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We investigated the relationship between nonphotochemical
plastoquinone reduction and chlororespiration in leaves of growth-
chamber-grown sunflower (Helianthus annuus L.). Following a short
induction period, leaves of previously illuminated sunflower
showed a substantially increased level of minimal fluorescence
following a light-to-dark transition. This increase in minimal fluo-
rescence was reversed by far-red illumination, inhibited by rote-
none or photooxidative methyl viologen treatment, and stimulated
by fumigation with CO. Using flash-induced electrochromic
absorption-change measurements, we observed that the capacity of
sunflower to reduce plastoquinone in the dark influenced the acti-
vation state of the chloroplast ATP synthase, although chlororespi-
ratory transmembrane electrochemical potential formation alone
does not fully explain our observations. We have added several
important new observations to the work of others, forming, to our
knowledge, the first strong experimental evidence that chlororespi-
ratory, nonphotochemical plastoquinone reduction and plastoqui-
nol oxidation occur in the chloroplasts of higher plants. We have
introduced procedures for monitoring and manipulating chlorores-
piratory activity in leaves that will be important in subsequent work
aimed at defining the pathway and function of this dark electron
flux in higher plant chloroplasts.

There are documented circumstances in which, contrary
to expectation, the quinone acceptors of PSII in leaves
become reduced rather than oxidized following a light-to-
dark transition. For example, binary oscillations in the
chlorophyll fluorescence yield of dark-adapted spinach
(Spinacia oleracea) leaves could only be observed after far-
red light was applied (Kramer et al., 1990). Dephasing of
the binary oscillations originated from the accumulation of
QB semiquinone on PSII during the dark-adaptation period
(Rutherford et al., 1984; Kramer et al., 1990). Furthermore,
analyses of the kinetics for single-turnover, flash-induced
chlorophyll fluorescence, reflecting electron sharing among

PSII quinone acceptors (i.e. QA, QB, and the PQ pool),
showed that the net re-oxidation of QA

2 produced by a
bright flash slowed because of the reduction of PQ in the
dark (Groom et al., 1993).

Of the species examined for this phenomenon, the dura-
tion and net rate of PSII quinone acceptor dark reduction
differed considerably. For example, in amaranth, a signif-
icantly reduced PQ pool was maintained in darkness for
several hours following a light-to-dark transition, com-
pared with only 20 min in sunflower (Helianthus annuus)
leaves (Groom et al., 1993). In maize (Zea mays), no dark
accumulation of PQH2 was detectable.

Both the mechanism and the function of nonphotochemi-
cal PQ reduction in plants are unclear, in part because the
electron donors responsible for reducing the PQ pool in the
dark have not been identified (Groom et al., 1993), al-
though these reductants appear to be localized in the chlo-
roplast stroma (Scherer, 1990). It is also not known whether
the electrons derived from PQH2 formed in the dark drive
proton uptake or simply terminate in the reduction of
molecular oxygen without energy coupling. From several
studies of dark reduction of PQ in leaves and algal cells, it
appears that the dark electron flux proceeds at an exceed-
ingly low rate (Peltier et al., 1987; Groom et al., 1993). In
amaranth leaves, the maximum net rate of nonphotochemi-
cal PQ reduction was calculated to be 0.05% of the light-
saturated rate of PQ reduction (Groom et al., 1993). This flux
is insufficient to compete with photochemical oxidation of
PQH2 by PSI. It follows that if this PQ reduction pathway
were also to function under illumination, it would not be
expected to cause any decrease in the steady-state quantum
yield of photosynthesis (i.e. due to the accumulation of
QA

2), even at very low light intensities (Groom et al., 1993).
There have been numerous proposals for the activity of a

respiratory electron transport chain in chloroplasts of green
(Bennoun, 1982, 1994; Peltier et al., 1987) and brown algae
(Ting and Owens, 1993), as well as for some plant cells
(Garab et al., 1989; Gruszecki et al., 1994). This chlorore-
spiratory pathway is thought to involve the reduction of
PQ by NADPH or NADH, with the subsequent oxidation of
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PQH2 ultimately terminating with the reduction of molecu-
lar oxygen. Genes that could encode subunits homologous
to the cyanobacterial NADH-PQ oxidoreductase complex
are present in the plastid genome of numerous plant species
(Berger et al., 1993; Guedeney et al., 1996; Kubicki et al.,
1996; Sazanov et al., 1996). However, not all plants seem to
have functional ndh genes, suggesting that chlororespiration
may not function in all plants (Wakasugi et al., 1994). Mo-
lecular and biochemical evidence for a functional NADPH
dehydrogenase complex as well as a chloroplast terminal
oxidase is still largely indirect (Bennoun, 1982, 1994).

Oxygen uptake associated with chlororespiration ap-
pears to be catalyzed by an uncharacterized oxidase that is
sensitive to the inhibitors KCN and CO in Chlamydomonas
reinhardtii, whereas only SHAM effectively inhibits oxygen
uptake by chloroplasts in Chlorella vulgaris (Bennoun,
1982); inhibitor sensitivity of oxygen uptake by chloro-
plasts has not been investigated in plants. Although chlo-
rorespiration is proposed to drive the formation of DmH1

across the thylakoid membrane in the dark (Bennoun, 1982;
Peltier and Schmidt, 1991), the reactions involved in energy
coupling by chlororespiration are still unknown. Moreover,
the magnitude of DmH1 generated by chlororespiration may
vary widely among the organisms performing chlororespi-
ration (Bennoun, 1982, 1994; Garab et al., 1989; Ting and
Owens, 1993; Buchel and Garab, 1995; Endo and Asada,
1996) and have implications for the physiological role of
this enigmatic process in different organisms.

Although, like nonphotochemical PQ reduction, the net
rates of chlororespiration are reported to be very low (Ben-
noun, 1982; Peltier et al., 1987; Garab et al., 1989; Buchel
and Garab, 1995), the process may nevertheless have mean-
ingful functions. Most of the roles suggested for chlorore-
spiration center on the regulation of chloroplast metabo-
lism in the dark. For example, some evidence indicates that
chlororespiration supports the recycling of NADP1 during
starch breakdown through the oxidation of NADPH, with
the generation of a DpH (Bennoun, 1982; Gfeller and Gibbs,
1985; Peltier and Schmidt, 1991). In the diatom Phaeodacty-
lum tricornatum (Ting and Owens, 1993) and the green alga
C. reinhardtii, with acetate present (Endo and Asada, 1996),
chlororespiration generated a DpH large enough to cause
nonphotochemical quenching of PSII fluorescence in the
dark, suggesting the intriguing possibility that chlororespi-
ration may be able to generate a DmH1 large enough to
maintain a catalytically active chloroplast ATP synthase.

Much of what is currently known about chlororespira-
tion has been learned by investigating various species of
single-celled algae. In the present study we investigated
the relationship between nonphotochemical PQ reduction
and chlororespiration in leaves of growth-chamber-grown
sunflower.

MATERIALS AND METHODS

Plant Growth Conditions

Sunflower (Helianthus annuus L. cv IS894) plants were
grown in a controlled-environment chamber with 14-h,
33°C days and 10-h, 33°C nights at 650 to 750 mmol quanta

m22 s21 PPFD. Plants were grown from seed in 40-cm pots
with greenhouse-blended soil (3 parts soil, 1 part vermic-
ulite, and 1 part peat) supplemented with 12N/6P/3K
fertilizer. Plants were watered with one-fifth-strength Ho-
agland solution twice a week.

Measurement of Minimal Chlorophyll Fluorescence Yield

The chlorophyll fluorescence emission responses of sun-
flower leaves were measured with a fluorimeter (model
FL-100, Photon Systems Instruments, Brno, Czech Repub-
lic) using the method of Nedbal and Trtilek (1995) modified
for work with intact leaf tissue. A randomized, trifurcated
light guide was used to merge the excitation beam, photo-
diode detector, and far-red (approximately 730 nm) light
source at the leaf surface. The excitation beam for fluores-
cence measurements was created by nonperiodic, probing
flashes of adjustable energy and duration from four red-
light-emitting diodes (peak at 654 nm; model HLMP 8104,
Hewlett-Packard). The energy, duration (10 ms), and fre-
quency (0.2 Hz) of the probing flashes were adjusted to
ensure that there was no actinic effect on the minimal
fluorescence yield (i.e. less than a 1% reaction center turn-
over per flash).

Far-red illumination (approximately 730 nm at 10 mmol
quanta m22 s21), used to oxidize the PSII quinone accep-
tors, was produced by filtering light from a tungsten-
halogen lamp through a 730-nm interference filter (5-nm
bandwidth, Corion, Franklin, MA). Green actinic light (ap-
proximately 540 nm) was produced from a tungsten-
halogen lamp filtered by a heat-reflecting mirror (model 03
MHG 007, Melles-Griot, Irvine, CA) and an interference
filter (DT Gruen, Blazers, Frankfurt, Germany) and deliv-
ered to the side of the leaf opposite the trifurcated light
guide.

Measurements of the Flash-Induced Electrochromic
Change in Leaves

A kinetic spectrophotometer similar to that described by
Chylla et al. (1987) was used to measure the DA518 induced
by saturating, single-turnover flashes. Red actinic flashes
were produced by a xenon-tube flash lamp (6-ms duration
at half-peak width; model FX-193, EG&G, Salem, MA) fil-
tered by a heat-reflecting mirror (Melles-Griot) and a red
cutoff filter (model CS 2–58, Corning, Inc., Corning, NY). A
monochrometer (Instrument SA, Inc., Metuchen, NJ) was
used to produce a 518-nm measuring beam (2-nm half-
bandwidth) at an intensity of ,2 mmol quanta m22 s21.
Actinic flashes and the measuring beam were brought to
the leaf surface through a randomized, bifurcated fiber-
optic guide positioned perpendicularly to the leaf surface
within an aluminum chamber. A second light guide was
positioned directly below the leaf abaxial surface to direct
the measuring beam passing through the leaf to a photo-
multiplier tube (model R268, Hamamatsu, Bridgewater,
NJ), which was protected by a red-light-blocking filter
(model 2–58, Corning).
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The decay kinetics for DA518 were analyzed as the sum of
two first-order exponential functions (Oxborough and Ort,
1995):

DA518 5 DA518f e t/tf 1 DA518s e t/ts

where f and s denote the fast and slow components of
DA518 decay, respectively, t represents time in milliseconds,
and t represents the relaxation time constant (also in mil-
liseconds). For these analyses, the DA518 following a single-
turnover flash was followed for 400 ms so that the effect of
ATP synthase activity on thylakoid ionic conductance
could be observed (Kramer and Crofts, 1989; Ort and Ox-
borough, 1992; Oxborough and Ort, 1995).

Quenching Analysis of Chlorophyll Fluorescence in Leaves

Chlorophyll a fluorescence measurements were made
with a pulse-amplitude-modulated fluorimeter (PAM-
2000, Walz, Effeltrich, Germany). Saturation pulses (.4000
mmol quanta m22 s21) were used to separate photochem-
ical and nonphotochemical quenching components of the
fluorescence emission (Genty et al., 1989). The fiber-optic
light guide was positioned 90° relative to the leaf surface
within an aluminum chamber. The initial fluorescence
yield was measured with a nonactinic excitation beam (0.7
mmol quanta m22 s21). A single 400-ms saturation pulse
was given to determine the Fm. Dark-adapted values for Fm

and Fo were determined from sunflower plants held in the
dark for a minimum of 10 h.

Inhibitor Additions and CO Fumigation of Leaf Discs

A 10% CO (balanced with nitrogen) gas stream was used
to fumigate sunflower leaf discs for 65 s under a fume hood
in an airtight flask. Leaf discs were floated on top of
distilled water during this fumigation period. Photooxida-
tive MV treatment was performed on sunflower leaf discs
floated on a 100 mm MV solution for 300 s in the light (1000
mmol quanta m22 s21). Rotenone was introduced by float-
ing leaf discs on a 200 mm aqueous solution of the inhibitor
under illumination (1000 mmol quanta m22 s21). The
treated leaf discs remained in this solution during dark
adaptation as fluorescence yield measurements were taken.
Rotenone stock solutions were made by dissolving rote-
none into a 50:50 (v/v) solution of methanol:ethylene gly-
col, but the organic solvent was held below 1% during the
experimental treatment.

RESULTS

Minimal Fluorescence Emission Increases during Dark
Adaptation in Light-Acclimated Sunflower Leaves

The behavior of the apparent Fo from sunflower leaves
following a light-to-dark transition depended on the pre-
illumination history of the plant. Following 4 h of growth-
chamber illumination (Fig. 1), the apparent Fo increased
and quickly relaxed to a steady level. The initial increase in
apparent Fo emission during the first 100 s of dark adap-
tation was almost certainly the result of the relaxation of

energization-dependent nonphotochemical quenching of
apparent Fo as DmH1 formed during the previous illumina-
tion period was discharged. The dip in fluorescence yield
after the initial increase can most consistently be accounted
for as a combination of PQH2 reoxidation (Vernotte et al.,
1979), QA

2 reoxidation (Krause and Weis, 1991), and S2-
S3/QB

22 state recombination (Joliot and Joliot, 1980).
These transient changes were followed by a slower in-

crease in the apparent Fo that reached a maximum level
after approximately 10 min in darkness (Fig. 1). Evidence
will be presented below that this gradual increase in the
apparent Fo beginning about 400 s after the light-to-dark
transition resulted from an accumulation of QA

2 as a con-
sequence of PQ reduction in the dark, which is also ex-
pected to result in an equilibrium distribution of electrons
among the PSII quinone acceptors, leading to a partial
reduction of QA (Velthuys and Amesz, 1974). An increasing
fraction of QA in the reduced state would explain the
postillumination increase in apparent Fo yield because QA

2

is a highly fluorescent state. Reduction of PQ to PQH2

should further contribute to the increase in apparent Fo

emission because oxidized PQ quenches chlorophyll fluo-
rescence more than does PQH2 (Vernotte et al., 1979).

Figure 1 also shows that fully dark-adapted sunflower
leaves (10 h), which were then preilluminated for 300 s
under 1000 mmol quanta m22 s21, did not exhibit a post-
illumination increase in apparent Fo. Preillumination treat-
ments as long as 30 min did not induce any increase in the
minimal fluorescence during dark adaptation (data not
shown).

Figure 1. Changes in apparent Fo emission after a light-to-dark tran-
sition in sunflower leaves with different light-acclimation treatments.
In all cases, fluorescence emission was measured from the leaves
following 5 min of preillumination under 1000 mmol quanta m22 s21

green light. The sunflower plants had been light acclimated in a
growth chamber at 650 mmol quanta m22 s21 PPFD for 4 h (E), light
acclimated for 4 h and then treated with 10% CO for 65 s (F), or dark
adapted for 10 h in the presence (f) or absence (M) of CO.
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Far-Red Excitation Reverses the Postillumination Increase
in Minimal Fluorescence Yield

To further investigate the basis for the increase in appar-
ent Fo during dark adaptation in light-acclimated sun-
flower leaves, far-red light (approximately 730 nm, 10
mmol quanta m22 s21) was applied for 10 s after leaves had
been in darkness for 600 s (Fig. 2). Far-red light treatment
preferentially energized PSI and thereby oxidized the in-
tersystem electron carriers, including PQ, causing a rever-
sal of the increase in apparent Fo. Following far-red illu-
mination, the apparent Fo recovered quickly (t1⁄2 5 30 s) and
thereafter continued to increase gradually. The rate of re-
covery of the apparent Fo should approximate the net rate
of PQ reduction in the dark in these leaves. Consistent with
our interpretation, far-red illumination of fully dark-
adapted sunflower leaves (10 h) did not induce a decrease
in apparent Fo. The slight increase in apparent Fo observed
in dark-adapted leaves implies that a small, steady-state
population of QA

2 was formed during the far-red illumi-
nation period, which then relaxed in the dark via aerobic
oxidation of PQH2. Although the far-red illumination
would induce DpH-dependent fluorescence quenching, the
effect would be too small and rapidly relaxing to observe in
the experiments depicted in Figure 2.

CO Fumigation Accelerates the Rate of PQH2

Accumulation in the Dark

CO is a well-known inhibitor of hemoprotein oxidases
such as Cyt oxidase, in which CO exerts its inhibitory effect
by competing with oxygen for the sixth coordinate of the
heme a iron. We investigated the potential involvement of
a terminal hemoprotein oxidase in chloroplasts of light-
acclimated sunflower leaves by examining the effect of CO
fumigation on the increase in apparent Fo during dark
adaptation. We anticipated that if a pathway exists that
couples the nonphotochemical reduction of PQ to such a
terminal oxidase, then elimination of this activity should
accelerate the rate of PQH2 accumulation and thus the rate
of apparent Fo increase in the dark.

Figure 1 shows the anticipated behavior of CO on the
apparent Fo in sunflower after leaf discs were fumigated
with 10% CO for 65 s. Following CO treatment, the appar-
ent Fo increased to a maximum level (about 200 s after a
light-to-dark transition) faster than the untreated control
(approximately 700 s). These effects of CO on apparent Fo

were not observed in dark-adapted leaves (Fig. 1) or in
leaves exposed to less than several hours of growth-
chamber light (data not shown).

The increase in apparent Fo following CO fumigation
was affected by far-red illumination in a manner similar to
the control leaves (Fig. 2). It is noteworthy, however, that
the recovery rate in apparent Fo following far-red illumi-
nation was more rapid (t1⁄2 5 15 s) in leaves pretreated with
CO compared with untreated leaves. Collectively, these
data indicate that the nonphotochemical reduction of PQ is
largely, if not entirely, insensitive to CO, but dark PQH2

oxidation is mediated by a chloroplast-localized, CO-
sensitive hemoprotein oxidase.

Anaerobic conditions qualitatively mimicked the effects
of CO fumigation, although the acceleration of the increase
in the apparent Fo was less dramatic, and anaerobic con-
ditions enhanced the final apparent Fo level more than CO
fumigation (data not shown). Harris and Heber (1993) also
found that anaerobic conditions resulted in an increase in
the apparent Fo in the dark in spinach (Spinacia oleracea)
leaves. However, in contrast to our results with light-
acclimated sunflower leaves, they observed the dark in-
crease in apparent Fo only under anaerobic conditions. It is
not known what the differences between spinach and sun-
flower may be with respect to the operation of chloro-
respiration, but this difference could be accounted for by a
lower capacity for dark PQ reduction in the spinach leaves
used in the Harris and Heber (1993) study.

MV and Rotenone Inhibit Dark Reduction of the PQ Pool

It is well known that MV can catalyze a rapid, light-
dependent depletion of chloroplast stromal reductants, in-
cluding NADPH and ascorbate (Ort and Izawa, 1973;
Aristarkhov et al., 1987). Following a 5-min incubation of
light-acclimated sunflower leaf discs in 100 mm MV under
1000 mmol quanta m22 s21 green light, the increase in
apparent Fo during dark adaptation was almost completely
abolished (Fig. 3). Even in leaf discs treated with CO, no

Figure 2. Reversal of the increase in the apparent Fo in light-
acclimated sunflower leaves by far-red illumination. Leaves were
exposed to growth chamber light (650 mmol quanta m22 s21 PPFD)
for 4 h, and the apparent Fo was measured following a preillumina-
tion treatment with (F) or without (E) CO. CO and preillumination
conditions are the same as described in Figure 1. The effects of
far-red light on a dark-adapted leaf (10 h) that was preilluminated for
5 min with 1000 mmol quanta m22 s21 green light are also depicted
(M). The beginning of the 10-s far-red light pulses (approximately 730
nm, 10 mmol quanta m22 s21) is indicated by arrows.
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postillumination increase in apparent Fo was detectable in
leaf discs following the photooxidative MV treatment (Fig.
3), indicating that the nonphotochemical reduction of PQ
was completely abolished. The increase in apparent Fo

following a light-to-dark transition was not inhibited by
MV when it was added to the leaf disc during darkness
(Fig. 3).

Rotenone is an inhibitor of the type-I primary oxi-
doreductase of mitochondria that catalyzes electron trans-
fer from NADH to the quinone pool and is coupled to
transmembrane proton translocation. Following a 5-min
incubation of light-acclimated sunflower leaf discs in 200
mm rotenone (Fig. 4), the increase in apparent Fo was
substantially inhibited relative to the control leaf (i.e. incu-
bated for 5 min in the carrier solution minus rotenone).
Sunflower leaf discs treated with 200 mm rotenone showed
more quantitative variability among samples than we ob-
served with other treatments and inhibitors, but the in-
crease in apparent Fo was always greatly diminished rela-
tive to the control.

Fumigation of rotenone-treated leaf discs with CO re-
stored a significant dark increase in the apparent Fo (Fig. 4).
Thus, although rotenone significantly diminished the rate
of dark PQ reduction in light-acclimated sunflower leaves,
dark reduction was not entirely inhibited because PQH2

accumulated when PQH2 oxidation was inhibited by CO. It
should also be noted that in the presence of rotenone it is

evident that CO fumigation induces a rapid decrease in the
apparent Fo level. This observation, in combination with
the fact that CO-treated leaves generally exhibit a lower
maximum apparent Fo during prolonged dark incubation
(Fig. 1), suggests that CO may modestly quench fluores-
cence by a mechanism independent of its inhibition of
chlororespiration.

Dark PQ Reduction Activity Affects the
Activation/Reduction Status of the Chloroplast
ATP Synthase

The chloroplast ATP synthase is an intricately regulated,
reversible F1Fo-type H1-ATPase embedded in the thyla-
koid membrane. Because the catalytically active state of
this enzyme requires the maintenance of a sizable DmH1, it
is generally assumed that the enzyme complex rapidly
deactivates following a light-to-dark transition (for review,
see Ort and Oxborough, 1992). However, the prospect of
proton-coupled chlororespiratory electron flux introduces
an intriguing possibility that an activated chloroplast ATP
synthase/ATPase could be maintained for extended peri-
ods of darkness.

The chloroplast ATP synthase activation status has been
studied in intact leaves by analyses of flash-induced elec-
trochromic change-decay kinetics (Kramer and Crofts,
1989; Ort and Oxborough, 1992; Oxborough and Ort, 1995).
This measurement allows the fate of the electrical compo-
nent of the DmH1 to be monitored because of the effect that

Figure 3. Photooxidative MV treatment prevents the increase in the
apparent Fo following a light-to-dark transition in sunflower leaf
discs. Leaves were light acclimated under 4 h of growth-chamber
light (650 mmol quanta m22 s21 PPFD) before sampling. The control
(E) and MV-treated (f) leaf discs were preilluminated for 5 min
under 1000 mmol quanta m22 s21 green actinic light as before. The
leaf discs were floated in an aqueous 100 mM MV solution during the
preillumination period. CO fumigation had virtually no effect in
MV-treated leaf discs (F). MV added in the dark (i.e. no photooxi-
dative preillumination) had very little effect on the postillumination
increase in apparent Fo (M).

Figure 4. Rotenone inhibits the postillumination increase of appar-
ent Fo in sunflower leaf discs. Leaves used for experiments were
exposed to 4 h of growth-chamber light (650 mmol quanta m22 s21

PPFD) prior to the introduction of the inhibitor. The leaf discs were
floated on distilled water (E) or on a 200 mM rotenone solution (M)
during the preillumination period (i.e. 5 min at 1000 mmol quanta
m22 s21). At 800 s after the light-to-dark transition, the rotenone-
treated leaf was fumigated with 10% CO (F).

Reduction of Plastoquinone by Chlororespiration in Sunflower 1213



the membrane potential has on the absorption spectrum of
a special subset of carotenoids and chlorophyll b molecules
within the thylakoid membrane (Witt, 1979). Under condi-
tions in which the ATP synthase is activated, a rapid (i.e.
tens of milliseconds) depolarization of the flash-induced
electric field occurs due to H1 efflux coupled to the syn-
thesis of ATP (Witt, 1979; Kramer and Crofts, 1989; Ort and
Oxborough, 1992). When the ATP synthase is inactive, the
flash-induced electric field is depolarized by much slower
(i.e. hundreds of milliseconds) ion movements across the
thylakoid membrane (Kramer and Crofts, 1989).

In Figure 5, the changes in the DA518 fast-relaxation time
constant (tfast) from the light-acclimated state to the dark-
adapted state are compared for sunflower leaves with dif-
ferent preillumination histories. In all cases, leaves were
initially preilluminated for 5 min under 1000 mmol quanta
m22 s21 green light. Clearly, the ionic conductance of the
thylakoids is much greater in sunflower leaves that exhib-
ited nonphotochemical reduction of PQ compared with
those that did not (Fig. 5). Although the relaxation of the
DA518 in light-acclimated leaves slowed somewhat during
the 1 h of dark adaptation (i.e. from approximately 25 to
approximately 60 ms), the slowing of tfast was much
greater in the leaves of dark-adapted plants (tfast . 200 ms
after 1 h of dark adaptation). Light-acclimated leaves fu-
migated with CO exhibited a similar response to the un-
treated, light-acclimated leaves during the first 25 min of
dark adaptation (Fig. 5). During prolonged dark adapta-
tion, CO fumigation appeared to stabilize tfast.

Dark PQ Reduction Activity Slows Relaxation of
Nonphotochemical Quenching

Nonphotochemical quenching of chlorophyll fluores-
cence is widely accepted as an indicator of a highly regu-
lated and complex pathway for the direct dissipation of
excitation energy as heat within the PSII antenna. Like the
activation of the chloroplast ATP synthase discussed
above, the formation and maintenance of a DmH1 is a pre-
requisite for nonphotochemical quenching of chlorophyll
fluorescence; therefore, it was of interest to determine the
influence of chlororespiratory electron flux on the lifetime
of nonphotochemical down-regulation of PSII following a
light-to-dark transition.

To determine whether dark PQ reduction drove nonpho-
tochemical down-regulation of PSII, changes in the Fm and
apparent Fo yields were measured to calculate changes in
postillumination nonphotochemical fluorescence quench-
ing. Figure 6 depicts the changes in Fm and apparent Fo of
sunflower leaves exposed to two different illumination
treatments (4 or 11 h of preillumination) following a light-
to-dark transition. Both samples exhibited dark reduction

Figure 5. Postillumination changes in the fast-relaxation time con-
stant (tfast) for the single-turnover flash-induced electrochromic
change measured at 518 nm in sunflower leaves. Changes in tfast

were measured in leaves light acclimated for 4 h under 650 mmol
quanta m22 s21 PPFD and then preilluminated at 1000 mmol quanta
m22 s21 for 5 min with (F) and without (E) CO added. Results are
also shown for a leaf that was preilluminated after a 10-h dark-
adaptation period (f).

Figure 6. Changes in apparent Fo (A) and Fm quenching (Fm 2
Fm9/Fm; B) measured with saturation pulses in sunflower leaves ex-
posed to 650 mmol quanta m22 s21 PPFD for 4 h (E) and 11 h (M).
Saturation pulses (3500 mmol quanta m22 s21) were 400 ms long and
given at 240-s intervals. Leaves were preilluminated for 5 min at
1000 mmol quanta m22 s21 as before. A leaf sample that was dark
adapted for 10 h and then preilluminated is included for comparison
(‚).
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of PQ to PQH2, as was evident from the increase in appar-
ent Fo during dark adaptation (Fig. 6A). Saturation pulses
were applied every 4 min during the dark-adaptation
period.

The dark-adapted Fm was also determined after the light-
acclimated leaves were incubated in the dark for 10 h.
When the extent of nonphotochemical Fm quenching (Fm 2
Fm9/Fm) was calculated, it was apparent that a small
amount of Fm quenching was maintained for a longer time
in leaves exhibiting dark PQ reduction compared with a
leaf that did not reduce PQ (Fig. 6B). The relaxation kinetics
for Fm quenching were slower in leaves acclimated to 11 h
compared with 4 h of growth-chamber illumination (Fig.
6B). Initially, it may seem contradictory that the postillu-
mination increase in apparent Fo, which is indicative of the
net nonphotochemical PQ reduction rate, was less in the
11-h than the 4-h light-treated leaf, whereas the extent of
nonphotochemical quenching, which is indicative of the
size of the DmH1 maintained during the dark adaptation,
was greater in the 11-h than in the 4-h light-treated leaf.
However, as discussed below, this may reflect the effect of
the greater nonphotochemical quenching on apparent Fo

yield in the 11-h light-acclimated leaf.

DISCUSSION

This study provides evidence that a chlororespiratory
electron-transport pathway functions in the chloroplasts of
preilluminated sunflower leaves. Our experiments show
that the PQ pool can be reduced in the dark by a rotenone-
sensitive process, consistent with the involvement of
NAD(P)H dehydrogenase-like activity. Our experiments
further show that the dark-aerobic oxidation of PQH2 relies
on a CO-sensitive oxidase, suggesting the existence of a Cyt
oxidase-like activity in sunflower chloroplasts. Although
one anticipates intervening electron-transfer events be-
tween PQ reduction and electron donation to molecular
oxygen, there is no evidence from higher plants to suggest
what additional redox components might be involved in
chlororespiration. Studies with C. reinhardtii mutants indi-
cate that the chlororespiratory pathway functions in this
single-celled alga without the involvement of Cyt f, the
Reiske-center protein, plastocyanin, or the chloroplast ATP
synthase (Bennoun, 1993). On the other hand, in prokary-
otic cyanobacteria it is well established that the Cyt b6/f
complex works as a common transducer of electrons from
PQH2 to PSI in photosynthesis and to a terminal oxidase
during respiration (Scherer, 1990; Schmetterer, 1994).

In cyanobacteria a CO-sensitive, aa3-type terminal Cyt c
oxidase has been well characterized (Schmetterer, 1994),
possibly suggesting that an analog of this complex may be
present in the chloroplasts of algae and plants. There is also
evidence for a thylakoid-bound Cyt c oxidase in the chlo-
rophyll c-containing alga Pleurochloris meiringensis (Buchel
and Garab, 1995). However, in this organism inhibition of
the terminal oxidase required 25 times the concentration of
KCN needed to inhibit the aa3-type oxidase of mitochon-
dria (Buchel and Garab, 1995). There are also reports that
Synechocystis sp. strain PCC 6803 contains a KCN/CO-

sensitive oxidase other than the aa3-type Cyt oxidase
(Schmetterer et al., 1994).

Direct study of the chloroplast oxidase is hindered by an
inability to reconstitute a CO-sensitive oxidase activity in
isolated thylakoids of algae or plants; this includes our own
unsuccessful efforts. A likely explanation is that the oxi-
dase is removed or otherwise inactivated during thylakoid
isolation. To complicate matters further, some cyanobacte-
ria and eukaryotic algae appear to have alternative (i.e. not
KCN/CO-sensitive) respiratory oxidases. For example, in
C. vulgaris chlororespiration is sensitive to SHAM (Ben-
noun, 1982), an inhibitor of the alternative oxidase of plant
mitochondria. A SHAM-sensitive respiratory oxidase has
also been reported in the chloroplasts of Dunaliella terti-
olecta (Casper-Lindley and Björkman, 1997), and a SHAM-
sensitive glycolate-quinone oxidoreductase activity has
been observed in the chloroplasts of D. tertiolecta, C. rein-
hardtii, and spinach (Goyal and Tolbert, 1996).

The rotenone sensitivity of the increase in the apparent
Fo of light-acclimated sunflower leaves indicates that a
NAD(P)H-dehydrogenase activity is the primary entry
point for electrons from NADPH into the PQ pool. Our
findings are consistent with earlier studies of spinach thy-
lakoids showing that exogenous NADPH reduced PQ in
the dark (Mills et al., 1979). Metabolically, NADPH is likely
to be the most important physiological donor to PQ be-
cause several photosynthetic metabolites in the chloroplast
stroma can be coupled to NADPH formation (e.g. triose-
phosphates, malate, etc.). Starch breakdown would pro-
duce a significant flux of NADPH that could enter the PQ
pool through NADPH oxidation by chlororespiration, as
has been shown in algae (Bennoun, 1982; Gfeller and Gibbs,
1985). In the presence of CO, however, net dark reduction
of PQ was still possible after rotenone treatment (Fig. 4).
Although this may indicate a rotenone-insensitive pathway
for dark PQ reduction, it is equally likely that incomplete
infiltration of rotenone into the leaves is the explanation.

Other possible reductants for PQ in the dark include
ascorbate, which can reduce PQ and is present in concen-
trations in chloroplasts exceeding 20 mm (Aristarkhov et
al., 1987), but there is little indication of how an electron
cycle involving ascorbate would operate in the dark. It has
been suggested that electrons can enter the PQ pool in the
dark in C. reinhardtii from succinate donors (Willeford et
al., 1989), but succinate-dependent redox transfer to PQ is
unknown in plants. Ferrodoxin-quinone reductase activity
is another possible route for stromal donors to shuttle
electrons to PQ, but this activity has been observed to
operate only in the light (Bendall and Manasse, 1995). The
situation is similar for glycolate-PQ-oxidoreductase activ-
ity in algae and spinach chloroplasts, in which glycolate
reduces PQ in the light (Goyal and Tolbert, 1996), but it
seems very unlikely that glycolate pool sizes could be large
enough to account for sustained PQ reduction in the dark.

Estimating from the recovery kinetics for apparent Fo

following a far-red pulse (Fig. 2), the net rate of dark PQH2

formation in light-acclimated sunflower leaves is about
0.28 meq mol21 chlorophyll s21. This calculation assumes
that the pool size of reducible PQ is 16.5 meq mol21 chlo-
rophyll s21 (Graan and Ort, 1984). When CO was added

Reduction of Plastoquinone by Chlororespiration in Sunflower 1215



(Fig. 2), recovery of the apparent Fo was nearly twice as
fast, corresponding to a net rate of dark PQ reduction of
0.55 meq mol21 chlorophyll s21. To estimate the true gross
electron flux to PQ in the dark, the nonenzymatic aerobic
oxidation of PQH2 by molecular oxygen must be consid-
ered. Using the data of Graan and Ort (1984) for spinach
thylakoids, in which aerobic PQH2 oxidation occurs as a
first-order reaction with a 60-s half-time, we assigned a flux
of 0.14 meq mol21 chlorophyll s21 to the nonenzymatic
aerobic oxidation of PQH2. This yields a gross electron flux
to PQ in darkness of about 0.7 meq mol21 chlorophyll s21

(i.e. approximately 0.3% of light-saturated photosynthetic
electron flux in sunflower leaves).

Regardless of the identities of functioning donor mole-
cules, it is clear that a redox pool of considerable size
supplies electrons to PQ during darkness. Dark PQ reduc-
tion persisted for 45 to 70 min in light-acclimated sun-
flower leaves under the conditions studied here. Taking the
estimate for the gross electron transport rate reducing PQ,
along with the duration observed for nonphotochemical
PQ reduction in sunflower leaves, an estimate of the po-
tential chlororespiratory electron donor pool size for PQ
reduction is at least 75-fold larger than the electron storage
capacity provided by the PQ pool. The size of the chloro-
respiratory electron donor pool may indicate that the trans-
fer of reducing equivalents and adenylates from the cytosol
and/or mitochondria may be crucial for sustaining activity
(Garab et al., 1989; Bennoun, 1994). These observations are
consistent with a number of studies that have shown a
substantial reserve of reductant in chloroplasts for P700

1

formed by far-red illumination following a light-to-dark
transition (Asada et al., 1992; Havaux, 1996).

The function of chlororespiration in both plant leaves
and algae remains an enigma (Scherer, 1990; Peltier and
Schmidt, 1991), but its potential role in starch mobilization
at night is an intriguing and plausible possibility. The full
biochemical details for the degradation and mobilization of
starch from higher plant chloroplasts are unknown, but the
process may involve parallel pathways and significant
species-specific differences (Preiss, 1988; Stitt, 1990). It is
clear that sustained starch degradation and mobilization
from the chloroplast in the dark requires the regenerative
cycling of adenine nucleotides and phosphate and possibly
the maintenance of transmembrane pH differences that
regulate the activity of key enzymes in the pathway(s)
(Stitt, 1996).

These considerations place special significance on the
effect of chlororespiratory activity on the regulation of the
chloroplast ATP synthase. Activation of the chloroplast
ATP synthase and the maintenance of its catalytic activity
requires the formation and maintenance of a sizable DmH1,
after which the energetic and catalytic properties of the
enzyme are further modified by thioredoxin-mediated re-
duction of the regulatory disulfide of the g-subunit (for
review, see Ort and Oxborough, 1992). Whether chlorore-
spiratory activity generates a DmH1 of sufficient magnitude
to drive net ATP formation or even to maintain an acti-
vated ATP synthase/ATPase at flux equilibrium is uncer-
tain. The decay rate of the electrochromic change indicated
that light acclimation caused the thylakoid ionic conduc-

tance to remain high following prolonged dark adaptation
(Fig. 5). However, it was unclear whether chlororespiration
actually prolonged the duration of the activated state of the
ATP synthase in the dark or whether only the reduced state
of the regulatory disulfide of the g-subunit was maintained
by a redox buffering pool formed during light acclimation
(Kramer and Crofts, 1989; Gabrys et al., 1994).

These alternatives are difficult to resolve because a single
saturating flash can initiate ATP synthase activation and
the net synthesis of ATP when the g-subunit is reduced,
even in the absence of a preexisting DmH1 (Ort and Oxbor-
ough, 1992). Thus, the insensitivity of the rapid DA518

decay kinetics in light-acclimated leaves to CO fumigation
(Fig. 5) would be expected whether or not chlororespira-
tion supported the maintenance of a large DpH in the dark.
In fact, the maintenance of more rapid DA518 decay kinetics
in CO-treated leaves during prolonged dark adaptation
(Fig. 5, .25 min) may be the result of the maintenance of
the chloroplast reductant pool due to CO inhibition of
chlororespiration.

The strongest evidence that chlororespiration can support
the formation of a sizable DpH in the dark is the demonstra-
tion in unicellular algae of the induction of DpH-dependent
nonphotochemical quenching by chlororespiration (Ting
and Owens, 1993; Endo and Asada, 1996). In P. tricornutum,
Ting and Owens (1993) found increases approaching 10%
in both Fm and Fo upon the addition of the uncoupler
m-chlorocyanocarbonyl phenylhydrazone in the dark (Ting
and Owens, 1993). In sunflower leaves, we observed that the
apparent Fo was reduced by nearly one-half in leaves treated
with 11 h of growth-chamber light compared with those that
had received only 4 h of light acclimation (Fig. 6). However,
only a portion of this quenching was CO sensitive, indicat-
ing that both chlororespiration-dependent DpH-induced
quenching and sustained PSII down-regulation contributed
to the lowering of the apparent Fo between 4 and 11 h of
light acclimation.

Although the magnitude of this chlororespiration-
dependent DpH in sunflower chloroplasts is unknown,
most current evidence suggests that the DpH threshold for
energy-dependent fluorescence quenching is normally
higher than the energetic threshold for ATP synthase/
ATPase activation (Schönknecht et al., 1995; Horton et al.,
1996). This relationship implies that chlororespiratory ac-
tivity in sunflower leaves should be sufficient to maintain
an activated chloroplast ATP synthase/ATPase during
prolonged dark periods. If so, seemingly cryptic diurnal
patterns reported for the dark inactivation of the chloro-
plast ATP synthase in intact plants (Kramer and Crofts,
1990) may be accounted for by chlororespiratory activity
acquired during the course of the day.

We observed an apparent light-dependent activation re-
quirement for chlororespiration that was not reported in
previous studies with algae (Peltier and Schmidt, 1991).
Net nonphotochemical reduction of PQ was not seen in
fully dark-adapted sunflower leaves or in leaves illumi-
nated for 30 min under 1000 mmol quanta m22 s21 light,
even following CO treatment. Approximately 4 h under
growth-chamber light was required to induce chlororespi-
ration in sunflower; we do not know the requirements for
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activation of chlororespiratory electron transport. Activa-
tion of chlororespiration in leaves could require gene ex-
pression and de novo protein synthesis and/or accumula-
tion of suitably large electron donor pools. Considering the
possible role of chlororespiration in the maintenance of
dark starch metabolism, the dependence of nonphoto-
chemical PQ reduction on prolonged light exposure time
may be linked to the accumulation of starch in the chloro-
plast stroma.

Evidence has been presented that the nonphotochemical
reduction of PQ in the dark observed previously in sun-
flower originates from chlororespiration. It is still unclear
what the function(s) of chlororespiration may be in the
dark. Although chlororespiration appears to generate an
electrochemical potential in sunflower leaves, its magni-
tude is unknown. Future studies need to address the pos-
sible relationships between chlororespiration and starch
metabolism in leaves. Studies addressing the molecular
biology and protein chemistry aspects of NAD(P)H dehy-
drogenase and particularly the unknown CO-sensitive ox-
idase are critical to an understanding of the mechanism
and function of chlororespiration. Clarification of the fac-
tors responsible for light activation of chlororespiration
deserves careful study. Additionally, the possible influ-
ences of environmental factors (e.g. heat stress) that may
modulate the rate of nonphotochemical PQ reduction (Ha-
vaux, 1996) remain to be clarified in plant leaves.
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