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Abstract Resurrection plants could survive severe

drought stress, but the underlying mechanism for pro-

tecting their photosynthetic apparatus against drought

stress is unclear. Cyclic electron flow (CEF) has been

documented as a crucial mechanism for photoprotection

in Arabidopsis and tobacco. We hypothesized that CEF

plays an important role in protecting photosystem I (PSI)

and photosystem II (PSII) against drought stress for

resurrection plants. To address this hypothesis, the

effects of mild drought stress on light energy distribution

in PSII and P700 redox state were examined in a res-

urrection plant Paraboea rufescens. Cyclic electron flow

was not activated below the photosynthetic photon flux

density (PPFD) of 400 lmol m-2 s-1 in leaves without

drought stress. However, CEF was activated under low

light in leaves with mild drought stress, and the effective

quantum yield of PSII significantly decreased. Mean-

while, non-photochemical quenching (NPQ) was signifi-

cantly stimulated not only under high light but also

under low light. Compared with the control, the fraction

of overall P700 that cannot be oxidized in a given state

(PSI acceptor side limitation) under high light was

maintained at low level of 0.1 in leaves with water

deficit, indicating that the over-reduction of the PSI

acceptor side was prevented by the significant stimula-

tion of CEF. Furthermore, methyl viologen could sig-

nificantly increase the PSII photo-inhibition induced by

high light compared with chloramphenicol. These results

suggested that CEF is an important mechanism for pro-

tecting PSI and PSII from drought stress in resurrection

plants.
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Abbreviations

CEF Cyclic electron flow

LEF Linear electron flow

MV Methyl viologen

NPQ Non-photochemical quenching

PPFD Photosynthetic photon flux density

PS Photosystem

ROS Reactive oxygen species

Y(I) Effective quantum yield of photosystem I

Y(II) Effective quantum yield of photosystem II

Y(NA) Fraction of over P700 that cannot be oxidized in

a given state

Y(ND) Fraction of over P700 that is oxidized in a given

state

Y(NO) Fraction of energy that is passively dissipated in

form of heat and fluorescence

Y(NPQ) Fraction of energy dissipated in form of heat via

the regulated non-photochemical quenching

mechanism

Wleaf Leaf water potential
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Introduction

It is well known that drought stress inhibits photosynthetic

carbon fixation because of stomatal limitation (Cornic

1994; Golding and Johnson 2003; Zhang et al. 2009) and

non-stomatal limitation (Ortiz-Lopez et al. 1991; Jia et al.

2008), which could lead to excess light energy (Smirnoff

1993). Previous studies have indicated that the excess light

energy could lead to the generation of reactive oxygen

species (ROS), which not only cause oxidative damage to

photosynthetic apparatus (Krieger-Liszkay et al. 2008), but

also inhibit the repair cycle (Nishiyama et al. 2001, 2005;

Takahashi et al. 2009). Furthermore, light-induced inacti-

vation of the Mn cluster of water oxidation may occur in

parallel with the singlet oxygen-dependent pathway (see

reviews Tyystjärvi 2008; Vass 2011). It is well known that

resurrection plants could survive extreme drought stress.

However, the underlying mechanisms for protecting their

photosynthetic apparatus against drought stress are unclear.

Since drought stress could induce up-regulation of com-

ponents involved in ferredoxin-dependent cyclic electron

flow that is an important mechanism for protecting PSI and

PSII (Lehtimaki et al. 2010), we hypothesized that resur-

rection plants would show strong CEF activity because

they often undergo drought stress in life.

Photo-inhibition of PSI is mainly caused by the oxida-

tion due to hydroxyl radicals which are generated by a

reaction between reduced iron–sulfur centers and hydroxyl

peroxide (Sonoike et al. 1997; Sonoike 2006). It is reported

that the photoreduction of the iron–sulfur centers on

acceptor side of PS I by light illumination is the key to

photo-inhibition of PSI (Sonoike 1996; Sonoike et al. 1997;

Asada 1999). Therefore, the over-reduction of PSI acceptor

side is deleterious to PSI complexes. Since drought stress

inhibits the photosynthetic carbon fixation, which could

induce the over-reduction of PSI acceptor side, PSI prob-

ably is sensitive to drought stress. Previous studies indi-

cated that the repair of PSI activity is a slow process

needing several days (Zhang and Scheller 2004). More-

over, resurrection plants have fast recovery of photosyn-

thesis during rehydration (Eickmeier 1979). To survive

extreme drought stress, it is speculated that resurrection

plants have strong ability to protect their PSI complex from

photo-inhibition under drought stress. Cyclic electron flow

(CEF) has been documented as a crucial mechanism for

preventing PSI from excess light stress through alleviating

the over-reduction of PSI acceptor side (Munekage et al.

2002, 2004, 2008; Huang et al. 2011). We speculate that

CEF is strongly stimulated under drought stress in resur-

rection plants to protect PSI from photo-inhibition.

Excess light energy absorbed by PSII induces the gen-

eration of singlet oxygen, free radicals containing oxygen

and oxidized P680 (P680?), which damages PSII reaction

centers (Chow and Aro 2005). Plants have the ability to

dissipate excess light energy in PSII through non-photo-

chemical quenching (NPQ). The activation of NPQ is

dependent on the generation of a proton gradient across

thylakoid membrane (DpH). The formation of DpH in

chloroplast is mainly induced by linear electron flow (LEF)

and CEF. It is well known that CEF is essential for pro-

tecting PSII against excess excitation pressure because

CEF-dependent building-up of DpH across thylakoid

membrane helps the activation of NPQ and stabilization of

oxygen-evolving complexes (OEC) (Munekage et al. 2002,

2004; Nandha et al. 2007; Takahashi et al. 2009). Previous

study indicated that CEF was significantly stimulated under

high light and drought stresses to activate NPQ (Golding

and Johnson 2003; Miyake et al. 2004, 2005). Sun et al.

(2006) reported that small residual functional PSII popu-

lation was critical for recovery of the photo-inactivated

PSII complexes. Furthermore, it has been indicated that

resurrection plants showed fast recovery of PSII activity

during rehydration (Cooper and Farrent 2002; Deng et al.

2003). It is likely that PSII of resurrection plants is strongly

protected by the stimulation of CEF under drought stress.

The resurrection plant Paraboea rufescens shows very

strong drought-resistance. It grows on the top of limestone

in marginal tropical areas (21�540N, 101�460E). In our

present study, we determined the effect of mild drought

stress on light energy distribution and P700 redox state in

the resurrection plant P. rufescens to examine the response

of CEF to drought stress in resurrection plants.

Materials and methods

Plant materials

The resurrection plant P. rufescens (Franch.) Burtt is native

to south of China and north of Thailand, a light-demanding

herbaceous species inhabiting on limestone rocks. The

seedlings of it were raised in an open field in Xishuang-

banna Tropical Botanical Garden (21�540N, 101�460E).

During the study period (October 2010 and June 2011), the

maximum photosynthetic photon flux density (PPFD) at

mid-day was up to 1,850 lmol m-2 s-1, and the air tem-

perature was about 20�C at night and 32�C in the daytime.

Water rehydration and dehydration treatment

The plants of P. rufescens were well watered for 1 month

to ensure recovery of photosynthesis. The predawn leaf

water potential (Wleaf) reached zero, and the predawn

maximum quantum yield of PSII was 0.82. After measur-

ing the light response changes in energy distribution in

PSII and P700 redox state in intact leaves without drought
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stress, the leaves were detached for 1 h light adaptation

(200 lmol m-2 s-1) at 25�C associated with an air

humidity of 50% to dehydrate and close stomata. Wleaf was

measured by the pressure chamber (PMS 1000; PMS

Instrument Company, Albany, OR, USA). One light curve

measurement took 14 min, and our experience indicated

that there was a slight loss of Wleaf (about -0.1 Mpa)

during light curve measurement. Leaf structure could be

damaged easily by the measurement of Wleaf. To avoid the

effect of mechanical damage on photosynthetic measure-

ment, the Wleaf in our present study was measured after

light-response-curve measurements.

Photo-inhibitory treatment

To examine the role of CEF in photoprotection in leaves of

P. rufescens grown in an open field, detached leaves were

infiltrated with either H2O or methyl viologen (MV, 300 lM)

(Chow and Hope 2004; Fan et al. 2007) for 1 h in darkness

and then treated with 30�C and 1,900 lmol m-2 s-1 for 1 h

on water. Detached leaves were infiltrated with chloram-

phenicol (CM, 1 mM) for 1 h in darkness in the presence or

absence of MV and then treated with 30�C and

1,900 lmol m-2 s-1 for 1 h on water. To examine whether

1 mM CM can completely inhibit the repair of PSII activity,

detached leaves with photo-inhibition of PSII (sample at

noon) were infiltrated with 1 mM CM and H2O for 1 h,

respectively, and then transferred to 25�C and low light of

25 lmol m-2 s-1 for 2 h recovery.

Chlorophyll fluorescence and P700 measurements

We conducted measurements for the light responses of

chlorophyll fluorescence and P700 redox state in leaves at

25�C synchronously with Dual PAM-100 (Heinz Walz,

Effeltrich, Germany) connected to a computer with control

software. Six mature leaves were light-adapted (340 lmol

m-2 s-1) for at least 20 min at 25�C before the measure-

ment of light response curves, and light-adapted photo-

synthetic parameters were recorded after 2 min exposure to

each light intensity (62, 104, 225, 348, 669, 1,037, and

1,603 lmol m-2 s-1). In the present study, a 635 nm LED

was used as actinic light.

The following chlorophyll fluorescence parameters were

calculated: Fv=Fm ¼ Fm � Foð Þ=Fm; F0o ¼ Fo= Fv=Fmþð
Fo=F0mÞ (Oxborough and Baker 1997), F0v=F0m ¼
F0m � F0o
� �

=F0m; qP ¼ F0m � Fs

� �
= F0m � F0o
� �

; Y(II) ¼ F0m
�

� FsÞ=F0m (Genty et al. 1989), Y(NO) ¼ Fs=Fm;Y(NPQ) ¼
1� Y(II)� Y(NO)(Hendrickson et al. 2004; Kramer et al.

2004). Fo and F0o are the minimum fluorescence in the

dark-adapted state and the calculated value of the minimum

fluorescence value in the light-adapted state, respectively.

The F0o value obtained with this method is not an indepen-

dent measurement and not the same value that one can

obtain by actually measuring F0o using far-red light. Fm and

F0m are the dark-adapted and light-adapted maximum fluo-

rescence upon illumination of a pulse (300 ms) of saturating

light (10,000 lmol m-2 s-1). Fo and Fm were determined

after 30 min dark adaptation. Fs is the light-adapted steady-

state fluorescence. Fv/Fm is the maximum quantum yield of

PSII after dark adaptation. F0v=F0m is the maximum quantum

yield of PSII after light adaptation. qP is the coefficient of

photochemical quenching. Y(II) is the effective quantum

yield of PSII. Y(NO) reflects the fraction of energy that is

passively dissipated in form of heat and fluorescence, It

consists of the NPQ due to photo-inactivation of PSII and

constitutive thermal dissipation that is very stable despite

environmental stresses (Busch et al. 2009). Y(NPQ) repre-

sents the fraction of energy dissipated in form of heat via the

regulated non-photochemical quenching.

The P700 redox state was measured by Dual PAM-100

with a dual wavelength (830/875 nm) unit, following the

method of Klughammer and Schreiber (1994). Saturation

pulses (10,000 lmol m-2 s-1), which were introduced pri-

marily for PAM fluorescence measurement, were applied for

assessment of P700 parameters as well. The P700? signals

(P) may vary between a minimal (P700 fully reduced) and a

maximal level (P700 fully oxidized). The maximum level,

which in analogy to Fm is called Pm, was determined with

application of a saturation pulse after pre-illumination with

far-red light. At a defined optical property, the amplitude of

Pm depends on the maximum amount of photo-oxidizable

P700, which is a parameter for representing the quantity of

efficient PSI complex. P0m was also defined in analogy to the

fluorescence parameter F0m. P0m was determined similarly to

Pm, but with background actinic light instead of far-red illu-

mination. The photochemical quantum yield of PSI, Y(I), is

defined by the fraction of overall P700 that in a given state is

reduced and not limited by the acceptor side. It is calculated as

Y(I) ¼ P0m � P
� �

=Pm. Y(ND) represents the fraction of

overall P700 that is oxidized in a given state, which is enhanced

by a transthylakoid proton gradient (photosynthetic control at

cytb/f complex as well as down-regulation of PSII) and

photodamage to PSII. Y(ND) = P/Pm. Y(NA), thus represents

the fraction of overall P700 that cannot be oxidized by a sat-

uration pulse in a given state due to a lack of oxidized accep-

tors. Y(NA) ¼ Pm � P0m
� �

=Pm. Note Y(I) ? Y(ND) ?

Y(NA) = 1.

Estimation of electron flow through both PSI and PSII

The electron flow through PSI and PSII were calculated as

follows: ETR(I) = Y(I) 9 PPFD 9 aI, ETR(II) = Y(II) 9

PPFD 9 aII (Miyake et al. 2005). aI and aII were obtained as
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aI = p 9 dI and aII = p 9 dII, where p is the absorptance

(the fraction of the incident light absorbed by leaves), and dI

and dII are the fractions of the absorbed light distributed to

PSI and PSII, respectively. The p was determined with an

USB4000 spectrasuite (Ocean Optics Inc., Dunedin, FL,

USA). For each leaf, both a reference scan and a sample scan

of reflection and transmittance were made from 400 to

700 nm at 0.21 nm intervals, and the results integrated over

the wavelength range to obtain the average reflectance or

transmittance (Chen and Cheng 2003). The value of p was

calculated as: 1 – reflectance - transmittance and equaled

0.94 ± 0.002 (n = 3).

If CEF is activated, ETR(I) is larger than ETR(II).

Therefore, the value of CEF was calculated as ETR(I) -

ETR(II) (Miyake et al. 2005; Fan et al. 2007). CEF is not

stimulated under very low light in Arabidopsis grown

under a light of 50 lmol m-2 s-1 (Munekage et al. 2002,

2004). Furthermore, CEF was slightly activated under low

light of 150 lmol m-2 s-1 in leaves of tobacco grown

under a light of 700 lmol m-2 s-1 (Miyake et al. 2005).

Plants of herb P. rufescens used in the present study were

grown under full sunlight and well watered; and they

showed good growth performance. Therefore, we assumed

that CEF was not activated under very low light in leaves

of P. rufescens without water stress and photo-inhibition

because under such condition NADP? is abundant and

effectively out-competes against CEF for the electrons from

reduced ferredoxin (Fd). The values of Y(I) and Y(II) under a

low light of 62 lmol m-2 s-1 were measured at 25�C in

intact leaves. Under such condition, we assumed that

ETR(I) = ETR (II), thus Y(I) 9 PPFD 9 0.94 9 dI =

Y(II) 9 PPFD 9 0.94 9 dII. From the value of Y(I)

(0.53 ± 0.06) and Y(II) (0.75 ± 0.006), dI was calculated to

be 0.59 ± 0.03 and dII was calculated to be 0.41 ± 0.03

(n = 4). Thus, we estimated ETR(I) and ETR(II) using

the following equations: ETR(I) = 0.55 9 Y(I) 9 PPFD,

ETR(II) = 0.39 9 Y(II) 9 PPFD.

Since the fractional absorbance of incident light by PSI

and PSII depends on the light quality, the dI/dII was

determined using the same light quality in the actual

experiments. During state transition, a reduced redox state

of the plastoquinone pool leads to the activation of a pro-

tein kinase, which phosphorylates light harvest complex II

(LHCII) (Vener et al. 1997; Zito et al. 1999). This phos-

phorylation event causes the migration of the phosphory-

lated LHCII to PSI thus increasing the dI/dII ratio (Allen

1992; Finazzi et al. 1999, 2002; Haldrup et al. 2001;

Wollman 2001; Rochaix 2007). Such a change would

enhance the light absorption by PSI. If the state transition

occurred under drought stress, the actual CEF would be

higher than the value we estimated.

Statistical analysis

The results were displayed as mean values of four or six

independent experiments. The data were subjected to analysis

of variance (ANOVA) using the SPSS 16.0 statistical soft-

ware. Tukey’s multiple comparison test was used at a = 0.05

significance level to determine whether significant differ-

ences existed between different treatments.

Results

Effect of mild drought stress on light energy

distribution in PSII

When the leaf water potential decreased from 0 to -0.7 Mpa,

the effective quantum yield of PSII [Y(II)] decreased at all

irradiances due to significant decreases in both maximum

quantum yield of PSII after light adaptation [F0v=F0m] and

coefficient of photochemical quenching (qP) (Fig. 1a–c). The

decrease in qP was larger than that of F0v=F0m. Meanwhile, the

fraction of energy dissipated as heat via the regulated non-

photochemical quenching mechanism [Y(NPQ)] strongly

increased at all irradiances (Fig. 1d). Under control condi-

tions (leaf water potential = 0), NPQ was almost not acti-

vated below the photosynthetic photon flux density (PPFD) of

400 lmol m-2 s-1. However, it was significantly activated

under a low PPFD of 62 lmol m-2 s-1 in drought-stressed

plants. The fraction of energy that is passively dissipated in

form of heat and fluorescence in PSII [Y(NO)] was main-

tained stable at the baseline of 0.2 at all light intensity under

the drought stress (Fig. 1e).

Effects of mild drought stress on LEF and CEF

LEF gradually increased to 136 lmol photons m-2 s-1 under

a PPFD of 1,037 lmol m-2 s-1 and then decreased to

96 lmol photons m-2 s-1 under the light of 1,603 lmol

m-2 s-1 in leaves without water deficit (Fig. 2a). In drought

stress, LEF reached the maximum value of 47 lmol photons

m-2 s-1 under a PPFD of 348 lmol m-2 s-1 and remained

stable under higher light intensity (Fig. 2a). CEF was hardly

activated below the PPFD of 400 lmol m-2 s-1 in leaves

without water deficit and reached 100 lmol photons m-2 s-1

under the PPFD of 1,603 lmol m-2 s-1 (Fig. 2b). However,

CEF was strongly stimulated not only under high light but

also under low light in drought-stressed leaves. The value of

CEF reached to 68 and 155 lmol photons m-2 s-1 under the

PPFDs of 348 and 1,603 lmol m-2 s-1, respectively

(Fig. 2b). In leaves without water deficit, the CEF/LEF ratio
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was lower than 0.1 below the PPFD of 400 lmol m-2 s-1.

However, at the low PPFD of 62 lmol m-2 s-1, the CEF/

LEF ratio was 0.9 in leaves with the drought stress (Fig. 2c).

At the PPFD of 1,603 lmol m-2 s-1, the CEF/LEF ratio of

water stressed leaves reached 3.5, a value much higher than

the value in leaves without drought stress (Fig. 2c).

Effects of mild drought stress on P700 redox state

Under drought stress, the effective quantum yield of PSI

[Y(I)] increased slightly under low light, but was stable

under moderate and high light (Fig. 3a). The fraction of

overall P700 that is oxidized in a given state [Y(ND)]

increased slightly in leaves under drought stress(Fig. 3b). As

a result, the fraction of overall P700 that cannot be oxidized

in a given state [Y(NA)] significantly decreased under low

light in leaves with the water deficit and was maintained at

low level of approximately 0.1 under high light (Fig. 3c),

indicating that the over-reduction of PSI acceptor side was

prevented under high light and mild drought stress.

Effect of methyl viologen and chloramphenicol

on the decrease in PSII activity induced by high light

To examine the role of CEF in protecting PSII from pho-

toinhibition under high light, leaves of P. rufescens were

infiltrated with MV (to abolish any CEF) solution previously

and then illuminated under high light of 1,900 lmol m-2

s-1 at 30�C for 1 h. After the high light treatment, the max-

imum quantum yield of PSII after dark-adaptation (Fv/Fm)

decreased by 50% (Fig. 4). However, the high light stress

just induced a 20% decrease in Fv/Fm in leaves infiltrated

with water. After infiltration with 1 mM CM (to effectively

inhibit protein synthesis, Fig. 5), Fv/Fm decreased by 25%,

but was not significantly different from the water treatment

(Fig. 4). The decrease in Fv/Fm in MV-treated leaves was not

significantly different from the MV-and-CM treated leaves.

These results may suggest that CEF is necessary for pro-

tecting PSII against high light stress in the resurrection plant

P. rufescens. Moreover, under high light MV-treat leaves

showed lower NPQ compared with water-treat leaves

(Fig. 6a), suggesting the normal activation of NPQ in the

resurrection plant P. rufescens was dependent on activation

Fig. 1 Light response changes in F0v=F0m (a), qP (b), Y(II) (c),

Y(NPQ) (d) and Y(NO) (e) in leaves of Paraboea rufescens measured

at 25�C without drought stress (open circle) and with mild drought

stress (solid triangle). The mean ± SE was calculated from four

plants. F0v=F0m maximum quantum yield of PSII under light, qP
coefficient of photochemical quenching, Y(II) effective quantum yield

of PSII, Y(NPQ) fraction of energy dissipated in form of heat via the

regulated non-photochemical quenching mechanism, Y(NO) fraction

of energy that is passively dissipated in form of heat and fluorescence,

Wleaf leaf water potential

b
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of CEF. MV also decreased the coefficient of photochemical

quenching under high light (Fig. 6b).

Discussion

CEF-dependent formation of proton gradient

across thylakoid membranes

We found that CEF was stimulated not only under high

light but also under low light in leaves with mild water

deficient in the resurrection plant P. rufescens (Fig. 2b, c),

and the stimulation of CEF under high light is necessary for

protecting PSII from photoinhibition (Fig. 4). The mild

drought stress induced large decrease in qP (Fig. 1b),

suggesting that during drought stress, more electrons

returned to PSI to reduce P700 and other inter-system

intermediates (consistent with greater CEF), while the

greater abundance of electrons in the intermediates

between the two photosystems kept the primary quinone

electron acceptor of PSII (QA) more reduced. The light

response curve indicated that LEF rates were marginally

changed and similar from PPFD of 400 lmol m-2 s-1

during drought (Fig. 2a), suggesting that the mild drought

limited photosynthesis under high light. Plants usually save

water through closing stomata. Closure of stomata induces

a decrease in the intercellular CO2 concentration and then

reduces the ability of plants to utilize the reducing power

NADPH, a product of linear electron flow. The decrease in

the ability of utilizing the products of linear electron flow

Fig. 2 Light response changes in linear electron flow (LEF) (a),

cyclic electron flow (CEF) (b) and CEF/LEF (c) ratio in leaves of

Paraboea rufescens measured at 25�C without drought stress (open
circle) and with mild drought stress (solid triangle). The mean ± SE

was calculated from four plants. The effect of drought stress on LEF,

CEF and the CEF/LEF ratio was analyzed by one-way ANOVA.

Statistical analysis results indicated that the drought stress signifi-

cantly caused decrease in LEF and increases in CEF and the CEF/LEF

ratio under all light intensities (P \ 0.05, ANOVA, followed by

Tukey’s post hoc test for comparison)

Fig. 3 Light response changes in Y(I) (a), Y(ND) (b) and Y(NA)

(c) in leaves of Paraboea rufescens measured at 25�C without

drought stress (open circle) and with mild drought stress (solid
triangle). The mean ± SE was calculated from four plants. Y(I),

effective quantum yield of PSII; Y(ND), fraction of overall P700 that

is oxidized in a given state; Y(NA), fraction of overall P700 that

cannot be oxidized in a given state
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under mild drought stress should be mainly caused by the

stomatal limitation. The decrease in LEF under drought

stress led to an increase in excess light energy which could

induce the generation of ROS. ROS not only cause direct

oxidative damage to PSII complexes, but also inhibit the de

novo synthesis of the D1 protein, which is important for the

repair of photodamaged PSII under strong light (Nishiyama

et al. 2001; Takahashi et al. 2009). It is necessary for plants

to activate NPQ to harmlessly dissipate excess light energy

as heat. The activation of NPQ is dependent on the

formation of proton gradient across thylakoid membranes

(DpH). Previous studies have indicated that CEF-depen-

dent building-up of DpH is necessary for the activation of

NPQ (Munekage et al. 2002, 2004; Nandha et al. 2007;

Takahashi et al. 2009). When LEF-dependent generation of

DpH was limited under severe drought associated with high

light, CEF was stimulated to help the formation of DpH

and thus to help the activation of NPQ (Golding and

Johnson 2003). Miyake et al. (2005) reported that in

tobacco illuminated under low light, the CEF/LEF ratio

was very low, and did not show any dependence on partial

pressure of ambient CO2. However, our present study

indicated that NPQ was significantly activated under low

light during mild drought stress (Fig. 1d), accompanied

with significant stimulation of CEF (Fig. 2c). Since the

activation of CEF is mainly induced by the limitation of

NADP ? regeneration under drought stress (Miyake et al.

2004), the decrease in Y(II) (Fig. 1c) under low light and

mild drought condition suggesting large decreases in sto-

matal conductance and NADP ? supply for LEF in res-

urrection plants. A possible reason is that resurrection

plants close most of stomata for water conservation under

drought stress and the over-closure of stomata in

Fig. 6 Effect of methyl viologen (MV) on the induction of NPQ

(a) and qP (b). After infiltraated with H2O or 300 lM MV in the dark,

detached leaves were exposed to light at 1,603 lmol m-2 s-1. The

mean ± SE was calculated from three plants. NPQ non-photochem-

ical quenching, qP coefficient of photochemical quenching

Fig. 4 Effects of methyl viologen (MV) and chloramphenicol (CM)

on the decrease in Fv/Fm induced by high light treatment in leaves of

Paraboea rufescens. After treated with chemical reagents (MV and

CM) as described in ‘‘Materials and methods’’, leaf samples were

illuminated on water at 30�C for 1 h under 1,900 lmol m-2 s-1. All

values were expressed relative to the controls with no treatment

before the chilling treatment. The mean ± SE was calculated from

six independent plants. Different letters represent significant differ-

ences of Fv/Fm between different treatments (P \ 0.05, ANOVA,

followed by Tukey’s post hoc test for comparison)

Fig. 5 Effect of chloramphenicol (CM, to inhibit the protein

synthesis) on the repair of PSII activity. Detached leaves with

photo-inhibition (sample at noon) were infiltrated with 1 mM CM and

H2O for 1 h, respectively, and then transferred to 25�C and low light

of 25 lmol m-2 s-1 for 2 h recovery. The mean ± SE was calcu-

lated from five independent plants. Different letters represent

significant differences of Fv/Fm between different treatments

(P \ 0.05, ANOVA, followed by Tukey’s post hoc test for

comparison)
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resurrection plants under mild drought stress induced the

decrease in LEF under low light. Meanwhile, stimulation

of CEF activates NPQ which harmlessly dissipates excess

light energy as heat and protects PSII from photoinhibition.

The fraction of energy that is passively dissipated in

form of heat and fluorescence [Y(NO)] was maintained at

the level of 0.2 under mild drought stress, which is the

baseline value under low light, indicating that there was no

excess excitation pressure in PSII reaction centers under

the mild drought stress. Furthermore, the MV-treated

leaves of P. rufescens showed significant larger PSII pho-

toinhibition than water-treated and chloramphenicol-trea-

ted leaves after high light illumination (Fig. 4). MV

promotes the electrons from PSI to O2 and then induces the

generation of ROS, which inhibit the protein synthesis.

Thus, the effect of MV on PSII photoinhibition includes

two aspects: abolishment of CEF, impairment of the repair

of PSII photodamage. Since CM could inhibit the protein

synthesis, the repair of PSII photodamage was blocked in

CM-treat leaves illuminated under high light. The CM-

treated leaves did not show significant larger PSII photo-

inhibition than water-treated leaves (Fig. 4), indicating the

repair of PSII photodamage under high light was slow.

However, the CM-MV-treated leaves showed significant

larger PSII photo-inhibition compared with CM-treated

leaves, indicating that the CEF-dependent formation of

DpH is necessary for the resurrection plants to protect PSII

under high light. Furthermore, the MV-treated leaves

showed lower NPQ and qP under high light of

1,602 lmol m-2 s-1 than water-treated leaves (Fig. 6).

There results suggested that CEF was a responsive photo-

protective mechanism for PSII in the resurrection plant to

resist drought stress through activating NPQ. In earlier

studies, the efficiency of NPQ in protecting PSII was low

(20–25%) (Tyystjärvi et al. 2005; Sarvikas et al. 2006;

Takahashi et al. 2009).

Photodamage of PSII primarily occurs at the oxygen-

evolving complex that locates on the luminal side of the

thylakoid membrane (Hakala et al. 2005; Ohnishi et al.

2005). Previous study suggested that a high concentration

of Ca2? in the lumen of thylakoid membrane could stabi-

lize the oxygen-evolving complex (OEC) against photo-

damage (Takahashi et al. 2009). Since acidification of the

lumen could drive a Ca2?/H? antiport to sequester Ca2? in

the lumen, up to about 4 mM in the lumen from an external

concentration of 15 lM (Ettinger et al. 1999), the genera-

tion of DpH through CEF under high light stress are nec-

essary for the stabilization of OEC (Takahashi et al. 2009).

Under the mild drought stress, linear electron flow (LEF)

decreased to 50 lmol photons m-2 s-1 under a PPFD of

1,603 lmol m-2 s-1, and the CEF/LEF ratio increased

to 3.5, indicating that the inhibition of LEF-dependent

generation of DpH was compensated by the stimulation of

CEF. When the CEF activity was abolished by MV, PSII

was very sensitive to high light stress in the resurrection

plant P. rufescens (Fig. 4). These results suggest that CEF-

dependent building-up of DpH may be important for sta-

bilizing OEC in resurrection plants with mild drought

stress. Since MV induces massive production of superoxide

(and therefore massive production of hydrogen peroxide)

which may have a direct deleterious effect on PSII, the

larger decrease in Fv/Fm in MV-treated samples compared

with H2O-treated samples suggested that the effect of MV

on PSII photo-inhibition may be not only caused by abol-

ishing CEF but also by increasing oxidative stress.

Since the CEF-dependent building-up of DpH not only

serves for photoprotection but also help synthesis of ATP,

CEF is essential for photosynthesis and growth perfor-

mance (Munekage et al. 2004). Under photorespiratory

conditions, CO2 fixation requires more ATP (Osmond

1981) and the amount of ATP produced by LEF does not

meet the ATP requirement for driving net CO2 assimila-

tion (von Caemmerer 2000). Drought stress induces a

higher ATP demand, which could result in a higher

NADPH/ATP ratio that might activate the NDH-mediated

cyclic electron pathway. This would help dissipating

excess energy and provide additional ATP to maintain

active CO2 fixation (Rumeau et al. 2007). A defect in

photosynthesis induction (Burrows et al. 1998) and a

growth phenotype (Horvath et al. 2000) were observed

under conditions of stomatal closure in tobacco mutants

defective in the NDH complex. This effect was inter-

preted through an involvement of the NDH-mediated

cyclic electron pathway around PSI in supplying the extra

ATP required in conditions of mild water stress (Horvath

et al. 2000). Targeted inactivation of the plastid ndhB

gene in tobacco results in an enhanced sensitivity of

photosynthesis to moderate stomatal closure. In our

present study, the value of CEF/LEF under the PPFD of

1603 lmol m-2 s-1 in mild drought stress reached 3.5

(Fig. 2b), a value much higher than that obtained under

control condition (no drought stress).

CEF plays an important role in protecting PSI against

mild drought stress

Our results suggested that CEF plays an important role in

protecting PSI against mild drought stress in the resurrec-

tion plant P. rufescens. Photo-inhibition of PSI is mainly

induced by the over-reduction of PSI acceptor side which

leads to the generation of hydroxyl radical that damages

PSI complexes (Sonoike et al. 1997; Sonoike 2006). Since

drought stress induces decrease in stomatal conductance,

the inhibition of CO2 assimilation could lead to the over-

reduction of PSI acceptor side, which could induce PSI

photo-inhibition. Since the recovery of PSI is a slow
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process requiring at least 1 week in Arabidopsis after

chilling treatment (Zhang and Scheller 2004), the PSI of P.

rufescens should be protected by some specific mecha-

nisms during dehydration. Previous studies have indicated

that CEF is essential for protecting PSI against high light

stress through alleviating the over-reduction of PSI

acceptor side (Munekage et al. 2002, 2004, 2008). The

value of Y(NA) was maintained at the low level of 0.1

under high light in mild drought stress (Fig. 3c), suggesting

that over-reduction of PSI acceptor side was prevented in

P. rufescens under drought stress. Furthermore, our results

displayed that the value of Y(ND) was maintained at high

level under drought stress in P. rufescens illuminated with

high light (Fig. 3b). The activation of CEF and inhibition

of LEF decreased the fraction of PSII electron acceptors

that were reduced and then increased the value of Y(ND).

Oxidized P700 (P700?) could dissipate excess light energy

harmlessly as heat and thereby alleviate photo-inhibition of

PSI (Nuijs et al. 1986). These results may suggest that CEF

plays an important role in protecting PSI of resurrection

plants through alleviating the over-reduction of PSI

acceptor side.

In conclusion, we found that CEF was very responsive

to mild drought stress in the resurrection plant P. rufescens.

The mild drought stress caused large decrease in the ability

of the leaves to utilize the products of linear electron flow.

Meanwhile, the resurrection plant P. rufescens showed

high CEF and NPQ to protect PSII from photo-inhibition.

The over-reduction of PSI under mild drought stress was

alleviated by the strong stimulation of CEF. Therefore, we

conclude that CEF plays an important role in photopro-

tection for resurrection plants under drought stress.
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Sarvikas P, Hakala M, Pätsikkä E, Tyystjärvi T, Tyystjärvi E (2006)

Action spectrum of photoinhibition in leaves of wild type and

npq1–2 and npq4–1 mutants of Arabidopsis thaliana. Plant Cell

Physiol 47:391–400

Smirnoff N (1993) The role of active oxygen in response of plants to

water deficit and desiccation. New Phytol 125:27–58

Sonoike K (1996) Degradation of psaB gene product, the reaction

center subunit of photosystem I, is caused during photoinhibition

of photosystem I: possible involvement of active oxygen species.

Plant Sci 115:157–164

Sonoike K (2006) Photoinhibition and protection of photosystem I.

In: Golbeck JH (ed) Photosystem I: the light-driven plastocya-

nin: ferredoxin oxidoreductase, series advances in photosynthe-

sis and respiration. Springer, Dordrecht, pp 657–668

Sonoike K, Kamo M, Hihara Y, Hiyama T, Enami I (1997) The

mechanism of the degradation of psaB gene product, one of the

photosynthetic reaction center subunits of photosystem I, upon

photoinhibition. Photosynth Res 53:55–63

Sun Z-L, Lee H-Y, Matsubara S, Hope AB, Pogson BJ, Hong Y-N,

Chow WS (2006) Photoprotection of residual functional photo-

system II units that survive illumination in the absence of repair,

and their critical role in subsequent recovery. Physiol Plant

128:415–424

Takahashi S, Milward SE, Fan DY, Chow WS, Badger MR (2009)

How does cyclic electron flow alleviate photoinhibition in

Arabidopsis? Plant Physiol 149:1560–1567

Tyystjärvi E (2008) Photoinhibition of photosystem II and photo-

damage of the oxygen evolving manganese cluster. Coord Chem

Rev 252:361–376

Tyystjärvi E, Hakala M, Sarvikas P (2005) Mathematical modelling

of the light response curve of photoinhibition of photosystem II.

Photosynth Res 84:21–27

Vass I (2011) Role of charge recombination processes in photodam-

age and photoprotection of the photosystem II complex. Physiol

Plant 142:6–16

Vener AV, von Kan PJM, Rich PR, Ohad I, Andersson B (1997)

Plastoquinol at the quinol oxidation site of reduced cytochrome

bf mediates signal transduction between light and protein

phosphorylation: Thylakoid protein kinase deactivation by a

single-turnover flash. Proc Natl Acad Sci USA 94:1585–1590

von Caemmerer S (2000) Biochemical models of leaf photosynthesis.

CSIRO Publishing, Collingwood

Wollman FA (2001) State transitions reveal the dynamics and flexibility

of the photosynthetic apparatus. EMBO J 20:3623–3630

Zhang SP, Scheller HV (2004) Photoinhibition of photosystem I at

chilling temperature and subsequent recovery in Arabidopsis.

Plant Cell Physiol 45:1595–1602

Zhang JL, Meng LZ, Cao KF (2009) Sustained diurnal photosynthetic

depression in uppermost-canopy leaves of four dipterocarp

species in the rainy and dry seasons: does photorespiration play

a role in photoprotection? Tree Physiol 29:217–228

Zito F, Finazzi G, Delosme R, Nitschke W, Picot D, Wollman FA

(1999) The Qo site of cytochrome b6f complexes controls the

activation of the LHCII kinase. EMBO J 18:2961–2969

828 Planta (2012) 235:819–828

123


	Cyclic electron flow plays an important role in photoprotection for the resurrection plant Paraboea rufescens under drought stress
	Abstract
	Introduction
	Materials and methods
	Plant materials
	Water rehydration and dehydration treatment
	Photo-inhibitory treatment
	Chlorophyll fluorescence and P700 measurements
	Estimation of electron flow through both PSI and PSII
	Statistical analysis

	Results
	Effect of mild drought stress on light energy distribution in PSII
	Effects of mild drought stress on LEF and CEF
	Effects of mild drought stress on P700 redox state
	Effect of methyl viologen and chloramphenicol on the decrease in PSII activity induced by high light

	Discussion
	CEF-dependent formation of proton gradient across thylakoid membranes
	CEF plays an important role in protecting PSI against mild drought stress

	Acknowledgments
	References


