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In this study, the function of the NAD(P)H dehydrogenase (NDH)-dependent pathway in suppressing the accumulation of
reactive oxygen species in chloroplasts was investigated. Hydrogen peroxide accumulated in the leaves of tobacco (Nicotiana
tabacum) defective in ndhC-ndhK-ndhJ (DndhCKJ) at 42�C and 4�C, and in that of wild-type leaves at 4�C. The maximum
quantum efficiency of PSII decreased to a similar extent in both strains at 42�C, while it decreased more evidently in DndhCKJ
at 4�C. The parameters linked to CO2 assimilation, such as the photochemical efficiency of PSII, the decrease of nonphoto-
chemical quenching following the initial rise, and the photosynthetic O2 evolution, were inhibited more significantly in DndhCKJ
than in wild type at 42�C and were seriously inhibited in both strains at 4�C. While cyclic electron flow around PSI mediated by
NDH was remarkably enhanced at 42�C and suppressed at 4�C. The proton gradient across the thylakoid membranes and
light-dependent ATP synthesis were higher in wild type than in DndhCKJ at either 25�C or 42�C, but were barely formed at
4�C. Based on these results, we suggest that cyclic photophosphorylation via the NDH pathway might play an important role
in regulation of CO2 assimilation under heat-stressed condition but is less important under chilling-stressed condition, thus
optimizing the photosynthetic electron transport and reducing the generation of reactive oxygen species.

Oxygen-evolving photosynthesis operates with two
photosystems (PSI and PSII). Light energy absorbed by
antenna pigments is transferred to the photosystem
reaction centers and is converted to assimilative power
(ATP and NADPH) via a series of electron transporters.
Photosynthetic electron transport is comprised of non-
cyclic electron transport from water to NADP1, cyclic
electron transport from reduced Fd or NADPH recy-
cling to plastoquinone (PQ) or the cytochrome b6 f com-
plex, and a number of O2-consuming alternative
pathways. The function of noncyclic electron transport
has been well studied, but the physiological function
of PSI-cyclic electron transport has only recently been
clarified, although Arnon et al. (1954) first reported
cyclic photophosphorylation 50 years ago. Bendall and
Manasse (1995) summarized the multiple pathways of

cyclic electron flow. In higher plants, cyclic electron
transport is mediated by the chloroplast NAD(P)H
dehydrogenase (NDH) complex, a homolog of mito-
chondrial complex I (Mi et al., 1995; Burrows et al., 1998;
Kofer et al., 1998; Shikanai et al., 1998), and by PGR5, a
proton gradient regulation protein (Munekage et al.,
2002). In Arabidopsis (Arabidopsis thaliana), research us-
ing mutants in which cyclic flow pathways were im-
paired proved that cyclic electron transport is essential
for efficient photosynthesis (Munekage et al., 2004).

It is generally accepted that the PSI-cyclic electron
transport mediated by NDH functions in photoprotec-
tion. Barley (Hordeum vulgare) leaves incubated under
photooxidative conditions showed a large increase in
NdhA, indicating that NDH may be involved in the
protection of chloroplasts against photooxidative stress
(Martı́n et al., 1996). Endo et al. (1999) reported that the
repeated application of suprasaturating light eventually
resulted in more severe photoinhibition and even chlo-
rosis in the NDH-defective mutant, while the wild type
sustained less photodamage and was able to recover
from it. These results suggest that NDH compensates
the stromal overreduction that induces formation of
reactive oxygen species (ROS) through mediation of
cyclic electron transfer. A detergent-containing system
able to oxidize NADH with hydrogen peroxide (H2O2)
in a PQ-dependent process was constructed using
purified NDH and peroxidase (Casano et al., 2000). It
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has been thought that NDH and PQ are involved in
the chlororespiratory process that consumes ROS and
might poise the reduced and oxidized forms of the
intermediates of cyclic electron transport. Further work
showed the possible involvement of intrachloroplastic
H2O2-mediated signaling in the photooxidative induc-
tion of increased NADH dehydrogenase activity and
ndhB/F transcripts (Casano et al., 2000, 2001).

Inhibition of CO2 assimilation induced by heat, chill-
ing, or water stress could also lead to overreduction of
electron transport chain. We observed increased NDH
activity and NdhK in chloroplasts after intact tobacco
(Nicotiana tabacum) plants were heat stressed at 50�C in
the light (Yao et al., 2001). Li et al. (2004) suggested that
NDH functions in providing extra protons, thereby
promoting the xanthophylls cycle and mitigating over-
reduction of the stroma. Horváth et al. (2000) found that
ndhB-deficient tobacco mutants were sensitive to hu-
midity stress and proposed that NDH may retard the
inhibition of photosynthesis by providing extra proton
gradient (DpH).

Thus, many works have shown the increased ex-
pression and activity of NDH under stressful condi-
tions and postulated that NDH-mediated cyclic electron
transport may function in alleviating the stressors.
However, no direct experimental evidence has demon-
strated the mechanism involved in the mitigation of
oxidative damage by NDH-dependent pathways.

In this work, we demonstrate a remarkable increase
in the amount of H2O2 in leaves of tobacco ndhC-ndhK-
ndhJ defective mutant (DndhCKJ) either at 42�C or 4�C.
We compared the photosynthetic electron transport
activities, CO2 assimilation, and photophosphorylation
between wild type and the mutant under unstressed
and stressed conditions. Based on the results, a possible
mechanism leading to the increased production of H2O2
in DndhCKJ at 42�C or 4�C, and the role of NDH in
alleviating the stress will be discussed.

RESULTS

Accumulation of H2O2 in Leaves under
Temperature-Stressed Conditions

3,3-Diaminobenzidine (DAB) reacts with H2O2 in
the presence of peroxidase and immediately generates

brown polymers that are stable in most solutions.
With DAB uptake by leaves, H2O2 can be localized in
vivo and in situ or on a subcellular level (Thordal-
Christensen et al., 1997). Brown marks were not de-
tectable in either DndhCKJ or wild-type leaves after
treatment at 25�C for 3 h (Fig. 1). At 42�C, brown traces
were usually seen in DndhCKJ leaves within 3 h, and a
larger brown area appeared the longer the leaves were
exposed to high-temperature stress. Very few brown
marks emerged within the wild-type leaves. At 4�C,
brown traces usually began to emerge in both wild
type and DndhCKJ after 1 h of treatment, with a more
prominent appearance in the DndhCKJ leaves. The re-
sults indicated that temperature stress causes an ac-
cumulation of H2O2 in tobacco leaves with defective ndh
genes.

Changes in PSII Photochemical Activity and CO2

Assimilation in Response to Temperature Stress

Fv/Fm is a chlorophyll (Chl) fluorescence parameter
used to evaluate the maximum or potential quantum
efficiency of PSII (Genty et al., 1989; Maxwell and
Johnson, 2000). Fv/Fm of leaf discs did not significantly
decline during incubation at 25�C for 1 or 6 h, with no
obvious differences between wild type and DndhCKJ
(Fig. 2A). During treatment at 42�C, Fv/Fm decreased
to around 0.74, but there was still no noticeable dif-
ference between wild type and DndhCKJ. At 4�C, Fv/
Fm gradually declined in both wild-type and DndhCKJ
leaf discs, but the decline in DndhCKJ was more
remarkable (Fig. 2A). The results indicated that there
was no difference between the wild type and mutant
in their light-harvesting ability during heat treatment,
but that of DndhCKJ was more sensitive under chilling
treatment.

FPSII represents the effective photochemical effi-
ciency of PSII, which can indirectly reflect linear
electron transport (Genty et al., 1989; Maxwell and
Johnson, 2000). Figure 2B shows that FPSII of
DndhCKJ was slightly lower than that of wild type
even at 25�C. During incubation at 42�C, FPSII con-
tinuously decreased, and the value declined even
faster in DndhCKJ. After incubation at 42�C for 6 h,
FPSII declined by 28.4% in wild type and by 41.0% in
DndhCKJ. After treatment at 4�C for 1 h, FPSII in wild

Figure 1. Effects of heat (42�C) or chilling (4�C) temperature on the accumulation of H2O2 in the leaves of wild-type (WT) and
DndhCKJ tobacco plants. Petioles were steeped in solutions containing 1 mg mL21 DAB (pH 3.8) at 25�C in the dark for 1 h to
take up the stain. Samples were then incubated at 25�C, 42�C, or 4�C, under illumination at 100 mmol photons m22 s21. H2O2

accumulation was detected as brown areas after 3 h (A and B) and after 1 h (C) of treatment.

Wang et al.

466 Plant Physiol. Vol. 141, 2006



type had declined by 56.2%, and the decline was more
notable in DndhCKJ (by 68.2%). Nevertheless, the
decline in FPSII slackened during subsequent treat-
ment, and the difference between wild type and
DndhCKJ became less evident. The results indicated
that the linear electron transport rate gradually slowed
during 42�C stress, and the difference between wild
type and DndhCKJ also progressively increased up to
6 h after treatment. While FPSII dropped rapidly at
4�C, the drop was slower in wild type than in
DndhCKJ within 1 h of chilling stress.

To obtain further confirmation of the differences in
linear electron transport linked to CO2 assimilation,
the dynamic changes in nonphotochemical quenching
(qN) were compared between wild type and DndhCKJ.
The decreasing phases of qN during illumination
(light recovery) and after illumination (dark relaxation)
reflect the activities of CO2 assimilation and of energy-
dependent heat dissipation, respectively (Horton et al.,
1994, 1996; Jones et al., 1998; Ivanov and Edwards, 2000;
Maxwell and Johnson, 2000; Müller et al., 2001). Figure
3A shows that the light recovery ability of qN was
similar in wild type and DndhCKJ at 25�C but was
higher in wild type at 42�C. After treatment at 42�C for
6 h, qN stayed at an abnormally high level in DndhCKJ,
but still showed light recovery ability in wild type,
indicating that CO2 assimilation was much less inhibi-
ted in wild type than in DndhCKJ when suffering heat
stress. On the other hand, after treatment at 4�C for 6 h,
there was a great increase in qN, and light recovery was
seriously inhibited in both wild type and DndhCKJ. The

dark relaxation of qN was notably slower in DndhCKJ
than in wild type but was significantly retarded in both
strains (Fig. 3B). These results suggest a regulative role
of NDH in alleviating the inhibition of photosynthetic
electron transport and in the dissipation of the trans-
thylakoid energy gradient.

The measurement of O2 evolution using leaf frag-
ments suspended in a solution of bicarbonate more
directly reflects the activity of CO2 assimilation. Figure
4 shows that O2 evolution was inhibited in both wild
type and DndhCKJ at 42�C, and that the inhibition was
much more significant in DndhCKJ than in wild-type
fragments after 6 h of treatment. No O2 evolution was
detected at 4�C. These results confirmed that CO2
assimilation was more strongly inhibited in the NDH-
defective mutant at the high temperature and was
almost totally inhibited at the low temperature in both
strains.

Effects of Temperature Stress on PSI-Cyclic Electron
Transport Mediated by NDH

A transient postillumination increase in Chl fluo-
rescence is considered to arise from the reduction of
PQ by NAD(P)H or other reducing substances that
accumulated in the light. This reaction mainly involves
PSI-cyclic electron transport mediated by NDH in cya-
nobacteria (Mi et al., 1995) and in higher plants (Burrows
et al., 1998; Kofer et al., 1998; Shikanai et al., 1998).
Figure 5 shows that there is a visible transient postillu-
mination increase in Chl fluorescence in wild-type

Figure 2. Changes of Chl fluorescence parameters during temperature treatment. Leaf discs were floated on the surface of
temperature-controlled cyclic water bath with the epidermal side upward, and treated at indicated temperatures (25�C, 42�C, or
4�C) for the indicated time (1 h, 3 h, or 6 h) under illumination of about 100 mmol photons m22 s21. They were dark adapted at
the corresponding temperatures for 10 min. Chl fluorescence was then measured at the same temperature using a PAM emitter-
detector unit 101 ED as described in ‘‘Materials and Methods.’’ Values for Fv/Fm 5 (Fm 2 F0)/Fm (A) andFPSII5 (Fm#2 F)/Fm# (B)
are the averages of four independent measurements. Standard errors are indicated by the vertical bars.
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leaves at 25�C, while it was severely impaired in
DndhCKJ. When the leaves were treated at 42�C, either
the initial rate of the increasing phase or the amplitude
of the postillumination increase in Chl fluorescence
was enhanced in wild type, with only a trace increase
in DndhCKJ. In contrast, when treated at 4�C, both
wild type and DndhCKJ showed a decreased level of
fluorescence with slower kinetics and no transient
peaks after removal of the white actinic light (AL).

The fast kinetics of Chl fluorescence following a
pulse light reflects the reduction of PQ (Joët et al.,
2002b; Joliot and Joliot, 2002). The rise in fluorescence
observed in the first 200-millisecond (ms) time range
showed a prominent peak in wild type after treatment
at 42�C but only slightly increased in DndhCKJ leaves
(Fig. 6), indicating that PQ could be rapidly reduced
and reoxidized in wild-type leaves. However, neither
the wild type nor the mutant exhibited reduction of
PQ at 4�C. These data further confirm that the reduc-

tion of PQ by NDH-dependent cyclic electron flow is
augmented by heat but not chilling exposure.

The dark rereduction of P7001 is a more direct
reflection of the rate of cyclic electron transport around
PSI and of the electron donation to the intersystem
electron transport chain by stromal reductants (Maxwell
and Biggins, 1976; Mi et al., 1992a, 1992b; Havaux,
1996). At 25�C, the initial rate of P7001 rereduction
after turning off of the far-red light was slower in
DndhCKJ than in wild type by 14.2% (Fig. 7). After
42�C stress, the initial rate was accelerated in both and
more notably accelerated in wild type. It was slower in
DndhCKJ than in wild type by 16.9%. After 4�C
treatment, the initial rate measured under this tem-
perature was slowed and was slower in DndhCKJ than
in wild type by 14.6%. Together, these results reveal
that the cyclic electron transport mediated by NDH is
enhanced at the high temperature and suppressed at
the low temperature.

Figure 3. Effects of heat (42�C) and chilling (4�C) treatments on the kinetics of qN. Leaf discs were treated for 6 h and dark
adapted as in Figure 2. qN was measured as described in ‘‘Materials and Methods.’’ The AL was turned on at 0 min and off at
15 min, but saturating pulses lasted for another 10 min. qN was calculated as 1 2 (Fm#2F0#)/(Fm2F0).

Figure 4. Effects of heat (42�C) and chilling (4�C)
treatments on photosynthetic oxygen evolution.
Leaf discs were treated as in Figure 2, cut into
fragments of 1 mm2, and stirred in a 1.8-mL
suspension (0.11 mg Chl mL21) containing 0.1 M

NaHCO3 and 0.05 M Tris (pH 7.5) in the thermo-
stated glass vessel of a Clark-type oxygen elec-
trode. O2 evolution was normally detected
several minutes after the start of illumination
(800 mmol photons m22 s21) at 25�C or 42�C, but
was not detectable at 4�C (indicated with aster-
isks [*]). Values are the averages of four indepen-
dent measurements. Standard errors are
indicated by the vertical bars. The control rate
of O2 evolution (wild type, 25�C, 1 h) was
67.2 mmol O2 mg Chl21 h21.
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The Transthylakoid Proton Gradient
and Photophosphorylation

The ms-delayed light emission (ms-DLE) of Chl
fluorescence was used to monitor the transthylakoid
proton gradient (DpH; Wraight and Crofts, 1971; Li
and Shen, 1994). The ms-DLE from wild-type leaf discs
was higher than that from DndhCKJ both before and
after temperature treatment (Fig. 8), suggesting the
involvement of the NDH pathway in the formation of
DpH. To investigate whether the NDH-dependent
transthylakoidal DpH contributes to ATP synthesis,
light-induced ATP synthesis in intact chloroplasts was
analyzed (Fig. 9). After illumination of the dark-
adapted chloroplasts for 1 min at 25�C, there was
ATP synthesis in wild-type chloroplasts but very little
in those from the DndhCKJ mutant. This finding is
indicative of the operation of photophosphorylation
through rapidly activated cyclic electron transport
mediated by NDH under CO2 assimilation retarded
conditions. ATP synthesis was also observed in both
wild type and DndhCKJ at 42�C (much more in wild
type), while no photophosphorylation occurred at 4�C.
The results indicate that cyclic photophosphorylation
via NDH functions when CO2 assimilation was in-
hibited under heat-stressed conditions.

DISCUSSION

Temperature Stress Induced H2O2 Production in
DndhCKJ Strain

ROS such as superoxide anion radical and H2O2 are
inevitably photoproduced in chloroplasts (Asada and
Kiso, 1973; Asada et al., 1974) and are rapidly scav-
enged through water-water cycle (Asada, 1999). How-
ever, under heat- or chilling-stressed conditions,
Calvin cycle enzymes (especially Rubisco activase)
are depressed, leading to suppression of CO2 assimi-
lation (Weis, 1981; Kingston-Smith et al., 1997; Allen
and Ort, 2001; Salvucci and Crafts-Brandner, 2004a,
2004b) and overreduction of stromal components.
Inhibition of CO2 assimilation enhances the electron
flow to O2, generating more�superoxide anion radical
(Asada, 1992). Compared with the accumulation of
H2O2 (Fig. 1), decrease in CO2 assimilation (Fig. 4) oc-
curred much earlier during temperature stress. Thus,
accumulation of H2O2 in the leaves of DndhCKJ (under
either heat or chilling stress) and wild-type (under
chilling stress) leaves (Fig. 1) should be the result of
the inhibition of linear electron transport (Fig. 2B). It
has been suggested that NDH and PQ are involved in
the chlororespiratory process that consumes ROS, and

Figure 5. Effects of heat (42�C) and chill-
ing (4�C) on postillumination increase of
Chl fluorescence in the leaves of wild type
and DndhCKJ. F0, Dark fluorescence level;
and AL, white actinic light (200 mmol
photons m22 s21, lasted for 2 min). Insets
show transient increase in Chl fluorescence
following light-to-dark transition. Leaf discs
were dark adapted on a temperature-
controlled plate at indicated temperatures
for 10 min and then the fluorescence was
measured at the same temperature.

Figure 6. Effects of heat (42�C) and chill-
ing (4�C) treatments on the kinetics of
fluorescence induction curve. Leaf discs
were treated for 6 h and dark adapted as in
Figure 2. Chl fluorescence was measured
and recorded as described in ‘‘Materials
and Methods.’’
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that they might poise the reduced and oxidized forms
of the intermediates of cyclic electron transport with a
constructed in vitro system (Casano et al., 2000). How-
ever, there was no direct evidence for involvement
of the NDH pathway in ROS scavenging. This work
provides direct evidence for the involvement of the
NDH-dependent pathway in the suppression of ROS
generation in chloroplasts.

CO2 Assimilation Was Greatly Inhibited in the

DndhCKJ Mutant

At the high temperature, the light energy harvested
and transferred by PSII was not obviously reduced, and
it maintained a similar level between wild type and
DndhCKJ (Fig. 2A). Nevertheless, linear electron trans-
port (Fig. 2B), as well as CO2 assimilation (Fig. 4), was
increasingly limited. The DndhCKJ mutant exhibited a
more severe inhibition, especially after 6 h of stress
treatment (Figs. 2B, 3, and 4). These results implied that
the NDH pathway was involved in regulation of CO2
assimilation, thus reducing the generation of ROS under
heat stress. Differently, chilling stress induced a contin-
uous decrease of Fv/Fm and a large drop in FPSII (Fig.
2), indicating that the light energy harvested and trans-
ferred by PSII was reduced, leading to a slowdown of
apparent electron transport. As a result, the protective
role of the NDH pathway became less important (Fig. 1).

A typical qN induction curve measured under
optimal physiological conditions is composed of an
initial rise to a high level, which reflects the rapid
buildup of DpH, and the gradual decrease to a steady-
state level in the course of activation of the Calvin
cycle, consuming ATP and thus relaxing DpH (Jones
et al., 1998). After 6 h of heat stress, the qN induction
curve in the DndhCKJ mutant lost the decreasing
phase and stayed at a high level, while wild type
retained the typical induction curve due to less inhi-
bition of CO2 assimilation (Fig. 3A). Under chilling

stress, qN induction curves achieved even higher
levels in both strains, while the dark relaxation of qN
was more retarded in DndhCKJ than in wild type (Fig.
3B). The results further supported the regulative role
of NDH in alleviating the inhibition of CO2 assimila-
tion and also its possible involvement in the trans-
thylakoid energy gradient. The much more significant
inhibition of photosynthetic O2 evolution in DndhCKJ
than in wild type after 6-h heat treatment (Fig. 4) again
strengthened our suggestions.

PSI-Cyclic Electron Transport Mediated by

NDH Functions in Acclimating to
Temperature-Stressed Conditions

Previous work has shown that wild-type, but not
Ndh-deficient tobaccos, exhibited a postillumination

Figure 7. Effects of heat (42�C) and chilling (4�C) on
the initial rates (0–1 s) of P7001 rereduction follow-
ing far-red light in wild type and DndhCKJ. Leaf discs
were treated as in Figure 5. Dark reduction of P7001

was measured by turning off of the far-red light
(.705 nm, 5.2 mmol photons m22 s21) after a 30-s
illumination that allowed the oxidation of P700 to a
steady state. Each experiment was repeated four
times. Standard errors are indicated by the vertical
bars.

Figure 8. Effects of heat (42�C) and chilling (4�C) treatments on ms-
DLE. Leaf discs were treated for 6 h and dark adapted as in Figure 2. The
ms-DLE was measured as described in ‘‘Materials and Methods.’’
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increase in fluorescence after photooxidative treatment
that paralleled with higher Ndh complex level, activity,
and an increase in thylakoid peroxidase (Martı́n et al.,
2004). Consistent with this result, enhancement of the
postillumination increase in Chl fluorescence and the
more notable acceleration of P7001 rereduction in wild
type under heat stress (Figs. 5 and 7) indicated that the
NDH-dependent cyclic pathway was stimulated under
oxidative conditions caused by heat stress. Similarly, the
fast kinetics of Chl fluorescence indicated that PQ could
be rapidly reduced and reoxidized in wild type under
heat treatment (Fig. 6), further demonstrating the effec-
tive activation of the NDH-related pathway in response
to heat stress.

To prevent overreduction of stromal components
and formation of ROS, excess electrons must be effi-
ciently consumed, either by the Calvin cycle or by
other electron valves. When CO2 assimilation was
inhibited under heat stress (Fig. 4), alternative electron
valves such as Mehler reaction and photorespiration
as well as cyclic electron flow (Figs. 5 and 7), might
become evident. Since plastid terminal oxidase (PTOX)
is able to transfer electrons from PQ to oxygen without
generating ROS (Cournac et al., 2000; Josse et al., 2003),
NDH and PTOX involved in chlororespiration were
suggested to function to provide and remove electrons,
respectively, thus to balance the redox state of trans-
porters (Niyogi, 2000; Martı́n et al., 2004; Streb et al.,
2005). Changes in the redox state of intersystem electron
carriers by chlororespiration have been indicated to

tightly control the rate of PSI-driven cyclic electron flow
in vivo (Joët et al., 2002a). Since the potential electron
consumption by chlororespiration is currently thought
to be very low (Ort and Baker, 2002) and the content of
PTOX is low in many plant species (Streb et al., 2005), its
function remains to be clarified under the stressed con-
ditions.

Coincident with a previous report (Savitch et al.,
2001), in contrast to heat, chilling stress inhibited the
cyclic electron flow (Figs. 5, 6, and 7). This inhibition
might be the result of the slowing down of the appar-
ent electron transport (Fig. 2) and inactivation of en-
zymes involved in the operation of photosynthesis,
including NDH. Nevertheless, some studies have shown
that PSI-cyclic electron transport is accelerated by chill-
ing stress (Kim et al., 2001; Barth and Krause, 2002;
Bukhov et al., 2004). The discrepancy may be attributed
to different measurement conditions. The former were
carried out at chilling temperature while the latter were
at room temperature, which might reflect the recovery
process. Actually, we found that the complete inhibition
of photosynthetic O2 evolution could be completely
recovered once shifted to 25�C (data not shown). The
accumulation of H2O2 in wild-type leaves at the low
temperature (Fig. 1) might be attributed to the suppres-
sion of NDH-dependent cyclic electron flow. Thus, the
role of NDH in photoprotection at low temperature is
less important compared with that at high temperature.

The NDH Pathway Probably Provides Extra ATP for
Regulation of CO2 Assimilation

It has been proposed that NDH-dependent cyclic
electron transport plays a role in supplying extra ATP
for optimal photosynthesis, particularly under condi-
tions when CO2 is limiting (Peltier and Cournac, 2002).
However, there was no direct proof of supplementa-
tion of extra ATP by NDH-mediated cyclic electron
transport. On the basis of the slower rising phase of the
nonphotochemical qN induction curve in the NDH-
defective mutant under water-stressed conditions, it
has been suggested that PSI-cyclic electron transport
mediated by NDH was responsible for enhanced
proton pumping and was involved in energy dissipa-
tion when CO2 availability reduced (Burrows et al.,
1998). In this work, the higher ms-DLE in wild type
than in DndhCKJ (Fig. 8) denoted the formation of
DpH through NDH-mediated cyclic electron transport
under either stressed or nonstressed conditions. A
9-aminoacridine fluorescence quenching analysis
showed a similar trend (data not shown). Moreover,
when CO2 assimilation did not operate in the intact
chloroplasts in the absence of acceptor at either 25�C or
42�C, light-dependent ATP synthesis via NDH path-
way occurred (Fig. 9).

One of the roles of transthylakoid DpH is to function
in photoprotection, necessary for the thermal dissipa-
tion of excess absorbed light energy (Niyogi, 1999).
Li et al. (2004) suggested that NDH might function
by providing extra protons, thus to promote the

Figure 9. Light-induced ATP synthesis of chloroplasts. The 1-mL reac-
tion mixture contained 0.4 M Suc, 50 mM Tris-HCl (pH 7.6), 10 mM

NaCl, 5 mM MgCl2, 2 mM ADP, 10 mM Na2HPO4, and intact chloro-
plasts with 30 mg of Chl. After illumination (800 mmol photons m22 s21)
for 1 min at 25�C, 42�C, or 4�C, ATP contents of the illuminated and
dark-controlled sample were analyzed using the Luciferin-luciferase
method. Values are the averages of six independent measurements.
Standard errors are indicated by the vertical bars. The control value of
ATP contents (100%) was about 31.4 nmol ATP mg Chl21.
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xanthophylls cycle and mitigate the stromal overreduc-
tion. In addition to the xanthophylls cycle (Demming-
Adams, 1990), Mehler reaction (Schreiber and Neubauer,
1990; Osmond and Grace, 1995) was suggested to func-
tion in radiationless energy dissipation, and water-
water cycle would be enhanced by limitation of
photosynthesis (Miyake and Yokota, 2000). However,
Mehler reaction alone is not sufficient for effective
energy dissipation (Clarke and Johnson, 2001). There
are reports that strong light also promotes radiation-
less energy dissipation in npq1-2 mutant, which can-
not synthesize zeaxanthin (Niyogi et al., 1998), as in
zeaxanthin-containing leaves (Bukhov et al., 2001).
Based on this evidence, Heber et al. (2001) suggested
that the combination of zeaxanthin and a low intra-
thylakoid pH were sufficient in some hydrated mosses
and green lichens, but not in higher plants, to dissipate
energy even when PSII reaction centers are open.
Therefore, cyclic electron transport might be respon-
sible for producing the extra thylakoid acidification
that leads to the effective dissipation of excess excitant
energy as heat. The observed involvement of NDH in
protection of the tobacco plant from photooxidative
damage (Fig. 1) under temperature-stressed conditions
also supports this view.

On the other hand, CO2 assimilation is usually
limited by its key enzyme, Rubisco, which is activated
by its molecular chaperone, Rubisco activase, through
an ATP-dependent reaction. A series of studies have
indicated that the operation of Rubisco activase is
sensitive to high and low temperature (Kingston-Smith
et al., 1997; Salvucci and Crafts-Brandner, 2004a, 2004b).
It is plausible that the suppression of linear electron
transport (Fig. 2B) and photosynthetic O2 evolution
(Fig. 4) under heat-stressed conditions might be the
result of inhibition of Rubisco activation. The lower
level of suppression in wild type might be attributed to
the function of NDH-dependent PSI-cyclic electron
transport (Figs. 5, 6, and 7). Cyclic photophosphoryla-
tion via the NDH pathway (Figs. 8 and 9) might provide
extra ATP for activation and stabilization of Rubisco
activase under heat stress. It has been suggested that
Rubisco activase was activated only by electron trans-
port through PSI, and not by that from PSII (Campbell
and Ogren, 1990). Whether the cyclic electron transport
mediated by NDH can activate or stabilize Rubisco
activase is worth further study. These results suggest
that photophosphorylation via NDH pathway might
optimize CO2 assimilation under heat stress, leading to
a reduction in the generation of ROS, which would
inactivate CO2 assimilation enzymes (Ishida et al., 1998,
1999) and scavenging enzymes such as ascorbate per-
oxidases (Mano et al., 2001), thus cause further oxida-
tive damage in leaves.

In conclusion, this work indicates that when the
Calvin cycle is inhibited under temperature-stressed
conditions, especially under heat stress, PSI-cyclic
electron transport mediated by NDH might play an
important role in optimization of the photosynthetic
apparatus. This function is probably carried out by

providing extra DpH and ATP to regulate CO2 assim-
ilation, and poising the redox level of electron trans-
porters through chlororespiration, thus reducing the
generation of ROS.

MATERIALS AND METHODS

Tobacco Strains, Growth Conditions, and Treatment

Homoplasmic DndhCKJ tobacco (Nicotiana tabacum cv Xanthi) mutants in

which the chloroplastic ndhC, ndhK, and ndhJ genes were inactivated

(Takabayashi et al., 2002) were cultivated along with wild-type plants in a

phytotron (about 200–300 mmol photons m22 s21, 12-h light at 25�C and 12-h

dark at 20�C). Four- to 6-week-old plants were used for experiments. To per-

form heat and chilling treatments, leaf discs were floated on the surface of a

temperature-controlled cyclic water bath of 25�C, 42�C, or 4�C, with the epi-

dermal side turned up and an illumination of about 100 mmol photons m22 s21.

Detection of H2O2 in the Leaves

Young leaves of similar size were cut from 4-week-old plants. The

leafstalks were immediately dipped into water containing 1 mg mL21 DAB

(pH 5 3.8; Thordal-Christensen et al., 1997) and kept at 25�C in the dark for 1 h

to take up the stain. The samples were then placed in illuminating incubators

at 25�C, 42�C, or 4�C (about 100 mmol photons m22 s21) for the indicated time,

keeping the petioles immersed in the DAB solutions. The Chl was bleached by

boiling the leaves in 95% ethanol before taking pictures.

Chloroplast Preparation

Intact chloroplasts were isolated at 4�C according to a modification of the

method described by Mills and Joy (1980). Dark-adapted leaves were homog-

enized in cold medium containing 0.4 M Suc, 50 mM Tris-HCl (pH 7.6), 10 mM

NaCl, 2 mM MgCl2, and 2 mM EDTA. After filtration through two layers of

nylon cloth and centrifugation (1,000g for 3 min at 4�C), the pellet was

resuspended in the medium and layered onto a 40% and 60% Percoll step

gradient. Intact chloroplasts were recovered from the 40%/60% Percoll

interface after centrifugation at 3,500g for 10 min at 4�C. After washing, the

chloroplasts were pelleted at 2,000g for 3 min at 4�C, suspended in the homog-

enization medium, and stored on ice in the dark. The intactness of the Percoll-

purified chloroplasts from both wild type and DndhCKJ was above 90%, which

was estimated by ferricyanide-dependent O2 evolution before and after osmotic

shock (Heber and Santarius, 1970).

ATP Synthesis Measurements

Light-induced ATP synthesis of chloroplasts was measured by comparing

the ATP level in the dark and 1 min after illumination. One-milliliter reaction

mixture contained 0.4 M Suc, 50 mM Tris-HCl (pH 7.6), 10 mM NaCl, 5 mM

MgCl2, 2 mM ADP, 10 mM Na2HPO4, and intact chloroplasts with 30 mg of Chl.

After illumination (800 mmol photons m22 s21) for 1 min at 25�C, 42�C, or 4�C,

10% TCA was immediately added to the illuminated and dark-controlled

samples and neutralized with 3 M Na2CO3. ATP content was then analyzed by

the Luciferin-luciferase method using a luminometer (RS 9901 luminometer)

and ATP bioluminescence assay kit (Shanghai Institute of Plant Physiology,

Chinese Academy of Sciences).

Measurements and Analysis of Chl Fluorescence

Parameters and the Redox Change of P700

Chl fluorescence was measured according to Schreiber et al. (1986, 1988)

using a pulse-amplitude modulated fluorimeter (PAM 101, Walz). After

treatment, the leaf discs were dark adapted at the indicated temperatures

and the measurement was carried out at the same temperatures. The mod-

ulated nonactinic measuring beam (1.6 kHz) was switched on to obtain the

initial fluorescence (F0). Maximal fluorescence (Fm) was measured by illumi-

nation with a 0.8-s pulse of white saturating light. Maximum quantum

efficiency of PSII was determined by Fv/Fm. The kinetics of the fluorescence

induction curve was recorded with a PDA-100 data acquisition system. Using

Wang et al.
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a previously described method with slight modifications (Shikanai et al.,

1998), a transient postillumination increase in Chl fluorescence was recorded

after termination of the 2-min illumination by AL (200 mmol photons m22 s21).

qN was calculated as 1 2 (Fm#2F0#)/(Fm2F0) based on the Fm# measured

every 30 s with saturating pulses, from turning on the AL until steady-state

photosynthesis was reached (15 min of induction). FPSII, the photochemical

efficiency of PSII, was also calculated at steady state as (Fm# 2 F)/Fm#. The

redox change of P700 was monitored by absorbance at 810 2 830 nm, using an

ED-P700DW-E unit of the PAM fluorometer, and the initial rate of P7001

rereduction following far-red light (.705 nm, 5.2 mmol m22 s21) was calculated

(Klughammer and Schreiber, 1998).

Photosynthetic Oxygen Evolution Measurements
on Leaf Fragments

After the leaf discs were treated at the indicated temperatures for the

indicated time, they were cut into fragments of 1 mm2 and stirred into a

1.8-mL suspension (0.11 mg Chl mL21) containing 0.1 M NaHCO3 and 0.05 M

Tris (pH 7.5), in the thermostated glass vessel of a Clark-type oxygen electrode.

The leaf discs were vacuum infiltrated with 0.1 M NaHCO3 after temperature

treatment, and the suspension medium was stabilized to the corresponding

temperatures for the measurement. O2 evolution was normally detected

several minutes after the beginning of the illumination (800 mmol photons

m22 s21).

Measurements of ms-DLE

Measurements of ms-DLE were carried out using a phosphoroscope

according to Wang et al. (2003) with modifications. The sample was irradiated

with light passing through holes arranged on two rotating wheels, so that the

measuring process might be divided into consecutive cycles of 1-ms excitation

by light followed by 4.6 ms darkness. The DLE between 2.8 and 3.8 ms after

every flash was measured with a photomultiplier, and the signal was recorded

continuously by a computer through an analog-digital converter. The leaf

discs were treated and dark adapted at the same temperature and were

immediately inserted into the sample cell to measure ms-DLE.
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