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entitled 

“NaCl-induced inhibition of the photosynthetic functions and growth of microalgae and 
plants in interaction with other stress factors (drought and strong light)”  

 
The project concentrated on the following main topics: 
 
1, Mechanism of NaCl-induced inhibition of photosynthetic functions in microalgae with 
special emphasis on the widely used model cyanobacterium Synechocystis PCC 6803. 
2, The effect of NaCl-induced stress, alone or in combination with drought, on the growth and 
photosynthetic activity in higher plants. 
 
Main findings: 
1, Mechanism of NaCl-induced inhibition of photosynthetic functions in microalgae with 
special emphasis on the widely used model cyanobacterium Synechocystis PCC 6803. 

We aimed to identify the inhibitory sites of NaCl in the whole photosynthetic electron 
transport in Synechocystis sp. PCC 6803 WT cells by using multiple biophysical tools. 
Exposure of cells to various NaCl concentrations (200 mM to 1 M) revealed the inhibition of 
Photosystem II (PSII) activity at the water oxidizing complex and between the QA and QB 
electron acceptors. In contrast to the inhibition of PSII, electron flow through Photosystem I 
(PSI) was accelerated indicating enhanced cyclic electron flow. Our data show that the 
enhanced cyclic electron flow is mediated, at least partly, via the NDH-1 complex. To study 
this process we established a new experimental approach, which is based on the detection of 
the so-called AG thermoluminescence band (Kodru et al. Physiologia Plant. 171, 291-300, 
2021).  

Importantly, the oxygen-evolving capacity of the cells was inhibited to a larger extent 
when only CO2 was the final electron acceptor in the Calvin-Benson-Bassham (CBB) cycle 
than in the presence of the PSII electron acceptor DMBQ suggesting important NaCl 
inhibitory site(s) downstream of PSI. Measurements of NADPH kinetics revealed NaCl-
induced inhibition of light-induced production of NADPH as well as retardation of NADPH 
consumption both in the light and in the initial dark period after switching off the light. 
Chlorophyll fluorescence kinetics, measured in parallel with NADPH fluorescence, showed 
the enhancement of post-illumination fluorescence rise up to 500 mM NaCl, which was 
however inhibited at higher NaCl concentrations. Our results show, for the first time, that 
NaCl inhibits the activity of the CBB cycle at least at two different sites and confirm earlier 
results about the NaCl-induced inhibition of the PSII donor and acceptor side and the 
enhancement of electron flow through PSI. 

An accepted manuscript about the results is under publication in Physiologia 
Plantarum (the whole manuscript is attached at the end of the report). Salt-induced inhibition 
of CO2 fixation by the CBB cyce was also conformed by direct CO2 measurements using 
Membrane Inlet Mass Spectrometer (MIMS) device (MS-GAS 100, Photon Systems 
Instruments), which allows the detection of gases and other volatile compounds up to 100 
mass numbers in aqueous and gas-phase environments. 



The NaCl-induced inhibition of PSII electron transport and the involvement of the 
CBB cycle (inhibition of NADPH utilization) were also demonstrated in the green algae 
Chlorella sorokiniana and Chlamydomonas reinhardtii. 

As regards the interaction of NaCl- and high-light-induced stress, we demonstrated 
that the gene expression induced by the formation of singlet oxygen (1O2) caused by bright 
light shows a partial overlap with the NaCl-induced gene expression in Synechocystis 6803 
(Patyi et al. Physiologia Plant, 176, 1-20, 2024). This finding suggests that the NaCl-induced 
expression of the affected genes may be mediated by 1O2.  
2, The effect of NaCl-induced stress, alone or in combination with drought, on the growth and 
photosynthetic activity in higher plants. 

One of our foci was to evaluate the interaction of salt (2 and 3 g NaCl/kg soil) and 
drought stress (20 % relative soil humidity) in various lines of tomato lines. One of the 
experimental objects was a set introgression lines, between salt-tolerant wild Solanum 
pennellii and the cultivated Solanum lycopersicum. The effect of these stress factors, alone 
and in combination, was followed by the application of a high throughput plant phenotyping 
platform, which monitors not only the growth of green parts (shoots/leaves), but also the root 
structure. The experiments were repeated three times, up to four months each, following the 
plants until fruit production and final harvest. The results show that the IL7-4-1 and IL8-3 
introgression lines show a higher degree of salt tolerance in terms of biomass accumulation 
than the M82 control line. Interestingly and unexpectedly, we observed a small increase in 
biomass in the presence of 2 and 3 g/kg salt in all three lines instead of the expected decrease 
in biomass in the control. In the case of fruit formation, increasing soil salinity in the IL7-4-1 
and IL8-3 lines resulted in a decrease in yield, but in the case of the IL2-5 line, the highest 
yield was observed at the highest (3g/kg) soil salinity. Drought stress (20% relative soil 
moisture) alone caused a significant decrease in the amount of fresh and dry biomass and 
completely inhibited fruit (berry) development in the control and the three introgression lines. 
The combination of elevated soil salinity and reduced soil moisture only slightly reduced 
biomass, but fruit formation was only observed in the IL8-3 line at 3g/kg salt at 20% relative 
soil moisture. These data suggest that the introgression tomato lines not only show increased 
salt tolerance compared to the control line, but also show a small stimulation of both biomass 
and fruit production at the applied soil salinity of 2 and 3 g/kg. From the data a publication is 
under preparation with the collaboration partner (Prof. Anne Frary, Ismir Institute of 
technology, Turkey).  

We also investigated the response of salt tolerant tomato landraces to salt and drought 
stress originating from saline zones of Bihor County, in North-Western Romania in 
cooperation with the group of dr. Cosmin Sicora from the Biological Research Centre, Jibou, 
Romania. Phenotypic characterization of collected landraces provided information regarding 
the resistance to drought and salt stress compared with Marmande cultivar. Root density, leaf 
area and the reaction under different concentrations of salt and different water content were 
compared to conclude which landraces are more suitable for future genotypic studies to use 
them in breeding programs.  The aim is to obtain genotypes with increased drought and salt 
stress resistance to improve crop yield and quality in saline environments. This study 
highlights the potential of local tomato landraces from Bihor County as valuable genetic 
resources for developing resilient varieties that can thrive in challenging environmental 
conditions. The results are submitted for publication to a horticultural journal. 



Another important cultivated plant species whose salt-tolerance is important is tomato.  
To maintain a sustainable potato production, it is necessary to develop stress tolerant potato 
cultivars that cope with the already ongoing climate change. We tested somatic hybrid lines 
generated by the group of Prof. Elena Tycan-Rakosy at the University of Cluj-Napoca by 
electrofusion of cultivated Solanum tuberosum and wild Solanum chacoense potato 
protoplasts and plant regeneration, with or without mismatch repair deficiency (MMR). Upon 
this selection of drought and salt tolerant genotypes, somatic hybrids and their parents were 
phenotyped on a semi-automated platform, and lines tolerant to medium water scarcity (20% 
compared to 60% soil water capacity) were identified. Although none of the parental species 
were tolerant to drought, some of the MMR-deficient somatic hybrids showed tolerance to 
drought and salt as a new trait. The results were published (Molnár et al., Agriculture 11, 696, 
2021). An extension of these experiments were performed with additional somatic hybrid 
lines under co-occurring salt- and drought stress, the publication of the results in under 
preparation. 

We aimed to test the hypothesis that NaCl may also have a direct inhibitory site in the 
Calvin-Benson-Bassham cycle in higher plants. To this end, we attempted NADPH kinetic 
studies in intact tomato and potato leaves. Unfortunately, the NAPDH fluorescence 
measurement method that works well in algal cultures did not give evaluable results in tomato 
or potato leaves, probably due to the morphological characteristics of the leaves.  

On the other hand, parallel measurements of NADPH and Chl fluorescence kinetics 
gave promising preliminary results in salt-stressed Arabidopsis leaves, which point to the 
existence of direct NaCl-induced inhibition of the CBB cycle in higher plants. However, full 
completion of these measurements will require further experimental optimization, which will 
be performed in the follow-up of the OTKA project.  
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Abstract Cyanobacteria are important model organisms for studying the process of 
photosynthesis and the effects of environmental stress factors. This study aimed to identify 



the inhibitory sites of NaCl in the whole photosynthetic electron transport in Synechocystis sp. 
PCC 6803 WT cells by using multiple biophysical tools. Exposure of cells to various NaCl 
concentrations (200 mM to 1 M) revealed the inhibition of Photosystem II (PSII) activity at 
the water oxidizing complex and between the QA and QB electron acceptors. In contrast to the 
inhibition of PSII, electron flow through Photosystem I (PSI) was accelerated indicating 
enhanced cyclic electron flow. The oxygen-evolving capacity of the cells was inhibited to a 
larger extent when only CO2 was the final electron acceptor in the Calvin-Benson-Bassham 
(CBB) cycle than in the presence of the PSII electron acceptor DMBQ suggesting important 
NaCl inhibitory site(s) downstream of PSI. Measurements of NADPH kinetics revealed NaCl-
induced inhibition of light-induced production of NADPH as well as retardation of NADPH 
consumption both in the light and in the initial dark period after switching off the light. 
Chlorophyll fluorescence kinetics, measured in parallel with NADPH fluorescence, showed 
the enhancement of post-illumination fluorescence rise up to 500 mM NaCl, which was 
however inhibited at higher NaCl concentrations. Our results show, for the first time, that 
NaCl inhibits the activity of the CBB cycle at least at two different sites, and confirm earlier 
results about the NaCl-induced inhibition of the PSII donor and acceptor side and the 
enhancement of electron flow through PSI. 

 
 

Keywords: Salt stress, Photosystem I and II, NDH-1 complex, Synechocystis sp. PCC 6803, 
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1 INTRODUCTION Salt stress is an important phenomenon, that affects higher plants, as well as 
freshwater microalgae, including cyanobacteria (Lu & Vonshak, 1999; Allakhverdiev & 
Murata, 2008; Gong et al., 2008; Yang et al., 2020). Cyanobacteria have a photosynthetic 
system similar to that of higher plants therefore they can be used as model systems to study 
the mechanisms of photosynthesis in general and under various stress conditions.  

The photosynthetic process is mediated by large pigment-protein complexes embedded 
in the thylakoid membrane and soluble electron transfer carriers in the thylakoid lumen and 
the cytosol. The membrane-bound components are Photosystem II (PSII), which performs 
light-induced water oxidation serving as the initial electron donor of photosynthetic electron 
transport, Photosystem I (PSI) which elevates the electrons arriving from PSII to highly 
reducing potential to produce NADPH as a reducing agent utilized in downstream processes. 
The cytb6f complex together with the thylakoid-lumen-located plastocyanin (PC), or 
cytochrome c6 (Cytc6), mediate the electron transport between the two photosystems. Light-
induced electron transfer in PSII drives water oxidation via the water oxidizing complex 
(WOC) with a tetra-manganese cluster as a catalytic site. The electrons liberated from water 
oxidation are transferred from the donor side of PSII, via a redox-active tyrosine (Tyr-Z), and 
the primary electron donor Chl assembly (P680) to the primary electron acceptor pheophytin 
(Phe) where from it is transferred to a protein-bound plastoquinone molecule (QA) acting as 
the first quinone electron acceptor (see (Cardona et al., 2012)). Reduced QA can be reoxidized 
by a second plastoquinone electron acceptor called QB which is a mobile electron carrier.  PQ 
molecules can bind in their oxidized form to the QB binding site and act as a two-electron 
acceptor. After receiving the first electron from QA- the single-reduced QB- is stable in the 
binding site, but after the second reduction and subsequent protonation the double reduced 
quinol (QBH2) form can leave the binding site and deliver the electrons to a pool of PQ 
molecules located in the lipid phase of the thylakoid membrane, see (Crofts & Wraight, 
1983). From the PQ pool the electrons are delivered via plastocyanine (PC) to the donor side 
of PSI where they re-reduce the oxidized primary electron donor of PSI, called P700+, which 
is produced by light-induced charge separation in PSI leading to the transfer of an electron to 
the acceptor side of PSI. At the PSI acceptor side ferredoxin (Fd) acts as a central hub for 
electron distribution towards downstream processes, primarily the production of NADPH via 
ferredoxin Fd-NAD(P)H-oxidoreductase (FNR), as well as cyclic electron transport back to 
the PQ pool.  

The electron transport through PSII and the cytb6f complex is coupled with trans-
thylakoid proton translocation, and the produced proton gradient is utilized in ATP synthesis 
by the action of the membrane-bound ATP-synthase. The NADPH and ATP molecules 
produced in the light-dependent phase of photosynthetic electron transport are utilized in 
various downstream processes, most importantly in CO2 reduction in the Calvin-Benson-
Basham (CBB) cycle, using CO2 as the final electron acceptor in the photosynthetic process. 

Inhibitory effects of salt stress on photosynthetic electron transport have been studied 
for several decades, revealing multiple inhibitory sites' existence. However, the results 
obtained by different research groups are partly contradictory and no consensus picture has 
emerged yet concerning the exact location of the inhibitory sites and their importance in the 
overall salt stress effect, for reviews see (Sudhir & Murthy, 2004; Allakhverdiev & Murata, 
2008; Yang et al., 2020), and no consensus picture has emerged yet concerning the exact 
location of the inhibitory sites and their importance in the overall salt stress effect. 

The main points of contradiction concern the sites of salt-induced inhibition of PSII 
activity since the donor side (Allakhverdiev et al., 2000; Allakhverdiev & Murata, 2008), the 
acceptor side (Gong et al., 2008) as well as the reaction center complex (Lu & Vonshak, 
1999) were all suggested. Another unresolved topic is the effect of salt on PSI activity since 



both a ca. 50 % inhibition (Allakhverdiev et al., 2000) and 80% enhancement were reported 
(Lu & Vonshak, 1999). This contradiction could possibly be related to the enhancement of 
cyclic electron transport around PSI, which was reported by different authors.  

An additional hiatus in our knowledge is the possible salt-induced inhibition of 
electron transport downstream of PSI. This effect has not been reported yet, but direct salt-
induced inhibition of some key enzymes of the CBB cycle (Yang et al., 2008; Pan et al., 
2021), which performs CO2 reduction by using electrons arriving from water oxidation, points 
to this possibility.  

Our work aimed to perform a comprehensive study of NaCl-induced inhibition of 
electron transport in the whole photosynthetic electron transport chain starting from H2O 
oxidation in PSII, through PSI and cyclic processes, until the CBB cycle where CO2 reduction 
acts as the final electron acceptor. Our data confirm salt-induced inhibition of the water 
oxidation process at the PSII donor side, partial inhibition of the QA- to QB electron transfer at 
the PSII acceptor side, as well as increase of cyclic electron flow around PSI. In addition, our 
results demonstrate that the main inhibition of photosynthetic electron transport by salt stress 
occurs downstream of PSI indicating at least two different inhibitory sites in the CBB cycle. 

 
2 MATERIALS AND METHODS 
2.1 Cell culture, growth conditions Synechocystis sp. PCC 6803 WT (referred to as Synechocystis) cells were grown 
autotrophically in the presence of 3% CO2, at 40 μmol photons m-2 s-1 and 30˚C. Cells were 
suspended in 500 mL Erlenmeyer flasks containing the final volume of 200 mL BG-11 
medium placed on a rotary shaker (GALLENKAMP, Cambridge, United Kingdom). For 
measurements cells were harvested in their early exponential growth phase OD720nm = 0.8-1, 
centrifuged at 6500xg for 6 min, then resuspended in fresh medium to adjust the chlorophyll a 
(Chl) content to 5 µg mL-1. Chl content was determined using UV-visible spectrophotometer 
(UV-1601, Shimadzu corporation, Japan) by methanol extraction method (see (Patil et al., 
2020)). 

 
2.2 Salt treatment Cells were incubated with four concentrations (200 mM, 500 mM, 700 mM and 1M) 
of NaCl for 1 h in the incubator under growth conditions. Each sample was dark adapted for 3 
min prior to every measurement described below. 

 
2.3 Oxygen evolution measurement Oxygen evolution and uptake rates were measured by using a Hansatech DW2 O2 electrode (Hansatech Instruments Ltd, England). 1 mL culture (at 5 μg mL-1 Chl 
concentration) was transferred into the reaction chamber and dark-adapted for 3 min under 
constant stirring at 30°C before the measurement. O2 evolution rates were measured using a 
protocol consisting of a 2-minute dark period followed by a 2-minute light period. The light-
dependent oxygen evolution rate was calculated as the difference between the oxygen 
consumption rate in the dark and the oxygen production rate in the light. For the light phase 
the cells were illuminated at 1000 μmol photons m−2 s−1 with white light provided by a fiber 
optic light source from one side of the chamber (Schott KL 1500, Schott AG, Germany). For 
the quantification of light-induced O2 evolution rate the measurements were performed either 
without an added acceptor, representing whole chain electron transport from H2O to CO2 fixed by the Calvin-Benson-Bassham (CBB) cycle, or in the presence of 0.5 mM DMBQ as 
an artificial electron acceptor, representing PSII activity  (Rehman et al., 2013).   

 
 



2.4 OJIP Chlorophyll fluorescence transient measurement The OJIP Chl fluorescence transient, also called as Kautsky induction curve, was 
measured using an FL-3000 fluorimeter (Photon Systems Instruments, Brno, Czech 
Republic). Characteristic points of the fluorescence transient between the dark- to the light-
adapted state are the O (Fo at 20 μs) representing the open state of all PSII reaction centers in 
the dark, the maximum fluorescence intensity (P or Fm, at ~ 300 ms) corresponding to the 
closed state of PSII. The J and I are the two intermediate steps obtained at approximately 2 ms 
and 20 ms, respectively  (Kalaji et al., 2016). A 3s OJIP script was used for the measurement 
using red actinic light (650 nm at peak, spectral line half-width, 22 nm) with 3500 μmol 
photons m−2 s−1.  

 
2.5 Flash-induced chlorophyll fluorescence yield relaxation kinetics Flash-induced increase and subsequent decay of Chl fluorescence yield was measured 
using a double-modulation fluorometer (FL-3000, Photon System Instruments, Brno, Czech 
Republic)   (Trtilek et al., 1997). A 2 mL sample was placed in a cuvette with a 1 cm optical 
pathlength and was stirred with a small magnetic bar in the dark. Four measuring flashes (8 
μs, separated with 200 μs intervals, wavelength of 620 nm) were applied to determine 
minimum fluorescence in the dark (Fo), after which a single turnover saturating actinic flash 
(30 μs, wavelength of 639 nm) was applied that transfers the electron from the water 
oxidizing complex to QA, which results in the rise of fluorescence intensity (denoted as Fm 
(ST)) due to the increased yield of Chl fluorescence in the presence of QA−. The relaxation of 
Chl fluorescence yield resulting from the reoxidation of QA– was measured by applying weak, 
non-actinic, measuring flashes in the time range from 150 μs to 100 s on a logarithmic time 
scale. Flash-induced fluorescence relaxation curves were analyzed, to determine the time 
constants of the fast, middle and slow phases, as well as their relative amplitudes,  as 
described by (Vass et al., 1999). 

 
2.6 Light intensity dependence of ETR(I) and ETR (II) Variable Chl fluorescence from PSII and the amount of oxidized PSI primary electron 
donor (P700+) were simultaneously measured using a DUAL-PAM-100 system (HeinzWalz, 
Effeltrich, Germany). From the fluorescence data Fv/Fm, and the effective quantum yield of 
photochemical energy conversion in PS II, Y(II)= (Fm’-F)/ Fm’ were calculated (Genty et al., 
1989) where Fm and Fm’ is the maximal fluorescence yield from dark- and light-adapted 
samples, respectively.  

  
The P700+ signal may vary between a minimal (P700 fully reduced) and a maximal 

level (P700 fully oxidized). The maximum level of P700+ is called Pm in analogy with Fm. It 
was determined by using a saturation pulse (300 ms, 10,000 mol photons m-2 s-1; 635 nm) 
after pre-illumination with far-red light. Pm’ is analogous to the fluorescence parameter Fm’ and was determined by applying 800 ms saturating pulse of 635 nm red light. The 
photochemical quantum yield of PSI, Y(I) is the quantum yield of photochemical energy 
conversion in PSI. It is calculated as Y(I) = (Pm’ – P)/Pm. Y(ND) is the quantum yield of non-
photochemical energy dissipation in PSI due to donor side limitation, Y(ND) = P/Pm. Y(NA) 
is the quantum yield of non-photochemical energy dissipation due to acceptor side limitation 
in PSI, Y(NA) = (Pm - Pm’)/ Pm, and Y(I) + Y(ND) + Y(NA) = 1  (Klughammer & Schreiber, 
1994).  

The electron transport rates through PSII and PSI were calculated by using the 
formulas  

ETR(II) = Y(II) * PPFD * 0.84 * 0.5 and ETR(I) = Y(I) * PPFD * 0.84 * 0.5  (Genty 
et al., 1989; Schreiber et al., 2012), where Y(II) and Y(I) are the effective quantum yields of 



PSII and PSI, respectively, PPFD is photon flux density of incident photosynthetically active 
radiation, the two coefficients (0.5 and 0.84) imply that PSII and PSI are equally excited, and 
that due to sample absorbance properties only 84% of incident irradiance will be absorbed by 
the photosystems, respectively (Björkman & Demmig, 1987; Schreiber, 2004).   

 
2.7 P700+ Reduction kinetics The P700+ kinetics were measured using the DUAL-PAM-100 Chl fluorometer (Heinz 
Walz, Effeltrich, Germany). The Measuring Head with P700 NIR Emitter (Dual-E) and the 
Measuring Head with Detector (Dual-DB) were arranged opposite to each other (same as the 
setup used for measurements of leaves). Cells were syringe-filtered to a GF/C filter paper, 
which was then placed in between two coverslips with a spacer and mounted to the emitter-
detector unit as described above. The redox change of P700 was measured as the difference 
absorbance measured at 830 nm minus the reference at 870 nm. The light-induced P700 
changes were measured using a protocol that consisted of an initial 5 s dark period, followed 
by non-saturating Far-Red (FR) illumination (720 nm) for 20 s to oxidize P700, a saturating 
20 ms flash at 25 s to determine the maximum amplitude of P700+ (denoted as Pm), and a dark 
period after switching off the FR light at 45 s to monitor P700+ re-reduction for additional 10 
s in darkness. The ST flash caused a transient reduction of P700+ due to the electron flow 
from PSII, which was followed by a re-oxidation of P700 (the FR background light was on 
during and after the ST flash for the indicated time). The Chl concentration was adjusted to 40 
μg for P700 measurements. 

 
2.8 NADPH and chlorophyll fluorescence measurements NADPH kinetics were measured using the NADPH/9-AA module of DUAL-PAM Chl 
fluorometer (Heinz Walz, Effeltrich, Germany) at 30°C  (Schreiber & Klughammer, 2009; 
Kauny & Setif, 2014)  in parallel with Chl fluorescence. NADPH fluorescence was excited by 
UV-A (365 nm) from the DUAL-ENADPH unit and detected by a blue-sensitive 
photomultiplier with a filter transmitting light between 420 and 580 nm in the DUAL-
DNADPH unit. A slow induction measuring protocol was initiated and the NADPH/Chl 
fluorescence signals were recorded for 30 s in the dark having a weak measuring light (ML) 
of approximately 0.1 μmol photons m-2 s-1, then the actinic red light (635 nm peak intensity) 
at ~56 μmol photons m-2 s-1 (or near the growth light intensity) was switched on to record 
light-induced NADPH/Chl fluorescence change for 180 s, and subsequently the NADPH/Chl 
fluorescence change from light-to-dark was monitored up to 300 s  (Patil et al., 2020). 

 
2.9 Data processing Graphs were plotted and analyzed using the OriginPro 2018 software and Microsoft 
Excel. The flash-induced fluorescence decay curves and the OJIP transients Chl fluorescence 
were double normalized; minimal fluorescence Fo was set to 0 and maximal fluorescence was 
set to 1. The initial baseline of NADPH and Chl fluorescence curves was shifted to zero.  
3 RESULTS  Salt stress has been an important target of research in cyanobacteria and other 
freshwater microalgae since almost a half-century (Schiewer et al., 1978; Blumwald et al., 
1983). However, the exact mechanism of inhibition of different parts of the photosynthetic 
electron transport pathway has not yet been clarified. To obtain a comprehensive view of the 
inhibitory sites of salt stress Synechocystis cells were exposed to four different concentrations 
(200, 500, 700 mM, and 1M) of NaCl, and its effect on various sections of the photosynthetic 
electron transport chain was determined. 

 



3.1 NaCl effect on the oxygen evolution rate  First, we measured the O2 evolution rate in the absence of an external electron 
acceptor. In this case, we quantify the activity of the whole electron transport chain, 
starting from the water-oxidizing complex in PSII, through PSI until CO2 reduction in 
CBB cycle. Notably, our observations reveal that in the absence of added electron 
acceptor higher concentrations of NaCl significantly decreased the capacity of oxygen 
evolution, which was reduced to ca. 30 % of the untreated control at 1 M NaCl (Figure 
1). This observation shows an efficient site of NaCl inhibition somewhere in the whole 
electron transport chain. Earlier results indicated that one of the inhibitory sites of NaCl 
could be at the water-oxidizing complex in PSII (Allakhverdiev et al., 2000; Lu & 
Vonshak, 2002). Therefore, the specific activity of PSII was assessed by measuring the 
rate of O2 evolution in the presence of an artificial quinone electron acceptor, DMBQ, 
which accepts electrons at the QB binding site and thus represents the electron transport 
activity of the PSII complex. The data show that the loss of O2 evolution rate in the 
presence of DMBQ relative to the untreated control, also measured in the presence of 
DMBQ, was much less than in the absence of added acceptor, and ca. 70 % of the 
original activity was retained even in the presence of 1 M NaCl (Figure 1).   

The lower relative inhibition of O2 evolution in the presence than in the absence 
of DMBQ shows that the main inhibitory site of NaCl is not in PSII but in the 
downstream parts of the electron transport process. 

 
 

 
 

 
 
 
 
 Figure 2 Relative rates of oxygen evolution 

in the Synechocystis treated with various 
concentrations of NaCl. The values show the 

O2 evolution rates in the absence (grey bars) and 
presence of DMBQ (white bar with pattern) 

expressed in % of the respective controls, which were not treated with NaCl. 
The data represent the mean of three biological replicates with the indicated standard 
deviation. 

 
3.2 NaCl effect on the OJIP Chl fluorescence transient To obtain information about the NaCl effect in PSII and its vicinity, including 
the PQ pool, the so-called OJIP transient of variable Chl fluorescence which reflects 
linear electron transport through PSII from H2O to the plastoquinone electron acceptors 
(Kalaji et al., 2014), was measured (Figure 2). The OJIP transients show a practically 
unchanged Fo level, except at 1 M NaCl which induced an Fo rise (Figure 2A). 
Normalization of the fluorescence traces to identical Fo levels reveals a decrease of Fm 
with increasing NaCl concentrations (Figure 2A inset), showing a decreased capacity of 
electron transfer from the donor side of PSII to its acceptor side and the PQ pool. Figure 
2A also shows an increased J phase with increasing salt concentrations. This effect 
becomes more clear after double normalization of the fluorescence traces that 
demonstrates the gradual increase of the J phase, which effect is accompanied by the 
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FIGURE 2  Effect of NaCl treatment on the OJIP Chl fluorescence transients in 
Synechocystis.  Cells were treated with 0 mM (black), 200 mM (red), 500 mM (blue), 700 
mM (green) and 1 M (magenta) NaCl. The fluorescence traces in panel A show representative 
original traces, the inset shows the same curves after normalization identical Fo. Panel B 
shows the curves after double normalization (Fo=0 and Fm=1). The curves represent the means 
of 3 biological experiments. 

 
decreased rise of the J-I-P phase (Figure 2B). This observation indicates that electron 
transport at the acceptor side of PSII is affected by NaCl leading to the accumulation of 
reduced QA, likely to be caused by a decreased efficiency of QA- reoxidation via forward 
electron transfer.  Therefore, our Chl fluorescence transient data indicate that NaCl 
inhibits both the donor and acceptor sides of PSII, in agreement with previous 
suggestions (Gong et al., 2008). 

 
3.3 NaCl effect on flash-induced Chl fluorescence relaxation kinetics  To obtain more detailed information on the salt-induced inhibition electron 
transport at the PSII acceptor side, indicated by the OJIP fluorescence transients, flash-
induced Chl fluorescence relaxation measurements were performed (Figure 3). This 
measurement gives information about the re-oxidation kinetics of QA- via forward 
electron transfer to QB and the PQ pool, and via recombination with donor-side 
components of PSII. The fluorescence rise after the flash is due to the reduction of QA, 
and the decay observed in the dark is due to the reoxidation of QA−. The relaxation is 
dominated by the fast phase (300-400 μs), which reflects electron transfer from QA− to 
QB (or QB−). The middle phase (few ms) arises from the reoxidation of QA− by PQ which 
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binds to the QB site after the flash, whereas the slow phase (few s) arises from the 
S2QAQB− charge recombination  (see (Vass et al., 1999)).  

FIGURE 3 NaCl effect on the flash-induced fluorescence relaxation kinetics in 
Synechocystis. Cells were treated with various concentrations of NaCl: 0 mM (black),  200 
mM (red), 500 mM (blue),  700 mM (green) and 1 M (magenta). The fluorescence traces in 
panels A and B show the traces measured in the absence and presence of DCMU, 
respectively. The traces are shown after normalization to the same initial amplitudes. The 
actinic flash was fired at the 10-3 s time point. 
 

An important effect of NaCl treatment was a slower decay in the fast and middle 
phases of the signal in the absence of DCMU. In addition, the slow phase of the decay was 
accelerated (Figure 3A). When the relaxation curves were measured in the presence of 
DCMU, which blocks the QB site and the forward electron transfer from QA- to QB a slow 
decay of the fluorescence yield was observed. The main part of the relaxation has a ca. 0.5 s 
time constant, which reflects the reoxidation of QA- via charge recombination with the S2 
state of the water-oxidizing complex. NaCl had practically no effect on this decay component. 
However, with increasing NaCl concentrations a faster (few ms) decay phase also appeared, 
which is related to the recombination of QA- with a less stable electron donor than the S2 
state, most likely Tyr-Z+ which acts as an electron transport intermediate between the WOC 
and P680. 

Analysis of the decay curves shows that in the absence of DCMU the time constant of 
the fast phase, which reflects forward electron transfer from QA- to QB, increased from ca. 300 s (in the untreated control) to ca. 550 s in the presence of 1 M NaCl concomitant with the 
decrease of its relative amplitude from 70 to 60 % (Table 1). The middle phase, which reflects 
PQ binding to the empty QB sites after the flash was also slowed down from 2.4 to 6.2 ms, 
concomitant with the increase of its amplitude from 21 to 26 % (Table 1), indicating a 
decrease in the amount of oxidized PQ molecules that could bind to the QB site. The slow 
phase of the decay, which arises from the reoxidation of QA- via charge recombination of the 
reduced quinone electron acceptor complex (QAQB-) state with the S2 state of the water-
oxidizing complex, was accelerated with increasing NaCl concentrations from 7.1 s, in the 
untreated control, to 1.7 s in the 1M NaCl-treated samples (Table 1), which shows the 
acceleration of the charge recombination from the QB- (via QA) with the S2 state.  

 
NaCl (mM) Fast phase Middle phase Slow phase 

Amp (%) t(s/ms) Amp (%) t(ms) Amp (%) t(s) 
No addition 

0 70 + 2.2 341 + 53 21 + 2.3 2.4 + 0.9 9 + 1.1 8.1 + 2.4 
200 66 + 2.4 382 + 41 24 + 0.9 2.9 + 0.4 10 + 1.9 5.0 + 0.9 
500 65 + 3.5 492 + 74 26 + 4.5 4.2 + 0.7 9 + 1.8 4.1 + 2.3 
700 60 + 5.8 521 + 62 30 + 7.0 4.6 + 0.4 10 + 2.5 3.0 + 1.6 

1000 59 + 4.4 551 + 30 26 + 4.6 6.2 + 0.3 15 + 4.5 1.8 + 0.5 
DCMU 

0 4 + 3.0 1,48 + 1.3     96 + 3,0 0.58 + 0.07 
200 3 + 2.2 1.93 + 1.2     97 + 2.2 0.53 + 0.07 
500 5 + 3.3 7.40 + 6.1     95 + 3.3 0.58 + 0.08 
700 7 + 3.3 8.95 + 7.1     93 + 3.3 0.62 + 0.07 

1000 7 + 3.7 6.70 + 5.1     93 + 3.7 0.58 + 0.09 
 



TABLE 1 NaCl effect on the components of the flash-induced Chl fluorescence relaxation 
 
In the presence of DCMU, the main decay phase was in the range of 0.5-0.6 s, without 

any significant effect by NaCl. However, the amplitude of this slow phase gradually 
decreased from 99 % (in the untreated control) to 93% in the presence of 1 M NaCl. This 
effect was accompanied by the increase of a fast phase (few ms) from 1% to 7%. These data 
are in agreement with the earlier results of (Gong et al., 2008), and also with the slow-down 
of fluorescence relaxation in the absence of DCMU observed in in salt-stressed (150 mM) 
leaves of fenugreek (Trigonella foenum graecum) (Zaghdoudi et al., 2011).  

  
3.4 NaCl effect on flash-induced Chl fluorescence relaxation kinetics under microaerobic 

conditions  
The relaxation kinetics of flash-induced Chl fluorescence can also provide important 

information about the activity of electron flow into the PQ pool from stromal components. 
When measured under microaerobic conditions the fluorescence relaxation kinetics show a 
wave phenomenon, which reflects electron inflow into the PQ pool, mediated by the NDH1 
complex in cyanobacteria (Deák et al., 2014) and NDH2 in eukaryotic algae (Krishna et al., 
2019; Aslam et al., 2022; Patil et al., 2022). Under microaerobic conditions, the Fo level rises 
significantly due to the reduction of the PQ pool, which reduces partly QA even in the dark 
(Figure 4A).  After a single-turnover flash PSI-mediated electron transport is oxidizing the PQ 
pool, resulting in the down-going dip phase reaching its minimal value at around 100 ms, 
followed by the backflow of the electrons into the PQ pool from the stromal components via 
NDH-1 (in cyanobacteria (Deák et al., 2014)), or NDH-2 in (eukaryotic algae, (Krishna et al., 
2019; Patil et al., 2022)) resulting in the rise (bump) phase of the wave reaching maximal 
value at around 1s (Figure 4A). NaCl treatment of the cells enhanced the size of the wave 
(Figure 4B). The deeper dip is consistent with enhanced activity of PSI to oxidize the PQ 
pool, while the increased bump shows an enhanced inflow of electrons from stromal 
components.  
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 FIGURE 4    NaCl effect on the flash-induced fluorescence relaxation kinetics in 
Synechocystis under micro-aerobic conditions. Cells were treated with various concentrations 
of NaCl: 0 mM (black), 200 mM (red), 500 mM (blue), 700 mM (green) and 1 M (magenta). 
The fluorescence traces in panel A show the original representative traces, while in panel B 



the same traces are shown after normalization to the same initial amplitudes. The actinic flash 
was fired at the 10-3 s time point. 

 
 

3.5 NaCl effect on thermoluminescence characteristics 
 Thermoluminescence is another useful method to obtain information about electron 

transport processes in PSII, especially on charge recombination between donor and acceptor 
side components. The two main TL components are the so-called B and Q bands, which arise 
after excitation with a single-turnover flash from the radiative recombination of the S2QB- and 
S2QA- charge pairs, respectively. Salt treatment induced a decrease in the amplitude of both 
the B and Q bands (Fig.5). However, the amplitude loss of the B band was significantly larger 
than that of the Q band. This effect indicates that the stability of reduced QB is decreased. 
Besides the loss of TL intensity there are also characteristics changes in the peak positions. 
The position of the B band was shifted to lower temperatures in the NaCl-treated samples, and 
a shoulder also appeared in the position of the Q band, which indicates the partial 
accumulation of QA- even in the absence of DCMU (Figure 5A). The position of the Q band 
was slightly upshifted at higher concentrations of NaCl (Figure 5B). 

 

 FIGURE 5    NaCl effect on the thermoluminescence characteristics of Synechocystis. Cells 
were treated with various concentrations of NaCl: 0 mM (black), 200 mM (red), 500 mM 
(blue), 700 mM (green) and 1 M (magenta). Samples shown in panel B were also treated with 
10 M DCMU. Thermoluminescence was excited by a single turnover saturating flash at -
10C. Samples were quickly cooled to -40C, to stabilize the charge-separated states and then 
the luminescence intensity was detected during slow warming (0.5 C/s) in the dark. The 
plotted curves represent the average of 3-4 biological replicates.  

 
3.6 NaCl effect on the electron transport rate through PSII and PSI 
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A further approach to analyze the effect of increased NaCl concentrations on 
photosynthetic electron transport is the measurement of electron transport rates through PSII 
(ETR(II)) and PSI (ETR(I)) at different light intensities. With the ETR(II) light curve we 
measure the light intensity dependency of the electron transport rate through PSII, from the 
water oxidizing complex to the PQ pool, and with ETR(I) the electron transport rate through 
PSI, from plastocyanin to the PSI acceptor side. ETR(I) is typically larger than ETR(II) since 
part of the electrons passing through PSI are cycled back to the PQ pool and the donor side of 
PSI. This effect is present in the untreated control, but enhanced in the presence of NaCl 
(Figure 6 A, D, G, J). With increasing NaCl  

FIGURE 6   NaCl effect on the PSII and PSI electron transport rates in Synechocystis. Cells were treated with various concentrations of NaCl (200 mM (A), 500 mM (D), 700 mM 
(G), 1 M (J)) and the ETR(II) (blue and red curves), and ETR(I) (black and green curves) 
electron transport rates were measured as a function of light intensity. The black and red 
curves in Panels A, D, G, and J show ETR(I) and ETR(II) of the untreated control, 
respectively. In panels B, E, H, K the difference of ETR(I) – ETR(II) is shown for 200, 500, 
700 mM, and 1 M NaCl (red curves), as well as for the untreated control (black curves), 
respectively. In panels C, F, I, L the ETR(I) values are shown as a function of ETR(II) for the 
200, 500, 700 mM, and 1 M NaCl-treated cells (red curves), as well as for the untreated 
control (black curves), respectively. The straight black line shows the ideal case for a linear 
relationship between ETR(I) and ETR(II). The data represent mean values obtained from 
three independent biological replications with the indicated standard deviations.  

 
ETR(II) is decreased and ETR(I) is increased especially at higher light intensities. This shows 
that the activity of PSII is inhibited by NaCl, but the activity of PSI is apparently enhanced. 
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As a consequence, the difference between ETR(I) and ETR(II) is also increased (Figure 6B, 
E, H, K) indicating enhanced cyclic electron flow above 500 mM NaCl.    

An alternative approach to analyze cyclic electron flow is to plot ETR(I) as a function 
of ETR(II) (Figure 6 C, F, I, L). If there were just linear electron flow through PSII and PSI 
without branching to a cyclic pathway after PSI, then ETR(I) should be equal to ETR(II) as 
represented by the straight black line in Figure 6 C, F, I, L). However, the measured data 
follow this ideal case only in the first few points, i.e. at low ETR values obtained at low light 
intensities. At higher ETR values the ETR(I) vs. ETR(II) curve deviates towards ETR(I) 
showing the onset of cyclic electron flow. In the presence of NaCl the deviation from the 
linear relationship starts at lower ETR values lower light intensities), and it is enhanced 
relative to the untreated control (Figure 6 C, F, I, L), showing increased cyclic electron flow 
in the NaCl treated cells.  

 
3.7 NaCl effect on the electron transport of PSI    

The ETR(I) and ETR(II) measurements, described above, indicated that although 
the overall activity of PSI was affected only to a small extent by NaCl, or even enhanced 
at higher NaCl concentrations, the ratio of linear and cyclic electron transport pathways 
was modified. To access this process in more detail the kinetics of P700+ were 
measured. During the measurement after detecting the dark level of the P700+ signal 
sub-saturating intensity FR light was applied, which induces charge separation in PSI 
keeping P700 partly oxidized. The steady-state level of the P700+ signal is determined 
by the equilibrium of FR-induced oxidation of P700 and re-reduction of P700+ by 
charge recombination in PSI as well as by the electrons coming from PSII via the cytb6f complex PC and via cyclic electron flow. Complete oxidation of P700 can be 
accomplished by a saturating intensity light pulse, which increases P700+ to its maximal 
level. After switching off the light pulse the P700+ signal decreases below the steady-
state level due to the effect of electrons coming from the direction of PSII (Figure 7), 
and then elevated again due to the oxidizing effect of the far-red light. When the PSII 
activity is inhibited by DCMU the steady-state level of P700+ increases and the 
undershoot after the saturating pulse disappears. Both of these effects are due to the lack 
of electrons arriving from PS II.  
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FIGURE 7  Kinetics of P700+ formation in Synechocystis. The P700+ traces were measured 
without addition (black curve) and in the presence of DCMU (red curve) and shown after 
double normalization to the dark (0) and Pm levels to achieve the same total amplitudes. The 
grey bar represents a measurement in the dark and the white bar represents the Far-red 
illumination, the arrow represents the saturating pulse. 

 
When the cells were exposed to the NaCl treatment, we observed that on the one 

hand, the undershoot of the P700+ signal after the saturating pulse was decreased (Figure 
7) indicating that fewer electrons are coming from the direction of PSII due to its salt-
induced inhibition. On the other hand, the steady-state level of the signal was also 
decreased, which shows that in the salt-treated cells, there is a higher overall rate of 
electrons arriving at the donor side of PSI than in the untreated control. Since NaCl 
partly inhibits PSII electron transport as shown by the decreased ETR(II) level (Figure 
6) and by the decreased undershoot of the P700+ signal (Figure 8) the decreased steady-
state level can be explained by an enhanced electron flow coming from stromal electron 
transport components to the PQ pool. Since the net change of the P700+ steady-state is a 
decrease relative to the control (Figure 8), this shows that the enhancement of the cyclic 
pathway is larger than the decrease of the linear pathway due to NaCl-induced inhibition 
of PSII.   

 FIGURE 8   NaCl effect on the P700+ kinetics Synechocystis. The P700+ traces were 
measured without addition (black curve) and in the presence of various concentrations of 
NaCl (200 mM red, 500 mM cyan, 700 mM green and 1 M blue). The curves are shown after 
double normalization to the dark (0) and Pm levels to achieve the same total amplitudes. The 
inset shows the enlarged area of the undershoot following the saturating pulse. (The grey bar 
represents a measurement in the dark and the white part represents the FR (Far-red) on, the 
arrow represents the saturating pulse).  

 
3.8 NaCl effect on linear electron transport components downstream of PSI 

 
3.8.1 NaCl effect on NADPH fluorescence kinetics 

 
An important step of linear electron transport is the production of NADPH via 

electrons coming from the acceptor side of PSI through ferredoxin (Fd) and FNR. To explore 

0 10 20 30 40 50
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

20 25 30

0.0

0.2

0.4

P7
00+  (re

lati
ve)

Time(s)
FR on

0

PM

Re
l. P

700

Time(s)



the effect of increased NaCl concentrations on this part of the linear electron transport chain 
the kinetics of NADPH production were measured by detecting NADPH fluorescence. Light-
induced NADPH fluorescence was characterized by dark-light-dark kinetics (Schreiber & 
Klughammer, 2009). Initial NADPH fluorescence was measured for 30 s in darkness to obtain 
the steady state level of the NADPH pool in the dark. The initial rise initiated by the onset of 
actinic illumination (56 µmol photons m-2s-1) is followed by a pronounced dip phase, before a 
second rise phase sets in where the light driven reduction of NADP pool takes place (Figure 
9A). The secondary rise reflects NADPH synthesis from linear electron flow. After reaching a 
peak level at ca. 20 s a gradual decline of the NADPH level was observed that likely reflects 
NADPH consumption by activation of CBB cycle for CO2 fixation. After turning off the 
actinic light, there was a sharp decline in the NADPH fluorescence reaching its minimum 
below the dark steady-state level, as linear electron flow ceases to drive electrons into the 
NADPH pool in the dark, yet NADPH consumption pathways remain in their active state 
resulting in a dark oxidation of NADPH leading to an undershoot of the NADPH level before 
it is stabilized again in the dark.   

 

   
FIGURE 9   Glycolaldehyde and NaCl effect on NADPH fluorescence kinetics in Synechocystis. A, cells were treated with 5 mM (red) and 10 mM  glycolaldehyde (green) and 
compared to the untreated control (black). B, Cells were treated with 0 mM (black), 200 mM 
(red), 500 mM (green), 700 mM (blue), as well as with 1 M (cyan) NaCl. Curves were 
normalized to the same dark steady-state levels. (The grey bar represents measurement in the 
dark and the white part represents the actinic light on). 

 
When the CBB cycle was inhibited by the addition of glycol aldehyde (GA) the 

decline of the NADPH signal after the second rise was eliminated and the signal was 
stabilized at a high level. This observation confirms that the decline of NADPH after its 
maximum level in the light is due to its consumption by the CBB cycle. Importantly, the 
undershoot of the signal below the dark equilibrium level was also eliminated by GA, 
confirming that this effect is due to the activity of the CBB cycle, which proceeds for a 
limited period of time in the dark after switching off the light. 

Salt treatment decreased the initial rise of NADPH fluorescence after the onset of 
actinic light, which shows that NaCl reduces the light-dependent production of NADPH via 
the linear electron transport pathway (Figure 9B). Besides this effect the decline of the signal 
after the maximal level was decreased in a NaCl-concentration-dependent manner and was 
almost eliminated at 1 M NaCl (Figure 9B). Furthermore, the undershoot of the signal below 
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the dark steady-state level was also decreased with increasing salt concentrations and was 
completely eliminated at 1 M NaCl (Figure 9B). These data strongly indicate that NaCl 
induces a concentration-dependent inhibition of NADPH consumption, both in light and in 
darkness, which reaches the level of complete inhibition at 1 M. 

 
3.8.2 NaCl effect on post-illumination chlorophyll fluorescence rise transients  

Although Chl fluorescence kinetics are primarily determined by electron transport 
processes in PSII, i.e. the reduction level of QA, downstream effects as far as NADPH 
consumption and re-production in the CBB cycle can also be detected by slow kinetic changes 
of Chl fluorescence (Kalaji et al., 2014) recorded in parallel with the NADPH kinetics as 
shown in Figure 10. The first 30 s of the curve is recorded in dark with weak measuring light 
to determine the minimum fluorescence (Fo) level. After switching on the actinic light, an 
increase in Chl fluorescence can be observed (Figure 10A), whose kinetics in general indicate 
the progressive increase in the number of closed PSII reaction centers reported by the 
accumulation of reduced QA. This reflects a quasi-steady state balance of rates corresponding 
to the actinic excitation rate generating QA- (QA reduction rate) and the rate of forward 
electron transfer of electron into the PQ pool via the PSII QB site (QA– re-oxidation rate). 
After switching off the light the fluorescence level drops close to Fo, but after that shows a 
slow rise in the few tens of seconds timescale, which effect is termed as post-illumination 
fluorescence rise. This effect is assigned to the reversal of the CBB cycle in the dark during 
which NADPH is re-formed at the expense of the Calvin cycle intermediate DHAP (Mano et 
al., 1995; Gotoh et al., 2010) and the electrons from NADPH are transferred back the PQ 
pool, and finally to QA, which results in the fluorescence rise. In our samples, the post-
illumination fluorescence rise transient appeared ca. 40-50 s after switching off the actinic 
light (Figure 10A).  

 FIGURE 10  Effect of glycolaldehyde and NaCl on the slow Chl fluorescence induction kinetics in Synechocystis. A, Cells were either left untreated (black), or treated with 5 mM 
(red) or 10 mM (green) GA. B, Cells were treated with NaCl at 0 mM (black), 200 mM (red), 
500 mM (green), 700 mM (blue), or 1 M (cyan).  

 
One of the characteristic effects of NaCl treatment on the slow Chl fluorescence 

transient was the increase of the steady-state level at higher NaCl concentrations (Figure 
10B), which was also observed in the presence of GA (Figure 10A). The other interesting 
effect was the enhancement of the post-illumination rise transient, which was the most 
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pronounced at 0.5 M NaCl, but then gradually decreased at higher concentrations. The 
phenomenon of post-illumination fluorescence rise arises from the reduction of the PQ 
pool by the electrons from photoreductants accumulated during partial reversion of the 
CBB cycle (Gotoh et al., 2010). This idea is supported by the suppression of the transient 
in the presence of the CBB cycle inhibitor GA (Figure 10A), which acts at the level 
phosphoribulokinase (PRK) (Miller & Canvin, 1989). The enhancement of the post-
illumination rise transient indicates that NaCl has multiple action sites in the CBB cycle 
as discussed in detail below.  

 
4 DISCUSSION  

The inhibitory effects of salt stress on the process of photosynthetic electron transport 
have been studied for several decades. However, no consensus picture has been established 
yet concerning the identity of the inhibitory sites and their relative importance. The main 
points of contradiction concern the inhibitory sites in PSII, the effect of salt on PSI activity, as 
well as inhibitory sites downstream of PSI, with special emphasis on the activity of the CBB 
cycle.  

 
4.1 Salt-induced inhibition of PSII 
 
4.1.1 Salt-induced effects on the donor side of PSII  There is a consensus that NaCl in 0.2-0.8 M inhibits the activity of PSII, as reported in 
the early salt stress studies in Synechocystis by (Schubert & Hagemann, 1990). However, the 
suggested site(s) of salt-induced inhibition within PSII are partly contradictory (for reviews 
see (Sudhir & Murthy, 2004; Allakhverdiev & Murata, 2008; Yang et al., 2020; Pan et al., 
2021).  

Lu and Vonshak (Lu & Vonshak, 1999) found in Spirulina platensis that electron 
transport from H2O to MV, DPC to MV, and H2O to pBQ was inhibited to identical extents 
and it was concluded from these results that salt stress inhibits the PSII reaction center rather 
than the oxidizing or reducing side of PSII. Allahverdiev and Murata (Allakhverdiev et al., 
1999; Allakhverdiev et al., 2000) reported that 0.5 mM NaCl inhibited PSII activity in 
Synechococcus PCC 7942. In contrast to Lu and Vonshak, they concluded that this effect was 
not related to decreased activity of the PSII reaction center (including P680, Phe, and QA), 
and only the electron transport from the WOC to the RC was blocked. Later works supported 
the idea that the water-oxidizing complex (WOC) of PSII is an actual site of salt-induced 
inhibition (Lu & Vonshak, 2002). Based on variable Chl (Chl) and thermoluminescence 
measurements it was suggested that the inhibition of PSII donor side activity is possibly 
related to the destabilization of the catalytic Mn complex due to salt-induced release of the 
Mn-stabilizing PSBO protein (Gong et al., 2008). 

Our data showing decreased O2 evolution in NaCl-treated Synechocystis cells in the 
presence of an artificial quinone electron acceptor DMBQ, that accepts electrons from PSII, 
(Figure 1) confirms NaCl-induced inhibition of PSII. On the other hand, the NaCl-induced 
retardation of Chl fluorescence rise in the so-called OJIP transient, resulting in a decreased Fm 
level (Figure 2A inset), demonstrates that the capacity of PSII to deliver electrons from its 
WOC to the acceptor side of PSII is decreased by salt stress, and thus confirms an inhibitory 
site of NaCl at the PSII donor side in the WOC.  
 
4.1.2 Salt-induced effects on the acceptor side of PSII 
 



Although results from early works were interpreted as showing that salt stress 
had no effect on the acceptor side electron transport of PSII (Lu and Vonschak, 1999) 
subsequent studies indicated an acceptor side limitation in Spirulina platensis, which 
was assigned to an increased proportion of QB-nonreducing centres resulting in the 
accumulation of reduced QA (Lu & Zhang, 1999). In later works it was found that salt 
stress (up to 0.8 M NaCl) affects the PSII acceptor side, results in the accumulation of 
QA- due to inhibited electron transfer from QA- to QB (Lu & Vonshak, 2002). The 
inhibited QA- to QB electron transfer was confirmed by a follow-up work in Spirulina 
platensis by (Gong et al., 2008) using flash-induced Chl fluorescence relaxation kinetic 
measurements, and also in Microcystis ssp. (Dabrowski et al., 2021). In a related context 
(Zaghdoudi et al., 2011) observed that the flash-induced fluorescence decay kinetics 
were progressively slower as salt stress increased (150 mM NaCl) in the leaves of 
fenugreek (Trigonella foenum graecum). It was also suggested that NaCl induced a 
redox potential decrease of the QB/QB- redox pair Spirulina platensis (Gong et al., 
2008).  

Our results with the relaxation of flash-induced Chl fluorescence yield fully confirm 
the inhibitory effect of NaCl at the acceptor side of PSII leading to a concentration-dependent 
inhibition of the QA- to QB electron transfer (Figure 3A). Analysis of the fluorescence 
relaxation curves presented in Table 1. showed the slow-down of the fast phase (from ca. 300 s to 500 s), which reflects QA- reoxidation by PQ (QB) bound to the QB site at the time of 
the flash. The middle phase of the relaxation, which arises from the reoxidation QA- by a PQ 
that binds to the QB site after the flash, was also slowed down (from ca. 3 ms to 6 ms). 
Interestingly, the slow phase of the fluorescence relaxation, which arises from the charge 
recombination of QB- (via charge equilibrium between QA-QB and QAQB-) with the S2 state of 
WOC was accelerated (from ca. 7s to 1.8 s) with a concomitant increase of its amplitude 
(from 8 to 11%). In the presence of DCMU which blocks the QB site, the main phase of the 
relaxation reflects the recombination of QA- with the S2 state, its time constant is ca. 0.5s and 
practically independent from the presence of NaCl. In the presence of DCMU there is also a 
small fast phase, with ca. 1-2 ms time constant and a few % relative amplitude (Table 1.) This 
phase can be assigned to the recombination of QA- with a PSII donor side component, which 
is energetically less stable than the S2 state. Previous data with PSII donor side mutants 
indicate that this component is likely Tyr-Z+. The salt-induced increase of the relative 
amplitude of the fast phase in the presence of DCMU is consistent with the inhibition of the 
WOC, which in the inhibited state cannot accumulate positive charges in the S-states and 
therefore cannot act as a recombination partner.  

The acceleration of the charge recombination kinetics in the absence (S2QAQB-), but 
not in the presence of DCMU (S2QADCMU) shows that the energetic stability of the QB/QB- 
redox pair is decreased relative to that of QA/QA-. According to previous results about the 
functioning of the QAQB acceptor complex, the equilibrium constant of sharing the electron 
between the QA-QB and QAQB- states can be obtained from the ratio of the recombination time 
constants Kapp=tS2QB-/tS2QA- - 1 (Robinson & Crofts, 1983; Diner et al., 2001). On the other 
hand, the charge equilibrium is a thermally activated process, with Kapp=exp(G/kT), where G is the free energy (redox) gap between QB/QB- and QA/QA-, k is the Boltzmann’s constant, 
T is the absolute temperature. From these expressions, the Em(QB/QB- - QA/QA-) redox gap 
(whose value in mV units is numerically the same as of the G free energy gap in meV) can 
be obtained as m=k*T*ln(Kapp). By using the data in Table 1. we obtain Kapp=13 and 66 
mV redox gap between Em(QB/QB- - QA/QA-) in agreement with previous reports (Robinson 
& Crofts, 1983; Demeter et al., 1985; Gong et al., 2008). In NaCl-treated cells, Kapp was 
decreased with increasing NaCl concentrations (8.4, 6.1, 3.8, and 2.1 at 200 mM, 500 mM, 
700 mM, and 1M, respectively) resulting in the decrease of the redox gap to 19 mV in 1M 



NaCl-treated samples. These data are in good agreement with previous results obtained in 
Spirulina platensis (Gong et al., 2008) and confirm that in contrast to the suggestion of 
Murata and coworkers NaCl induces inhibition of PSII electron transfer not only in the WOC 
at the PSII donor side but also at the PSII acceptor side at the level of the QA- to QB electron 
transfer step.  

In the interesting work of Gong et al. (Gong et al., 2008) whose main conclusions are 
supported by our results, the authors suggested that salt-induced release of the 33 kDa Mn-
stabilizing PsbO protein could be responsible for both the inactivation of the WOC, and also 
for the destabilization of QB/QB- due to a conformational change which is transmitted from the 
donor side of PSII to its acceptor side. However, previous results obtained with a PsbO 
deletion mutant in Synechocystis 6803 showed that the absence of PsbO increases 
preferentially the energetic stability of QA/QA-, showing a 12 °C upshift of the peak position 
of the Q TL band, and leaves QB/QB- practically unaffected, shown by a ca. 5 °C downshift in 
the peak position of the B band (Vass et al., 1992). Similar results were obtained in isolated 
PSII membrane particles where the Q band was upshifted by 20 °C after removal of the 16, 
23, and 33 kDa (PsbO) peripheral proteins by CaCl2 or urea+NaCl washing, while NaCl 
washing alone, which removes only the 16 and 23 kDa proteins did not affect the peak 
position of the Q band, but decreased the peak position of the B band by 5C (Vass et al., 
1987).  

Our TL data indicated only a minor upshift of the Q band (Figure 5), which could be 
due to the presence of a small TL component at the high-temperature side of the curve, which 
becomes visible when the intensity of the main band is decreased (see (Vass et al., 1981). 
This idea is confirmed by the observation that the flash fluorescence decay time arising from 
S2QA- in the presence of DCMU was not increased by the NaCl treatment neither in our study 
(Table 1), nor in the study of Gong et al. (Gong et al., 2008) showing that the energetic 
stability of the S2QA- charge pair was not affected by the NaCl treatment.  

Therefore, we do not think that NaCl-induced removal of PsbO could be the main 
cause for the inhibition of the PSII donor and acceptor side electron transport. On the other 
hand, the in vitro NaCl treatment data indicated that NaCl washing of PSII particles, which 
removed the 16 and 23 kDa peripheral proteins from the PSII donor side but left PsbO bound 
to PSII, induced a decrease in the peak position of the B thermoluminescence band, but had 
no effect on the peak temperature of the Q band (Vass et al., 1987). Since the Q and B bands 
arise from the S2QA- and S2QB- charge recombination, respectively, the downshifted B band 
together with the unchanged Q band indicates a destabilization of QB/QB- just as our flash 
fluorescence data show. The larger extent of the decrease of the B band intensity compared to 
that of the Q band indicates that the binding stability of QB- in the QB binding site is also 
decreased in the NaCl-treated cells.  

It is also of note that the loss of the intensity of the TL B and Q bands in the NaCl-
treated cells (Figure 5) is much larger than that would be expected from the decrease of the O2 evolution rate in the presence of DMBQ (Figure 1). This apparent discrepancy is most likely 
caused by the different measuring conditions, i.e. a single-flash excitation of the TL followed 
by a long, tens of seconds period in the dark during warming up the samples, versus a strong 
continuous illumination during the O2 evolution measurements. The loss of TL intensity 
indicates that the positive charge stored in the S2 state can be lost in a relatively slow process 
during the TL measurement due to an effect of cellular reductants that can have access to the 
WOC after disturbing the integrity of the PSII donor side by the NaCl treatment. In contrast, 
the rapid turnover of the S-state cycle at high light intensity during the O2 evolution 
measurement can compensate for the slow destabilization of the S2 state.  

Based on our data, we prefer the idea that the NaCl-induced modifications of the PSII 
donor and acceptor side electron transport processes are likely to be related to the NaCl-



induced modification of the integrity of the PSII structure which leads to decreased stability 
of charge storage both in the S2 state and QB-. Our data do not support that a preferential 
release of the PsbO protein would be responsible for this effect but may be related to the 
removal of the 16 and 23 kDa proteins. 
 
4.2 Salt-induced effects on PSI activity 
 The effect of salt stress on Photosystem I, the other main membrane-bound component 
of the electron transport chain, is also contradictory. On the one hand PSI activity from 
reduced DCPIP acting as an electron donor directly to PSI, to the MV electron acceptor at the 
acceptor side of PSI, was found to be significantly enhanced (to 180% of the untreated 
control) in Spirulina platensis (Lu & Vonshak, 1999) in agreement with earlier findings by 
(Joset et al., 1996). The enhanced PSI activity in salt-treated Spirulina platensis cells was 
later confirmed by (Sudhir & Murthy, 2004; Sudhir et al., 2005) and also by Zhang et al. 
(Zhang et al., 2010). However, Allakhverdiev and Murata observed a ca. 50% loss of PSI 
activity in the presence of 0.5 M NaCl, by measuring O2 uptake from DCIP to MV 
(Allakhverdiev & Murata, 2008), which is in strong contrast with the substantial PSI activity 
increase described above. To address this question we measured light intensity dependence of 
electron transport rates through PSI (ETR(I)) and PSII (ETR(II)), as well as the oxidation-
reduction kinetics of P700.  

Our data, presented in Figure 6, fully support the earlier findings which show 
enhanced PSI activity in NaCl-treated Synechocystis (and other cyanobacterial) cells and are 
in clear contrast with the results suggesting almost the same inhibition of PSI as of PSII 
(Allakhverdiev & Murata, 2008). Larger ETR(I) than ETR(II) indicates enhanced cyclic 
electron flow around PSI. This can be represented by the difference between the ETR(I) and 
ETR(II) values, which shows that the rate of cyclic electron flow is gradually enhanced with 
increasing NaCl concentrations (Figure 6 B, E, H, K). Another representation of the presence 
of cyclic flow is the plotting of ETR(I) as a function of ETR(II), where the upward deviation 
of ETR(I) from the linear relationship shows the passing of electrons through PSI which do 
not originate from PSII.  This NaCl-induced enhancement of cyclic electron flow confirms 
earlier results, see (Sudhir & Murthy, 2004). 
 Besides measuring ETR(I) we used another approach to characterize PSI activity in 
NaCl-treated cells. This approach is based on the oxidation of P700 by using non-saturating 
FR light in combination with a saturation white light pulse (that saturates both PSI and PSII) 
(Szabo et al., 2017). The steady-state level of P700+ is determined by the balance of the non-
saturating FR light, that oxidizes P700, and the electron flow to the donor side of PSI from 
PSII (which is also driven partly by FR light) and from the cyclic pathways. Application of a 
short saturating white flash induces the maximal oxidation of P700, followed by a transient 
decrease of the P700+ level below the steady state due to re-reduction of P700+ by electrons 
arriving from PSII. This idea is confirmed by the application of DCMU to block PSII electron 
transfer, which increases the steady-state P700+ level in FR light and eliminates the 
undershoot of the P700+ signal during the saturating pulse (due to inhibited electron flow 
from PSII).  

The decrease of the undershoot during the saturating pulse by increasing NaCl 
concentrations (Figure 8) confirms the inhibition of PSII-derived electron flow towards PSI. 
Interestingly, the steady state level of P700+ was also decreased in the NaCl-treated cells, 
which shows that although the electron transport rate from the direction of PSII was decreased 
the total electron transport rate that reaches the donor side of PSI, i.e. 700+, increases. This 
effect can be explained by NaCl-induced enhancement of electron flow via the cyclic and 
alternative (stromal origin) pathways. The enhanced formation of the wave phenomenon in 



the relaxation kinetics of flash-induced Chl fluorescence (Figure 4) indicates that the 
enhanced electron flow is mediated partly by the NDH1 complex, which is responsible for the 
fluorescence wave in cyanobacteria (Deák et al., 2014). The origin of these electrons arriving 
from stromal components via NDH1 can be either respiration, which is known to be enhanced 
by NaCl treatment (Jeanjean et al., 1993; Zeng & Vonshak, 1998), or the NaCl-induced 
inhibition of the CBB cycle (discussed below) which eliminates a major NADPH sink and 
therefore increases the stromal concentration of NADPH. 

 
4.3 Salt-induced effects on electron transport components downstream of PSI  

The measurements of oxygen evolution rates showed that NaCl-induced inhibition of 
the linear electron transport was much larger in the absence of added electron acceptor, i.e. 
when CO2 acted as the final electron acceptor in the CBB cycle, than in the presence of 
DMBQ accepting electrons directly from PSII (Figure 1). These data together with the finding 
that PSI activity was not reduced, but rather enhanced, by NaCl treatment show that the main 
inhibitory site of NaCl is somewhere downstream of PSI.  

Measurements of NADPH kinetics during light-to-dark and then dark-to-light 
transitions showed three notable effects. One of them is the decreased amplitude of NADPH 
production after switching on the light (Figure 9B), which can be explained by the reduced 
capacity of PSII to deliver electrons for linear electron transport. However, the NaCl also 
inhibited the decline of NADPH after its transient maximum in the light and the undershoot of 
the signal below the initial dark level after the light-to-dark transition. The decline of the 
NADPH level in the light after reaching its maximum reflects NADPH consumption by the 
CBB cycle in the light, whereas the rapid decrease of NADPH after switching off the light to 
a level lower than the initial dark level is due to the oxidation of the NADPH pool by 
glyceraldehyde 3-phosphate dehydrogenase in the CBB cycle which goes in for some time in 
the dark (Kauny & Setif, 2014; Kusama et al., 2022). In agreement with this explanation, the 
inhibited decline of NADPH in the light and also of the undershoot after the light-to-dark 
transition was also observed when the CBB cycle was inhibited by glycol aldehyde (GA) 
(Figure 9A), which blocks the cycle at the level of phosphoribulokinase  (PRK) (Miller & 
Canvin, 1989). Based on the comparison with the GA effect we conclude that NaCl inhibits 
the CBB cycle activity above 500 mM. 

To identify the site(s) of NaCl-induced inhibition within the CBB cycle we utilized the 
kinetic changes of variable Chl fluorescence measured in parallel with NADPH fluorescence. 
A characteristic feature of the Chl fluorescence transients is the so-called post-illumination 
fluorescence rise, which is the transient increase of the fluorescence yield following the light-
to-dark transition in the tens of seconds time range (Figure 10). Post-illumination increase in 
Chl fluorescence has been found in C4 (Asada et al., 1993) and C3 plants (Mano et al., 1995), 
and cyanobacteria (Mi et al., 1995). The phenomenon was explained as the reduction of 
plastoquinone (PQ) by the electrons from photoreductants accumulated in the stroma or 
cytosol during illumination and may reflect cyclic electron transport around PSI mediated by 
NDH-1 in cyanobacteria (Mi et al., 1995) and by plastid NADH dehydrogenase-like complex 
in higher plants (Shikanai et al., 1998). The appearance of the post-illumination fluorescence 
transient was assigned to the accumulation of the CBB cycle intermediate dihydroxyacetone 
phosphate (DHAP) in Arabidopsis (Gotoh et al., 2010) from which reverse electron flow via 
NADPH and the NDH complex delivers electrons to the PQ pool. It was also shown that the 
inhibition of fructose-1,6-bisphosphate aldolase (FBA) induces the post-illumination rise 
transient by inhibiting the conversion of DHAP to fructose-1,6-bisphosphate (FBP) (Gotoh et 
al., 2010). The process is most likely via the same pathway in cyanobacteria, therefore we can 
conclude that one of the NaCl inhibitory sites in the CBB cycle, which is responsible for the 



increase of the post-illumination fluorescence rise transient up 500 mM, is located after 
DHAP formation, perhaps at fructose-1,6-bisphosphate aldolase (FBA). The decrease of the 
post-illumination fluorescence transient at higher than 500 mM NaCl can be explained by a 
second, lower affinity inhibitory site which inhibits the NADPH requiring DHAP formation  
(Mano et al., 1995; Gotoh et al., 2010), perhaps at the same place (PRK) where GA acts.  

In higher plants, salt-induced inhibition of CO2 uptake by the CBB cycle is usually 
assigned to the inhibition of the photosynthetic activity of guard cells of stomata by NaCl.  
However, besides stomatal limitation, NaCl stress seems to inhibit directly the activity of 
several enzymes of the CBB cycle, especially Rubisco, fructose-1,6-bisphospatase (FBPase), 
fructose-1,6-bisphospatase aldolase (FBPA), and PRK  (Yang et al., 2008; Pan et al., 2021). 
These data support our assignment of direct NaCl inhibitory sites in the CBB cycle.   

  
  

5 CONCLUSIONS  
The impact of salt stress on the photosynthetic processes was investigated in the model 

cyanobacterium Synechocystis 6803 to resolve long-standing contradictions in the literature 
regarding the sites of NaCl-induced inhibition at the donor and acceptor sides of PSII, and of 
PSI, as well as to explore the inhibitory effects of salt stress downstream of PSI. Our data 
confirm that NaCl inhibits both the water-oxidizing complex at the donor side of PSII, as well 
as the functioning of the QAQB two-electron gate at the acceptor side of PSII. We also 
demonstrated that the preferential NaCl effect on the PSII acceptor side is at QB by inducing 
the decrease of the binding stability of QB- and of the energetic stability of the QB/QB- redox 
pair. Our data also confirmed that the rate of electron transport through PSI is not inhibited, 
but enhanced in NaCl-treated cells, due to enhanced electron flow into the PQ pool via cyclic 
and NDH1-mediated pathways from stromal sources.   

Our data demonstrated that the main inhibitory sites of salt stress are located 
downstream of PSI. In the CBB cycle we identified two inhibitory sites of NaCl: One site, 
with higher affinity, is located after DHAP formation, possibly at fructose-1,6-bisphosphate 
aldolase. A lower affinity site is located before DHAP formation, perhaps at PRK or Rubisco.  
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