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Abstract:    Objective: To evaluate the possible photoprotection mechanisms of cyclic and linear electron flux (CEF 
and LEF) under specific high temperature and high light (HH) stress. Methods: Six-leaf-stage tomato seedlings 
(“Liaoyuanduoli”, n=160) were divided into four parts: Part 1, served as control under 25 °C, 500 µmol/(m2·s); Part 2, 
spayed with distilled water (H2O) under 35 °C, 1000 µmol/(m2·s) (HH); Part 3, spayed with 100 µmol/L diuron (DCMU, 
CEF inhibitor) under HH; Part 4, spayed with 60 µmol/L methyl viologen (MV, LEF inhibitor) under HH. Energy con-
version, photosystem I (PSI), and PSII activity, and trans-thylakoid membrane proton motive force were monitored 
during the treatment of 5 d and of the recovering 10 d. Results: HH decreased photochemical reaction dissipation (P) 
and the maximal photochemical efficiency of PSII (Fv/Fm), and increased the excitation energy distribution coefficient of 
PSII (β); DCMU and MV aggravated the partition imbalance of the excitation energy (γ) and the photoinhibition degree. 
With prolonged DCMU treatment time, electron transport rate and quantum efficiency of PSI (ETRI and YI) significantly 
decreased whereas acceptor and donor side limitation of PSI (YNA and YND) increased. MV led to a significant decline 
and accession of yield of regulated and non-regulated energy YNPQ and YNO, respectively. Membrane integrity and 
ATPase activity were reduced by HH stress, and DCMU and MV enhanced inhibitory actions. Conclusions: The pro-
tective effects of CEF and LEF were mediated to a certain degree by meliorations in energy absorption and distribution 
as well as by maintenance of thylakoid membrane integrity and ATPase activity. 
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1  Introduction 
 

When photosynthetic organisms are exposed to 
all kinds of environmental stresses like high or low 
temperature, water or nutrient stress, and light inten-
sity exceeds the leaf’s ability to use it, this can lead to 
an imbalance between the capability for absorbing 

light energy and consuming this excess light energy 
through metabolic mechanisms, resulting in the gen-
eration of reactive oxygen species (ROS) which are 
injurious to photosystems (Chen et al., 2012; Yamori 
et al., 2016). Extensive research has shown that many 
sites in the photosynthetic membrane are susceptible 
to high temperature and high light intensity (HH), in 
particular photosystem II (PSII) (Pospisil, 2012; 
Deng et al., 2013). It can be inhibited either on the 
acceptor side or on the donor side disordering their 
functions as a result. For instance, on the acceptor 
side it can act by suppressing closed reaction center’s 
fraction rise and the electron transport from primary 
quinone electron acceptor of PSII (QA) to secondary 
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quinone electron accepter of PSII (QB) (Zhou et al., 
2011); on the donor side through impairing the oxy-
gen evolving complex (de Filippis and Ziegler, 1993). 
Except for PSII, diverse environmental stress condi-
tions can also result in photoinhibition impairment of 
photosystem I (PSI) (Ivanov et al., 2015). For exam-
ple, the reaction center of PSI can be impaired and the 
activity of PSI can be lessened under HH (Miyake  
et al., 2004). In addition, photosynthetic pigment 
synthesis, photosynthetic electron transport, energy 
distribution in photosystems, and cell membrane 
function integrity are negatively affected by HH 
(Camejo et al., 2005; Bose et al., 2011). Some studies 
demonstrated that PSI was less impacted than PSII 
under HH, and suggested that PSI was not a limiting 
factor in overall photosynthetic activity (de Filippis  
et al., 1981). Consequently, the inhibition effects of 
HH on the regulation and functional mechanisms of 
PSII and PSI need further study. 

To reduce the probability of damage to photo-
synthetic apparatus resulting from HH, many distinc-
tive adaption mechanisms have been evolved in 
plants, including chloroplast and leaf movement, 
conduction and convection of heat flux, absorbed 
energy thermal dissipation of PSII (Takahashi and 
Badger, 2011; de la Rosa-Manzano et al., 2015), ca-
rotenoid production, protein complexes’ organization 
and/or abundance changes (Zivcak et al., 2014; 
Agrawal et al., 2016) and so on. Foyer et al. (2012) 
supported the idea that to cope with high irradiance, 
the thylakoid membranes were more flexible and in 
dynamic change. Arabidopsis thaliana plants grown 
in HH showed an increased amount of PSII units and 
a typically lower ratio of chlorophyll a/chlorophyll b 
(Bailey et al., 2004; Zivcak et al., 2014). Under high 
temperature conditions, wheat protected other chlo-
roplast and cell components against damage by inac-
tivating PSI (Brestic et al., 2016). In spite of these 
findings, the major photoprotection mechanism that 
plays an important role for de-excitation of excess 
light energy in green plants is the non-photochemical 
quenching (NPQ) mechanism, containing the xan-
thophyll cycle and the protonation of residues on key 
LHCII proteins (Kanazawa and Kramer, 2002; Ivanov 
et al., 2015). Aside from NPQ, the photosynthetic 
electron transportation regulation in chloroplasts of 
the thylakoid membrane is cardinally important for 
plant development (Partelli et al., 2011). There are 

two types of electron flux on the thylakoid membrane, 
linear electron flux (LEF) and cyclic electron flux 
(CEF). LEF goes through the Cytochrome b6/f (Cyt 
b6/f) complex and generates adenosine triphosphate 
(ATP) and nicotinamide adenine dinucleotide phos-
phate (NADPH) used in the Calvin-Benson cycle and 
other assimilatory reactions subsequently. CEF recy-
cles from the ferredoxin (Fd) to photochemical 
quenching (PQ) pool, also producing proton gradient 
(ΔpH) and ATP in consequence, but there is no 
NADPH accumulation in chloroplasts (Shikanai, 
2014). The role of CEF is thought to be essential for 
balancing the production ratio of ATP/NADPH and/or 
for defending photosystems from impairment by 
over-reduction of stroma. Under HH conditions, extra 
ΔpH comes from CEF across the thylakoid membrane 
to preserve the PSII reaction center (Shikanai, 2014; 
Liu et al., 2015). In addition, plants effectively dis-
sipated over-excitation by the transition of LEF to 
CEF, which relieves the excitation pressure in photo-
systems and diminishes ROS generation (Heber et al., 
1995; Johnson, 2005; Tu et al., 2015). Supplementary/ 
alternative electron transportation pathways and the 
NPQ mechanism can dispel PSII reaction center- 
accumulated excessive excitation pressure and do not 
occasion injurious effects. Compared to PSII, there 
are two defending mechanisms of PSI photoinhibition: 
one is CEF around PSI and the other is photoinhibi-
tion of PSII (Zhang et al., 2014). CEF can oxidize 
pigment molecule of PSI reaction center (P700) into 
oxidized pigment molecule of PSI reaction center 
(P700+) and dispel superfluous NADPH reducing 
power. Simultaneously, the electrons brought to PSI 
can be decreased by the PSII reaction center closure 
(Munekage et al., 2002; Shikanai, 2007; 2014). Up to 
30% of photosynthetic electrons can be consumed by 
CEF in higher plants, and in green algae, especially in 
light stress conditions the utilization proportion is 
larger (Tu et al., 2015). Since abiotic stresses limit 
plant growth, comprehending the physiological ac-
tions alleviating impairment and the plant tolerance 
mechanisms is of tremendous significance to agri-
culture. However, the physiological significance of 
CEF remains to be clarified and the mechanisms of 
photoinhibition and photoprotection need to be fully 
appreciated. 

In the process of photosynthesis, exergonic re-
action releases free energy, and it is stored in the 
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proton motive force (PMF), a form of transmembrane 
electrochemical proton gradient. The PMF is com-
prised of the transmembrane electrical field (mem-
brane potential, Δψ) and the transmembrane proton 
concentration (proton gradient, ΔpH), and it is cou-
pled to the synthesis of ATP (Cruz et al., 2001; Deng 
et al., 2013). PMF generation depends upon both LEF 
and CEF, whereas ATPase relaxes PMF (Bailleul  
et al., 2010). ΔpH and Δψ carry cardinal information 
of the coupled electron and proton transport rate. ΔpH 
impacts turnover rate of critical photosynthesis en-
zymes and motivates downstream regulatory pro-
cesses. The H+ depending on light separates the oxi-
dization rate of PQ managed by stroma and thylakoid 
at Cyt b6/f. Divalent cations modulate the activity of 
enzyme, and Δψ actuates flow of that in stroma and 
influences PSI, PSII, and Cyt b6/f electrogenic reac-
tions (Bilger et al., 1989; Deng et al., 2013; Johnson 
and Ruban, 2014). Electrochromic shift (ECS) signal 
decay kinetics responding to a dark pulse that is im-
plemented for photosynthesis steady state under light 
is often used to detect the activity of ATPase (Kramer 
et al., 2004). Additionally, ECS analysis indicates that 
the contributions of ΔpH and Δψ to PMF are almost 
equal (Cruz et al., 2001). However, down-regulation 
of Cyt b6/f complex and pH-dependent energy dissi-
pation (qE) induction depend exclusively on ΔpH 
(Johnson and Ruban, 2014). Moreover, as the primary 
product of CEF is ΔpH, the ΔpH amplitude can be 
used to indirectly calculate the electron transport rate. 
Prior research has noted that under high temperature 
(42 °C) stress in mutant tobacco, the build-up of ΔpH 
was significantly suppressed (Wang et al., 2006). 
Without considering their important roles in the 
photosynthesis, several fundamental questions remain. 
For instance, how are the two components of PMF 
regulated in chloroplasts under different environ-
mental stresses? How is the ATPase protonic con-
ductivity regulated under high light intensity? 

 
 
 
 
 
 
 
 
 

In the light of these significant and versatile 
functions in the photoprotection of the photosynthetic 
apparatus, the effect was estimated in a tomato plant 
(Solanum lycopersicum L.). In this paper, the effects 
of exogenous electron transport inhibitor (diuron 
(DCMU) and methyl viologen (MV)) treatment on 
excitation energy distribution, PSI and PSII activity 
and electron transportation, thylakoid membrane 
integrity, ATPase activity, and thylakoid transmem-
brane PMF components of tomato seedlings under 
sub-high temperature and high light intensity stress 
are researched. These outcomes furnish a perspective 
on the potential roles of LEF-PSII and CEF-PSI in 
photoinhibition and photoprotection mechanisms of 
tomato leaves under HH stress. 

 
 

2  Materials and methods 

2.1  Plant materials and study design 

“Liaoyuanduoli” of tomato (Solanum lycoper-
sicum L.) were germinated and cultivated in 12 cm× 
12 cm nutrition pots within a glasshouse (average 
day/night temperatures, 25 °C/15 °C). The relative air 
humidity was 60%. Tomato seedlings were sepa-
rated into four growth rooms (Qiushi Environment, 
Zhejiang, China) at the six-leaf stage from the 
greenhouse, with a total of 40 pots per room. In each 
growth room, metal halide lamps (400 W, Osram, 
Germany) were used as the light source. To block 
CEF and LEF, before measurement the electron 
transfer inhibitors DCMU and MV were used. DCMU 
impedes electron transport after QA which is the PSII 
primary acceptor (Munekage et al., 2002; Gao et al., 
2013). MV suppresses Fd-dependent CEF around PSI 
by accepting electrons from PSI (Shikanai, 2007; 
Setif, 2015). The data for the different treatments are 
given in Table 1. After being treated for 5 d, plants 
were shifted to the control room and spraying  
 
 

 
 
 
 
 
 

 

Table 1  Different treatments in the growth rooms 

Treatment 
Temperature 

(°C, day/night) 
Illumination 

(µmol/(m2·s)) 
Solution 
(µmol/L) 

RH 
(%) 

CO2 
(µmol/mol) 

Control 25/15   500 (±50)  60 (±10) 600 

H2O+HH 35/15 1000 (±50)  60 (±10) 600 

DCMU+HH 35/15 1000 (±50) 100 60 (±10) 600 

MV+HH 35/15 1000 (±50) 60 60 (±10) 600 

The solutions were sprayed in the early morning every day. RH, relative humidity 



Lu et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2017 18(7):635-648 638

solution was discontinued, and then they were al-
lowed to recuperate for 10 d. From Day 0, the treat-
ments were initiated. 

2.2  Measurement of fluorescence 

To acquire the P700 redox state and chlorophyll 
fluorescence synchronously, Dual-PAM-100 meas-
uring system (Heinz Walz, Effeltrich, Germany) was 
used following Yamori et al. (2011) with small-scale 
modifications. The dark- and light-adapted initial flu-
orescence (F0 and F0') were determined through 
switching on less than 0.1 µmol/(m2·s) photosynthetic 
photon flux density (PPFD)-modulated irradiation to 
the leaf. The dark- and light-adapted maximal fluores-
cences (Fm and Fm') were obtained by 10 000 µmol/(m2·s) 

saturating light of 300 ms pulse. Reduced state of 
P700 (P700 red) was measured with help of a satura-
tion pulse in a given state. Pm and Pm' are analogous to 
Fm and Fm', respectively. They were given by the 
same means as the former fluorescence parameters. 
The leaf was illuminated with far-red light and then a 
saturation pulse was applied. The formulae of other 
fluorescence parameters are shown in Table 2. A re-
cent study reported that YI and YII (effective photo-
chemical quantum yields of PSI and PSII, respec-
tively) may represent information from different leaf 
tissues’ sections due to a P700 and P680 (PSII reac-
tion center) signal coming from the whole issue and 
mesophyll nearby leaf surface differently (Huang  
et al., 2010a). 

Plants were allowed for dark adaptation for  
20 min and then sent for measurement. All determi-
nations were carried out on the fourth operational  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

leaves adopting at least three seedlings from each 
treatment and the actinic light for measurements of 
chlorophyll fluorescence was 531 µmol/(m2·s). 

2.3  Calculation of distribution of absorbed light 
energy 

The distribution of absorbed light energy in leaf 
and the excitation energy distribution coefficient 
among two photosystems was calculated as previ-
ously described (Braun and Malkin, 1990; Hendrickson 
et al., 2004; Zhou et al., 2007). The formulae are as 
follow: (1) P=(Fv'/Fm')×qP, D=1−Fv'/Fm', E=(Fv'/Fm')× 
(1−qP); P is the photochemical reaction energy, D is 
the antenna heat dissipation energy, E is the excess 
energy, Fv' is the variable fluorescence which yields 
in the light-adapted state, and qP is the photochemical 
quenching coefficient. (2) f=(Fm−Fs)/(Fm−F0), α=f/ 
(1+f), β=1/(1+f), γ=β/α−1; f is the excitation energy 
distribution coefficient of photosystem, Fs is the 
steady-state fluorescence, α and β represent the exci-
tation energy distribution coefficient of PSI and PSII 
respectively, and γ is the partition imbalance of the 
excitation energy between PSI and PSII. 

2.4  Measurement of P515/535 

As also carried out by Schreiber and Klughammer, 
(2008), we monitored the dual-beam 550 nm to 515 nm 
different signals simultaneously with the Dual-PAM- 
100 P515/535 module. To evaluate thylakoid mem-
brane integrity, seedlings were placed for 1 h in dark 
adaptation, and then P515 induction changes were 
recorded by saturated single turnover flashes. To es-
timate ATPase activity, plants were pre-illuminated at  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Formulae used to calculate chlorophyll fluorescence parameters 

Parameter Description Formula 

Fv/Fm The maximum photochemistry efficiency of PSII  Fv/Fm=(Fm−F0)/Fm 
Fv'/Fm' The efficiency of excitation energy capture by open PSII reaction center Fv'/Fm'=(Fm'−F0')/Fm' 
qP The photochemical quenching coefficient qP=(Fm'−Fs)/(Fm'−F0') 
NPQ The non-photochemical quenching coefficient NPQ=(Fm−Fm')/Fm' 
ETRII The electron transport rate of PSII ETRII=YIIPPFD0.840.5 
YII The quantum efficiency of PSII photochemistry YII=(Fm'−Fs)/Fm' 
YNO The quantum yield of non-regulated energy of PSII YNO=Fs/Fm 
YNPQ The quantum yield of regulated energy of PSII YNPQ=1−YII−YNO 
ETRI The electron transport rate of PSI ETRI=YIPPFD0.840.5 
YI The effective photochemical quantum yield of PSI YI=1−YND−YNA 
YND The donor side limitation of PSI YND=1−P700 red 
YNA The acceptor side limitation of PSI YNA=(Pm−Pm')/Pm 

Fv and Fv', variable fluorescences which yield in the dark- and light-adapted states; Fm and Fm', dark- and light adapted maximal 
fluorescences 
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531 µmol/(m2·s) for 10 min before 4 min of dark 
adaptation, then P515 induction changes were rec-
orded by saturated single turnover flashes. 

Changes in both ESC and content of zeaxanthin 
can be affirmed in the slow phase curve of dark- 
light-dark-induced transients in 550 to 515 nm signals. 
At least 1 h of dark adaptation was necessary before 
determining these transients. Actinic light (AL) was 
turned on (531 µmol/(m2·s)) after 30 s and off after 
330 s. After that, two components of PMF (Δψ and 
ΔpH) were measured by analyzing the dark-light- 
dark induction transients. 

2.5  Statistical analyses 

The figures were drawn with Origin 9 Software 
(OriginLab, Northampton, MA, USA). The data were 
analyzed using SPSS 20 Software (IBM SPSS Statis-
tics, USA) by analysis of variance (ANOVA). Statis-
tically significant difference was set at a probability 
level of 0.05 (or 0.01). 

 
 

3  Results and discussion 

3.1  Effects of DCMU and MV on distribution of 
absorbed light energy in leaves and excitation 
energy in photosystems under HH stress 

We divided absorbed light energy into three parts 
by the fluorescence parameter (Liu et al., 2013) to 
find the light energy utilization ability of tomato 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

under HH. Symbols are as follows: P, the photo-
chemical reaction energy; D, the antenna heat dissi-
pation energy, and E, the dissipation of non- 
photochemical reaction energy. The results showed 
that HH resulted in a decline of P and an increase of D; 
E of DCMU and MV treatment was decreased; P was 
not present in DCMU and MV treatment plants (Fig. 1a). 
However, during recovery, P and E of DCMU and 
MV treatment were recovered to some degree  
(Fig. 1b). These changes suggested an adaptation 
ability of the plants to adversity. Plants avoided the 
over-reduction of PSII and electron transport chain by 
increasing D which was linked to the running status of 
the xanthophyll cycle and decreasing content of 
chlorophyll a (a reaction center pigment). It was also  
a protection mechanism to prevent photosynthetic 
photodamage by excess energy (Zhou et al., 2004). 

At the same time, f and α were considerably de-
creased and β was significantly increased under HH. 
The changing extent was aggravated with prolonged 
treatment time (Figs. 2a–2c), resulting in the excita-
tion energy distribution coefficient γ increasing 
gradually (Fig. 2d). DCMU and MV would dramati-
cally intensify the imbalance of excitation energy 
distribution between PSI and PSII. When either elec-
tronic transport of PSII or PSI was inhibited, the ex-
citation energy distribution portion of PSI was re-
duced opposite to that of PSII. These findings indi-
cated that HH stress would lead to an excitation  
energy distribution which was out of balance, 
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Fig. 1  Effects of DCMU and MV on distribution of absorbed light energy in tomato leaves during treatment (5 d) (a) and 
recovery (15 d) (b) under sub-high temperature and high-light intensity stress (HH) 
Data are expressed as mean±SD (n=6) 
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resulting in tomato seedlings being unable to get rid 
of excess excitation energy and thus leading to pho-
todamage to photosystems especially PSII. Results 
consistent with these can be found in cucumber, cot-
ton, and mulberry seedlings (Guissé et al., 1995; 
Zhou et al., 2004; Yin and Tian, 2013). In addition, 
CEF-PSI can alleviate the distribution of excitation 
energy imbalance to some extent. 

3.2  Effects of DCMU and MV on PSII activity and 
energy conversion of PSI and PSII in tomato 
leaves under HH stress 

3.2.1  Effects of DCMU and MV on PSII activity 

In line with recent studies (Ivanov et al., 2015; 
Yamori et al., 2016), Fv/Fm and Fv'/Fm' measured as 
the PSII photochemical efficiency and the antenna 
efficiency, respectively, in tomato plants under HH 
were both inhibited in an identical manner to those in 
peas and rice (Figs. 3a and 3b), where Fv is the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
variable fluorescence which yields in the dark state. 
Additionally, the PSII-excited energy pressure (1−qP) 
was significantly increased in the HH plants (Fig. 3c). 
In parallel, the value of photochemical quenching (qP) 
was significantly affected (Fig. 3d) compared to 
control plants. However, tomato plants treated with 
DCMU and MV exhibited a much higher sensitivity 
to HH stress. Furthermore, decreased qP corresponded 
to higher 1−qP, i.e. for a given irradiance, a higher 
reduction state of QA changed the energy redistribu-
tion between PSII and PSI, and the ratio of function-
ally active PSIIα to PSIIβ centers, as well as the ox-
ygen burst decay kinetics (Apostolova et al., 2006). 
Fv'/Fm' of DCMU and MV plants showed a declining 
tendency during the treatment, suggesting that the 
decrease of primary electron transfer efficiency might 
be on account of the acceptor and donor impairment 
of PSII and decrease of photosynthetic activity, which 
would lead to reduction of carbon fixation and 

Fig. 2  Effects of DCMU and MV on allocation of excitation energy in tomato photosystems under HH 
Excitation energy distribution coefficients f (a), α (b), β (c), and the partition imbalance of the excitation energy between PSI and 
PSII γ (d). The inside of the dotted line is the treatment of recovery. Data are means of six repetitions with standard errors 
demonstrated by vertical bars. * and ** represent significant and highly significant differences (P≤0.05 and P≤0.01), respectively 
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assimilation with the surge of excess energy (Guissé  
et al., 1995). Also, the damage degree was aggravated 
by DCMU and MV. 

3.2.2  Effects of DCUM and MV on energy conver-
sion of PSI and PSII 

On the photosynthetic membrane, there are 
plenty of sites where LEF and CEF exert their func-
tions. Energy conversion of PSII and PSI was sub-
stantially affected after 5 d of DCMU and MV 
treatment under HH (Figs. 4a–4h). As shown in  
Fig. 4c, the decline of the quantum yield of regulated 
energy of PSII (YNPQ) indicated that DCMU and MV 
treatment resulted in detrimental excess excitation 
energy which could not be dissipated in a timely 
fashion, causing PSII activity reduction (for instance, 
the decline of Fv/Fm in Fig. 3a). PSII is the most 
susceptible photosynthetic organ including the ac-
ceptor and donor side (Pagliano et al., 2006; Deng  
et al., 2013), and inhibition of PSII has been attributed 
to the PsbA protein of PSII (D1 protein) loss and 
pigment degradation. On the thylakoid membrane, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
since the abundance and the stability of PSI are lesser 
and greater than those of PSII, respectively, so PSI is 
more strongly resistant to adversity (Jiang and Qiu, 
2010). In this research, DCMU suppressed PSII to a 
much greater extent than PSI. In comparison with the 
control, DCMU and MV not only caused PSII inhi-
bition but also led to a decrease of YNPQ and an in-
crease of the quantum yield of non-regulated energy 
of PSII (YNO) (Figs. 4c and 4d). YNO represents excess 
excitation energy which should be consumed by a 
non-regulated process of PSII. In MV and DCMU- 
treated plants, the increase of YNO reflected the rise of 
the closed reaction center fraction in accordance with 
the decline of qP (Fig. 3d) and the inability of the PSII 
center to deal with superfluous radiation (Jin et al., 
2009). YNPQ symbolizes superfluous excitation energy 
and could be consumed by regulated approaches in 
respect of carotenoids and the xanthophyll cycle. The 
decrease of YNPQ in DCMU- and MV-treated seed-
lings suggests that inordinate excited energy could not 
be efficiently dispelled into harmless heat and that the 
regulatory mechanism did not work well (Klughammer 

Fig. 3  Effects of DCMU and MV on Fv/Fm (a), Fv'/Fm' (b), 1−qP (c), and qP (d) of tomato leaves under HH 
The inside of the dotted line is the treatment of recovery. Data are means of six repetitions with standard errors demonstrated by 
vertical bars. * and ** represent significant and highly significant differences (P≤0.05 and P≤0.01), respectively 
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and Schreiber, 2008; Deng et al., 2013). Our out-
comes also demonstrated that YII was significantly 
inhibited by DCMU and MV compared to the control 
under HH (Fig. 4a). This may be on account of elec-
tron transportation inhibition between PSII and P700+  
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

by HH (Figs. 4b and 4f), while electron transport 
inhibitors (DCMU and MV) exacerbated the sup-
pression effect. As functional PQ pools were sub-
stantially over-reduced by HH compared to the con-
trol, we regarded the decline in PQ as the dominant  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Effects of DCMU and MV treatment and recovery on energy distribution and electron transport rate in photosys-
tems of tomato leaves under HH 
(a) Quantum efficiency of PSII photochemistry (YII); (b) Electron transport rate of PSII (ETRII); (c) The quantum yield of regulated 
energy of PSII (YNPQ); (d) Quantum yield of non-regulated energy of PSII (YNO); (e) The effective photochemical quantum yield of 
PSI (YI); (f) Electron transport rate of PSI (ETRI); (g) Acceptor side limitation of PSI (YNA); (h) Donor side limitation of PSI (YND). 
The left side of the dotted line is different treatments and the other side is the treatments of recovery. Data are means of six repe-
titions with standard errors demonstrated by vertical bars. * and ** represent significant and highly significant differences (P≤0.05 
and P≤0.01), respectively 
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factor obstructing electron transfer. In addition, PQ 
pool reduction might lead to thylakoid membrane 
protein phosphorylation, status 2 transition activation, 
CEF and PMF promotion, and ATP deficit alleviation. 
Accordingly the antenna of PSII would be down- 
regulated by the qE mechanism (Yi et al., 2005; 
Zhang et al., 2014). 

HH stress significantly inhibited PSI activity. 
DCMU and MV treatment led to PSI being more frag-
ile and open to abiotic stress. The synthesis of ATP 
needs a trans-thylakoid H+ gradient (ΔpH) which is 
generated from CEF, and PSI is important to CEF. The 
YI diminution implies a substantial impediment to ef-
fective and functional photosynthesis (Bailey et al., 
2008). The concurrent decline of YI and YII indicated 
that HH stress suppressed the electronic transfer of PSI 
and PSII (Figs. 4a and 4e). This inhibitory effect can be 
confirmed by both the decline of the electron transport 
rate of PSI (ETRI) and the electron transport rate of 
PSII (ETRII) and the increment of the donor side limi-
tation of PSI (YND) (Figs. 4b, 4f, and 4h). Since ETRI 
was greatly suppressed (Fig. 4f) in all treatments, the 
treated plants were weak in the generation of ΔpH 
across the thylakoid membrane. Furthermore, DCUM 
and MV resulted in a stepwise growth of PQ pool re-
dox state (high 1−qP) in tomato leaves (Fig. 3c). This 
increase indicated that extra reducing power was ac-
cumulated in DCMU and MV plants by the electron 
transportation system, which was incapable of dis-
persing it as heat during the period of HH stress. The 
significant decrease of the acceptor side limitation of 
PSI (YNA) and increase of YND implied that the decline 
of YI was chiefly owing to the limitation of the PSI 
donor side in H2O-treated plants. YND is the oxidized 
P700 fraction due to PSI electron deprivation or donors 
shortage. PSI photochemical efficiency can be inhib-
ited at the donor side by a PSII small antenna size 
assimilating light inefficiently (Huang et al., 2010b). 
As well as the donor side limitation, at the PSI acceptor 
side, as signaled by YNA, DCMU would bring about a 
substantial reducing power as HH stress accumulated 
in the whole electron transportation system reduction, 
finally resulting in photoinhibition of PSI. In conse-
quence, through the ETRII and ETRI plants declining 
rate of CO2 assimilation, subsequently their develop-
ment was decelerated. For the 5th day, PSI became 
precarious and no dependable data of YI, ETRI, YND or 
YNA were collected in MV treatment plants, implying 
that MV damaged the function of PSI. 

3.3  Effects of DCMU and MV on P515 signal of 
tomato leaves under HH stress 

3.3.1  Effects of DCMU and MV on thylakoid mem-
brane integrity and ATPase activity 

Pursuant to a chemiosmotic hypothesis, in the 
mitochondrial matrix across the inner mitochondrial 
membrane, the intermediate couples the electron flux 
through the respiratory chain with ATP synthesis by 
ATPase (Deng et al., 2013). The activity of ATPase 
and the integrity of the membrane can be determined 
by using the ECS signal decay kinetics. The decay of 
the P515 signal gives an index to the flash relaxation 
of H+ efflux via the H+ channel of ATPase, and by 
electrogenic Q-cycle electron transfer in the Cyt b6/f 
complex and charge separation in the two photosys-
tems, the flash may induce an electric field. Slow 
decay after adaptation to darkness (high membrane 
integrity) and fast decay after irradiation to active 
light (high ATPase activity) are always used as indi-
cators of a functionally undamaged photosynthetic 
apparatus (Zhang et al., 2014). In our research, a 
faster decay after adaptation to darkness and a slower 
decay after irradiation to active light in HH stress 
plants implied that the thylakoid membrane integrity 
was impaired as well as the fact that ATPase activity 
was inhibited. Furthermore, exogenous DCMU and 
MV treatment severely enhanced the damage degree 
(Figs. 5a and 5b). Once HH stress was removed for 
recovery treatment, thylakoid membrane integrity and 
ATPase activity of DCMU and MV continued to be at 
a low level compared with the control and even 
H2O-treated plants (Figs. 5c and 5d), suggesting that 
the inhibitors caused severe damage to the thylakoid 
membrane and ATPase. 

3.3.2  Effects of DCMU and MV on the changes of 
Δψ and ΔpH  

Through dark-light-dark induction kinetics, the 
P515 signal rise reflects the increment of ECS. After 
light-off, the “dark baseline” improvement manifestly 
assesses the formation of zeaxanthin. Compared to 
the control, the increase of “dark baseline” was sig-
nificantly lower under HH stress, indicating the de-
crease of zeaxanthin content. Additionally, MV and 
DCMU further inhibited the formation of zeaxanthin 
(Figs. 6a and 6b).  
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Fig. 6  Effects of DCMU and MV treatment and recovery on slow P515 signals and proton motive force (PMF) in tomato 
leaves under HH 
Slow P515 signals by 5-d treatment (a) and 10-d recovery (b) and PMF by 5-d treatment (c) and 10-d recovery (d) 
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Fig. 5  Effects of DCMU and MV treatment and recovery on fast P515 signals in tomato leaves under HH 
Effects of DCMU and MV on thylakoid membranes integrity (a) and ATPase activity (b) by 5-d treatment, and thylakoid mem-
brane integrity (c) and ATPase activity (d) by 10-d recovery 
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In higher plant photosynthesis, PMF has been 
detected in thylakoids and in intact leaves. It is pro-
posed that PMF plays two major functions by being 
parsed into Δψ and ΔpH. Firstly, Δψ motivates the 
carrier of ATP/ADP, while ΔpH drives the carrier of 
phosphate (Dzbek and Korzeniewski, 2008). Sec-
ondly, NPQ is principally connected with ΔpH and 
the xanthophyll cycle, and ΔpH down-regulates the 
light capture efficiency of photosynthesis antennae 
with the aid of the qE mechanism (one component of 
NPQ) dissipating the superfluous energy as heat 
(Ioannidis et al., 2012). Moreover, the partition of 
PMF is impacted by three potential factors: the 
thylakoid membrane capacitance, the stroma and 
lumen ionic composition, and the lumen proton- 
buffering capability (Ioannidis and Kotzabasis, 2014). 
In our study, ΔpH and Δψ components of tomato 
plants decreased under HH, suggesting the inhibition 
of zeaxanthin formation and the reduction of H+ out-
flow from lumen to stroma through the thylakoid 
ATPase (Figs. 6a and 6c, Fig. 5b). Furthermore, in the 
presence of DCMU and MV treatment, ΔpH was 
significantly inhibited in parallel with the impairment 
of NPQ mechanism. The decrease of Δψ and ΔpH 
was also found in some other environmental stresses 
(Bilger and Schreiber, 1990; Wang et al., 2006; Deng 
et al., 2013). The present study demonstrated that 
ΔpH of DCMU and MV decreased more than Δψ 
under HH stress, indicating that NPQ was seriously 
inhibited compared to the ATP driver. 

 
 

4  Conclusions 
 

In summary, sub-high temperature and high- 
light intensity stress induced photoinhibition of PSI 
and PSII, which is attributed to an imbalance of ex-
cess excitation energy between them. DCMU and MV 
treatment further intensified the degree of photoin-
hibiton and imbalance. Furthermore, once linear or 
cyclic electron flux was blocked, the thylakoid 
membrane integrity, ATPase synthesis, and the 
transmembrane proton motive force suffered serious 
photodamage and suppression. 
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中文概要 

 

题 目：线性电子传递和环式电子传递对缓解番茄亚高温

强光胁迫的响应 

目 的：探讨特定高温和强光逆境下番茄叶片中的环式电 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

子传递（CEF）和线性电子传递（LEF）的光保

护机制。 
创新点：通过引入电子抑制剂的方法系统分析了 CEF 和

LEF 对亚高温强光胁迫的响应。 
方 法：将品种为“辽园多丽”的番茄幼苗（n=160）平

均分成四组（表 1）：组 1，于常温常光照 25 °C，
500 µmol/(m2·s)条件下培养并作为对照；组 2， 
叶片喷施蒸馏水并在亚高温强光 35 °C， 
1000 µmol/(m2·s)（HH）条件下培养；组 3，HH
条件下叶片喷施 100 µmol/L敌草隆（DCMU，CEF
抑制剂）；组 4，HH 条件下叶片喷施 60 µmol/L
甲基紫精（MV，LEF 抑制剂）。在处理 5 d 及恢

复10 d期间，分别测定番茄幼苗叶片的光能吸收、

激发能分配、光系统活性、类囊体膜完整性和ATP
酶活性等指标。 

结 论：CEF 和 LEF 通过一定程度上改善叶片光能吸收及

激发能分配，并且维持类囊体膜较高完整性和

ATP 酶活性，从而维持光系统活性并减少光抑制

和光破坏程度。 
关键词：光抑制；光保护；类囊体膜；番茄 
 


