this possibility, we used transgenic GO plants, which express a chloroplasttargeted glycolate oxidase, and conditionally produce H2O2 under photorespiratory conditions. Activation of H2O2 production
in GO5 had strong effects on photosynthesis, decreasing LEF,
increasing thylakoid pmf, and activating qE (Fig. S2). Most
strikingly, elevated H2O2 production led to strong activation of
CEF (Fig. 2 and Fig. S2F). CEF was similarly induced by infiltration of leaves with H2O2 (Fig. 4) but was unaffected by
expressing malate synthase, which metabolizes glyoxylate produced by GO (38). This implies that the effects were primarily
caused by H2O2 and not by GO-induced changes in metabolic
intermediates. Experiments with the inhibitor antimycin A and
mutants lacking NDH or PGR5 indicate that the CEF induced in
GO5 or upon H2O2 infiltration occurs mainly, if not exclusively,
through the NDH pathway (Fig. 2B and Fig. S6).
The activation of CEF after the onset of H2O2 production was
likely too rapid (halftime of about 20 min, Fig. 3), to involve de
novo protein synthesis, which is expected to be considerably
slower (60, 61), suggesting that short-term H2O2 production can
activate preexisting CEF machinery, consistent with a mechanism for rapid activation of CEF to meet fluctuating ATP demands, as proposed earlier (27). In addition, H2O2 was shown in
previous studies (29) as well as in this work (Fig. S8) to induce
higher levels of NDH proteins, suggesting a dual mode of action
both at the enzyme and expression levels.
H2O2 Activates the Antimycin A-Insensitive Pathway. H2O2-induced
CEF was insensitive to antimycin A (Fig. 2B). In addition, activation
of CEF by infiltration with H2O2 was inhibited in the NDHdeficient crr2-2 mutant (Fig. 4), whereas the mutant deficient in

Fig. 5. Increased dark reduction of the PQ/PQH2 pool in leaves infiltrated
with 30 mM H2O2 for 3 h. Transient chlorophyll fluorescence rise in the dark,
and after far-red pulses (730 nm), after actinic illumination with 150 μmol
photons·m−2·s−1 under 100% N2 gas. Water (black) and 30 mM H2O2 (red)
representative data of two independent experiments.

PGR5 was activated to Col-0 levels. These results imply that
H2O2-induced CEF does not involve the PGR5/PGRL1 pathway
(4, 6, 7) but favors the involvement of the chloroplast NDH
complex, as previously shown in hcef1 (37). Consistent with this
view, accumulation and phosphorylation of the NDH complex
has been associated with increased activity in the presence of
oxidative stress (27, 29), and its activation results in increased
postillumination fluorescence rise, which was increased in the
GO5 mutant (Fig. S6).
A Regulatory Role for H2O2 in Activation of CEF? Regulation of CEF
likely involves distinct processes in different species (e.g., green
algal and plant chloroplasts use different plastoquinone reductases)
(14, 62). Recent work by Takahashi et al. (19) and Lucker and
Kramer (22) suggests that CEF in Chlamydomonas is regulated by
changes in stromal redox status that result from imbalances in the
supply and demand for NADPH relative to ATP. However, it is not
yet clear which redox components are involved. In the case of
higher plants, a survey of CEF activation results from a range of
mutant lines led Livingston et al. (26) to argue against any simplistic
model where a single redox carrier could serve as the regulator.
Based on the results presented here, we propose a hypothetical model in which H2O2 production can regulate the activation
of CEF in higher-plant chloroplasts. A deficit of ATP in the
stroma should prevent the turnover of assimilatory reactions and
cause a buildup of reductants (NADPH, Fd, and PSI acceptors),
leading to generation of superoxide and H2O2. When the rate of
H2O2 production exceeds that of its detoxification by the water–
water cycle (36) it may accumulate and interact with one or more
proteins regulating the activity of the antimycin A-insensitive
pathway of CEF, possibly via a signal cascade, leading to the
increased expression and phosphorylation of NDH as suggested by refs. 27 and 29, or by inactivating CBB enzymes,
leading to secondary redox or metabolic signaling.
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Methods
Fig. 4. Activation of CEF in wild type leaves by foliar infiltration with solutions of H2O2. Changes in relative CEF levels in Col-0 (■), pgr5 (○), and
crr2-2 (△) leaves after incubation with increasing concentrations of H2O2.
Mean ± SD (n = 3).
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Plant Material and Growth Conditions. All plants, Col-0, GO plants [expressing
glycolate oxidase targeted to the chloroplast (38)], and hcef1 (37) were
grown in soil under growth chamber conditions with 16 h light of white
light (∼80 μmol photons·m−2·s−1) and 8 h of darkness photoperiod and a
22 °C/18 °C (day/night) cycle. Where noted, plants were grown under the

Strand et al.

In Vivo Spectroscopic Assays. Under ambient CO2 conditions, the GO plants
present with a slightly smaller, pale, and patchy leaf phenotype; however,
the chlorotic phenotype disappeared at maturity. Therefore, all spectroscopic measurements were made using intact fully expanded leaves in 25- to
30-d-old plants just before bolting. To fully induce differential H2O2 production, GO5 and all controls were preilluminated for 1 h at 350 μmol
photons·m−2·s−1. Plants were then dark adapted for 10 min before analysis.
Actinic light intensities ranged between 50–600 μmol photons·m−2·s−1.
Chlorophyll a fluorescence yield changes and light-induced absorbance
changes were measured using on a laboratory-built spectrophotometer/
fluorimeter (63) using the techniques described in ref. 37. Saturation pulse
′ , F″M) were recorded
chlorophyll a fluorescence yield parameters (F0, FM, Fs, FM
as described (40, 44, 47, 64), using 1-s saturation pulses of ∼10,000 μmol
photons·m−2·s−1. These measurements were used to estimated the yield of PSII
(ϕII), LEF, and the rapidly reversible component of nonphotochemical quenching, qE (41, 65). LEF was calculated as
ϕII * i * 0.4,

[1]

where i is the actinic light intensity. Leaf absorptivity of the GO plants did
not differ significantly from Col-0 (P = 0.78, n = 3).
The ECS measurements were normalized for variations in leaf thickness
and pigmentation by the extent of the rapid-rise single-turnover flashinduced ECS (37, 47). The ECSt and τECS parameters were taken from a firstorder exponential decay fit to ECS dark interval relaxation kinetics as
described in ref. 44. The pmfLEF parameter, estimating relative extents of
pmf attributable to LEF, was calculated as
pmfLEF = LEF=gH+ .

[2]

Postillumination transient chlorophyll fluorescence transients in Fig. S6
were measured as described in ref. 50. Transients in Fig. 5 were obtained
under N2 gas throughout the experiment. Leaves were illuminated for 40 s
with 150 μmol photons·m−2·s−1, followed by a 10-s dark interval. The plastoquinone pool was then oxidized by two 200-ms flashes of 730-nm light
10 s apart.
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Infiltration of Leaves with H2O2, Methyl Viologen, and Antimycin A. To determine the effects of H2O2 on CEF, Col-0 leaves were detached and soaked
in distilled water or solutions of various concentrations of H2O2 for 120 min
between two layers of tissue paper (Kimwipe) under ambient laboratory
lighting (∼20 μmol photons·m−2·s−1). Excess liquid was removed from the
leaf material before analysis by gentle blotting with a fresh Kimwipe.
Where indicated, leaves were incubated as above for 60 min at low light
(5∼15 μmol photons·m−2·s−1) in either distilled water or a solution of 100 μM
methyl viologen in water (37). Infiltration with 20 μM antimycin A was
carried out in darkness for 3 h. Successful antimycin A infiltration was confirmed by loss of the transient fluorescence quenching during photosynthetic induction as previously described (66).

Measurement of H2O2 Production in Leaves. Hydrogen peroxide was detected
by resorufin (modified from ref. 67). Leaf discs of the same size were rapidly
frozen and ground in liquid nitrogen and extracted in 50 mM potassium
phosphate buffer (pH 7.5). Extracts were incubated in a reaction buffer
containing 10 U·mL−1 horseradish peroxidase (Sigma) and 5 μM Amplex Red
(Invitrogen) for 30 min in the dark. Peroxide concentration of the sample
was estimated by comparison with a standard curve, and relative values
were calculated by normalizing to the Col-0 average.
Visualization of H2O2 production was determined using the DAB staining
technique modified from previous work (38). Fully expanded leaves were
wrapped in a Kimwipe tissue paper, soaked with 1 mg·mL−1 DAB in distilled
water, and incubated for 1 h in the dark to allow for uptake. The leaves
were placed on top of the DAB-soaked tissue paper, and illuminated with
∼90 μmol·m−2·s−1 of light for 50 min. Natural leaf pigmentation was then
removed from the leaf by boiling in 95% ethanol. For GO5 plants, leaf age
was as describe above for spectroscopic assays. For hcef1, leaf age was as
described for spectroscopic measurements in Livingston et al. (37).
Protein Extraction and Western Blot. Total leaf protein was extracted from
fully mature rosettes as described in ref. 37. Proteins were separated by SDS/
PAGE on a 16% polyacrylamide Tris-Tricine gel. Protein was transferred to a
PVDF membrane and probed with an anti–NDH-18, a gift from T. Shikanai,
Kyoto University, Kyoto, and secondary anti-rabbit conjugated to alkaline
phosphatase and developed colorimetrically.
Measurements of CEF. LEF, with no contributions from CEF, should produce a
constant ratio of proton flux to electron transfer through PSII of 3 H+/e− (54),
which in our measurements should result in a constant, linear slope of vH +
plotted against LEF. The relative rates of CEF can then be estimated by the
increase in the slope of vH + versus LEF above the baseline slope for LEF alone
(26). Relative CEF, which is proportional to the vH + rate attributable to
CEF when the H+/e − ratio is the same for CEF as for LEF, was expressed as
a fraction increase over the vH + attributable to LEF (ΔvH +/ vH +LEF ) and was
calculated by
Relative CEF ∝ mðCEF+LEFÞ − mðLEFÞ



mðLEFÞ ,

[3]

where mðCEF+LEFÞ and mðLEFÞ are the slopes of best fit lines for vH + plotted
against LEF in treated or mutant leaves and untreated or Col-0 leaves, respectively. Control experiments were performed after infiltration with
100 μM methyl viologen to eliminate CEF and were used as a baseline indicating
slopes with no CEF contributions, as described previously (37, 47).
Statistical Analysis. Descriptive statistics and figures were generated using
Origin 9.0 software (Microcal Software), and statistical analyses were performed using MATLAB R2012a (The MathWorks, Inc.) or Microsoft Excel. All
P values less than 0.05 were considered statistically significant and are noted
within the text.

Manipulation of Gas Concentrations. Humidified ambient air was supplied to
the underside of the leaf unless indicated otherwise. Fluctuating CO2 concentrations were obtained using a gas mixer (LiCor 6400) connected to a CO2
gas cylinder (Airgas). Where indicated, N2 gas (Airgas) was supplied with low
flow to the underside of the leaf.
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