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Abstract
The frequency and severity of heat waves are expected to increase in the near future, with a significant impact on physiological 
functions and yield of crop plants. In this study, we assessed the residual post-heat stress effects on photosynthetic responses 
of six diverse winter wheat (Triticum sp.) genotypes, differing in country of origin, taxonomy and ploidy (tetraploids vs. 
hexaploids). After 5 days of elevated temperatures (up to 38 °C), the photosynthetic parameters recorded on the first day of 
recovery (R1) as well as after the next 4–5 days of the recovery (R2) were compared to those of the control plants (C) grown 
under moderate temperatures. Based on the values of  CO2 assimilation rate (A) and the maximum rates of carboxylation 
(VCmax) in R1, we identified that the hexaploid (HEX) and tetraploid (TET) species clearly differed in the strength of their 
response to heat stress. Next, the analyses of gas exchange, simultaneous measurements of PSI and PSII photochemistry 
and the measurements of electrochromic bandshift (ECS) have consistently shown that photosynthetic and photoprotective 
functions in leaves of TET genotypes were almost fully recovered in R2, whereas the recovery of photosynthetic and pho-
toprotective functions in the HEX group in R2 was still rather low. A poor recovery was associated with an overly reduced 
acceptor side of photosystem I as well as high values of the electric membrane potential (Δψ component of the proton 
motive force, pmf) in the chloroplast. On the other hand, a good recovery of photosynthetic capacity and photoprotective 
functions was clearly associated with an enhanced ΔpH component of the pmf, thus demonstrating a key role of efficient 
regulation of proton transport to ensure buildup of the transthylakoid proton gradient needed for photosynthesis restoration 
after high-temperature episodes.
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Introduction

Heat stress is one of the most important abiotic stressors 
limiting the growth of crop plants in large production areas 
worldwide, leading to drastic losses in the yield and quality 
of these crops. Therefore, a tolerance to heat stress is highly 
desirable, and searching for the appropriate traits or genes is 
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an integral part of numerous breeding programs (Driedonks 
et al. 2016).

Numerous examples show the diversity of photosyn-
thetic responses of different crop genetic resources to high 
temperature (Hede et al. 1999; Stefanov et al. 2011; Brestic 
et al. 2012). If the plants are subjected to elevated nonlethal 
temperatures (heat acclimation), they can acquire protection 
from the later influence of heat (Vegh et al. 2018), but the 
acclimation capacity varies among genotypes (Brestic et al. 
2012) or ecotypes (Psidova et al. 2018). Most of the screen-
ing studies focus on very simple photosynthesis-related 
parameters such as the chlorophyll content or chlorophyll 
fluorescence parameters in leaves in plants during and after 
exposure to high temperature or investigate the thermostabil-
ity of the photosynthetic complexes in response to elevated 
temperature levels. Much attention has also been paid to the 
changes in photosynthetic enzyme activities and the photo-
system II activity and damage (Singh et al. 2007; Allakhver-
diev et al. 2008). On the other hand, much less attention has 
been paid to the screening of genotype-related differences in 
proton transport and the kinetic forces created on the thyla-
koid membrane that drive photosynthesis and their possible 
changes in response to heat effects and recovery.

ATP synthesis in chloroplasts, which takes place on 
 CF0-CF1-type ATP synthase, is driven by the thylakoid pro-
ton motive force (pmf). The pmf is unequally composed of 
two components, a proton concentration difference (ΔpH) 
and an electric potential (Δψ). Furthermore, the pmf acts as 
a key regulator in mechanisms of photoprotection by reflect-
ing the energy level and the physiological fitness of the chlo-
roplast (Davis et al. 2017; Cruz et al. 2005). The pmf is 
thus a key regulatory mechanism for optimizing the tradeoff 
between ATP synthesis and photoprotection.

The proton gradient ΔpH is generated by the release 
of protons from the oxygen-evolving complex (OEC) of 
photosystem II (PSII) in the process of water oxidation 
and by the transfer of protons when plastoquinone (PQ) is 
reduced and reoxidized in the electron transfer mechanism 
(Kanazawa et al. 2017; Avenson et al. 2004). In turn, this 
proton gradient is depleted by the activity of ATP syn-
thase. As a result, the pH in lumen ranges from 5.5 to 7.5 
(Vinyard and Brudvig 2017). Low pH triggers (through 
activation of violaxanthin deepoxidase and protonation of 
PsbS, a protein in PSII) the processes of energy-dependent 
nonphotochemical quenching (qE), photoprotective mech-
anisms that impede overexcitation of PSII and thus inhibit 
the creation of harmful 1O2. When the lumen becomes 
increasingly acidified, the rate of oxidation of plastoqui-
nol decreases, electron transfer to cytochrome b6f and 
further in the chain decreases and the photosystem I (PSI) 
electron acceptors are protected from the accumulation of 
electrons (Kanazawa et al. 2017; Takizawa et al. 2007a). 
This process happens at the expense of the linear electron 

flow (LEF) (Avenson et al. 2005). However, under optimal 
conditions, the majority of protons are transported by ATP 
synthase into the stroma, and pH is buffered to prevent 
unwanted photoprotection. The formation of the electric 
potential Δѱ depends on the following: (i) abovemen-
tioned  H+ proton gradient (positive charge in lumen), (ii) 
electrons in the photosynthetic electron transport, and (iii) 
movement of ions through `counter` ion channels (Cruz 
et al. 2001), which include a thylakoid potassium channel 
(Carraretto et al. 2013), a K+/H+ antiporter (Armbruster 
et al. 2014), and transporters for other charged species 
(Duan et al. 2016; Herdean et al. 2016a, b; Kunz et al. 
2014; Schneider et al. 2016). Counterion flow, which rep-
resents pumping cations from lumen to stroma, results in 
the dissipation of Δѱ, which slows ATP synthase activity, 
making protons accumulate in the lumen and resulting in 
qE activation.

The electron and proton transports are generally very 
efficient. However, oxidative photodamage occurs when the 
light harvesting rate is higher than the capacity to incorpo-
rate the harvested energy into chemical bonds. This process 
very often happens in high light but also under environ-
mental conditions that are out of the optimum for the plant. 
Under these conditions, reactive intermediates can accumu-
late in the photosynthetic apparatus, leading to generation 
of reactive oxygen species (ROS), mainly O2

−° in PSI and 
mainly 1O2 in PSII (Davis et al. 2017).

Nonlethal heat stress is known to arouse a whole set of 
processes in plants to avoid or decrease damage on the cel-
lular level. To acclimate to heat, plants can (i) induce their 
antioxidative systems that effectively scavenge ROS and 
prevent membrane lipid peroxidation (Xu et al. 2006; Vegh 
et al. 2018; Kreslavski et al. 2009), (ii) synthesize heat shock 
proteins and osmoprotectants that stabilize the functional 
structures of the cell (Hasanuzzaman et al. 2013), (iii) adjust 
their signaling and gene expression (Almeselmani et al. 
2006), and (iv) optimize energy distribution between two 
photosystems via state transitions (Nellaepalli et al. 2011) 
during long-term heat stress.

Wheat (Triticum sp. L.), an old and widespread crop 
species, has extremely rich germplasm characterized by an 
enormous phenotypic and genetic diversity. The collections 
of Genebanks contain an immense number of accessions 
belonging to modern wheat genotypes, landraces, and breed-
ing lines as well as the wild ancestors of wheat assigned to 
various taxons, differing in ploidy and geographic distribution 
(Snook et al. 2011). The expected diversity of photosynthetic 
responses to high temperature in the wheat genotypes differing 
in taxonomy or provenance of origin was confirmed by our 
previous results focused specifically on diffusion limitations 
and PSII thermostability (Brestic et al. 2018) and regulation 
of electron transport under conditions of high temperature and 
beyond (Brestic et al. 2016; Chovancek et al. 2019).
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In this study, we put a specific focus on the recovery of 
photosynthetic capacity and functions after a simulated heat 
wave in a diverse collection of wheat genotypes differing in 
taxonomy, ploidy, geographic origin and phenotype. Based 
on the gas exchange measurements, we identified two sepa-
rate groups of genotypes differing in photosynthesis recov-
ery patterns after the cessation of heat stress. In these two 
groups, we analyzed the processes related to the regulation 
of photosynthetic electron and proton transport, specifically 
targeting the links between the partitioning of two major 
components of the proton motive force and the overall pho-
tosynthetic capacity in a recovery phase.

Materials and methods

Cultivation of plants

Six varieties of winter wheat (Triticum sp.) were used in 
this study, of which 3 were hexaploid (HEX; 2n = 42) bread 
wheat (T. aestivum L., cv. Thesee (France), SLO-16/26 
(Slovenia), GRC-867 (Greece)) and 3 were tetraploid (TET; 
2n = 28) species (T. durum Desf., cv. Dušan (Serbia); T. tur-
gidum L., cv. Unmedpur Mummy (India); T. timopheevi 
Zhuk., cv. AZESVK2009-90). The seeds were provided by 
the Genebank of NFFC-RIPP in Piešťany (Slovakia), and the 
genotypes were carefully selected from a larger collection 
tested in previous seasons within the phenotyping program 
at SUA Nitra. The 6 genotypes had a very similar phenologi-
cal pattern, but they differed in phenotypic traits, as well as 
responses to water deficit. The experiment was established 
indoors during the winter period. After several days at room 
temperature, the seedlings were vernalized in a growth 
chamber at 5 °C with a photoperiod of 12/12 h (light/dark) 
for ~ 80 days. In spring, the plants were transplanted into 
pots (one plant per standard 3 L phenotyping pot) with a 
commercial peat substrate (Klassman-TS3) and Osmocote 
fertilizer (5 g). The pots were placed in the cultivation cage 
of the Slovak University of Agriculture in Nitra, Slovakia, 
exposing the plants to outdoor conditions with natural sun-
light and temperature conditions. The plants were irrigated 
regularly to avoid dehydration. For the experiment, the pots 
were organized in a block surrounded by border plants to 
eliminate the border effect. The heat stress simulation was 
commenced when all plants were in a stage with developed 
spikes and flag leaves (the preanthesis period).

Heat stress simulation and scheduling 
of measurements

The heat stress was simulated by exposing plants for 
4–6 days in a PE transparent foil tunnel with a high-light 
transmission. Inside the tunnel, the temperatures were 
6–8 °C higher during the day and 2–3 °C higher at nighttime 

than the outdoor conditions. The maximum daily tempera-
ture in the tunnel in terms of individual days ranged from 
33–38 °C, whereas the maximum temperature outdoor was 
25–31 °C. All measurements presented in this study were 
realized under laboratory conditions at ~ 25 °C. On the 5th to 
7th day, the plants were removed from the tunnel for meas-
urements of photosynthetic and other parameters. These 
plants were labeled R1 and represented an early recovery 
(the plants were exposed to a moderate temperature level for 
at least 12 h). Then, 3–5 days after cessation of heat stress, 
the measurements of the R2 recovery period were realized. 
The controls (C) were measured one day before or after the 
stress measurements. The simultaneous measurements of 
PSI and PSII, the gas exchange measurements and electro-
chromic bandshift (ECS) measurements were obtained under 
laboratory conditions. In all genotypes, the measurements 
were performed on the youngest, fully expanded leaf (the 
flag leaf of wheat). Because of the very time-consuming 
measuring protocols applied and the high number of geno-
types, only 3 plants of each genotype and variant were ana-
lyzed. A random sequence of measurements was applied 
with a substantial light recovery period between measuring 
the same leaves using different devices.

Heat acclimation estimation

To assess the impact of heat on individual leaf gas exchange 
parameters (Y), the heat acclimation index (HAI) was cal-
culated as HAI = YR1/YC (Silim et al. 2010; Perdomo et al. 
2016). To compare heat responses of different varieties of 
wheat, graphical expressions of slopes of changes in the 
VCmax parameter were used (Suppl. Fig. 3).

Gas exchange measurements

To estimate the gas exchange parameters, we applied an A/
Ci curve protocol using an Li-6400XT gasometer (Licor, 
USA). The samples were exposed to 1500 μmol photons 
 m−2 s−1, with a leaf temperature of 25 °C, and ambient air 
humidity. First, steady-state photosynthesis was reached 
in the sample inside the gasometer chamber head. Then, 
the  CO2 response curve was applied by a stepwise change 
in the  CO2 level: 400, 300, 250, 200, 150, 100, 50, 400, 
600, 800, 1000, 1200, and 1500 ppm. The values of gas 
exchange parameters (photosynthesis rate—A; stomatal 
conductance—gs; internal  CO2 concentration—ci) were 
calculated directly by the gas analyzer software. The maxi-
mum carboxylation rate, VCmax, and the maximum electron 
transport rate, Jmax, were determined by analysis of A/
Ci curves (representatives in Supl. Fig. 1) according to 
the model of Farquhar–von Caemmerer–Berry (Farquhar 
et al. 1980) edited by Ethier and Livingston (Ethier 2004) 
acquired from http://landfl ux.org.  ETRPSII was calculated 

http://landflux.org
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from the values of PSII quantum yield and light intensity, 
assuming the equal absorbance (0.84) and equal distri-
bution of absorbed light between two photosystems as: 
 ETRPSII = 0.84*0.5* Y(II) *PAR (Baker 2008).

Measurements of electrochromic bandshift

Measurements of electrochromic bandshift (ECS) were 
performed with a LED-based spectrophotometer (JTS 10, 
Biologic, France) following Zivcak et al. (Zivcak et al. 
2014). First, a single turnover was determined by apply-
ing a saturating pulse on the sample. Then, after apply-
ing an actinic light with an intensity of ~ 900 μmol pho-
tons  m−2 s−1 for 7 min, the measurement of ECS decay at 
520 nm took place during 30 s of darkness. Then, light 
was turned on for the next 2–3 min, and the ECS decay at 
546 nm was measured on the same place of the leaf. White 
LED filtered at 520 and 546 nm provided the measuring 
flashes. The 546 nm signal was subtracted from 520 nm 
signal, i.e., I520–I546, to calculate the ECS parameters. In 
this way, the contribution of redox changes related to elec-
tron transport were deconvoluted from the signal (example 
shown in Supl. Fig. 2). The analysis of ECS decay was 
performed according to the DIRK (dark interval relaxation 
kinetics) ECS analysis pipeline (Sacksteder et al. 2000). 
By analysis of the ECS decay, we determined the magni-
tude of proton conductivity of ATP synthase,  gH

+, and the 
amplitude of the ECS signal  (ESCt). The  ECSt is assumed 
from the difference in steady-state ECS signals in light 
before the light was switched off and the minimum value 
of the ECS signal, observed after ~ 150 ms of the dark 
period. The inverse of the first-order decay time of ECS 
toward a quasistable state is rendered as  gH

+ (Baker et al. 
2007).

Simultaneous measurements of PSII and PSI 
photochemistry

The state of PSII and PSI photochemistry was measured 
with a Dual PAM-100 system (Walz, Germany) with a 
ChlF unit and P700 dual wavelength (830/875 nm) unit, 
as described in Chovancek et al. (2019). The basic param-
eters used for calculations were measured in dark adapted 
samples, in steady state, after photosynthesis had been 
induced, and during rising intensities of irradiance, i.e., 
so-called light response curves. The ChlF and P700 param-
eters were calculated using the formulae of Klughammer 
and Schreiber (1994).

Data processing and statistical analysis

The data were subjected to statistical assessment using 
ANOVA (STATISTICA 10, StatSoft, Tulsa, USA), followed 
by the post hoc comparison of the mean values using Dun-
can test. In most of the graphs, the mean values ± standard 
errors are presented. The measurements were performed on 
at least 3 plants of each of the six varieties. The graphs are 
based on the results of these statistical analysis.

Results

CO2 assimilation and photosynthetic limitations 
in recovery after prolonged heat stress

Comparison of the values of the  CO2 assimilation rate (A) in 
individual genotypes measured in the early stage of recovery 
(R1) indicated a decrease in the photosynthetic rate com-
pared to that in the control plants (Fig. 1a). However, a sig-
nificant decrease was observed in 3 genotypes only (AZE, 
UMY, DUS). To eliminate diffusion (mostly stomatal) limi-
tations, we also compared the maximum carboxylation rate, 
VCmax (Fig. 1b), derived from the A/Ci curves (representa-
tives in Supl. Fig. 1). Obviously, the decrease in VCmax is 
insignificant and mostly negligible in the hexaploid (HEX) 
bread wheat cultivars (THE, 16/26, GR8), whereas in the 
tetraploid (TET) genotypes, we observed a highly significant 
decrease in VCmax.

Thus, the maximum carboxylation rate, VCmax, decreased 
in HEX plants by only 12%, whereas the value decreased 
in the TET group by 56% (Fig. 2b) on average. The results 
shown in Fig. 1b, as well as the slope of the decrease in 
VCmax (Supl. Fig. 3), clearly indicate that the two groups 
showed different responses to the prolonged heat stress 
period. Along with VCmax, the maximum electron transport 
rate, Jmax, also decreased, but the differences between the 
two groups were smaller (Fig. 2c).

Considering very consistent grouping of the genotypes 
and a low number of repetitions in measurements for indi-
vidual genotypes, to ensure the significant differences in 
statistical analyses, in the rest of the manuscript, we will 
compare the two groups (HEX vs. TET) instead of indi-
vidual genotypes.

In addition to C and R1, Fig. 2 shows the results of R2 
variant, i.e., the photosynthetic rate, VCmax and Jmax after 
3–5 days of recovery. While the HEX group did not recover 
at all, the recovery in the TET group was significant. In 
this group, the Jmax-to-Vcmax ratio was not affected by the 
period of heat stress, while in the HEX group, we observed 
a decrease in Jmax/Vcmax, with no recovery between R1 and 
R2, indicating that in the HEX group, the heat stress episode 
caused an imbalance between the electron transport-related 
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processes and the carboxylation processes, although the TET 
group remained balanced.

PSII and PSI photochemistry in recovery 
after prolonged heat stress

The prolonged heat stress had a moderate but statistically 
significant effect on PSII photochemistry, with a decrease in 
Fv/Fm by 0.06 in HEX and 0.09 in TET in R1. Similar to the 
gas exchange response, the subsequent recovery in R2 was 
efficient in TET, while in HEX, Fv/Fm had not recovered. 
However, all the observed decreases in the maximum quan-
tum efficiency of PSII were relatively low, indicating rather 
low irreversible damage of PSII units (Fig. 3a).

The decrease in Pm was much more evident (Fig. 3d), 
indicating a significant decrease in the total pool of PSI reac-
tion centers (RCs) that can be oxidized, i.e., the active PSI 
RCs. In R1, the heat stress led to a decrease in Pm by ~ 30% 
in HEX, and the decrease was almost 50% in TET. In the 
next stage (R2), a moderate recovery was observed in both 
groups, but the pool of active PSI RCs was still lower by 
21% in HEX and 37% in TET than in the control plants. 
The PSII and PSI quantum yields measured under actinic 
illumination followed the trends observed in  CO2 assimila-
tion, with a greater decrease in the values in TET than HEX 
in R1, but with a better recovery of TET than HEX in R2 
(Fig. 3b,e). The quantum yield of PSI, Y(I), was lowered 
more than the PSII quantum yield, Y(II). The PSI quan-
tum yield represents the fraction of active PSI at a given 
light intensity engaged both in linear and cyclic electron 
flow, whereas the PSII quantum yield only indicates linear 
flow, and a stronger decrease in Y(I) indicates a decrease in 
cyclic electron flow. A similar trend was observed also for 

the parameter indicating the nonphotochemical quenching 
(NPQ), but the level of recovery in R2 was higher than that 
for the other parameters measured (Fig. 3c). The parameter 
Y(NA) representing the quantum yield of nonphotochemical 
quenching induced by the limitation at the PSI acceptor side 
showed an inverse trend compared to most of the previously 
assessed parameters, with a maximum in R1 and a decrease 
in R2 back to the initial level in TET, whereas the values in 
HEX were still higher than those in the control (Fig. 3f). As 
this parameter represents the redox poise (negative charge) 
of the PSI electron acceptors, we can state that overreduc-
tion of the PSI acceptor side occurred in both groups in R1 
(being more severe in TET), but the overreaction persisted 
only in the HEX group in R2.

The proton transport responses after impact 
of prolonged heat stress

The proton transport on the transthylakoid membrane was 
estimated by noninvasive ECS measurement. By analysis of 
the ECS decay, we determined the magnitude of proton con-
ductivity,  gH

+, and the amplitude of the ECS signal  (ESCt) 
as a rough estimate of the proton motive force, pmf, and its 
two components, ΔpH and Δψ. In the R1 phase, the  gH

+ 
was lower on average by 22%, with no significant difference 
between the HEX and TET groups. In the R2 phase, when 
heat-affected plants were returned to normal conditions and 
measured after 3–5 days, the  gH

+ increased to 89% of the 
control value on average (Fig. 4a). The  ECSt was higher by 
48% than in the control on average in the R1 phase, and in 
the R2 phase, the TET group responded by a decrease of 
45%, while that of the HEX group decreased by only 11% 
(Fig. 4b). In response to prolonged heat, the proton gradient, 

Fig. 1  a Net photosynthesis rate (A), and b the maximum car-
boxylation rate (VCmax) in hexaploid wheat breeds (THE—Thesee; 
16/26—SLO-16/26; GR8—GRC-867) and in tetraploid wheat breeds 
(AZE—AZESVK2009-97, UMY—Unmedpur M., DUS—Dušan) in 
control plants (c) and plants exposed to heat stress, measured at the 

beginning of the post-heat stress recovery phase (R1). The mean val-
ues ± standard error (n = 3) are presented. Asterisks (*) indicate the 
significant difference of values observed in the R1 variant at P < 0.05 
level by Duncan test when compared to the control in individual gen-
otypes
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ΔpH, decreased to almost one-third of the control value on 
average, but in response to the recovery phase, the value in 
the TET group increased to a value equal to twofold that 
in HEX plants (Fig. 4c). The electric component of pmf, 
Δψ, however, increased to almost threefold on average in 
response to prolonged heat (R1), but interestingly, the value 
in the recovery phase (R2) decreased only by 31% in the 
HEX group, whereas it recovered by 87% in the TET group 
(Fig. 4d).

Correlation analyses

To better understand the relationships between the processes 
related to the proton transport and the main photosynthetic 
characteristics related both to  CO2 assimilation and photo-
protective responses in recovery from the heat stress, we 
analyzed the correlations between the parameters derived 

from the DIRK analysis of ECS and the other main charac-
teristics assessed in this study (Fig. 5). The amplitude of the 
ECS signal (Fig. 5a–d) correlated negatively with the  CO2 
assimilation, PSII electron transport rate and NPQ, while 
the correlation with the acceptor side limitation of PSI was 
positive. Analysis of the two components of the ECS signal 
(Fig. 5e–l), namely the osmotic component of pmf – ΔpH 
and electric component of pmf – Δψ, indicated that the trend 
of  ECSt was mainly influenced by Δψ values, the increase 
in which was higher than the lower decrease in ΔpH under 
heat stress conditions.

As expected, the transthylakoid proton gradient (ΔpH) 
showed a clear positive correlation with NPQ, and a posi-
tive correlation was also observed in the relationships 
between the ΔpH and  CO2 assimilation rate (A) and the 
rate of linear electron transport  (ETRPSII). However, there 
was a negative correlation between ΔpH and the reduction 

Fig. 2  Results of gas exchange analyses and subsequent analyses 
of A/Ci curves measured in two groups of genotypes: HEX—hexa-
ploid, and TET—tetraploid bread wheat genotypes. a The net photo-
synthesis rate (A), b the maximum carboxylation rate (VCmax), c the 
maximum electron transport rate (Jmax), and d their ratio (Jmax/VCmax) 
in control plants (C) and plants exposed to heat stress, measured at 

the beginning of the post-heat stress recovery phase (R1) and after 
3–5 days of recovery at moderate temperature level (R2). The mean 
values ± standard errors from 6–9 measurements are presented. Dif-
ferent small letters (a, b, c) indicate the significant difference of val-
ues at the P < 0.05 level, based on the Duncan test
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of the PSI acceptor side (parameter Y(NA)). Inverse trends 
were recorded for the parameter Δψ. The correlations 
observed for the proton conductance  (gH

+) followed the 
trends observed in the case of ΔpH, but the correlations 
were mostly weak (Fig. 5m–p).

Discussion

Heat stress effects on photosynthesis have been extensively 
studied for numerous crops and genotypes. It is widely 
accepted that the enzymes of the Calvin–Benson cycle are 
prone to heat stress. Moderate thermal stress represents 
a hindrance for the carbon assimilation system, which is 
sensitive to high temperatures and can be easily inhibited 
(Feller et al. 1998; Berry and Bjorkman 1980; Weis 1981; 
Sharkey 2005). Under such conditions, the Rubisco activity 

decreases along with the rate of photosynthesis (Law and 
Crafts-Brandner 1999), though the enzyme itself is not heat 
labile. The Rubisco activase is the high-temperature-sensi-
tive component in the carbon assimilation system (Salvucci 
and Crafts-Brandner 2004; Sharkey 2005). The decrease in 
enzyme activity responds to actual temperature levels and 
recovers briefly under the optimum temperature level. How-
ever, the heat stress may be associated with the decrease in 
photosynthetic capacity, with a slow and often incomplete 
recovery of photosynthetic capacity. A proteomic study of 
Das et al. (2016) has shown that crucial proteins such as 
ATP synthase, HCF136 (PSII stability factor) and oxygen-
evolving enhancer protein 2–1 in PSII as well as FNR at 
PSI are heat sensitive, providing one possible explanation 
for the prolonged heat stress effects. Our previous stud-
ies (Brestic et al. 2016; Chovancek et al. 2019) indicated 
that high-temperature conditions in wheat were associated 

Fig. 4  Results of DIRK analysis of the ECS signal recorded after the 
actinic light illumination was switched off. The values were measured 
in two groups of genotypes: HEX—hexaploid, and TET—tetraploid 
bread wheat genotypes. a Proton conductivity –  gH

+, b Maximum 
amplitude of ECS signal providing an estimate of the proton motive 
force (pmf)—ECSt, c Transthylakoid proton gradient—ΔpH, and 

d Electric membrane potential—Δψ, recorded in control plants (C) 
and plants exposed to heat stress, measured at the beginning of the 
post-heat stress recovery phase (R1) and after 3–5 days of recovery 
at moderate temperature level (R2). The mean values ± standard error 
from 6 to 9 measurements are presented. Different small letters indi-
cate the significant difference of values at P < 0.05 (Duncan test)
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with inefficient regulation of electron transport during the 
stress but also after the stress relief, generating conditions 
for excessive ROS formation due to overreduction of the 
PSI acceptor side. The redox state and quantity of PSI is 
crucial for survival of C3 plants under adverse conditions, 
as oxidation of PSI leads to suppression of ROS produc-
tion at PSI (Shimakawa and Miyake 2018, 2019; Miyake 
2020). Thus, in addition to direct heat effects, the oxida-
tive damage of key photosynthetic complexes may play a 
major role in the post-heat stress period, influencing both 

the photosynthetic capacity and recovery process after heat 
stress relief, which were previously shown to be sensitive 
to reductions in capacity for photosynthetic electron trans-
port and photoprotection in heat‐stressed leaves in the field 
(Schrader et al. 2007; Wise et al. 2004).

The photoprotection and protection against oxidative 
damage in the chloroplast is a result of the proper interplay 
of various processes and redox signaling systems, with the 
central position of the proton transport and its regulation 
(Zhang and Sharkey 2009). The proton transport is related to 

Fig. 5  Correlations between the parameters derived from simultane-
ous analysis of the gas exchange and chlorophyll fluorescence (A and 
 ETRPSII) or dual PSII/PSI records (NPQ, Y(NA)) and the parameters 
derived from the DIRK analysis of ECS kinetics (ECSt, ΔpH, Δψ 
and  gH+). The points represent the mean values ± SE. The dashed 
lines represent the fitted linear regression estimates, with the determi-

nation coefficient (R2) for each correlation. The different colors of the 
points represent the variants (C, R1 and R2), and the different shape 
of the points indicates two groups differing in responses (circles—
hexaploids (HEXs), triangles—tetraploids (TETs)); see the legend in 
the upper right panel
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the activity of the chloroplast ATP synthase, which responds 
to the demand created by photosynthesis during steady-state 
metabolism. Changing levels of  CO2 induce different proton 
conductivities of ATP synthase,  gH

+ (Avenson et al. 2004). 
The chloroplast ATP synthase is driven by the proton motive 
force, pmf, which consists of the proton gradient, ΔpH, and 
electric membrane potential, Δψ (Cruz et al. 2001). The 
regulation of pmf must satisfy two conflicting physiological 
demands: (i) producing enough ATP for carbon assimila-
tion processes and (ii) avoiding damage by ROS produced 
in high-light and/or adverse conditions. The pmf is shown 
to be an optimal key regulator of this tradeoff (Huang et al. 
2018). Electrochromic bandshift (ECS) measurements repre-
sent a unique noninvasive tool that offers insight into proton 
transport-related processes, providing estimates of  gH

+, pmf, 
Δψ and ΔpH (Witt 1971; Joliot and Joliot 1989; Klugham-
mer et al. 2013; Bailleul et al. 2010). In our experiment, the 
analyses of ECS decay after light switch-off, following a 
longer exposure of leaves to a high actinic light, indicated 
an increase in  ECSt (representing an estimate of pmf) in 
heat-stressed plants after a short-time recovery compared 
to stress and, in general, an inverse relationship between the 
photosynthetic rate and the  ECSt amplitude (Fig. 5a). An 
increase in  ECSt under stress conditions is usually attributed 
to an increase in the transthylakoid proton gradient due to 
accumulation of  H+ in the thylakoid lumen as a result of 
lower demand for ATP synthesis when the carbon assimila-
tion is reduced.

The acidification of thylakoid lumen leads to downregu-
lation of electron transport and upregulation of the thermal 
dissipation of absorbed light energy by the photosystem 
II, which can well be indicated by high values of the NPQ 
parameter derived from PAM fluorescence measurements 
(Ruban 2016). However, in our experiments, we found a 
negative correlation between the  ECSt and NPQ values 
(Fig. 5c). The subsequent analysis of the ECS decay kinet-
ics (Avenson et al. 2004) confirmed that the increase in  ECSt 
in plants previously exposed to heat stress was not connected 
with a high ΔpH value, but rather reflects an increase in the 
electric membrane potential, Δψ. However, the correlations 
between ΔpH and NPQ were clear and positive (Fig. 5g), 
confirming that the low ΔpH in stressed plants is not an 
artifact but corresponds to the redox state of the thylakoid 
membranes in the chloroplast.

However, a high Δψ was clearly associated with the state 
in which photosynthesis was low (Fig. 5i), but the expected 
photoprotective responses were not efficient enough, consid-
ering low NPQ values, and especially, high Y(NA), indicat-
ing insufficient downregulation of linear electron transport 
connected with a strong reducing burst at the acceptor side 
of PSI (Yamori et al. 2016). The related photoinhibitory 
damage was observed both on the PSII level (decrease in 
Fv/Fm; Fig. 3a) as well as the PSI level (decrease in Pm; 

Fig. 3d). In the TET group, in which the Δψ was lowered 
to the initial value in a longer recovery period (R2), Fv/Fm 
was fully recovered. However, in the HEX group, the Δψ 
was significantly higher than that of the control, and Fv/Fm 
remained low. This result is consistent with previous evi-
dence that a high Δψ state induces oxidative photodamage 
of the thylakoid components under fluctuating light (Davis 
et al. 2016), as Δψ will cause a rise in energy levels of par-
ticular components of the electron transport chain connected 
with formation of reactive oxygen species (Vos et al. 1991; 
Johnson et al. 1995). Although there are several processes 
that may contribute to an increase in the Δψ component of 
the pmf, a high correlation between Δψ and Y(NA) sug-
gests that the overreduction of the electron transport chain, 
especially at the PSI acceptor side, may represent an impor-
tant source of the negative charge at the stromal side of the 
thylakoid membrane.

Another interesting finding was the clear correlation 
between the  CO2 assimilation, linear electron transport rate, 
VCmax or Jmax (not shown, but clear from a comparison of the 
trends in Fig. 2 and Fig. 4) and Δψ and ΔpH values (Fig. 5). 
Our previous results in experiments with wheat have shown 
that a decrease in  CO2 assimilation (e.g., due to stomata 
closure) leads to an increase in ΔpH and not so much in 
Δψ (Zivcak et al. 2014), which is consistent with the recent 
mechanistic understanding of this proton transport and its 
regulation (Walker et al. 2020; Kramer et al. 2004). Hence, 
the limitation at the acceptor side of the linear electron trans-
port cannot be responsible for observed trends, i.e., decrease 
in ΔpH and increase in Δψ values. However, there is a ques-
tion of whether the redox state of the electron transport chain 
could be responsible for the downregulation of the carbon 
assimilation processes. As we did not observe the same trend 
of the Jmax/VCmax ratio and the  CO2 assimilation rate (Fig. 2), 
we have no direct argument supporting the hypothesis that 
the linear electron transport was the major factor directly 
limiting  CO2 assimilation. However, we cannot fully exclude 
that model underestimated the VCmax values, and the real 
value could be higher, but rates were constrained by the elec-
tron transport (Jmax) at all  CO2 concentrations. Moreover, 
there is still a possibility that the activity of the enzymes 
was influenced by the redox state of the electron transport 
chain via redox signaling pathways. There is clear evidence 
that the Calvin cycle enzymes can be activated/inactivated 
according to the states of both by the NADPH/NADP+ ratio 
and/or ATP/ADP ratio (Dietz and Pfannschmidt 2011), but 
regulation of the activity of photosynthetic enzymes via the 
thioredoxin/ferredoxin system located at the acceptor side 
of photosystem I may also play an important role in enzyme 
activation (Meyer et al. 2012; Schürmann and Buchanan 
2008; Lemaire et al. 2007; Wolosiuk and Buchanan 1977). 
The hypothesis on the link between the enzyme activity and 
the redox state of the photosystem I acceptor side is strongly 
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supported by the results of our previous experiment (Zivcak 
et al. 2015), in which a short sequence of saturation pulses 
led to inactivation of a significant number of PSI reaction 
centers, leading to a similar state of electron and proton 
transport as that observed after the heat stress period (low 
Pm, NPQ, ΔpH; high Y(NA) and Δψ values), associated 
with a dramatic decrease in the photosynthetic capacity per-
sisting for several days. Our analyses clearly indicated that 
the limited electron transport capacity cannot be responsi-
ble for a high decrease in photosynthesis under high-light 
conditions, providing strong arguments in favor of redox 
regulation issues. Unlike the previous experiments, recent 
experiments clearly showed that a low number of active PSI 
reaction centers indicated by parameter Pm (Fig. 3d) was 
not associated with a lower photosynthetic rate (in R2, Pm 
in TET was lower than that in HEX, but the net photosyn-
thesis was higher), indicating that the values of ΔpH, Δψ 
and Y(NA), rather than the level of PSI inactivation per se, 
determine the photoprotection and photosynthetic capacity. 
As buildup of the transthylakoid proton gradient will elimi-
nate the excessive values of Δψ and Y(NA), the capacity to 
maintain or recover a high value of ΔpH under high-light 
conditions after heat stress appears to be crucial for full 
recovery of photosynthesis in the post-heat stress period.

An additional question is what mechanism can be respon-
sible for the differences in Δψ and ΔpH between the two 
groups of genotypes. The ΔpH is increased by production 
of  H+ at OECs and with the help of reduced PQs, while it is 
depleted by the activity of ATP synthases. Indeed, the OEC 
of PSII appears to be highly sensitive to high-temperature 
stress, as exemplified by various studies (Katoh and San Pie-
tro 1967; Berry and Bjorkman 1980; Mamedov et al. 1993; 
Havaux and Tardy 1996). However, the level of PSII damage 

observed in our study was not high enough to explain a low 
ΔpH. An alternative explanation was provided by Zhang and 
Sharkey (2009), who argued that the leakiness of the thyla-
koid membrane for  H+ may contribute to an increased  gH

+ 
in the light and thus a low ΔpH. Normally, the proton con-
ductivity values estimated from the ECS decay  (gH

+) broadly 
reflect the activity of ATP synthase; i.e.,  gH

+ represents 
the effective conductivity of the CFO-CF1 ATP synthase 
to protons (Takizawa et al. 2007b; Kohzuma et al. 2009). 
However, it was shown that after heat stress, the proton con-
ductivity greatly increases, which is clearly associated with 
the leaks of  H+ through the thylakoid membrane (Havaux 
et al. 1996). Although based on the values of  gH

+ only, we 
were not able to recognize the presence or absence of the 
proton leaks (Fig. 4). We found some effects that indirectly 
confirm  H+ leakage across the thylakoid membranes. The 
steady-state proton flux estimated from  ECSt multiplied by 
 gH

+ is normally positively correlated with the linear electron 
transport rate (Kohzuma et al. 2009), and hence, the values 
of proton flux to the electron transport ratio were formerly 
in a relatively narrow range. However, this outcome was not 
the case in our experiment (Fig. 6), in which the proton flux 
values in poorly recovered samples were much higher than 
expected according to the  ETRPSII values (Fig. 6a), and the 
proton flux per linear electron transport unit (νH+/ETRPSII) 
varied widely, reaching even threefold higher values in 
poorly recovered samples than the control. The proton flux 
estimated from the analysis of the DIRK kinetics of the ECS 
signal was not proportional to the linear electron transport, 
which can be well explained by proton leakage. In a specific 
cases when plants have been exposed to heat, the  gH

+ values 
estimated from the exponential decay of the ECS signal do 
not represent the real activity of the ATP synthase only, but 

Fig. 6  a Measurements of the linear electron transport rate  (ETRPSII) 
and estimates of the proton flux (νH+ = ECSt*gH

+) per variant. b The 
correlation between the proton flux per linear electron transport unit 
and Δψ component of the pmf. The points represent the mean val-
ues ± SE. The dashed lines represent the fitted linear regression esti-

mates with the determination coefficient (R2) for each correlation. 
The different colors of the points represent the variants (C, R1 and 
R2) and the different shape of the points indicates two groups (cir-
cles—hexaploids (HEX), triangles—tetraploids (TET)); see the leg-
end
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also the leaks decreasing the efficiency of converting the 
proton motive force into ATP.

Excessively fast proton efflux (via ATP synthase and 
leaks) cannot be efficiently supplied by the proton influx 
generated by the activity of the linear electron flow, result-
ing in a low ΔpH and a high Δψ, which is documented by 
a correlation between the proton flux per linear transport 
unit and Δψ (Fig. 6b). In this respect, the ability to recover 
full integrity of thylakoid membrane together with the pro-
cesses supporting the redox balance appears to be crucial 
for efficient recovery of photosynthetic functions. The con-
tribution of alternative electron pathways (Tan et al. 2020), 
cyclic electron flow (Wang et al. 2015) or regulation of ATP 
synthase activity (Huang et al. 2018) can play significant 
roles in maintaining the balance of photochemical processes, 
especially the ATP/NADPH ratio, which can be crucial for 
proper functioning of photosynthetic metabolism and sup-
port of recovery processes (Shikanai et al. 2002). However, 
the specific molecular mechanisms responsible for the dif-
ferences in recovery of photosynthesis in the two groups of 
wheat genotypes need to be further examined.

One of the important findings of this study is that the two 
different-ploidy genotype groups show different responses 
to prolonged heat stress. Though the hexaploid bread wheat 
species (T. aestivum L.) appear to be less prone to heat stress 
than the tetraploid species (T. durum Desf., T. turgidum L., 
T. timopheevi Zhuk.), in terms of the ability to recover from 
heat stress, the tetraploids were superior. It is important to 
emphasize that these two groups are genetically quite distant, 
as all the tetraploids have the same genomes (2n = 4x = 28, 
AABB), whereas the hexaploid bread wheat (2n = 6x = 42, 
AABBDD) contains an additional D-genome originating 
from the wild relative Aegilops tauschii (2n = 2x = 14, DD). 
Hybridization of this wild species with cultivated tetraploid 
emmer wheat T. turgidum produced T. aestivum, which has 
been cultivated and bred for more than eight thousand years 
(Wang et al. 2013).

The genetic differences between the tetraploid and 
hexaploid species were previously found to also be asso-
ciated with the differences in photosynthetic responses. 
For example, the D-genome in hexaploid wheat was found 
to be responsible for differences in the flag leaf area, gas 
exchange, chlorophyll content, and net photosynthesis rate 
(Olsen et al. 2015; Blanco et al. 2000). The tests of synthetic 
polyploids demonstrated that addition of the D-genome into 
synthesized hexaploid wheat species led to a decrease in 
the photosynthetic rate, although the depression of photo-
synthesis was dependent on the source of the D-genome 
(Watanabe et al. 1997). Moreover, a recent study has shown 
that different-ploidy levels may play an important regulatory 
role in photochemistry and antioxidative systems of plants 
(Mao et al. 2018), which fairly corresponds to the findings 
presented in this study. In that way, our results contribute to 

the topic of the interaction between the wheat ploidy level 
and the photosynthetic responses by the evidence on the 
ploidy-related variations in response to high temperature 
and recovery, associated with the differences in regulation 
of electron and proton transport.

Conclusions

Based on the results of these experiments, we identified that 
the two different-ploidy groups of wheat genotypes clearly 
differ in their responses to heat stress. The analyses of gas 
exchange, simultaneous measurements of PSI and PSII pho-
tochemistry and measurements of electrochromic bandshift 
(ECS) have consistently shown that the photosynthetic and 
photoprotective function in leaves of tetraploids was almost 
fully recovered after several days, while that of hexaploids 
was still rather low. A poor recovery was associated with an 
overly reduced acceptor side of photosystem I, as well as 
high values of the electric membrane potential (Δψ com-
ponent of the proton motive force, pmf) in the chloroplast. 
Our results suggest that a high Δψ can be associated with 
an excessive proton flux via the thylakoid membrane due 
to membrane leakiness that prevents the accumulation of 
 H+ in the thylakoid lumen. However, a good recovery of 
photosynthetic capacity and photoprotective functions was 
clearly associated with an enhanced proton gradient (ΔpH 
component of the pmf), thus demonstrating a key role of 
efficient regulation of proton transport to ensure buildup of 
the transthylakoid proton gradient needed for photosynthesis 
restoration after high-temperature episodes.
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