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Abstract
Effects of salinity caused by 150 mM NaCl on primary photochemical reactions and some physiological and biochemical 
parameters  (K+/Na+ ratio, soluble sugars, proline, MDA) have been studied in five Triticum aestivum L. genotypes with 
contrasting salt tolerance. It was found that 150 mM NaCl significantly decreased the photosynthetic efficiency of two sen-
sitive genotypes. The  K+/Na+ ratio decreased in all genotypes exposed to salinity stress when compared with the control. 
Salinity stress also caused lipid peroxidation and accumulation of soluble sugars and proline. The amounts of soluble sugars 
and proline were higher in tolerant genotypes than sensitive ones, and lipid peroxidation was higher in sensitive genotypes. 
The noninvasive measurements of photosynthesis-related parameters indicated the genotype-dependent effects of salinity 
stress on the photosynthetic apparatus. The significant decrease of chlorophyll content (SPAD values) or adverse effects on 
photosynthetic functions at the PSII level (measured by the chlorophyll fluorescence parameters) were observed in the two 
sensitive genotypes only. Although the information obtained by different fast noninvasive techniques were consistent, the 
correlation analyses identified the highest correlation of the noninvasive records with MDA,  K+/Na+ ratio, and free proline 
content. The lower correlation levels were found for chlorophyll content (SPAD) and Fv/Fm values derived from chlorophyll 
fluorescence. Performance index  (PIabs) derived from fast fluorescence kinetics, and F735/F685 ratio correlated well with 
MDA and  Na+ content. The most promising were the results of linear electron flow measured by MultispeQ sensor, in which 
we found a highly significant correlation with all parameters assessed. Moreover, the noninvasive simultaneous measure-
ments of chlorophyll fluorescence and electrochromic band shift using this sensor indicated the apparent proton leakage at 
the thylakoid membranes resulting in a high proton conductivity  (gH+), present in sensitive genotypes only. The possible 
consequences for the photosynthetic functions and the photoprotection are discussed.
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Introduction

Being one of the extreme factors of the environment, soil 
salinity greatly impacts the development and productivity 
of agricultural plants (Arif et al. 2019; Rastogi et al. 2020). 
Millions of tons of agricultural products are lost every year 
due to soil salinization. As a result, people in many parts of 
the world suffer from food shortages. According to the FAO, 
over 6% of the world’s land and more than 20% of cultivated 
land are affected by salinity, and by 2050, more than half of 
arable land will be unusable due to soil salinization.
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High salinity causing osmotic, ionic, and oxidative 
stresses leads to plant death (Munns et al. 2006; Sharma 
et al. 2012; Zeeshan et al. 2020). Osmotic stress causes 
water deficiency manifested by weakening turgor, fading, 
stomatal closure, and cell growth cessation (Rengasamy 
2006; Machado and Serralheiro 2017). On the other hand, 
it results in the excessive accumulation of toxic ions such as 
 Na+ and  Cl− in the cell, which disrupts the normal course of 
metabolic processes. Salt stress also leads to oxidative stress 
caused by the formation of reactive oxygen species (ROS). 
In this case, changes in various components of the cell such 
as lipid peroxidation, reduced enzymatic activities, oxidation 
of proteins, and damage to DNA occur (Jena 2012; Gupta 
and Huang 2014; Isayenkov and Maathuis 2019; Rasel et al. 
2020).

Large-scale scientific research is currently being carried 
out to obtain varieties with high adaptation ability to the 
effects of salt stress. Being a strategically important product, 
wheat occupies an essential place among cereals and other 
agricultural plants. Wheat manifests moderate tolerance to 
salinity. The rice is destroyed under 100 mM NaCl, whereas 
wheat continues to grow, but a loss is observed in the final 
yield (Munns 2005). In this regard, the study and choice of 
salt-tolerant and highly productive wheat genotypes and use 
them in the selection processes as parental forms are of great 
importance. To make breeding more efficient, fast, and non-
invasive methods to screen the effects of stress are needed.

In addition to various tools to measure chlorophyll 
content (Kalaji et al. 2017), there are multiple methods to 
determine the functional state of photosynthetic apparatus 
based on chlorophyll fluorescence before visual detection 
of the plant’s damage can be applied (Brestic and Zivcak 
2013; Kalaji et al. 2016, 2018). One of the most rapid is 
the analysis of fast fluorescence (Strasser et al. 2004; Stir-
bet and Govindjee 2011), which was previously found to be 
extremely useful to detect the effects of multiple stresses 
(Pšidová et al. 2018), including salinity (Rastogi et al. 2020). 
The JIP-test analysis provides valuable information on the 
status and function of PSII photochemistry. However, the 
method has some limitations, given the measurements real-
ized in dark-adapted samples using leaf clips (Stirbet et al. 
2020). More direct information is provided using the PAM 
analysis of the chlorophyll fluorescence (Schreiber et al. 
1986), but the measurements are slower. The low-cost mul-
tisensor technologies, such as PhotosynQ, were introduced 
to eliminate disadvantages, applying the standard PAM pro-
cedures using fast protocols in light-adapted samples in situ 
(Kuhlgert et al. 2016). Up to now, there is insufficient infor-
mation how these measurements are reliable and useful. In 
addition to measurements of fluorescence induction, use-
ful information on the stress effects can be obtained also 
by analysing the changes of fluorescence spectra using full 
spectra analyses (Cherif et al. 2010) or focusing on crucial 

spectral bands using multispectral approaches (Lichtenthaler 
and Babani 2004). The last-mentioned approach is more 
efficient and requires a lower cost of the devices. A great 
advantage of the spectral fluorescence measurements is the 
proximal sensing, i.e., no need of contact of the device with 
plants, with great potential to be used in automated systems 
(Humplík et al. 2015). One of the successful commercial 
systems was introduced by Cerovic et al. (2002) with vari-
ous applications (Tremblay et al. 2011; Zivcak et al. 2017), 
including sensing of the stress effects (Bürling et al. 2013).

In this respect, the present research aimed to compare 
the standard indicators of salt stress effects and responses in 
five wheat genotypes having contrasting drought tolerance 
with the parameters obtained by the rapid measurements 
using four different noninvasive techniques. In addition to 
detecting the stress level, we also assessed the possibilities 
to use the new sensors to provide additional information on 
mechanisms of salt stress effects on photosynthetic electron 
and proton transport in plants of genotypes differing in salt 
tolerance.

Materials and methods

Experimental setup

Five winter wheat (Triticum aestivum L.) genotypes with 
contrasting drought tolerance (based on grain yield) known 
as Mirbashir 128 (MIR; tolerant), Gobustan (GOB; tolerant), 
Gyzyl Bughda (GYZ; tolerant), Fatima (FAT; sensitive), and 
Zirva 80 (ZIR; sensitive) genotypes from the GeneBank 
of the Azerbaijan Research Institute of Crop Husbandry 
have been used in the experiments. Seeds were sterilized 
for 15 min using a 10% SAVO solution (Biochemie, 124 
Bohumin, Czech Republic), which contained 5% NaClO and 
washed three times with distilled water. Seeds were germi-
nated on wet filter paper (Whatman® 3) in Petri dishes under 
14 h/10 h (day/night) regime with 150 μmol  m−2  s−1 light 
intensity at 24/18 °C. The 7-day-old seedlings having similar 
sizes were selected and transferred to 7 l plastic trays with 
an aerated (regularly six times a day for 2 h) Reid York 
nutrient solution. The nutrient solution was changed every 
3 days. Plants were cultivated under 14-h photoperiod, at 
a temperature of 24/18 °C, relative humidity 55–60%, and 
light intensity 150 μmol  m−2  s−1. Salt treatment was started 
after the emergence of the 3rd leaf by adding 150 mM NaCl. 
The salt was added only one-time; clean water was used 
daily to balance the water presence after evaporative loss in 
plant seedlings. The duration of salt treatment was 14 days.
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Determination of potassium and sodium ions

Potassium and sodium ions were determined using a PFP7 
(Jenway-2007, England) flame photometer. First, the plant 
samples were combusted according to the method described 
by Allen et al. (1986). A mixture of sulphuric and perchloric 
acids (3:1) was added to 0.2 g of powdered plant samples 
and stored for a day. The next day, the test tubes were gradu-
ally heated to 250–270 °C in an oven. After combustion, the 
bleached solution in the test tube was cooled and used to 
determine sodium and potassium ions. Standard solutions 
of KCl and NaCl salts were used to construct the calibra-
tion curve.

Determination of malondialdehyde

The samples’ MDA content was determined by the reaction 
of thiobarbituric acid (TBT; Kumar and Knowles 1993). The 
homogenate obtained after crushing 0.5 g of leaves in 5% 
trichloroacetic acid (TCA) was precipitated at 1000 × g for 
10 min. Then, 4 ml of a mixture of 0.5% TBT and 20% TCA 
was added to the supernatant. After heating in a water bath 
for 30 min, the mixture was transferred to ice (ice bath), 
cooled, and precipitated at 1000 × g for 15 min. The super-
natant’s optical density was measured at 532 and 600 nm 
using a Hitachi 557 spectrophotometer (Hitachi High-Tech 
Corporation, Japan).

Determination of soluble sugar content

Sugars were determined by the anthrone–sulphuric acid 
method (Fales 1951). After adding 10 ml of 80% ethanol 
on 0.1 g of dried leaves, the obtained mixture was shaken 
in a shaker for 24 h. The homogenate was precipitated at 
5000 × g for 10 min, 2.5 ml of anthrone was added to the 
supernatant (0.5 ml) and heated in a water bath at 40 °C for 
30 min. Anthrone reagent was prepared by dissolving 0.2 g 
anthrone in a 100 ml concentrated  H2SO4. After cooling, 
the optical density of the mixture was measured at 625 nm 
using a Hitachi 557 spectrophotometer (Hitachi High-Tech 
Corporation, Japan). Sucrose was used to construct the cali-
bration curve.

Determination of proline content

Proline was determined in plants based on the Bates method 
(Bates et al. 1973). Ninhydrin (1.25 g) and cold crystalline 
acetic acid (30 ml) were pre-mixed and then dissolved in 
20 ml of 6 M phosphoric acid. The mixture was kept in 
cold (4 °C) for a max of 24 h. After the homogenization 
of 0.5 g of the plant material in 10 ml of 3% sulfosalicylic 
acid, it was filtered through two layers of Whatman paper. 
Then 2 ml of ninhydrin and 2 ml of acetic acid were added, 

and the mixture was boiled at 100 °C for 1 h. Immediately 
after boiling, the reaction was stopped by transferring to 
a water–ice mixture, 4 ml of toluene solution was added, 
and the mixture was shaken for 15–20 s. After the storage 
at room temperature, until the two-phase system was fully 
formed, the optical density of the organic-toluene phase 
containing chromophore was measured using a Hitachi 557 
spectrophotometer (Hitachi High-Tech Corporation, Japan), 
at 520 nm. Toluene solution was taken as standard. The pro-
line concentration was determined by the calibration curve 
and calculated on a fresh weight basis.

Measurements of rapid chlorophyll a fluorescence 
kinetics in the dark‑adapted state

Chlorophyll a fluorescence was measured by a portable non-
modulated fluorimeter Plant Efficiency Analyser (Handy 
PEA; Hansatech Instruments, Kings Lynn, UK). Chlorophyll 
a fluorescence measurements were performed on both con-
trol and stressed plants after the third day of salt treatment 
during the experiment. Intact flag leaves of wheat plants 
were adapted to darkness for 30 min using light-withholding 
clips. After the adaptation of leaves to darkness, a single 
strong 1 s-light pulse (3500 µmol  m−2  s−1) was applied to 
them with the help of three light-emitting diodes (650 nm). 
The fast fluorescence kinetics (F0 to FM) was recorded from 
10 µs to 1 s. For each variety and treatment, at least ten 
repetitions were applied. The measured data were used to 
calculate the JIP-test parameters using Biolyzer v. 3.06 HP 
software (Strasser et al. 2010; Kalaji et al. 2016). Among 
different photosynthetic parameters, maximal photochemi-
cal efficiency of PSII (Fv/Fm) and performance index  (PIabs), 
non-photochemical quenching (NPQ) were selected to be 
represented in this manuscript due to their proven sensitivity 
to identify the salt stress response in wheat genotypes. Fv/Fm 
indicates the maximum quantum yield of PSII photochem-
istry, whereas  PIabs is a photosynthetic parameter connected 
to a number of different phenomena related to PSII photo-
chemistry (Živčák et al. 2008; Kalaji et al. 2017).

Measurements of electron and proton 
transport‑related processes in light

Electron transport rate  (ETRPSII), electrochromic bandshift, 
and photosystem I activity assessments were performed 
using a handheld MultispeQ V2.0 device linked to the Pho-
tosynQ platform (Kuhlgert et al. 2016; www. photo synq. org). 
The protocol is available on the PhotosynQ platform under 
the name Photosynthesis Rides 500 (https:// photo synq. org).

Fluorescence-based  ETRPSII was calculated using the val-
ues of PSII quantum yield (ΦPSII) obtained by a pulse–ampli-
tude modulation (PAM) method at photosynthetically 
active radiation (PAR) of 500 μmol photons  m−2  s−1. After 

http://www.photosynq.org
https://photosynq.org
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considering the leaf absorbance changes causing relatively 
small effects on the obtained  ETRPSII values, we calcu-
lated the electron transport rate using the basic formula: 
 ETRPSII = 0.84 * 0.5 * ΦPSII * PAR (Krall and Edwards 
1992).

In parallel with the fluorescence measurements, the 
number of active PSI centers was assessed as the maximum 
amplitude of the P700 signal estimated by absorbance shifts 
at 820 nm measured under steady-state and rapid-saturating 
light and far-red pulses (Schreiber and Neubauer 1987; Har-
binson and Woodward 1987).

The total electrochromic shift  (ECSt) during light–dark 
transitions was determined by the absorbance change at 
525 nm induced by 300 ms of dark intervals. The proton 
motive force was estimated on dark-adapted leaves after dif-
ferent illumination periods (500 μmol  s−1  m−2 at 650 nm), 
as the total amplitude of the light–dark  ECSt.

The thylakoid conductivity to protons  (gH+) was deter-
mined by the dark interval relaxation kinetics (DIRK) of the 
electrochromic shift (ECS) at 520 nm (Avenson et al. 2005; 
Takizawa et al. 2007) and was utilized as a measure for the 
chloroplast ATP synthase activity. The proton motive force 
(pmf) was assessed as the amplitude of the first-order decay 
kinetics of the ECS trace in the first 300 ms. The product 
of  ECSt *  gH+ was used as an estimate of the proton trans-
port through the thylakoid membrane, which may be related 
to the rate of ATP synthesis (Kanazawa and Kramer 2002; 
Kanazawa et al. 2017).

Measurements of chlorophyll fluorescence ratio

The ratio of red/far-red fluorescence (SFR, F735/F685) was 
assessed using a noninvasive portable optical fluorescence 
sensor Multiplex-3® (Force-A, Paris, France). The leaves 
were measured by proximal sensing under ambient light 
conditions (Mbarki et al. 2018).

Chlorophyll fluorescence ratio was calculated from values 
of fluorescence measured at 735 nm (FRF) and 685 nm (RF) 
after excitation by red light (635 nm), as follows:

Because the diameter of the measuring area was only 
50 mm, 6–7 measurements were taken on each plant in dif-
ferent positions to account for heterogeneity in leaf color 
and structure.

Statistical analyses

Statistical analysis was performed using two-way analy-
sis of variance (ANOVA) followed by the post hoc Tukey 
HSD test (P < 0.05) using the Statistica version 9.0 soft-
ware (Statsoft, Inc., Tulsa, Oklahoma, USA). The factors 

F
735

∕F
685

= SFR = FRFR∕RFR.

analyzed were Salt (irrigated vs. non-irrigated variant) and 
Genotype (6 genotypes). The data presented in graphs rep-
resent the mean value ± standard error. Ten individuals of 
each genotype were analyzed using noninvasive methods. 
The mutual correlations between the values of the contents 
of phenolic compounds or calculated parameters determined 
for individual plants were assessed using the matrix of val-
ues of the Pearson’s correlation coefficients (r) and statistical 
significance obtained by the statistical functions of Statis-
tica version 9.0 software (Statsoft, Inc., Tulsa, Oklahoma, 
USA). The correlations were classified according to Cohen 
(1988), with values higher than 0.7 were considered as a 
good correlation.

Results

NaCl caused a decrease in the amount of  K+ and an increase 
in  Na+ in the leaves of the studied genotypes (Fig. 1A, B). 
The highest value of the  K+/Na+ ratio in stress-exposed 
plants was recorded in the MIR, GOB genotypes, and the 
lowest value was recorded in the FAT and ZIR genotypes 
(Fig. 1C).

150 mM concentration of NaCl caused a sharp increase 
in proline and soluble sugars concentration (Fig. 1D, F). 
The proline amount was higher by 4.1–4.6-fold in the MIR, 
GOB genotypes, and 1.9–2.2-fold higher in the FAT and ZIR 
genotypes, respectively, compared with the control. The con-
tent of soluble sugars increased by 1.6–1.7-fold in the MIR 
and ZIR genotypes and 1.2-fold in the FAT and ZIR geno-
types. MDA is a secondary metabolite and is an indicator of 
lipid peroxidation, which causes damage to membranes. An 
increase in the MDA content was observed after NaCl treat-
ments in each of the five genotypes. In the drought-sensitive 
genotypes, the MDA content was 2.3–3.4-fold higher than 
in control. In tolerant varieties, this increase was not more 
than 1.6-fold (Fig. 1E).

The measurements using the chlorophyll meter (Fig. 2A) 
indicate a decrease in chlorophyll concentration in salinity 
treated plants, with the highest decrease (~ 33%) in ZIR. 
The multispectral fluorescence proximal sensing showed a 
significant decrease of the fluorescence ratio F735/F685 by 
25% in the FAT and ZIR genotypes, whereas MIR and GYZ 
genotypes have shown a slight increase in multispectral 
fluorescence records (Fig. 2B). The rate of linear electron 
transport calculated from the fluorescence quenching analy-
sis in the light-adapted state  (ETRPSII) increased or was not 
affected in salinity tolerant genotypes, whereas it decreases 
for FAT and ZIR (Fig. 2C).

The fast fluorescence kinetics measurements in a dark-
adapted state indicated that the maximum quantum yield of 
PSII photochemistry (Fv/Fm) slightly decreased in sensitive 
genotypes FAT and ZIR (Fig. 2D). A significant decrease in 
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the number of active PSII reaction centers (RC/ABS) and 
performance index value  (PIabs) was observed in a majority 
of the genotypes analyzed, except for MIR (Fig. 2E, F).

The additional analysis focused on the proton transport at 
the thylakoid membrane was performed using electrochro-
mic bandshift analysis at 520 nm, using the dark-interval 
relaxation kinetics analysis (Fig. 3). The maximum ampli-
tude of the signal  (ECSt) as a measure of the proton motive 
force significantly decreased in the most sensitive genotype 
under salt stress treatment and in genotypes GOB and FAT. 
In turn, we observed an increase in GYZ (Fig. 3A). In the 
proton conductance  (gH+) case, we observed a decrease or 
no change in the group of the tolerant genotypes, whereas 
an increasing trend in the sensitive group (Fig. 3B). The 
estimate of the proton transport  (ECSt *  gH+) indicated neg-
ligible effects (in MIR and GYZ) or the significant decrease 
of the proton flux (in GOB, FAT, and ZIR) due to the salt 
stress (Fig. 3C). Also, the effect of salinity was significant in 
all three parameters, and the values did not follow the group-
ing on the salt-sensitive and salt-tolerant genotypes evident 
from the basic indicators of the salinity effects (Fig. 1) or 
fluorescence-based indicators (Fig. 2).

The correlation analysis was performed to compare the 
reliability of the main parameters in estimating the salt stress 
effects on the photosynthetic apparatus (Table 1).

The analysis showed a good relationship between bio-
chemical and noninvasive parameters, especially in the elec-
tron transport rate measured by the MultispeQ V2.0 device, 
ratio F735/F685 derived from the proximal sensing of multi-
spectral fluorescence using Multiplex-3 device and perfor-
mance index  (PIabs) analyzed by Handy PEA. The correla-
tion in these parameters was higher than the most frequently 
used chlorophyll content analyses or Fv/Fm parameter calcu-
lated from the dark-adapted samples.

Discussion

The effects of salinity and the traits associated with salinity 
tolerance have gained great attention from plant scientists. 
In this study, the set of genotypes well characterized in terms 
of their salinity tolerance was applied to compare the stand-
ard analytical and biochemical indicators with the multiple 
parameters obtained using noninvasive methods.
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Fig. 1  Effect of salinity on potassium  (K+) content (A), sodium  (Na+) 
content (B),  K+/Na+ ratio (C), soluble sugars (D), MDA content (E), 
and proline content (F) in different wheat genotypes (MIR Mirbashir 
128, GOB Gobustan, GYZ Gyzyl Bughda, FAT Fatima, ZIR Zirva 80). 

All data are presented as the mean value ± standard error (SE). Data 
in columns with the different letters are significantly different accord-
ing to Duncan’s multiple range test at P = 0.05
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The leaf chemical analyses indicated the genotypic dif-
ferences in accumulation of  Na+ in leaves, with expected 
higher accumulation in sensitive genotypes (FAT and ZIR) 
compared to the tolerant group. The increase in  Na+ was 
accompanied by a decrease in  K+, and the high value of the 
 K+/Na+ ratio was observed in the tolerant genotypes MIR 
and GOB based on grain yield, which is consistent with pub-
lished results (Ghogdi 2012; Nieves-Cordones et al. 2016). 
Investigations related to the plant adaptation to salt stress are 
mainly focused on the transport system that maintains cellu-
lar homeostasis (Tahal et al. 2000; Almeida et al. 2017). The 
maintenance of ionic homeostasis through the absorption of 
ions and their compartmentalization in the cell ensures the 
plant’s growth and development not only under favorable 
conditions but also under conditions of salt stress. Maintain-
ing a high level of the  K+/Na+ ratio in the cell is one of the 
necessary conditions for the normal functioning of the plant 
cell. Sodium is a toxic element, and its high concentration 
leads to the disruption of various metabolic processes in 
plants (Zafar et al. 2015; Mbarki et al. 2018; Rastogi et al. 
2020). On the contrary, K is an essential element for plant 
growth and development and is involved in the maintenance 
of cell turgor, osmotic regulation, activation of enzymes par-
ticipating in metabolism, and the synthesis of carbohydrates 
and proteins (Rahneshan et al. 2018).

Besides osmotic and ionic stresses, salinity also causes 
oxidative stress, which is accompanied by ROS formation. 
Highly reactive compounds such as singlet oxygen (1O2), 
superoxide anion  (O2

−·), hydrogen peroxide  (H2O2) and 
hydroxyl radical (·OH) affect proteins, lipids, and nucleic 
acids in the cell disrupting their structure (Rastogi and 
Pospíšil 2010, 2012). Saturated fatty acids, which are among 
the main components of membrane lipids, undergo peroxi-
dation by free radicals (Elkahoui et al. 2005). As a result 
of lipid peroxidation, membrane integrity is violated due 
to increased permeability (Elkahoui et al. 2005). Malon-
dialdehyde is a lipid peroxidation product and is consid-
ered an indicator of oxidative damage (Rastogi et al. 2014). 
Therefore, MDA is considered the best salinity marker in 
plants and widely studied in stress-exposed plants. Lipid 

peroxidation was detected in various plants treated with 
NaCl, such as mustard (Ahmad et al. 2012), bean (Azooz 
et al. 2011), wheat, and barley (Ibrahimova et al. 2019; 
Zeeshan et al. 2020). Lipid peroxidation is more common 
in salt-sensitive species than in resistant ones (Koca et al. 
2007; Ksouri et al. 2007). Our results are consistent with 
the results of previous studies (de Azevedo Neto et al. 2006; 
Keutgen and Pawelzik 2008; Falleh et al. 2012) and lipid 
peroxidation was found to be higher in the salinity sensi-
tive FAT and ZIR genotypes. Based on the results of our 
research, the MIR and GOB genotypes have better protection 
against oxidative damage under salt stress.

Although there is a decrease in the rate of  CO2 assimila-
tion in plants exposed to abiotic stresses, including salin-
ity, there are many studies on the accumulation of sugars 
(Murakeözy et al. 2003; Radi et al. 2013). Soluble sugars 
are osmolytes, the accumulation of which is induced under 
salt stress (Cheeseman 1988). Accumulation of sugars in the 
cell under stress regulates the osmotic balance between the 
cytosol and vacuoles, thereby ensuring the structural and 
functional stability of the macromolecules (Rhodes 1987; 
Smirnoff and Cumbes 1989; Chelli-Chaabouni et al. 2010). 
In our study, the accumulation of sugars was observed in the 
leaves of salt-exposed plants, and the increase was higher 
in the salt-tolerant genotypes. The increase in the content 
of sugars in plants is considered to be the result of osmotic 
regulation. Thus, the synthesis of sugars in both salt-tolerant 
and sensitive genotypes occurs in response to the effects of 
NaCl (Radi et al. 2013; Zheng et al. 2012).

Amounts of amino acids such as proline, asparagine, 
aminobutyric acid are involved in osmotic regulation and 
increase sharply when the plant is exposed to different 
abiotic or biotic stress factors. Synthesis and accumulation 
of proline are among the main indicators of stress-induced 
responses. In this regard, proline accumulation in the 
plant cells under salt stress is considered one of the main 
parameters in selecting salt-tolerant genotypes (Yildiz 
and Terzi 2013). Proline also possesses the properties of 
antioxidants that act as chaperones to protect the struc-
ture of macromolecules from destruction when the cell 

Table 1  Values of correlation 
indices for the relationships 
between the indicators obtained 
by the laboratory chemical 
analyses and the parameters 
derived from the noninvasive 
measurements by three different 
devices measured in salt-
exposed plants

Bold font indicates high correlation
**Significant at the P < 0.01 level; *significant at the P < 0.05 level; nsnon-significant

Device parameter Handy PEA PhotosynQ Multiplex-3 SPAD-502

Fv/Fm PIabs RC/ABS ETRPSII F735/F685 SPAD

K+ 0.39ns 0.49* 0.49* 0.65** 0.60** 0.49*
Na+  − 0.54*  − 0.67**  − 0.64**  − 0.77**  − 0.70**  − 0.56*
K+/Na+ 0.52* 0.59** 0.57** 0.74** 0.63** 0.47*
Proline 0.55* 0.65** 0.66** 0.73** 0.64** 0.64**
MDA  − 0.57**  − 0.72**  − 0.69**  − 0.77**  − 0.76**  − 0.66**
Soluble sugars 0.45* 0.56* 0.54* 0.67** 0.54* 0.60**
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is dehydrated (Yan et al. 2013; Ashraf and Foolad 2007). 
Therefore, proline can act as an enzyme protectant, free 
radical scavenger, cytosolic pH buffer stabilizer for subcel-
lular structures, and cell redox balancer (Verbruggen and 
Hermans 2008). In the presented study, 150 mM NaCl 
induced a sharp increase in the proline concentration, 
and this increase was more pronounced in tolerant varie-
ties. These results are consistent with the previous stud-
ies (Tammam et al. 2008; Mbarki et al. 2018; Rahneshan 
et al. 2018; Rastogi et al. 2020).

The question, why the tolerant plants produce higher 
concentrations of osmolytes than the sensitive genotypes 
is very complex. There are several cellular mechanisms 
by which organisms alleviate the adverse effects of abiotic 
stresses. One of them is an accumulation of compatible 
solutes (Yancey et al. 1982; Burg and Ferraris 2008), pro-
viding osmotic adjustment, ROS detoxification, protection 
of membrane integrity, and enzymes/protein stabilization 
(Ashraf and Foolad 2007; Bohnert and Jensen 1996; Yancey 
1994). Stress highly regulates the synthesis of osmolytes 
(e.g., proline, sucrose, polyols, trehalose, glycine betaine) 
in stress-tolerant species. According to multiple authors, 
in most plants exposed to salt stress proline accumulation 
is correlated with stress tolerance, and its concentration is 
higher in salt-tolerant plants compared to sensitives (Fougère 
et al. 1991; Gangopadhyay et al. 1997; Madan et al. 1995; 
Petrusa and Winicov 1997; Szabados and Savoure 2010). 
There are different stress-response signaling pathways such 
as MAP kinase signaling, calcium signaling, ABA signal-
ing, and ROS signaling leading synergistically to accumula-
tion of different osmolytes in prokaryotes and eukaryotes. In 
plants, there is the salt overly sensitive (SOS) pathway and 
the abscisic acid (ABA) stress signaling pathway responsible 
for the accumulation of osmolytes (proline, mannitol, and 
glycine betaine) (Zhu 2001; Ji et al. 2013). The SOS gene 
overexpression resulted in increased salt tolerance of plants 
(mainly tolerant plants), as it helped in the maintenance of 
ion homeostasis, and may helped the synthesis of compatible 
solutes (Yang et al. 2009).

Although the genotypic differences in expression of the 
genes responsible for individual protective mechanisms 
responsible for observed differences among the genotypes 
were not assessed in this study, the analytical (chemical and 
biochemical) parameters applied in this study provided a 
set of representative indicators covering multiple salt stress 
effects as well as mechanisms of tolerance at the different 
level, enabling to identify a high diversity of the responses 
in the set of tested genotypes, which could be efficiently 
compared with the results of the noninvasive indicators.

An increase in salinity typically leads to a decrease of 
chlorophyll and may serve as an indicator of salt stress tol-
erance in wheat genotypes (Sairam et al. 2005). Similar 
results are obtained for noninvasive measurements using 

chlorophyll meters (Munns and James 2003; El-Hendawy 
et al. 2007), and it was clearly shown that SPAD readings 
significantly correlated with the chlorophyll content meas-
ured in a destructive way (Kiani-Pouya and Rasouli 2014).

As the SPAD measurements have several technical dis-
advantages, such as a very low measured leaf area, time 
and labor-consuming manual measurements, possibilities of 
leaf damage, and some others, there are multiple attempts to 
replace this technique with some proximal or remote tech-
niques based on spectral reflectance (Gitelson 2003) or chlo-
rophyll fluorescence spectral ratios (Gitelson et al. 1999). In 
our study, we applied the proximal sensing of the F735/F685 
ratio known as SFR (Simple Fluorescence Ratio) measured 
by Multiplex-3 (Force-A, France) device. In well-controlled 
conditions, the ratio excellently correlates with the chloro-
phyll content (Lichtenthaler and Babani 2004), as the red 
fluorescence centered near 685 nm emitted deeper inside 
the leaf tissue is reabsorbed by the chlorophyll more than 
the far-red Chl fluorescence (Buschmann 2007). However, it 
was also shown that the F735/F685 is sensitive to photosystem 
I to photosystem II ratio (Brestic et al. 2015), as the far-red 
fluorescence originates mostly from PSI, whereas red fluo-
rescence mostly from PSII. Unlike a stable PSI fluoresce, 
the PSII fluorescence greatly variates in response to the state 
of PSII photochemistry (Butler and Kitajima 1975), which 
influences the F735/F685 ratio, especially in non-controlled 
conditions. Thus, the F735/F685 (SFR) measured in field con-
ditions positively correlates with a leaf chlorophyll content, 
but the correlation index was found to be relatively low (Li 
et al. 2013) and indicating SFR as a chlorophyll index is not 
fully correct.

On the other hand, both decreases in chlorophyll con-
tent and the photosynthetic activity lead to the decrease 
of the F735/F685 ratio, which makes this parameter useful 
as an indicator of stress. The sensitivity to different stress 
effects was previously found in various experiments (Cherif 
et al. 2010; Rinderle and Lichtenthaler 1988; Georgieva 
and Lichtenthaler 2006). Our results (Fig. 2B) indicate that 
the F735/F685 ratio can be useful as a non-specific indicator 
of salt stress effects in wheat, as well. Moreover, a good 
correlation level (Table 1) together with proximal (distant) 
application makes this technique a good candidate for the 
automated applications in crop phenotyping.

Although the phenotyping prioritizes remote or proximal 
sensing, the information on photosynthesis processes com-
ing from these techniques is rather rough and less precise. 
Therefore, there are also attempts to efficiently develop and 
utilize fast, precise, and cost-effective leaf-clip measure-
ments. The fast fluorescence kinetics analyses were iden-
tified as very suitable for high-throughput phenotyping 
because of the chlorophyll fluorescence transient measure-
ment speed. The measured signal provides valuable informa-
tion on the performance of PSII and efficiencies of specific 
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electron transport reactions in the thylakoid membrane (Stir-
bet et al. 2018).

The fast fluorescence kinetics was found to be very 
efficient in salt stress studies, and multiple specific PSII 
responses were identified, such as changes in PSII heteroge-
neity (Mehta et al. 2010a), damage at the donor side (Mehta 
et al. 2010b), and the acceptor side (Lu and Vonshak 1999). 
Typically, the O-J amplitude of the fluorescence transient is 
increased (Kalaji et al. 2016), indicating a decrease in elec-
tron transport efficiency from PSII to  QA and  QB. Moreover, 
the decrease of the number of active PSII reaction centers 
(Mathur et al. 2012; Rastogi et al. 2020) and PSII quan-
tum efficiency (Mehta et al. 2010b) contribute to the overall 
adverse effect of salt stress on to function of PSII, which is 
also reflected by a significant decrease of performance index 
value  (PIabs) observed in multiple studies (Mathur et al. 
2012; Misra et al. 2001), including the studies analyzing the 
effects of graduated salt concentrations (Rastogi et al. 2020).

To visualize the changes in PSII photochemistry ana-
lyzed by the fast chlorophyll fluorescence transient using 
the model of Strasser et al. (2004), the phenomenological 
leaf models were created for all genotypes and variants 
(Fig. 4). It is evident that the changes in three tolerant geno-
types were minor, with some visible limitation of electron 
transport at the PSII acceptor side  (ETo/CSm) parameters 
and increase of the non-regulated energy loss  (DIo/CSm). In 
two sensitive genotypes, we observed significant changes 
of all parameters, including substantial reduction of active 
reaction centers and decrease of all energy fluxes, including 
absorbed energy flux (ABS/CSm), trapping flux  (TRo/CSm), 

and electron transport from PSII RCs to electron acceptors 
 (ETo/CSm).

Our results are entirely in agreement with previous 
results, confirming the significant effects of salinity on PSII 
photochemistry. However, the observed effect was not uni-
form, but clearly genotype-dependent. The differences were 
found not only between the tolerant and sensitive group, but 
also the tolerant genotypes differed in responses to long-term 
salt treatment (Fig. 4). Moreover, the integrative parameter 
performance index  (PIabs) was found to be a good indicator 
of salt stress effects, well correlating with the conventional 
indicators (Table 1).

Unlike to fast fluorescence transient measured in dark-
adapted leaves, the steady-state PAM measurements enable 
estimating the rate of linear electron transport, which was 
closely correlated with the  CO2 assimilation rate (Schreiber 
et al. 1995; Zivcak et al. 2013). However, compared to meas-
urements of fast fluorescence transient, the PAM method 
has several disadvantages. First is the time needed to real-
ize one measurement, which is more than one minute for 
PAM, compared to a few seconds needed to perform a one-
second lasting measurement of fast chlorophyll fluorescence 
record (Brestic and Zivcak 2013). The second disadvantage 
is the high price of most PAM devices, limiting the option 
to solve the problem with speed by utilizing multiple instru-
ments in parallel (Kalaji et al. 2017). To eliminate these 
two problems, a new low-cost sensor, MultispeQ connected 
to the open PhotosynQ network, was developed as a tool 
for large-scale plant phenotyping of plants (Kuhlgert et al. 
2016). Multiple phenotyping studies with efficient utilization 

Fig. 4  Phenomenological leaf models based on calculations of 
parameters derived from the analysis of fast fluorescence kinetics 
in dark-adapted leaves of different wheat genotypes (MIR Mirbashir 
128, GOB Gobustan, GYZ Gyzyl Bughda, FAT Fatima, ZIR Zirva 80) 
in non-stressed (Control) and salt-stressed (150 mM NaCl) variants. 
The thickness of each arrow represents the mean value of absorbance 

(ABS/CSm), trapping flux (TR/CSm), electron transport (ET/CSm), or 
heat dissipation of excess light (DI/CSm), all expressed per leaf cross-
section. The black points represent the fraction of inactive reaction 
centers. The models were generated using software Biolyzer 3.06 
(Maldonado-Rodriguez, Laboratory of Bioenergetics, University of 
Geneva, Switzerland)
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of fluorescence PAM records using MultispeQ sensor were 
published in the last period, such as analyses of drought 
stress effects in barley (Fernández-Calleja et al. 2020) or 
temperature stress in bean (Traub et al. 2018) and potato 
(Prinzenberg et al. 2018). The MultispeQ sensor was also 
used for phenotypic characterization of plants exposed 
to salts stress in Arabidopsis thaliana lines (Nepal et al. 
2020) and potato (Prinzenberg et al. 2018) but without any 
attempts to assess the preciseness or reliability of the analy-
sis compared to other methods or indicators. In our study, 
we identified sufficient sensitivity of the linear electron 
transport rate  (ETRPSII) calculated from the PSII quantum 
efficiency to salts stress, as well as the significant differences 
between the genotypes (Fig. 1). Our results indicated that 
the  ETRPSII could be used to recognize the sensitive and 
tolerant genotypes. Comparing the parameters measured by 
different sensors (Table 1) identified the  ETRPSII parameter 
being the best correlating indicator based on the noninvasive 
measurements. It is a meaningful result considering the tight 
relationship between the effective PSII quantum efficiency 
and  CO2 assimilation rate (Seaton and Walker 1990; Cheng 
et al. 2001; Zivcak et al. 2013).

Despite an increasing number of papers using the Mul-
tispeQ sensor, most applications are limited to the use of 
chlorophyll fluorescence only. However, the device was built 
as a multisensor designed for the simultaneous chlorophyll 
fluorescence measurements with several parameters based 
on measurements of light absorbance by the leaf at differ-
ent wavelengths. In addition to estimation of chlorophyll 
content, the system is useful also for the assessment of the 
parameters closely related to the processes of electron and 
proton transport, such as the electrochromic bandshift meas-
ured at 525 nm, as well as the redox state of P700 based on 
absorbance changes at 820 nm (Kuhlgert et al. 2016). The 
dark interval relaxation kinetics (DIRK) of the electrochro-
mic bandshift was found to be efficient in the assessment of 
the proton motive force (parameter  ECSt) and the thylakoid 
conductivity to protons (parameter  gH+), the product of 
which may serve as an estimate of proton flux  (ECSt *  gH+) 
(Kanazawa and Kramer 2002; Avenson et al. 2005). The 
previous studies indicated a close relationship between the 
values of ECS parameters and efficient regulation of elec-
tron transport and photoprotection in stress (Zivcak et al. 
2014; Brestic et al. 2016) or fluctuating conditions (Huang 
et al. 2018, 2019), including salts stress (Wu et al. 2019). 
However, all these studies were performed using expensive 
laboratory devices with limited use under field conditions. In 
turn, in a recent study, we applied the same DIRK protocol 
measuring ECS decay using a low-cost handheld device. Our 
results indicate the variations between the treatments as well 
as between the genotypes in all three parameters (Fig. 3). 
The  ECSt values were more-or-less following the trends 
observed by the chemical indicators or the fluorescence 

parameters, although the differences between the tolerant 
end sensitive genotypes were not clearly evident. A different 
situation was in  gH+, as the proton conductance was sig-
nificantly increasing in salt-exposed plants of the two sensi-
tive genotypes, whereas the salt stress caused an expected 
decrease in salt-resistant genotypes (Fig. 4B). There are also 
differences in trends observed in estimates of electron trans-
port rate (Fig. 2C) and the proton flux rate (Fig. 3C).

Electron transport rate  (ETRPSII) was found to be well 
correlating with the stress indicators. Moreover, we can 
expect they correlate well with the overall photosynthetic 
performance of the measured leaves. Therefore, we used 
 ETRPSII as a reference value to compare the trends of the 
parameters derived from the absorbance data measured by 
the MultispeQ device in a group of non-stressed and salt-
stressed plants (Fig. 5). As expected, there was a variation of 
the  ETRPSII values both in the control and stress groups. In 
non-stressed plants, electron transport variations may reflect 
different stomata openness and photosynthetic enzyme acti-
vation levels. The same factors may decrease the electron 
transport in salt-stressed plants, especially if the chloroplast 
are efficiently protected against toxic ions by their compart-
mentation (Robinson et al. 1983). However, there are also 
possible diverse effects of salt ions on chloroplast functions 
(Mehta et al. 2010b), well evident from the fast fluorescence 
analyses in sensitive plants (Fig. 3).

The correlation of  ETRPSII with  ECSt values in control 
plants (Fig. 5A) showed an inverse trend, where a decrease 
in electron transport rate led to an increase of  ECSt. It was 
associated with the decrease of the proton conductance with 
decreasing PSII electron transport rate (Fig. 5B), resulting 
in a decrease of the proton flux clearly correlating with 
the decrease of the electron transport rate. These results 
are entirely expected, as the decrease in electron transport 
rate at the same light intensity increases energy-dependent 
non-photochemical quenching, which requires a decrease 
of the thylakoid lumen pH connected with an increase of 
 ECSt (Avenson et al. 2004; Kohzuma et al. 2009). As the 
decrease of assimilation rate indicated by a lower  ETRPSII is 
associated with lower demand for ATP, the decrease of  gH+ 
is logical, probably resulting from ATP synthase downregu-
lation (Kanazawa et al. 2017). The simultaneously measured 
chlorophyll fluorescence and ECS data confirm a clear cor-
relation between the electron and proton transport previously 
shown by several studies (Avenson et al. 2004; Kohzuma 
et al. 2009). However, in the salt stress variant, these trends 
were followed only in samples with a high electron trans-
port rate present in resistant genotypes but reversed in salt-
stressed samples with a very low electron transport rate that 
occurred in sensitive ones. The sensitive plants had much 
lower  ECSt than expected according to a low  ETRPSII, but, 
at the same time, they showed a high proton conductivity 
 (gH+) resulting in a high proton flux, which was, evidently, 
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not proportional to the observed electron transport rate. We 
previously observed a similar trend in wheat exposed to high 
temperatures (Chovancek et al. 2021), which can be well 
explained by the leaks of  H+ through the thylakoid mem-
brane (Bukhov et al. 1999; Havaux et al. 1996).

Although the proton leakage of the thylakoid is not a typi-
cal response associated with the salt stress, there are several 
papers indicating the leakage as a result of oxidative dam-
age or stress-associated structural changes in the chloroplast 
(Richter et al. 2004; Sun et al. 2011). Moreover, the resist-
ance to salt stress at the thylakoid level is associated with 

the stability of thylakoid membranes given by their lipid 
composition (Allakhverdiev et al. 1999; Sui et al. 2010). In 
our study, the values of MDA (Fig. 1) clearly indicated the 
oxidative damage in salt-sensitive genotypes, but not in salt 
tolerant.

In stress conditions, the over reduction of the PSI acceptor 
side is associated with excessive photoreduction of molecu-
lar oxygen, and ROS are produced (Asada 1999), causing 
oxidative damage with negative consequences on photosyn-
thetic performance and photoprotection (Takagi et al. 2016). 
To avoid the over reduction of the electron transport chain, 
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Fig. 5  Relationship between the mean values of PSII electron trans-
port rate  (ETRPSII) and the parameters related to the proton transport 
and PSI activity analyzed simultaneously by the multisensor Multi-
speQ V2.0 (PhotosynQ, USA) in non-stressed (Control) and salt-
stressed (150 mM NaCl) wheat plants. (A) The maximum amplitude 
of absorbance at 520  nm (ECS signal) measured with the far-red 
pulse and saturating light pulse, (B) proton conductivity of the thy-
lakoid membrane through ATP synthase  (gH+), (C) the proton flux 

estimated as a product of  ECSt and  gH+, and (D) the amplitude of 
P700 signal measured as an absorbance signal at 820 nm. Data origi-
nate from the entire tested collection of wheat genotypes. The points 
represent the mean values of the samples in two variants sorted 
according to the  ETRPSII values into the six separate groups. The 
samples with very low  ETRPSII values (< 60 µmol  e−  m−2   s−1) were 
present only in the salt-stress variant. Data are presented as the mean 
value ± standard error (SE) from 10 to 20 leaves
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the proper regulation of linear electron transport is crucial, 
which requires the buildup of the transthylakoid proton gra-
dient (Joliot and Johnson 2011). A low  ECSt in salt-stress 
exposed plants of susceptible genotypes in our experiment 
shows that the accumulation of  H+ in thylakoid lumen was 
insufficient, which leads to a poor regulation of electron 
transport and over reduction of PSI acceptor side (Miyake 
et al. 2005; Chovancek et al. 2021). The related excessive 
production of reactive oxygen species may be responsible 
for the observed damage of photosynthetic components evi-
dent in chlorophyll fluorescence measurements as well as 
the decrease of chlorophyll content in leaves of susceptible 
wheat genotypes. In this respect, our results demonstrate 
that the noninvasive simultaneous measurements of chlo-
rophyll fluorescence and electrochromic band shift using a 
low-cost MultispeQ sensor represents a reliable tool not only 
to identify the resistance or susceptibility of the genotypes 
to stress, but it can efficiently uncover the defects in the 
thylakoid membrane functions associated with the decrease 
of photosynthetic and photoprotective capacity of the leaves.

We also tested the use of the absorbance changes at 
830  nm measured by the MultispeQ sensor in parallel 
with the chlorophyll fluorescence data. However, the P700 
records in the actual setting were rather noisy, and the only 
useful information obtained was the maximum amplitude 
of the P700 signal, which can be applied as an indicator of 
the content of active PSI units (Schreiber et al. 1988; Bres-
tic et al. 2015). Nevertheless, our results indicate (Fig. 5D) 
that the only information obtained is the decreased number 
of active PSI reaction centers in highly-stressed samples. 
As we know that there was a decrease of chlorophyll con-
tent in that samples, the decrease of PSI (as well as of the 
PSII found by fast chlorophyll fluorescence) is expected and, 
hence, the information has no particular value. Moreover, 
due to many records with excessive noise, the analysis of 
the values for individual genotypes could not be performed. 
Thus, despite the PhotosynQ platform analyzing the Mul-
tispeQ data provides the parameters related to the function 
and state of photosystem I, the quality of the measured sig-
nal was insufficient to provide useful data on the salt stress, 
and further improvements of the sensors or protocols are 
needed to obtain the valuable information on the P700 redox 
state using this sensor.

Conclusion

The salt stress treatments led to an expected accumulation of 
sodium ion  (Na+) and decreased potassium ion  (K+) contents 
in leaves. The salinity led to an increase of soluble sugars in 
leaves, as well as increases of free proline content and MDA, 
with an apparent diversity of the responses between the gen-
otypes. The evaluation of salt-treatment effects confirmed a 

higher tolerance to salt in MIR, GOB, and GYZ, whereas 
the FAT and ZIR were found as sensitive genotypes. The 
noninvasive measurements of photosynthesis-related param-
eters indicated genotype-dependent effects of salinity stress 
on the photosynthetic apparatus. The significant decrease 
of chlorophyll content (SPAD values) or adverse effects on 
photosynthetic functions at the PSII level (measured by the 
chlorophyll fluorescence parameters) was observed mostly 
in the two sensitive genotypes only. Although the informa-
tion obtained by different fast noninvasive techniques was 
consistent, the correlation analyses identified the highest 
correlation of the noninvasive records with MDA,  K+/Na+ 
ratio, and free proline content. The lower correlation levels 
were found for chlorophyll content (SPAD) and Fv/Fm values 
derived from chlorophyll fluorescence. Performance index 
 (PIabs) derived from fast fluorescence kinetics, and F735/F685 
ratio correlated well with MDA and  Na+ content. The most 
promising were the results of the linear electron transport 
 (ETRPSII) measured by the MultispeQ sensor, in which we 
found a highly significant correlation with all parameters 
assessed.

Moreover, the noninvasive simultaneous chlorophyll fluo-
rescence and electrochromic band shift measurements using 
this sensor can efficiently uncover the stress-induced altera-
tions in the proton transport at the thylakoid membrane asso-
ciated with a decrease of photosynthetic and photoprotective 
capacity of the leaves. Our results clearly demonstrate that 
the use of fast and low-cost portable sensors is not limited 
to identify the level of stress-induced damage in different 
plants, but the records can provide valuable mechanistic 
information on the specific stress effects and uncover the 
stress resistance mechanisms.

Acknowledgements This work was supported by the Ministry of 
Education, Science, Research and Sport of the Slovak Republic 
under the Projects VEGA-1-0589-19 and VEGA 1-0683-20 and the 
Slovak Research and Development Agency Project APVV-18-465. 
This work was also supported by the Project OPVaI-VA/DP/2018/
No. 313011T813. SIA was supported by the Grant RFBR-NSFC (No. 
21-54-53015).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

http://creativecommons.org/licenses/by/4.0/


207Photosynthesis Research (2021) 150:195–211 

1 3

References

Ahmad P, Kumar A, Ashraf M, Akram NA (2012) Salt-induced 
changes in photosynthetic activity and oxidative defense system 
of three cultivars of mustard (Brassica juncea L.). Afr J Biotech-
nol 11(11):2694–2703

Allakhverdiev SI, Nishiyama Y, Suzuki I, Tasaka Y, Murata N (1999) 
Genetic engineering of the unsaturation of fatty acids in mem-
brane lipids alters the tolerance of Synechocystis to salt stress. 
Proc Natl Acad Sci USA 96(10):5862–5867. https:// doi. org/ 10. 
1073/ pnas. 96. 10. 5862

Allen S, Grimshaw H, Rowland A (1986) Chemical analysis. In: Chap-
man SB, Moore PD (eds) Methods in plant ecology. Blackwell 
Scientific Publications, Oxford

Almeida DM, Oliveira MM, Saibo NJM (2017) Regulation of  Na+ and 
 K+ homeostasis in plants: towards improved salt stress tolerance 
in crop plants. Genet Mol Biol 40(1 suppl 1):326–345. https:// 
doi. org/ 10. 1590/ 1678- 4685- gmb- 2016- 0106

Arif MR, Islam MT, Robin AHK (2019) Salinity stress alters root mor-
phology and root hair traits in Brassica napus. Plants 8(7):192. 
https:// doi. org/ 10. 3390/ plant s8070 192

Asada K (1999) The water–water cycle in chloroplasts: scavenging 
of active oxygens and dissipation of excess photons. Annu Rev 
Plant Physiol Plant Mol Biol 50:601–639

Ashraf M, Foolad M (2007) Roles of glycine betaine and proline 
in improving plant abiotic stress resistance. Environ Exp Bot 
59(2):206–216

Avenson TJ, Cruz JA, Kanazawa A, Kramer DM (2005) Regulating the 
proton budget of higher plant photosynthesis. Proc Natl Acad Sci 
USA 102(27):9709–9713. https:// doi. org/ 10. 1073/ pnas. 05039 
52102

Avenson TJ, Cruz JA, Kramer DM (2004) Modulation of energy-
dependent quenching of excitons in antennae of higher plants. 
Proc Natl Acad Sci USA 101(15):5530–5535. https:// doi. org/ 10. 
1073/ pnas. 04012 69101

Azooz MM, Youssef AM, Ahmad P (2011) Evaluation of salicylic 
acid (SA) application on growth, osmotic solutes and antioxidant 
enzyme activities on broad bean seedlings grown under diluted 
seawater. Int J Plant Physiol Biochem 3(14):253–264

Bates LS, Waldren RP, Teare ID (1973) Rapid determination of free 
proline for water-stress studies. Plant Soil 39(1):205–207. https:// 
doi. org/ 10. 1007/ bf000 18060

Bohnert HJ, Jensen RG (1996) Strategies for engineering water-stress 
tolerance in plants. Trends Biotechnol 4:89–97. https:// doi. org/ 
10. 1016/ 0167- 7799(96) 80929-2

Brestic M, Zivcak M (2013) PSII fluorescence techniques for measure-
ment of drought and high temperature stress signal in crop plants: 
protocols and applications. In: Molecular stress physiology of 
plants. Springer, Dordrecht, pp 87–131

Brestic M, Zivcak M, Kunderlikova K, Allakhverdiev SI (2016) High 
temperature specifically affects the photoprotective responses 
of chlorophyll b-deficient wheat mutant lines. Photosynth Res 
130(1–3):251–266. https:// doi. org/ 10. 1007/ s11120- 016- 0249-7

Brestic M, Zivcak M, Kunderlikova K, Sytar O, Shao H, Kalaji HM, 
Allakhverdiev SI (2015) Low PSI content limits the photopro-
tection of PSI and PSII in early growth stages of chlorophyll 
b-deficient wheat mutant lines. Photosynth Res 125(1–2):151–
166. https:// doi. org/ 10. 1007/ s11120- 015- 0093-1

Bukhov NG, Wiese C, Neimanis S, Heber U (1999) Heat sensitivity of 
chloroplasts and leaves: leakage of protons from thylakoids and 
reversible activation of cyclic electron transport. Photosynth Res 
59(1):81–93. https:// doi. org/ 10. 1023/a: 10061 49317 411

Burg MB, Ferraris JD (2008) Intracellular organic osmolytes: function 
and regulation. J Biol Chem 283:7309–7313

Bürling K, Cerovic ZG, Cornic G, Ducruet J-M, Noga G, Hunsche M 
(2013) Fluorescence-based sensing of drought-induced stress in 
the vegetative phase of four contrasting wheat genotypes. Envi-
ron Exp Bot 89:51–59. https:// doi. org/ 10. 1016/j. envex pbot. 2013. 
01. 003

Buschmann C (2007) Variability and application of the chlorophyll 
fluorescence emission ratio red/far-red of leaves. Photosynth Res 
92(2):261–271. https:// doi. org/ 10. 1007/ s11120- 007- 9187-8

Butler WL, Kitajima M (1975) Energy transfer between Photosystem 
II and Photosystem I in chloroplasts. Biochim Biophys Acta 
Bioenerg 396(1):72–85. https:// doi. org/ 10. 1016/ 0005- 2728(75) 
90190-5

Cerovic ZG, Ounis A, Cartelat A, Latouche G, Goulas Y, Meyer S, 
Moya I (2002) The use of chlorophyll fluorescence excitation 
spectra for the non-destructive in situ assessment of UV-absorb-
ing compounds in leaves. Plant Cell Environ 25(12):1663–1676. 
https:// doi. org/ 10. 1046/j. 1365- 3040. 2002. 00942.x

Cohen J (1988) Statistical power analysis for the behavioral sciences, 
2nd edn. Á/L Erlbaum Press, Hillsdale

de Azevedo Neto AD, Prisco JT, Enéas-Filho J, Abreu CEBd, Gomes-
Filho E (2006) Effect of salt stress on antioxidative enzymes 
and lipid peroxidation in leaves and roots of salt-tolerant and 
salt-sensitive maize genotypes. Environ Exp Bot 56(1):87–94. 
https:// doi. org/ 10. 1016/j. envex pbot. 2005. 01. 008

El-Hendawy SE, Hu Y, Schmidhalter U (2007) Assessing the suitability 
of various physiological traits to screen wheat genotypes for salt 
tolerance. J Integr Plant Biol 49(9):1352–1360. https:// doi. org/ 
10. 1111/j. 1744- 7909. 2007. 00533.x

Elkahoui S, Hernández JA, Abdelly C, Ghrir R, Limam F (2005) 
Effects of salt on lipid peroxidation and antioxidant enzyme 
activities of Catharanthus roseus suspension cells. Plant Sci 
168(3):607–613. https:// doi. org/ 10. 1016/j. plant sci. 2004. 09. 006

Fales FW (1951) The assimilation and degradation of carbohydrates 
by yeast cells. J Biol Chem 193(1):113–124

Falleh H, Jalleli I, Ksouri R, Boulaaba M, Guyot S, Magné C, Abdelly 
C (2012) Effect of salt treatment on phenolic compounds and 
antioxidant activity of two Mesembryanthemum edule prove-
nances. Plant Physiol Biochem 52:1–8. https:// doi. org/ 10. 1016/j. 
plaphy. 2011. 11. 001

Fernández-Calleja M, Monteagudo A, Casas AM, Boutin C, Pin PA, 
Morales F, Igartua E (2020) Rapid on-site phenotyping via field 
fluorimeter detects differences in photosynthetic performance 
in a hybrid—parent barley germplasm set. Sensors 20(5):1486. 
https:// doi. org/ 10. 3390/ s2005 1486

Fougère F, Le Rudulier D, Streeter JG (1991) Effects of salt stress on 
amino acid, organic acid, and carbohydrate composition of roots, 
bacteroids, and cytosol of alfalfa (Medicago sativa L.). Plant 
Physiol 96:1228–1236. https:// doi. org/ 10. 1104/ pp. 96.4. 1228

Gangopadhyay G, Basu S, Mukherjee B, Gupta S (1997) Effects of 
salt and osmotic shocks on unadapted and adapted callus lines 
of tobacco. Plant Cell Tissue Organ Cult 49:45–52. https:// doi. 
org/ 10. 1023/A: 10058 60718 585

Georgieva K, Lichtenthaler HK (2006) Photosynthetic response 
of different pea cultivars to low and high temperature treat-
ments. Photosynthetica 44(4):569–578. https:// doi. org/ 10. 1007/ 
s11099- 006- 0073-y

Ghogdi EA (2012) Effects of salinity on some physiological traits in 
wheat (Triticum aestivum L.) cultivars. Indian J Sci Technol 
5(1):1–6. https:// doi. org/ 10. 17485/ ijst/ 2012/ v5i1. 23

Gitelson AA, Buschmann C, Lichtenthaler HK (1999) The chlorophyll 
fluorescence ratio  F735/F700 as an accurate measure of the chlo-
rophyll content in plants. Remote Sens Environ 69(3):296–302. 
https:// doi. org/ 10. 1016/ s0034- 4257(99) 00023-1

Gitelson AA, Gritz Y, Merzlyak MN (2003) Relationships between 
leaf chlorophyll content and spectral reflectance and algorithms 

https://doi.org/10.1073/pnas.96.10.5862
https://doi.org/10.1073/pnas.96.10.5862
https://doi.org/10.1590/1678-4685-gmb-2016-0106
https://doi.org/10.1590/1678-4685-gmb-2016-0106
https://doi.org/10.3390/plants8070192
https://doi.org/10.1073/pnas.0503952102
https://doi.org/10.1073/pnas.0503952102
https://doi.org/10.1073/pnas.0401269101
https://doi.org/10.1073/pnas.0401269101
https://doi.org/10.1007/bf00018060
https://doi.org/10.1007/bf00018060
https://doi.org/10.1016/0167-7799(96)80929-2
https://doi.org/10.1016/0167-7799(96)80929-2
https://doi.org/10.1007/s11120-016-0249-7
https://doi.org/10.1007/s11120-015-0093-1
https://doi.org/10.1023/a:1006149317411
https://doi.org/10.1016/j.envexpbot.2013.01.003
https://doi.org/10.1016/j.envexpbot.2013.01.003
https://doi.org/10.1007/s11120-007-9187-8
https://doi.org/10.1016/0005-2728(75)90190-5
https://doi.org/10.1016/0005-2728(75)90190-5
https://doi.org/10.1046/j.1365-3040.2002.00942.x
https://doi.org/10.1016/j.envexpbot.2005.01.008
https://doi.org/10.1111/j.1744-7909.2007.00533.x
https://doi.org/10.1111/j.1744-7909.2007.00533.x
https://doi.org/10.1016/j.plantsci.2004.09.006
https://doi.org/10.1016/j.plaphy.2011.11.001
https://doi.org/10.1016/j.plaphy.2011.11.001
https://doi.org/10.3390/s20051486
https://doi.org/10.1104/pp.96.4.1228
https://doi.org/10.1023/A:1005860718585
https://doi.org/10.1023/A:1005860718585
https://doi.org/10.1007/s11099-006-0073-y
https://doi.org/10.1007/s11099-006-0073-y
https://doi.org/10.17485/ijst/2012/v5i1.23
https://doi.org/10.1016/s0034-4257(99)00023-1


208 Photosynthesis Research (2021) 150:195–211

1 3

for non-destructive chlorophyll assessment in higher plant 
leaves. J Plant Physiol 160(3):271–282. https:// doi. org/ 10. 1078/ 
0176- 1617- 00887

Gupta B, Huang B (2014) Mechanism of salinity tolerance in plants: 
physiological, biochemical, and molecular characterization. Int 
J Genomics 2014:1–18. https:// doi. org/ 10. 1155/ 2014/ 701596

Harbinson J, Woodward FI (1987) The use of light-induced absorb-
ance changes at 820 nm to monitor the oxidation state of P-700 
in leaves. Plant Cell Environ 10(2):131–140. https:// doi. org/ 10. 
1111/ 1365- 3040. ep116 02090

Havaux M, Tardy F, Ravenel J, Chanu D, Parot P (1996) Thylakoid 
membrane stability to heat stress studied by flash spectroscopic 
measurements of the electrochromic shift in intact potato 
leaves: influence of the xanthophyll content. Plant Cell Environ 
19(12):1359–1368. https:// doi. org/ 10. 1111/j. 1365- 3040. 1996. 
tb000 14.x

Huang W, Tikkanen M, Cai Y-F, Wang J-H, Zhang S-B (2018) Chlo-
roplastic ATP synthase optimizes the trade-off between photo-
synthetic  CO2 assimilation and photoprotection during leaf matu-
ration. Biochim Biophys Acta Bioenerg (1859) 10:1067–1074. 
https:// doi. org/ 10. 1016/j. bbabio. 2018. 06. 009

Huang W, Yang Y-J, Zhang S-B (2019) Photoinhibition of photosys-
tem I under fluctuating light is linked to the insufficient ΔpH 
upon a sudden transition from low to high light. Environ Exp Bot 
160:112–119. https:// doi. org/ 10. 1016/j. envex pbot. 2019. 01. 012

Humplík JF, Lazár D, Husičková A, Spíchal L (2015) Automated phe-
notyping of plant shoots using imaging methods for analysis of 
plant stress responses—a review. Plant Methods. https:// doi. org/ 
10. 1186/ s13007- 015- 0072-8

Ji H, Pardo JM, Batelli G et al (2013) The Salt Overly Sensitive (SOS) 
pathway: established and emerging roles. Mol Plant 6:275–286

Cheeseman JM (1988) Mechanisms of salinity tolerance in plants. Plant 
Physiol 87(3):547–550

Chelli-Chaabouni A, Mosbah AB, Maalej M, Gargouri K, Gargouri-
Bouzid R, Drira N (2010) In vitro salinity tolerance of two pis-
tachio rootstocks: Pistacia vera L and P. atlantica Desf. Environ 
Exp Bot 69 (3):302–312

Cheng L, Fuchigami LH, Breen PJ (2001) The relationship between 
photosystem II efficiency and quantum yield for  CO2 assimila-
tion is not affected by nitrogen content in apple leaves. J Exp Bot 
52(362):1865–1872. https:// doi. org/ 10. 1093/ jexbot/ 52. 362. 1865

Cherif J, Derbel N, Nakkach M, Hv B, Jemal F, Lakhdar ZB (2010) 
Analysis of in vivo chlorophyll fluorescence spectra to monitor 
physiological state of tomato plants growing under zinc stress. 
J Photochem Photobiol B 101(3):332–339. https:// doi. org/ 10. 
1016/j. jphot obiol. 2010. 08. 005

Chovancek E, Zivcak M, Brestic M, Hussain S, Allakhverdiev SI 
(2021) The different patterns of post-heat stress responses in 
wheat genotypes: the role of the transthylakoid proton gradient 
in efficient recovery of leaf photosynthetic capacity. Photosynth 
Res. https:// doi. org/ 10. 1007/ s11120- 020- 00812-0

Ibrahimova UF, Mammadov AC, Feyziyev YM (2019) The effect of 
NaCl on some physiological and biochemical parameters in Triti-
cum aestivum L. genotypes. Plant Physiol Rep 24(3):370–375. 
https:// doi. org/ 10. 1007/ s40502- 019- 00461-z

Isayenkov SV, Maathuis FJM (2019) Plant salinity stress: many unan-
swered questions remain. Front Plant Sci. https:// doi. org/ 10. 
3389/ fpls. 2019. 00080

Jena NR (2012) DNA damage by reactive species: mechanisms, muta-
tion and repair. J Biosci 37(3):503–517. https:// doi. org/ 10. 1007/ 
s12038- 012- 9218-2

Joliot P, Johnson GN (2011) Regulation of cyclic and linear 
electron flow in higher plants. Proc Natl Acad Sci USA 
108(32):13317–13322

Kalaji HM, Jajoo A, Oukarroum A, Brestic M, Zivcak M, Sambor-
ska IA, Cetner MD, Łukasik I, Goltsev V, Ladle RJ (2016) 

Chlorophyll a fluorescence as a tool to monitor physiological 
status of plants under abiotic stress conditions. Acta Physiol 
Plant. https:// doi. org/ 10. 1007/ s11738- 016- 2113-y

Kalaji HM, Rastogi A, Zivcak M, Brestic M, Daszkowska-Golec A, 
Sitko K, Alsharafa KY, Lotfi R, Stypinski P, Samborska IA, Cet-
ner MD (2018) Prompt chlorophyll fluorescence as a tool for crop 
phenotyping: an example of barley landraces exposed to various 
abiotic stress factors. Photosynthetica 56(3):953–961. https:// doi. 
org/ 10. 1007/ s11099- 018- 0766-z

Kalaji MH, Goltsev VN, Zuk-Golaszewska K, Zivcak M, Brestic M 
(2017) Chlorophyll fluorescence: understanding crop perfor-
mance—basics and applications, 1st edn. CRC Press, Boca 
Raton. https:// doi. org/ 10. 1201/ 97813 15153 605

Kanazawa A, Kramer DM (2002) In vivo modulation of nonphoto-
chemical exciton quenching (NPQ) by regulation of the chlo-
roplast ATP synthase. Proc Natl Acad Sci USA 99(20):12789–
12794. https:// doi. org/ 10. 1073/ pnas. 18242 7499

Kanazawa A, Ostendorf E, Kohzuma K, Hoh D, Strand DD, Sato-
Cruz M, Savage L, Cruz JA, Fisher N, Froehlich JE, Kramer 
DM (2017) Chloroplast ATP synthase modulation of the thy-
lakoid proton motive force: implications for Photosystem I and 
Photosystem II photoprotection. Front Plant Sci. https:// doi. 
org/ 10. 3389/ fpls. 2017. 00719

Keutgen AJ, Pawelzik E (2008) Quality and nutritional value 
of strawberry fruit under long term salt stress. Food Chem 
107(4):1413–1420. https:// doi. org/ 10. 1016/j. foodc hem. 2007. 
09. 071

Kiani-Pouya A, Rasouli F (2014) The potential of leaf chlorophyll 
content to screen bread-wheat genotypes in saline condi-
tion. Photosynthetica 52(2):288–300. https:// doi. org/ 10. 1007/ 
s11099- 014- 0033-x

Koca H, Bor M, Özdemir F, Türkan İ (2007) The effect of salt stress 
on lipid peroxidation, antioxidative enzymes and proline content 
of sesame cultivars. Environ Exp Bot 60(3):344–351. https:// doi. 
org/ 10. 1016/j. envex pbot. 2006. 12. 005

Kohzuma K, Cruz JA, Akashi K, Hoshiyasu S, Munekage YN, Yokota 
A, Kramer DM (2009) The long-term responses of the photosyn-
thetic proton circuit to drought. Plant Cell Environ 32(3):209–
219. https:// doi. org/ 10. 1111/j. 1365- 3040. 2008. 01912.x

Krall JP, Edwards GE (1992) Relationship between photosystem II 
activity and  CO2 fixation in leaves. Physiol Plant 86:180–187

Ksouri R, Megdiche W, Debez A, Falleh H, Grignon C, Abdelly C 
(2007) Salinity effects on polyphenol content and antioxidant 
activities in leaves of the halophyte Cakile maritima. Plant Phys-
iol Biochem 45(3–4):244–249. https:// doi. org/ 10. 1016/j. plaphy. 
2007. 02. 001

Kuhlgert S, Austic G, Zegarac R, Osei-Bonsu I, Hoh D, Chilvers 
MI, Roth MG, Bi K, TerAvest D, Weebadde P, Kramer DM 
(2016) MultispeQ Beta: a tool for large-scale plant phenotyp-
ing connected to the open PhotosynQ network. R Soc Open Sci 
3(10):160592. https:// doi. org/ 10. 1098/ rsos. 160592

Kumar GNM, Knowles NR (1993) Changes in lipid peroxidation and 
lipolytic and free-radical scavenging enzyme activities during 
aging and sprouting of potato (Solanum tuberosum) seed-tubers. 
Plant Physiol 102(1):115–124. https:// doi. org/ 10. 1104/ pp. 102.1. 
115

Li JW, Zhang JX, Zhao Z, Lei XD, Xu XL, Lu XX, Weng DL, Gao Y, 
Cao LK (2013) Use of fluorescence-based sensors to determine 
the nitrogen status of paddy rice. J Agric Sci 151(6):862–871. 
https:// doi. org/ 10. 1017/ s0021 85961 20010 25

Lichtenthaler HK, Babani F (2004) Light adaptation and senescence of 
the photosynthetic apparatus. Changes in pigment composition, 
chlorophyll fluorescence parameters and photosynthetic activity 
vol 19, pp 713–736. https:// doi. org/ 10. 1007/ 978-1- 4020- 3218-
9_ 28

https://doi.org/10.1078/0176-1617-00887
https://doi.org/10.1078/0176-1617-00887
https://doi.org/10.1155/2014/701596
https://doi.org/10.1111/1365-3040.ep11602090
https://doi.org/10.1111/1365-3040.ep11602090
https://doi.org/10.1111/j.1365-3040.1996.tb00014.x
https://doi.org/10.1111/j.1365-3040.1996.tb00014.x
https://doi.org/10.1016/j.bbabio.2018.06.009
https://doi.org/10.1016/j.envexpbot.2019.01.012
https://doi.org/10.1186/s13007-015-0072-8
https://doi.org/10.1186/s13007-015-0072-8
https://doi.org/10.1093/jexbot/52.362.1865
https://doi.org/10.1016/j.jphotobiol.2010.08.005
https://doi.org/10.1016/j.jphotobiol.2010.08.005
https://doi.org/10.1007/s11120-020-00812-0
https://doi.org/10.1007/s40502-019-00461-z
https://doi.org/10.3389/fpls.2019.00080
https://doi.org/10.3389/fpls.2019.00080
https://doi.org/10.1007/s12038-012-9218-2
https://doi.org/10.1007/s12038-012-9218-2
https://doi.org/10.1007/s11738-016-2113-y
https://doi.org/10.1007/s11099-018-0766-z
https://doi.org/10.1007/s11099-018-0766-z
https://doi.org/10.1201/9781315153605
https://doi.org/10.1073/pnas.182427499
https://doi.org/10.3389/fpls.2017.00719
https://doi.org/10.3389/fpls.2017.00719
https://doi.org/10.1016/j.foodchem.2007.09.071
https://doi.org/10.1016/j.foodchem.2007.09.071
https://doi.org/10.1007/s11099-014-0033-x
https://doi.org/10.1007/s11099-014-0033-x
https://doi.org/10.1016/j.envexpbot.2006.12.005
https://doi.org/10.1016/j.envexpbot.2006.12.005
https://doi.org/10.1111/j.1365-3040.2008.01912.x
https://doi.org/10.1016/j.plaphy.2007.02.001
https://doi.org/10.1016/j.plaphy.2007.02.001
https://doi.org/10.1098/rsos.160592
https://doi.org/10.1104/pp.102.1.115
https://doi.org/10.1104/pp.102.1.115
https://doi.org/10.1017/s0021859612001025
https://doi.org/10.1007/978-1-4020-3218-9_28
https://doi.org/10.1007/978-1-4020-3218-9_28


209Photosynthesis Research (2021) 150:195–211 

1 3

Lu C, Vonshak A (1999) Characterization of PSII photochemistry in 
salt-adapted cells of cyanobacterium Spirulina platensis. N Phy-
tol 141(2):231–239. https:// doi. org/ 10. 1046/j. 1469- 8137. 1999. 
00340.x

Machado R, Serralheiro R (2017) Soil salinity: effect on vegetable 
crop growth. Management practices to prevent and mitigate soil 
salinization. Horticulturae 3(2):30. https:// doi. org/ 10. 3390/ horti 
cultu rae30 20030

Madan S, Nainawatee HS, Jain RK, Chowdhury JB (1995) Proline and 
proline metabolising enzymes in in-vitro selected NaCl-tolerant 
Brassica juncea L. under salt stress. Ann Bot (lond) 76:51–57. 
https:// doi. org/ 10. 1006/ anbo. 1995. 1077

Mathur S, Mehta P, Jajoo A (2012) Effects of dual stress (high salt 
and high temperature) on the photochemical efficiency of wheat 
leaves (Triticum aestivum). Physiol Mol Biol Plants 19(2):179–
188. https:// doi. org/ 10. 1007/ s12298- 012- 0151-5

Mbarki S, Sytar O, Zivcak M, Abdelly C, Cerda A, Brestic M (2018) 
Anthocyanins of coloured wheat genotypes in specific response 
to SalStress. Molecules 23(7):1518. https:// doi. org/ 10. 3390/ 
molec ules2 30715 18

Mehta P, Allakhverdiev SI, Jajoo A (2010a) Characterization of 
photosystem II heterogeneity in response to high salt stress in 
wheat leaves (Triticum aestivum). Photosynth Res 105(3):249–
255. https:// doi. org/ 10. 1007/ s11120- 010- 9588-y

Mehta P, Jajoo A, Mathur S, Bharti S (2010b) Chlorophyll a fluores-
cence study revealing effects of high salt stress on Photosystem 
II in wheat leaves. Plant Physiol Biochem 48(1):16–20. https:// 
doi. org/ 10. 1016/j. plaphy. 2009. 10. 006

Misra AN, Srivastava A, Strasser RJ (2001) Utilization of fast chlo-
rophyll a fluorescence technique in assessing the salt/ion sen-
sitivity of mung bean and Brassica seedlings. J Plant Physiol 
158(9):1173–1181. https:// doi. org/ 10. 1078/ s0176- 1617(04) 
70144-3

Miyake C, Miyata M, Shinzaki Y, Tomizawa K-i (2005)  CO2 
response of cyclic electron flow around PSI (CEF-PSI) in 
tobacco leaves—relative electron fluxes through PSI and PSII 
determine the magnitude of non-photochemical quenching 
(NPQ) of Chl fluorescence. Plant Cell Physiol 46(4):629–637. 
https:// doi. org/ 10. 1093/ pcp/ pci067

Munns R (2005) Genes and salt tolerance: bringing them together. 
N Phytol 167(3):645–663. https:// doi. org/ 10. 1111/j. 1469- 8137. 
2005. 01487.x

Munns R, James RA (2003) Screening methods for salinity tolerance: 
a case study with tetraploid wheat. Plant Soil 253(1):201–218. 
https:// doi. org/ 10. 1023/a: 10245 53303 144

Munns R, James RA, Läuchli A (2006) Approaches to increas-
ing the salt tolerance of wheat and other cereals. J Exp Bot 
57(5):1025–1043. https:// doi. org/ 10. 1093/ jxb/ erj100

Murakeözy ÉP, Nagy Z, Duhazé C, Bouchereau A, Tuba Z (2003) 
Seasonal changes in the levels of compatible osmolytes in 
three halophytic species of inland saline vegetation in Hun-
gary. J Plant Physiol 160(4):395–401. https:// doi. org/ 10. 1078/ 
0176- 1617- 00790

Nepal N, Yactayo-Chang JP, Gable R, Wilkie A, Martin J, Aniemena 
CL, Gaxiola R, Lorence A (2020) Phenotypic characteriza-
tion of Arabidopsis thaliana lines overexpressing AVP1 and 
MIOX4 in response to abiotic stresses. Appl Plant Sci. https:// 
doi. org/ 10. 1002/ aps3. 11384

Nieves-Cordones M, Al Shiblawi FR, Sentenac H (2016) Roles and 
transport of sodium and potassium in plants. Met Ions Life 
Sci 16:291–324. https:// doi. org/ 10. 1007/ 978-3- 319- 21756-7_9

Petrusa LM, Winicov I (1997) Proline status in salt tolerant and salt 
sensitive alfalfa cell lines and plants in response to NaCl. Plant 
Physiol Biochem 35:303–310

Prinzenberg AE, Víquez-Zamora M, Harbinson J, Lindhout P, van 
Heusden S (2018) Chlorophyll fluorescence imaging reveals 

genetic variation and loci for a photosynthetic trait in diploid 
potato. Physiol Plant 164(2):163–175. https:// doi. org/ 10. 1111/ 
ppl. 12689

Pšidová E, Živčák M, Stojnić S, Orlović S, Gömöry D, Kučerová J, 
Ditmarová Ľ, Střelcová K, Brestič M, Kalaji HM (2018) Altitude 
of origin influences the responses of PSII photochemistry to heat 
waves in European beech (Fagus sylvatica L.). Environ Exp Bot 
152:97–106. https:// doi. org/ 10. 1016/j. envex pbot. 2017. 12. 001

Radi AA, Farghaly FA, Hamada AM (2013) Physiological and bio-
chemical responses of salt-tolerant and salt-sensitive wheat and 
bean cultivars to salinity. J Biol Earth Sci 3(1):B72–B88

Rahneshan Z, Nasibi F, Moghadam AA (2018) Effects of salinity 
stress on some growth, physiological, biochemical parameters 
and nutrients in two pistachio (Pistacia vera L.) rootstocks. J 
Plant Interact 13(1):73–82. https:// doi. org/ 10. 1080/ 17429 145. 
2018. 14243 55

Rasel M, Tahjib-Ul-Arif M, Hossain MA, Hassan L, Farzana S, 
Brestic M (2020) Screening of salt-tolerant rice landraces by 
seedling stage phenotyping and dissecting biochemical deter-
minants of tolerance mechanism multidimensional roles in salt-
stressed plants. J Plant Growth Regul. https:// doi. org/ 10. 1007/ 
s00344- 020- 10235-9

Rastogi A, Kovar M, He X, Zivcak M, Kataria S, Kalaji HM, Ska-
licky M, Ibrahimova UF, Hussain S, Mbarki S, Brestic M (2020) 
Special issue in honour of Prof. Reto J. Strasser—JIP-test as a 
tool to identify salinity tolerance in sweet sorghum genotypes. 
Photosynthetica 58(Special Issue):518–528. https:// doi. org/ 10. 
32615/ ps. 2019. 169

Rastogi A, Pospíšil P (2010) Effect of exogenous hydrogen peroxide on 
biophoton emission from radish root cells. Plant Physiol Biochem 
48(2–3):117–123. https:// doi. org/ 10. 1016/j. plaphy. 2009. 12. 011

Rastogi A, Pospíšil P (2012) Production of hydrogen peroxide and 
hydroxyl radical in potato tuber during the necrotrophic phase 
of hemibiotrophic pathogen Phytophthora infestans infection. J 
Photochem Photobiol B 117:202–206. https:// doi. org/ 10. 1016/j. 
jphot obiol. 2012. 10. 001

Rastogi A, Yadav DK, Szymańska R, Kruk J, SedlářovÁ M, Pospíšil 
P (2014) Singlet oxygen scavenging activity of tocopherol and 
plastochromanol in Arabidopsis thaliana: relevance to photooxi-
dative stress. Plant Cell Environ 37(2):392–401. https:// doi. org/ 
10. 1111/ pce. 12161

Rengasamy P (2006) World salinization with emphasis on Australia. 
J Exp Bot 57(5):1017–1023. https:// doi. org/ 10. 1093/ jxb/ erj108

Rhodes D (1987) Metabolic responses to stress. In: Davies DD (ed) The 
biochemistry of plants, vol 12. Academic, New York

Richter M, Daufenbach J, Drebing S, Vucetic V, Nguyen DT (2004) 
Light-induced proton slip and proton leak at the thylakoid mem-
brane. J Plant Physiol 161(12):1325–1337. https:// doi. org/ 10. 
1016/j. jplph. 2004. 03. 007

Rinderle U, Lichtenthaler HK (1988) The chlorophyll fluorescence 
ratio  F690/F735 as a possible stress indicator. pp 189–196. https:// 
doi. org/ 10. 1007/ 978- 94- 009- 2823-7_ 23

Robinson SP, Downton WJS, Millhouse JA (1983) Photosynthesis and ion 
content of leaves and isolated chloroplasts of salt-stressed spinach. 
Plant Physiol 73(2):238–242. https:// doi. org/ 10. 1104/ pp. 73.2. 238

Sairam RK, Srivastava GC, Agarwal S, Meena RC (2005) Differences 
in antioxidant activity in response to salinity stress in tolerant and 
susceptible wheat genotypes. Biol Plant 49(1):85–91. https:// doi. 
org/ 10. 1007/ s10535- 005- 5091-2

Seaton GGR, Walker DA (1990) Chlorophyll fluorescence as a meas-
ure of photosynthetic carbon assimilation. Proc R Soc Lond B 
242(1303):29–35. https:// doi. org/ 10. 1098/ rspb. 1990. 0099

Sharma P, Jha AB, Dubey RS, Pessarakli M (2012) Reactive oxygen 
species, oxidative damage, and antioxidative defense mechanism 
in plants under stressful conditions. J Bot 2012:1–26. https:// doi. 
org/ 10. 1155/ 2012/ 217037

https://doi.org/10.1046/j.1469-8137.1999.00340.x
https://doi.org/10.1046/j.1469-8137.1999.00340.x
https://doi.org/10.3390/horticulturae3020030
https://doi.org/10.3390/horticulturae3020030
https://doi.org/10.1006/anbo.1995.1077
https://doi.org/10.1007/s12298-012-0151-5
https://doi.org/10.3390/molecules23071518
https://doi.org/10.3390/molecules23071518
https://doi.org/10.1007/s11120-010-9588-y
https://doi.org/10.1016/j.plaphy.2009.10.006
https://doi.org/10.1016/j.plaphy.2009.10.006
https://doi.org/10.1078/s0176-1617(04)70144-3
https://doi.org/10.1078/s0176-1617(04)70144-3
https://doi.org/10.1093/pcp/pci067
https://doi.org/10.1111/j.1469-8137.2005.01487.x
https://doi.org/10.1111/j.1469-8137.2005.01487.x
https://doi.org/10.1023/a:1024553303144
https://doi.org/10.1093/jxb/erj100
https://doi.org/10.1078/0176-1617-00790
https://doi.org/10.1078/0176-1617-00790
https://doi.org/10.1002/aps3.11384
https://doi.org/10.1002/aps3.11384
https://doi.org/10.1007/978-3-319-21756-7_9
https://doi.org/10.1111/ppl.12689
https://doi.org/10.1111/ppl.12689
https://doi.org/10.1016/j.envexpbot.2017.12.001
https://doi.org/10.1080/17429145.2018.1424355
https://doi.org/10.1080/17429145.2018.1424355
https://doi.org/10.1007/s00344-020-10235-9
https://doi.org/10.1007/s00344-020-10235-9
https://doi.org/10.32615/ps.2019.169
https://doi.org/10.32615/ps.2019.169
https://doi.org/10.1016/j.plaphy.2009.12.011
https://doi.org/10.1016/j.jphotobiol.2012.10.001
https://doi.org/10.1016/j.jphotobiol.2012.10.001
https://doi.org/10.1111/pce.12161
https://doi.org/10.1111/pce.12161
https://doi.org/10.1093/jxb/erj108
https://doi.org/10.1016/j.jplph.2004.03.007
https://doi.org/10.1016/j.jplph.2004.03.007
https://doi.org/10.1007/978-94-009-2823-7_23
https://doi.org/10.1007/978-94-009-2823-7_23
https://doi.org/10.1104/pp.73.2.238
https://doi.org/10.1007/s10535-005-5091-2
https://doi.org/10.1007/s10535-005-5091-2
https://doi.org/10.1098/rspb.1990.0099
https://doi.org/10.1155/2012/217037
https://doi.org/10.1155/2012/217037


210 Photosynthesis Research (2021) 150:195–211

1 3

Schreiber U, Bilger W, Neubauer C (1995) Chlorophyll fluorescence as 
a nonintrusive indicator for rapid assessment of in vivo photosyn-
thesis. pp 49–70. https:// doi. org/ 10. 1007/ 978-3- 642- 79354-7_3

Schreiber U, Klughammer C, Neubauer C (1988) Measuring  P700 
absorbance changes around 830 nm with a new type of pulse 
modulation system. Z Nat C 43(9–10):686–698. https:// doi. org/ 
10. 1515/ znc- 1988-9- 1010

Schreiber U, Neubauer C (1987) The polyphasic rise of chlorophyll 
fluorescence upon onset of strong continuous illumination: II. 
Partial control by the Photosystem II donor side and possible 
ways of interpretation. Z Nat C 42(11–12):1255–1264. https:// 
doi. org/ 10. 1515/ znc- 1987- 11- 1218

Schreiber U, Schliwa U, Bilger W (1986) Continuous recording of 
photochemical and non-photochemical chlorophyll fluorescence 
quenching with a new type of modulation fluorometer. Photo-
synth Res 10:51–62

Smirnoff N, Cumbes QJ (1989) Hydroxyl radical scavenging activity of 
compatible solutes. Phytochemistry 28(4):1057–1060

Stirbet A, Govindjee (2011) On the relation between the Kautsky effect 
(chlorophyll a fluorescence induction) and Photosystem II: basics 
and applications of the OJIP fluorescence transient. J Photochem 
Photobiol B 1–2:236–257

Stirbet A, Lazár D, Guo Y, Govindjee G (2020) Photosynthesis: basics, 
history and modelling. Ann Bot 126(4):511–537. https:// doi. org/ 
10. 1093/ aob/ mcz171

Stirbet A, Lazar D, Kromdijk J, Govindjee G (2018) Chlorophyll a fluo-
rescence induction: can just a one-second measurement be used 
to quantify abiotic stress responses? Photosynthetica 56(1):86–
104. https:// doi. org/ 10. 1007/ s11099- 018- 0770-3

Strasser RJ, Tsimilli-Michael M, Qiang S, Goltsev V (2010) Simulta-
neous in vivo recording of prompt and delayed fluorescence and 
820-nm reflection changes during drying and after rehydration of 
the resurrection plant Haberlea rhodopensis. Biochim Biophys 
Acta Bioenerg 1797(6–7):1313–1326. https:// doi. org/ 10. 1016/j. 
bbabio. 2010. 03. 008

Strasser RJ, Tsimilli-Michael M, Srivastava A (2004) Analysis of the 
chlorophyll a fluorescence transient vol 19, pp 321–362. https:// 
doi. org/ 10. 1007/ 978-1- 4020- 3218-9_ 12

Szabados L, Savoure A (2010) Proline: a multifunctional amino acid. 
Trends Plant Sci 15(2):89–97

Sui N, Li M, Li K, Song J, Wang BS (2010) Increase in unsaturated 
fatty acids in membrane lipids of Suaeda salsa L. enhances pro-
tection of photosystem II under high salinity. Photosynthetica 
48(4):623–629. https:// doi. org/ 10. 1007/ s11099- 010- 0080-x

Sun X-l, Yang S, Wang L-Y, Zhang Q-Y, Zhao S-J, Meng Q-W (2011) 
The unsaturation of phosphatidylglycerol in thylakoid mem-
brane alleviates PSII photoinhibition under chilling stress. 
Plant Cell Rep 30(10):1939–1947. https:// doi. org/ 10. 1007/ 
s00299- 011- 1102-2

Tahal R, Mills D, Heimer Y, Tal M (2000) The relation between low 
 K+/Na+ ratio and salt-tolerance in the wild tomato species Lyco-
persicon pennellii. J Plant Physiol 157(1):59–64. https:// doi. org/ 
10. 1016/ s0176- 1617(00) 80136-4

Takagi D, Takumi S, Hashiguchi M, Sejima T, Miyake C (2016) Super-
oxide and singlet oxygen produced within the thylakoid mem-
branes both cause Photosystem I photoinhibition. Plant Physiol 
171(3):1626–1634. https:// doi. org/ 10. 1104/ pp. 16. 00246

Takizawa K, Cruz JA, Kanazawa A, Kramer DM (2007) The thylakoid 
proton motive force in vivo. Quantitative, noninvasive probes, 
energetics, and regulatory consequences of light-induced PMF. 
Biochim Biophys Acta Bioenerg 1767(10):1233–1244. https:// 
doi. org/ 10. 1016/j. bbabio. 2007. 07. 006

Tammam A, Alhamd M, Hemeda M (2008) Study of salt tolerance in 
wheat (Triticum aestivum L.) cultivar Banysoif 1. Aust J Crop 
Sci 1(3):115–125

Traub J, Porch T, Naeem M, Urrea CA, Austic G, Kelly JD, Loescher 
W (2018) Screening for heat tolerance in Phaseolus spp. using 
multiple methods. Crop Sci 58(6):2459–2469. https:// doi. org/ 10. 
2135/ crops ci2018. 04. 0275

Tremblay N, Wang Z, Cerovic ZG (2011) Sensing crop nitrogen sta-
tus with fluorescence indicators. A review. Agron Sustain Dev 
32(2):451–464. https:// doi. org/ 10. 1007/ s13593- 011- 0041-1

Verbruggen N, Hermans C (2008) Proline accumulation in plants: a 
review. Amino Acids 35(4):753–759. https:// doi. org/ 10. 1007/ 
s00726- 008- 0061-6

Wu X, Shu S, Wang Y, Yuan R, Guo S (2019) Exogenous putrescine 
alleviates photoinhibition caused by salt stress through coop-
eration with cyclic electron flow in cucumber. Photosynth Res 
141(3):303–314. https:// doi. org/ 10. 1007/ s11120- 019- 00631-y

Yan K, Shao HB, Shao Ch, Chen P, Zhao S, Brestic M, Chen X 
(2013) Physiological adaptive mechanisms of plant grown in 
saline soil and implications for sustainable saline agriculture 
in coastal zone. Acta Physiol Plant. https:// doi. org/ 10. 1007/ 
s11738- 013- 1325-7

Yancey PH (1994) Compatible and counteracting solutes. In: Strange K 
(ed) Cellular and molecular physiology of cell volume regulation. 
CRC Press, Boca Raton, pp 81–109

Yancey PH, Clark ME, Hand SC et al (1982) Living with water stress: 
evolution of osmolyte systems. Science 217:1214–1222

Yang Q, Chen ZZ, Zhou XF et al (2009) Overexpression of SOS (Salt 
Overly Sensitive) genes increases salt tolerance in transgenic 
Arabidopsis. Mol Plant 2:22–31

Yildiz M, Terzi H (2013) Effect of NaCl stress on chlorophyll biosyn-
thesis, proline, lipid peroxidation and antioxidative enzymes in 
leaves of salt-tolerant and salt-sensitive barley cultivars. J Agric 
Sci 19(2):79–88

Zafar SA, Shokat S, Ahmed HGM-D, Khan A, Ali MZ, Atif RM (2015) 
Assessment of salinity tolerance in rice using seedling based 
morpho-physiological indices. Adv Life Sci 2(4):142–149

Zeeshan M, Lu M, Sehar S, Holford P, Wu F (2020) Comparison of 
biochemical, anatomical, morphological, and physiological 
responses to salinity stress in wheat and barley genotypes defer-
ring in salinity tolerance. Agronomy 10(1):127. https:// doi. org/ 
10. 3390/ agron omy10 010127

Zheng YH, Li X, Li YG, Miao BH, Xu H, Simmons M, Yang XH 
(2012) Contrasting responses of salinity-stressed salt-tolerant and 
intolerant winter wheat (Triticum aestivum L.) cultivars to ozone 
pollution. Plant Physiol Biochem 52:169–178. https:// doi. org/ 10. 
1016/j. plaphy. 2012. 01. 007

Zhu JK (2001) Cell signaling under salt, water and cold stresses. Curr 
Opin Plant Biol 4:401–406

Zivcak M, Brestic M, Balatova Z, Drevenakova P, Olsovska K, Kalaji 
HM, Yang X, Allakhverdiev SI (2013) Photosynthetic electron 
transport and specific photoprotective responses in wheat leaves 
under drought stress. Photosynth Res 117(1–3):529–546

Zivcak M, Brückova K, Sytar O, Brestic M, Olsovska K, Allakhverdiev 
SI (2017) Lettuce flavonoids screening and phenotyping by chlo-
rophyll fluorescence excitation ratio. Planta 245(6):1215–1229. 
https:// doi. org/ 10. 1007/ s00425- 017- 2676-x

Zivcak M, Kalaji HM, Shao HB, Olsovska K, Brestic M (2014) Pho-
tosynthetic proton and electron transport in wheat leaves under 
prolonged moderate drought stress. J Photochem Photobiol B. 
https:// doi. org/ 10. 1016/j. jphot obiol. 2014. 01. 007

Živčák M, Brestič M, Olšovská K, Slamka P (2008) Performance index 
as a sensitive indicator of water stress in Triticum aestivum L. 
Plant Soil Environ 54(4):133–139

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/978-3-642-79354-7_3
https://doi.org/10.1515/znc-1988-9-1010
https://doi.org/10.1515/znc-1988-9-1010
https://doi.org/10.1515/znc-1987-11-1218
https://doi.org/10.1515/znc-1987-11-1218
https://doi.org/10.1093/aob/mcz171
https://doi.org/10.1093/aob/mcz171
https://doi.org/10.1007/s11099-018-0770-3
https://doi.org/10.1016/j.bbabio.2010.03.008
https://doi.org/10.1016/j.bbabio.2010.03.008
https://doi.org/10.1007/978-1-4020-3218-9_12
https://doi.org/10.1007/978-1-4020-3218-9_12
https://doi.org/10.1007/s11099-010-0080-x
https://doi.org/10.1007/s00299-011-1102-2
https://doi.org/10.1007/s00299-011-1102-2
https://doi.org/10.1016/s0176-1617(00)80136-4
https://doi.org/10.1016/s0176-1617(00)80136-4
https://doi.org/10.1104/pp.16.00246
https://doi.org/10.1016/j.bbabio.2007.07.006
https://doi.org/10.1016/j.bbabio.2007.07.006
https://doi.org/10.2135/cropsci2018.04.0275
https://doi.org/10.2135/cropsci2018.04.0275
https://doi.org/10.1007/s13593-011-0041-1
https://doi.org/10.1007/s00726-008-0061-6
https://doi.org/10.1007/s00726-008-0061-6
https://doi.org/10.1007/s11120-019-00631-y
https://doi.org/10.1007/s11738-013-1325-7
https://doi.org/10.1007/s11738-013-1325-7
https://doi.org/10.3390/agronomy10010127
https://doi.org/10.3390/agronomy10010127
https://doi.org/10.1016/j.plaphy.2012.01.007
https://doi.org/10.1016/j.plaphy.2012.01.007
https://doi.org/10.1007/s00425-017-2676-x
https://doi.org/10.1016/j.jphotobiol.2014.01.007


211Photosynthesis Research (2021) 150:195–211 

1 3

Authors and Affiliations

Ulkar Ibrahimova1,2 · Marek Zivcak3 · Kristina Gasparovic3 · Anshu Rastogi4,5  · Suleyman I. Allakhverdiev1,6,7 · 
Xinghong Yang8 · Marian Brestic3,9

1 Institute of Molecular Biology and Biotechnologies, 
Azerbaijan National Academy of Sciences, 11 Izzat Nabiyev, 
Baku, AZ 1073, Azerbaijan

2 Research Institute of Crop Husbandry, Ministry 
of Agriculture of the Azerbaijan Republic, Baku, Azerbaijan

3 Department of Plant Physiology, Slovak University 
of Agriculture, Nitra, Slovakia

4 Laboratory of Bioclimatology, Department of Ecology 
and Environmental Protection, Poznan University of Life 
Sciences, Piątkowska 94, 60-649 Poznan, Poland

5 Faculty of Geo-Information Science and Earth Observation 
(ITC), University of Twente, 7500 AE Enschede, 
The Netherlands

6 K.A. Timiryazev Institute of Plant Physiology, Russian 
Academy of Sciences, Botanicheskaya Street 35, 
Moscow 127276, Russia

7 Institute of Basic Biological Problems, Russian Academy 
of Sciences, Pushchino, Moscow 142290, Russia

8 College of Life Science, State Key Laboratory 
of Crop Biology, Shandong Key Laboratory of Crop 
Biology, Shandong Agricultural University, Taian, 
People’s Republic of China

9 Department of Botany and Plant Physiology, Faculty 
of Agrobiology, Food and Natural Resources, Czech 
University of Life Sciences, Prague, Czech Republic

http://orcid.org/0000-0002-0953-7045

	Electron and proton transport in wheat exposed to salt stress: is the increase of the thylakoid membrane proton conductivity responsible for decreasing the photosynthetic activity in sensitive genotypes?
	Abstract
	Introduction
	Materials and methods
	Experimental setup
	Determination of potassium and sodium ions
	Determination of malondialdehyde
	Determination of soluble sugar content
	Determination of proline content
	Measurements of rapid chlorophyll a fluorescence kinetics in the dark-adapted state
	Measurements of electron and proton transport-related processes in light
	Measurements of chlorophyll fluorescence ratio
	Statistical analyses

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References




