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Abstract  
  
The objective of this investigation was to evaluate the simultaneous action of light stress and salinity. Pulse amplitude 
modulated chlorophyll fluorescence, P700 redox state, and pigment analysis were used to assess the impact of high light 
intensity on Paulownia tomentosa × fortunei and Paulownia elongata × elongata grown on soils with different salinity. It 
was found that light stress reduced the amount of pigments and the efficiency of photochemical energy conversion, 
inhibited the maximum and the effective quantum yields of PSII photochemistry, decreased photochemical quenching and 
photosynthetic rate. Data also showed influence on the primary quinone acceptor (QA) reoxidation, which led to the 
restriction of the electron flow from QA to plastoquinone and stimulation of the cyclic electron flow. The possible reasons 
for the increased effects of the light stress under conditions of high salt concentration in soil for Paulownia tomentosa × 
fortunei are discussed.   
  
Additional key words: leaf, light sensitivity, photoinhibition, rate constant, salt tolerance.   
 
Introduction  
  
Stressful environments cause alterations in a wide range of 
physiological, biochemical, and molecular processes in 
plants, which influence their growth and development 
(Ashraf and Harris 2013). In nature, plants are subjected 
often to the simultaneous action of several abiotic stress 
factors. The salt stress and high light intensity (light stress) 
are major environmental stressors that have a strong 
influence on the photosynthetic efficiency (Allakhverdiev 
et al. 2002). The exposure of plants to excess excitation 
light, which they cannot use or that it cannot be 
successfully dissipated, leads to decreased efficiency of 
the photosynthesis (Goh et al. 2012, Vass 2012). Light-

induced decrease of the photosynthetic efficiency, when 
the plants are illuminated with excess light, is called 
photoinhibition, which is the subject of intense research 
over the last decade. Photoinhibition affects all the 
components of the photosynthetic apparatus and their 
interactions, as a primary site of action is the PSII complex 
(Aro et al. 1993b, Takahashi and Badger 2011, Vass 
2012). In the literature, two schemes for the mechanisms 
of photoinhibition have been discussed. According to the 
first one, strong light induces production of reactive 
oxygen species (ROS), which directly inactivate the 
reaction center of PSII, while according to the second one, 
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the photodamage is initiated by a direct effect of the light 
on the oxygen-evolving complex and that ROS inhibit the 
repair of PSII by suppressing the protein synthesis (Murata 
et al. 2007). Previous studies have shown that high light 
intensity causes structural changes at the acceptor side of 
PSII, delay of the electron transport from QA to QB 
(secondary quinone acceptor), and damage of the D1 
protein in PSII (Vass 2012). Hakala et al. (2005) assumed 
that the change at the donor side of the PSII is a result of 
the release of Mn atoms from the oxygen-evolving 
complex, which occurs after damage of the PSII reaction 
center. The extent of PSII damage by excess light depends 
on the balance between the rate of photodamage and the 
rate of its repair (Murata et al. 2007, Takahashi and Murata 
2008, Kirchhoff 2014). It has also been found that at light 
stress, changes occur in the complex of PSI too, which 
leads to degradation of the proteins of the reaction center 
and an inhibition of the iron-sulfur centers (Sonoike 1996, 
Barth et al. 2001).  

Soil salinity is one of the most serious environmental 
factors limiting the crop productivity in all over the world 
(Misra et al. 1997, Parida and Das 2005, Jiang et al. 2017). 
The effects of salt stress on the plants are attributed to 
osmotic stress due to lowering of the external water 
potential,  the toxic effects of the ions or a combination of 
the two (Kingsbury et al. 1984, Grieve and Suarez 1997, 
Hasanuzzaman et al. 2009, 2013). Salinity has an impact 
on the growth, metabolism, and the photosynthetic 
efficiency of plants (Ioannidis et al. 2009, Ashraf and 
Harris 2013). The decrease of the efficiency of the photo-
synthesis is a result of structural changes in the thylakoid 
membranes, which are related to the disintegration of the 
granna and damage of the stromal thylakoids (Shu et al. 
2012). It has been found that salinity decreases the amount 
of the pigments (chlorophylls and carotenoids) as these 
changes depend on the salinization and its duration (Misra 
et al. 1997, Ashraf and Harris 2013). Previous investiga-
tion revealed variation of the impact of salt stress on PSII 
depending on the plant species. Some investigations have 

shown that the high salt concentration inhibits activity of 
PSII (Loreto et al. 2003, Akram and Ashraf 2011), while 
others demonstrated that PSII activity remains unchanged 
(Lu et al. 2002, 2003). Differences have been also shown 
in polypeptide composition of PSII in salt-tolerant and 
salt-sensitive plant species (Wang et al. 2009).   

In nature, the plants grown in saline soils often absorb 
light in excess for a few hours during midday, but the 
investigations for the simultaneous influence of salinity 
and high light intensity are limited. Studies with sorghum, 
wheat, and barley have revealed an increase of the PSII 
inhibition under high light, when the plants are grown 
under conditions of salt stress, and the effect is enhanced 
by increasing the degree of salinization (Misra et al. 1991, 
Masojídek and Hall 1992, Sharma and Hall 1991, 
Nishiyama et al. 2006). On the other hand, the investi-
gations of halophyte Suaeda salsa have shown that this 
plant is resistant not only to salinity stress but also to the 
light stress (Lu et al. 2002).  

Chlorophyll (Chl) a fluorescence is often used in 
biological and agricultural research as an indicator for 
changes in plants under different abiotic and biotic stresses 
(Dąbrowski et al. 2015, 2016, Kalaji et al. 2017). The 
measured parameters are in a close correlation with the 
function of PSII. Stress applied to plants affects the 
photosynthetic mechanisms and changes the Chl fluores-
cence yield (Dąbrowski et al. 2017). In our previous 
studies, using Chl fluorescence, we found that two new 
hybrid lines of Paulownia (Paulownia tomentosa × 
fortunei and Paulownia elongata × elongata) are resistant 
to soil salinity and therefore are suitable for phyto-
remediation of saline soils (Stefanov et al. 2016). The 
study also revealed a small variation in the impact of soil 
salinity on the photosynthetic apparatus of these lines. The 
aim of the present study was to evaluate the influence of 
high light intensity on the pigment composition and on the 
functions of photosynthetic apparatus in Paulownia 
tomentosa × fortunei and Paulownia elongata × elongata 
grown on soils with different salinity.  

  
Materials and methods   
  
Plant material: Two hybrid lines of Paulownia, 
Paulownia tomentosa × fortunei (TF0, TF1, TF2) and 
Paulownia elongata × elongata (EE0, EE1, EE2), were used 
in this study. The conditions for plant cultivation were as 
in Stefanov et al. (2016). The plants were grown in three 
types of soils with different salinity: nonsaline (type 0) and 
two saline soils (type 1 and 2) with electrical conductivity 
of 1.6 mS m–1, 6.3 mS m–1, and 14.0 mS m–1, respectively. 
A more complete description of the composition of the soil 
is given in Stefanov et al. (2016). The soil types, on which 
plants were grown, are given in the index. The plants were 
grown under controlled conditions (temperature: 30°C 
day/15°C night, relative humidity: 40–65%) in a green-
house. Details for the cultivation of the plants are given in  

Ivanova et al. (2014). For the experiments, mature leaves 
from two-year-old plants were used. Paulownia seedlings 
were obtained from Bio Tree (Bulgaria).   

  
High-light treatment: The detached leaves from two 
hybrid lines of Paulownia plants were illuminated at room 
temperature for 4 h with light intensity of 1,500 
µmol(photon) m–2 s–1. The control leaves were kept in dim 
light at room temperature. For characterization of the 
effect of the light stress on the studied parameters, we 
introduced the parameter LIC (light-induced changes), 
which is the ratio of the value of the studied parameter after 
light treatment to the value of the control (before the light 
treatment).  
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Pigment analysis: The pigments were determined after 
extraction from leaves with 80% acetone. After centri-
fugation at 4°C, Chl a , Chl b, and Car were determined 
spectrophotometrically in the solution at 663.2, 646.8, and 
470 nm. The measurements were made on Specord 210 
Plus, Edition 2010 (Analytik Jena AG, Germany). The 
equations of Lichtenthaler (1987) were used for determi-
nation of the amount of Chl a, Chl b, and carotenoids (Car):  

  
Chl a [g ml–1] = 12.25 × A663.2  –  2.79 × A646.8,  
Chl b [g ml–1]  = 21.50 × A646.8  –  5.10 × A663.2,  
Car [g ml–1] =  
= [1,000 × A470 – 1.63 × Chl a – 104.96 Chl b] × 198  
  

Chl fluorescence: Pulse amplitude modulated (PAM) Chl 
fluorescence was measured on leaf discs using a fluori-
meter (PAM 101-103, H. Walz, Effeltrich, Germany). The 
measurements were made as in Stefanov et al. (2016). The 
leaves were dark-adapted for 30 min. The intensity for 
measurements of the minimal fluorescence level (F0) in 
dark-adapted state (DAS) was 0.02 µmol(photon) m–2 s–1. 
The maximal fluorescence levels, Fm (in DAS) and Fm′ in 
light-adapted state (LAS), were determined by saturating 
flashes [2,500 µmol(photon)  m–2 s–1] which were provided 
by Schott lamp KL 1500 (Schott Glaswerke, Mainz, 

Germany). The actinic light intensity was 250 µmol(photon) 

m–2
 s–1. The following parameters were used for characteri-

zation of the impact of the stress factors on the studied 
Paulownia lines: the maximum quantum yield of PSII 
photochemistry, Fv/Fm = (Fm – F0)/Fm (Kitajima and Butler 
1975); ratio of photochemical to nonphotochemical 

processes, Fv/F0 = (Fm – F0)/F0 (Roháček 2002); the 
effective quantum yield of PSII photochemistry, Fv'/Fm' = 
(Fm' – F0')/Fm' (Roháček 2002); the effective quantum yield 
of photochemical energy conversion of PSII, ФPSII =  
(Fm′ – Fs)/Fm′; the photochemical quenching coefficient, 
qP = (Fm′ – Fs)/(Fm′ – F0′) (Schreiber et al. 1986); the linear 
electron transport rate, ETR = ФPSII  PFD  0.5 (Genty et 
al. 1989). The Chl fluorescence decrease ratio, RFd was 
measured as in Stefanov et al. (2016). This ratio was 
calculated by the equation: RFd = Fd/(Fm – Fd), where Fd is 
the fluorescence decrease from Fm to steady state Chl 
fluorescence, it was measured using continuous saturated 
light (Lichtenthaler et al. 2005). The calculation of the 
constants was made as in Stefanov et al. (2016).   
 
P700 redox state measurements: The redox state of P700 
was investigated on leaf discs with a dual wavelength 
(820 nm) unit (ED 700DW-E, Walz, Germany) attached to 
a PAM101E (Walz, Germany) main control unit in the 
reflectance mode. The measurements were made as in 
Dankov et al. (2009).  

  
Statistical analysis: The results were mean values from 
seven independent experiments. Analysis of variance 
(ANOVA) and Tukey’s post-hoc tests were performed to 
reveal the statistical differences between groups in the 
studied parameters. The homogeneity of variance test were 
used to identify the assumptions of the parametric of 
ANOVA. Values of p<0.05 were considered as significant 
differences.   

  

Results  
  
Pigment composition: Data showed that high-light treat-
ment led to decrease of the amount of Chl from 18 to 37%, 
i.e. parameter LIC varied from 0.63 to 0.82 (Table 1). The 
changes were the biggest in TF1 and TF2 line grown in 
saline soils and EE0 grown in nonsaline soils. The decrease 
of the Chl content was accompanied by an increase of the 
Chl a/b ratio. The increase of this ratio in both studied 
Paulownia lines was smaller for plants grown in saline 
soils in comparison to those grown in nonsaline soil. Data 
also showed a decrease in the amount of Car after light 
stress, as the effect on the Car content was smaller in EE1 
and EE2 in comparison to all variants of TF and EE0. The 
impact of light treatment on the pigment composition had 
smaller influence on Car/Chl ratio in EE plants in saline in 
comparison to nonsaline soil, i.e. the parameter LIC was 
bigger in saline soils (Table 1), while the light-induced 
changes in this ratio in TF plants grown in saline and 
nonsaline soils were similar, i.e. no significant differences 
between LIC parameters in saline and nonsaline soils.  
 
PAM Chl fluorescence: The analysis of the Chl fluores-
cence curves revealed that the ratio Fv/Fm decreased after 
light stress in both lines of Paulownia (Fig. 1); the effect 

was more pronounced in the EE0 line (LIC was 0.71). The 
light-induced changes in the primary photochemistry of 
PSII were a result of the decreased Fv/F0 (Fig. 1). The LIC 
parameters for the ratios Fv/Fm and Fv/F0 decreased for TF1 
and TF2 lines (i.e. salinity increased the effect of light 
stress), while the values of LIC for EE line grown in saline 
soils were higher than those in EE0. Data also revealed a 
light-induced inhibition of qP, Fv'/Fm', the ETR, and ФPSII 
(Fig. 2,3). In addition, data showed an increase of the 
effect of light stress in TF grown in saline soils, while for 
the EE line the effect was stronger in nonsaline in 
comparison to the saline soil.   

The kinetics of the relaxation of Chl fluorescence 
excitation after single saturating pulse in dark-adapted 
leaves were used to assess the reoxidation of QA

– (Bukhov 
et al. 2001, Shirao et al. 2013). The relaxation curves could 
be fitted by two components (fast and slow component). 
The fast component was characterized with the rate 
constant k1 and the slow component was characterized 
with k2. The light treatment led to decrease of the both 
constants; the effect was more pronounced for rate 
constant k2 as the salinity enhanced the impact of the high 
light only in the TF line (Table 2).   
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Table 1. Chlorophyll (Chl) and carotenoid (Car) composition in control and high light-treated leaves of Paulownia tomentosa × fortunei 
(TF) and Paulownia elongata × elongata (EE) grown in nonsaline (TF0 and EE0) and saline (TF1, TF2, EE1, and EE2) soils. LIC are the 
light-induced changes. Values in the same column followed by a different letter are significantly different at p<0.05. Small letters 
indicate differences between values, while capital letters show the differences between the coefficients of LIC.  
 

Sample Chl (a+b) [µg g–1(FM)] Chl a/b Car [µg g–1(FM)] Car/Chl 

TF0 Control  1,201.62 ± 46.96b 3.052 ± 0.077d 388.87 ± 26.71a 0.324 ± 0.001a 
 Light    948.75 ± 32.99c 4.029 ± 0.112b 275.42 ± 7.74c 0.290 ± 0.008b 
 LIC 0.790 ± 0.029A 1.320 ± 0.035A 0.708 ± 0.034B 0.895 ± 0.014B 

TF1 Control  1,514.67 ± 94.60a 3.348 ± 0.061c 333.31 ±21.60ab 0.220 ± 0.040bc 
 Light    962.10 ± 54.54c 3.759 ± 0.100b 209.63 ± 7.38d 0.218 ± 0.005c 
 LIC 0.635 ± 0.038B 1.123 ± 0.025B 0.629 ± 0.031BC 0.991 ± 0.101AB 

TF2 Control  1,458.60 ± 73.07a 3.377 ± 0.051c 334.96 ± 24.18ab 0.230 ± 0.040bc 

 Light    989.72 ± 67.22c 3.771 ± 0.074b 212.65 ± 1.85d 0.215 ± 0.003c 
 LIC 0.679 ± 0.040B 1.117 ± 0.019B  0.635 ± 0.026BC 0.935 ± 0.088AB 

EE0 Control  1,227.59 ± 61.11b 3.391 ± 0.127c 373.53 ± 16.00a 0.304 ± 0.006b 
 Light    777.19 ± 14.44d 4.489 ± 0.128a 214.09 ± 4.85d 0.275 ± 0.020b 
 LIC 0.633 ± 0.022B 1.324 ± 0.044A 0.573 ± 0.019C 0.905 ± 0.042B 

EE1 Control  1,161.54 ± 33.77b 3.321 ± 0.072c 341.26 ± 13.47a 0.294 ± 0.010b 
 Light    947.44 ± 39.50c 3.928 ± 0.180b 295.21 ± 15.39bc 0.312 ± 0.015ab 
 LIC 0.816 ± 0.029A 1.183 ± 0.040B 0.865 ± 0.040A 1.061 ± 0.044A 

EE2 Control  1,147.23 ± 32.90b 3.258 ± 0.054c 351.24 ± 10.6 a 0.306 ± 0.007b 
 Light    908.71 ± 19.72c 3.981 ± 0.24b 281.87 ± 4.46c 0.310 ± 0.014ab 
 LIC 0.792 ± 0.020A 1.222 ± 0.047AB 0.803 ± 0.018A 1.013 ± 0.034A 

  

 
  
Fig. 1. Maximum quantum yield of primary photochemistry of PSII (Fv/Fm) and ratio of photochemical to nonphotochemical processes 
(Fv/F0) in control (black columns) and high light intensity-treated (grey columns) leaves of Paulownia tomentosa × fortunei (TF) and 
Paulownia elongata × elongata (EE) grown in nonsaline (TF0 and EE0) and two saline (TF1, TF2, EE1, and EE2) soils (A,C). Light-
induced changes parameter (LIC) for Fv/Fm ratio (B) and Fv/F0 ratio (D). Values of respective ratio followed by a different letter are 
significantly different at  p<0.05. Small letters indicate differences between values, while capital letters show the differences between 
the coefficients of LIC.  
  

All these changes in the PSII photochemistry were 
accompanied with an influence on the RFd parameter 
(Fig. 4), which correlates with the net CO2 assimilation 
(Lichtenthaler et al. 2005). The parameter decreased after 
high-light treatment from 49 to 74% in the TF line in 
dependence on the soil salinity, as the salinity significantly 
increased the impact of the light stress. Data also revealed 
that the RFd decreased in the EE line after light stress, but 

high salinity had no influence on the high light-induced 
changes of this parameter.   

 
Oxidation-reduction kinetics of P700: The post-
illumination dark-reduction kinetics of P700

+ in all studied 
plants was fitted by two negative exponents with rate 
constants k1

P700 (for fast component) and k2
P700 (for slow 

component), and amplitudes A1 and A2 for the fast and 
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Fig. 2. Photochemical quenching coefficient (qP) and maximum quantum yield of photochemistry of PSII (LAS) (Fv′/Fm′) in control 
(black columns) and high light intensity-treated (grey columns) leaves of Paulownia tomentosa × fortunei (TF) and Paulownia elongata 
× elongata (EE) grown in nonsaline (TF0 and EE0) and two saline (TF1, TF2, EE1, and EE2) soils (A,C). Light-induced changes parameter 
(LIC) for qP (B) and Fv′/Fm′ ratio (D). Values of respective ratio followed by a different letter are significantly different at p<0.05. Small 
letters indicate differences between values, while capital letters show the differences between the coefficients of LIC.  
 

 
  
Fig. 3. The effective quantum yield of photochemical energy conversion of PSII (ФPSII) and linear electron transport rate (ETR) in 
control (black columns) and high light intensity-treated (grey columns) leaves of Paulownia tomentosa × fortunei (TF) and Paulownia 
elongata × elongata (EE) grown in nonsaline (TF0 and EE0) and two saline (TF1, TF2, EE1, and EE2) soils (A,C). Light-induced changes 
parameter (LIC) for ФPSII (B) and ETR (D). Values of respective ratio followed by a different letter are significantly different at p<0.05. 
Small letters indicate differences between values, while capital letters show the differences between the coefficients of LIC.  
  
the slow exponent, respectively. The calculated values of 
the rate constants and amplitudes for the studied plants are 
shown in Table 3. Data revealed that light stress led to an 
increase of the rate constants k1

P700. The constant increased 
from 6 to 43%, while the constant k2

P700 decreased from 38 
to 67% in both studied lines of Paulownia, grown in saline 
and nonsaline soils. The comparison of the values for the 
parameter LIC for the studied plants showed a strong 

influence of the salinity on the changes of the rate constant. 
The strongest influence on k1

P700 was registered in TF2. 
The variation of the rate constants was accompanied with 
decrease of the ratio of amplitudes of both components 
(A1/A2), as the effect was stronger for both Paulownia lines, 
grown in saline soils (more that 50% decrease of the ratio). 
The change in this ratio was a result of the decrease in A1.  

  
Discussion  
  
In our previous study, we have investigated the effects of 
soil salinity on the functional activity of the photosynthetic 

apparatus of Paulownia tomentosa × fortunei and 
Paulownia elongata × elongata  and our results revealed  
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Table 2. Effects of high-light stress on the rate constants (fast rate 
constant, k1, and slow rate constant, k2) of decay kinetics of flash-
induced variable chlorophyll fluorescence in leaves of Paulownia 
tomentosa × fortunei (TF) and Paulownia elongata × elongata 
(EE) grown in nonsaline (TF0 and EE0) and saline (TF1, TF2, EE1, 
and EE2) soils. LIC are light-induced changes. Values in the same 
column followed by a different letter are significantly different at 
p<0.05. Small letters indicate differences between values, while 
capital letters show the differences between the coefficients of 
LIC.  
 

Sample k1 [s–1] k2 [s–1] 

TF0 Control 0.966 ± 0.063e 0.079 ± 0.002b 

 Light 0.910 ± 0.062e 0.056 ± 0.001e 
 LIC 0.942 ± 0.063A 0.710 ± 0.015A 

TF1 Control 1.365 ± 0.054c 0.071 ± 0.001c 

 Light 0.983 ± 0.033e  0.042 ± 0.001g 
 LIC 0.720 ± 0.026BC 0.592 ± 0.011B 

TF2 Control 1.424 ± 0.029c 0.062 ± 0.001d 

 Light 1.050 ± 0.044de 0.037 ± 0.002h 

 LIC 0.737 ± 0.023BC 0.597 ± 0.021B 

EE0 Control 1.557 ± 0.020a  0.091 ± 0.002a 

 Light 1.108 ± 0.011d 0.046 ± 0.001f 
 LIC 0.712 ± 0.008C 0.505 ± 0.011C 

EE1 Control 1.505 ± 0.005b 0.050 ± 0.003ef 
 Light 1.137 ± 0.029d 0.03 ± 0.001i 
 LIC 0.755 ± 0.011B 0.600 ± 0.028B 

EE2 Control 1.424 ± 0.024c 0.063 ± 0.003d 

 Light 1.117 ± 0.057d  0.038 ± 0.001h 
 LIC 0.784 ± 0.027B  0.603 ± 0.022B 

 

that these hybrid lines are salt tolerant, but the EE line is 
less tolerant to salt stress than the TF line (Stefanov et al. 
2016). It was found that the salt-induced changes in QA

– 

reoxidation led to an increase of the photochemical 
quenching, stimulation of the electron transport, and 
improved the efficiency of the photochemical energy 
conversion, which was accompanied by an impact on the 
photosynthetic rate. In the present study, we focused on the 
impact of the high-light stress on the Paulownia lines 
grown in soils with different salinity.   

It has been well documented that high-light conditions 
damage the components of the photosynthetic apparatus in 
thylakoid membranes (Kirchhoff 2014). The data in the 
present study showed that the high-light treatment led to 
decrease of the pigments (Chls and Car), which was 
accompanied by an increase of the Chl a/b ratio (Table 1). 
Taking into account that this ratio correlates with the 
amount of the LHCII and the degree of the membrane 
stacking (Apostolova et al. 2006, Stoichkova et al. 2006), 
it could be suggested that high light intensity caused 
changes in the organization of the thylakoid membranes. 
In addition, data revealed that light stress-induced changes 
in the pigment composition and the Chl a/b ratio strongly 
depended on the salinity of the soil in which plants were 
grown. At the same time, high-light treatment reduced the 
Car content in all studied plants (Table 1). Soil salinity 
increased the effect of the light stress in the TF line, while 
in the other Paulownia line the effect was smaller in the 
plants grown in saline soils. Data also revealed that in 
plants grown in saline soils, the amount of Car in EE was 
higher than those of TF, which was accompanied by a high 
ratio of Car/Chl in the EE line.  

 

 
  
Fig. 4. Effects of high light intensity on chlorophyll fluorescence decrease ratio (RFd) in leaves of Paulownia tomentosa × fortunei (A) 
and Paulownia elongata × elongata (B) depending on the electric conductivity of the soil: (■)  control leaves and (▲) high light-treated 
leaves. Light-induced changes parameter (LIC) for RFd ratio in leaves of Paulownia tomentosa × fortunei (C) and Paulownia elongata 
× elongata (D).Values of respective parameter followed by a different letter are significantly different at p<0.05. Small letters indicate 
differences between values, while capital letters show the differences between the coefficients of LIC. 
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Table 3. Effect of high light intensity on the fast and slow rate constants (k1
P700 and k2

P700) and amplitudes ratio of two exponents (A1/A2) 
of dark reduction of photosystem I reaction center (P700

+) in leaves of Paulownia tomentosa × fortunei (TF) and Paulownia elongata × 
elongata (EE) grown in nonsaline (TF0 and EE0) and two saline (TF1, TF2, EE1, and EE2) soils. LIC are light-induced changes. Values 
in the same column followed by a different letter are significantly different at p<0.05. Small letters indicate differences between values, 
while capital letters show the differences between the coefficients LIC.  

 

Sample k1
P700 [s–1] k2

P700 [s–1] A1/A2 

TF0 Control 0.305 ± 0.002b 0.045 ± 0.001a 0.691 ± 0.020a 

Light 0.324 ± 0.006a 0.015 ± 0.001d 0.479 ± 0.030b 

LIC 1.062 ± 0.013C 0.333 ± 0.015C 0.693 ± 0.032A 

TF1 Control 0.281 ± 0.002d 0.036 ± 0.004b  0.661 ± 0.028a  

Light 0.363 ± 0.021a 0.023 ± 0.002c 0.365 ± 0.029c 

LIC 1.292 ± 0.042A 0.639 ± 0.063A 0.552 ± 0.034B 

TF2 Control 0.271 ± 0.008d 0.032 ± 0.001b 0.678 ± 0.030a  
Light 0.388 ± 0.042a 0.020 ± 0.003cd  0.350 ± 0.040cd 

LIC 1.432 ± 0.099A 0.625 ± 0.057A 0.516 ± 0.041B 

EE0 Control 0.295 ± 0.001c 0.030 ± 0.002bc 0.736 ± 0.025a   

Light 0.333 ± 0.016a 0.018 ± 0.001d 0.525 ± 0.030b 

LIC 1.129 ± 0.029BC 0.600 ± 0.037A 0.713 ± 0.032A 

EE1 Control 0.282 ± 0.005d 0.033 ± 0.001b  0.712 ± 0.023a 
Light 0.364 ± 0.028a 0.015 ± 0.002d 0.316 ± 0.010cd 

LIC 1.291 ± 0.061A 0.455 ± 0.037B 0.444 ± 0.014C 

EE2 Control 0.284 ± 0.003d 0.034 ± 0.001b 0.656 ± 0.031a 

Light 0.359 ± 0.030a 0.016 ± 0.002d 0.279 ± 0.023d 

LIC 1.264 ± 0.059AB  0.471 ± 0.036B 0.425 ± 0.028C 

 
The changes in the thylakoid membranes after light 

treatment in all studied plants were connected with a 
decrease of the Fv/Fm ratio (Fig. 1), which indicates 
photoinhibitory changes of the PSII complex and likely 
involves inactivation and/or disassembly of PSII core 
complex (Adams et al. 2006). The values of this ratio from 
0.4 to 0.7 after light stress were determined as a moderate 
level of photoinhibition (Adams et al. 2006). The values of 
Fv/Fm in all studied Paulownia plants were from 0.57 to 
0.70, thus, we could conclude that light treatment led to 
moderate level of photoinhibition in both hybrid lines. The 
studied Paulownia lines showed a comparatively high 
Chl a/b ratio (Table 1), which suggests a small number of 
thylakoids in grana (Apostolova et al. 2006, Stoichkova et 
al. 2006). Previous studies with pea have been shown that 
the pea plants with less stacked membranes and more 
stroma-exposed thylakoids are less susceptible to photo-
inhibition (Aro et al. 1993a, Dankov et al. 2011, 
Apostolova 2013). This could explained the moderate 
photoinhibition in studied Paulownia lines. Another useful 
parameter, Fv′/Fm′ (effective quantum yield of PSII), 
characterizes the PSII quantum efficiency at the light-
adapted state. This parameter also declined after the high-
light treatment (20–30%) in all studied plants. The 
modification of the PSII complex after exposure to high 
light decreased Fv/F0, qP, ФPSII, and ETR (Figs. 1, 2, 3). 
Salinity led to the increase of the effect of the light stress 
on these parameters in TF, while in the EE line the effect 
was stronger in plants grown in nonsaline soils in 

comparison to those grown in saline soils. In addition, the 
absolute values of the above parameters for the plants 
grown in saline conditions were higher for EE than those 
for TF, which suggested a decrease of the overexcitation 
of PSII in the EE line.   

High light-induced decrease in the qP and ETR showed 
the decreased ability of the photosynthetic apparatus to 
maintain QA in the oxidized state and a reduction in the 
amount of the “open” PSII reaction centers (Figs. 2, 3). In 
addition, our data revealed the decrease of the rate 
constants (k1 and k2) of the Chl fluorescence decay after 
excitation by a saturating light pulse which suggests a 
restriction of the electron flow from QA to plastoquinone 
(Table 2). Similar influence of the electron flow from QA 
to plastoquinone has been shown in previous studies of 
plants under other abiotic stress factors (Lichthentaler et 
al. 2005, Gong et al. 2008). In addition, experimental data 
showed higher values of k1 after high-light treatment for 
EE line in comparison to the TF line (Table 2). It could be 
suggested that the light-induced changes of the reoxidation 
of QA were more pronounced in TF in comparison to the 
EE line.  

The values of the RFd parameter after light treatment of 
the studied plants were from 1.2 to 2.0 (Fig. 4). Taking into 
account that this parameter reflects the photosynthetic 
capacity and the CO2 fixation rate (Lichtenthaler et al. 
2005), it could suggest an inhibition of the net photo-
synthetic rate after high-light treatment; the effect was 
stronger in the TF line in saline soils. Data revealed also a 
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strong impact of the salinity on the light-induced changes 
in this parameter in the TF line.  

The dark reduction kinetics of the far-red-induced 
absorption changes around 820 nm were used to assess the 
effects of high light on the PSI. It has been suggested that 
the biphasic kinetic of the dark reduction of P700

+ after 
turning on the far-red light occurrs due to reduction of two 
different populations of PSI located in different domains 
of the thylakoid membranes or originated from two 
electron donor systems (Albertsson 1995). Bukhov et al. 
(2002) have been suggested that fast operating pathways 
(with rate constant k1

P700 and amplitude A1) could be 
driven by enzymes located in stroma lamellae, while 
enzymes mediating the slow pathways (with rate constant 
k2

P700 and amplitude A2) are in grana thylakoids. The high-
light treatment led to increase of k1

P700, which indicates an 
increase of the cyclic electron transport around PSI in the 
stroma lamellae and the effect was enhanced by the soil 
salinity in the TF line. Data also revealed a decrease of 
k2

P700 in all studied plants, which could be a result of the 
impact of the high light on the linear electron transport.   

Conclusions: In summary, data revealed that high-light 
treatment influenced functions of both photosystems in 
studied lines of Paulownia. Light stress led to decrease of 
the chlorophyll and carotenoid contents, influenced the 
reoxidation of QA

– (restriction of the electron flow from 
QA to plastoquinone), decreased the efficiency of the 
photochemical energy conversion, stimulated the cyclic 
electron transport, and delayed the net CO2 assimilation 
rate (RFd parameter). The salinity increased the 
susceptibility of the PSII only in TF, while in EE the 
effects were smaller for the plants grown in saline soils 
than for those grown in nonsaline soils. The increased 
effects of the high-light stress under soil salinity could be 
a result of stronger reduction of the amount of the Cars and 
Car/Chl ratio as well as the strong influence on the 
reoxidation of the QA

– in TF in comparison to the EE line. 
The results indicated that the salt-tolerant lines TF and EE 
are sensitive to high-light stress. The results in this study 
would be useful in development of new lines Paulownia 
which are tolerant to both the salinity and the light stress.  
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