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Abstract: The importance of high temperature as an environmental factor is growing in proportion 
to deepening global climate change. The study aims to evaluate the effects of long-term acclimation 
of plants to elevated temperature on the tolerance of their photosynthetic apparatus to heat stress. 
Three wheat (Triticum sp. L.) genotypes differing in leaf and photosynthetic traits were analyzed: 
Thesee, Roter Samtiger Kolbenweizen, and ANK 32A. The pot experiment was established in natu-
ral conditions outdoors (non-acclimated variant), from which a part of the plants was placed in foil 
tunnel with elevated temperature for 14 days (high temperature-acclimated variant). A severe heat 
stress screening experiment was induced by an exposition of the plans in a growth chamber with 
artificial light and air temperature up to 45 °C for ~12 h before the measurements. The measure-
ments of leaf photosynthetic CO2 assimilation, stomatal conductance, and rapid kinetics of chloro-
phyll a fluorescence was performed. The results confirmed that a high temperature drastically re-
duced the photosynthetic assimilation rate caused by the non-stomatal (biochemical) limitation of 
photosynthetic processes. On the other hand, the chlorophyll fluorescence indicated only a moder-
ate level of decrease of quantum efficiency of photosystem (PS) II (Fv/Fm parameter), indicating 
mostly reversible heat stress effects. The heat stress led to a decrease in the number of active PS II 
reaction centers (RC/ABS) and overall activity o PSII (PIabs) in all genotypes, whereas the PS I (pa-
rameter ψREo) was negatively influenced by heat stress in the non-acclimated variant only. Our re-
sults showed that the genotypes differ in acclimation capacity to heat stress, and rapid noninvasive 
techniques may help screen the stress effects and identify more tolerant crop genotypes. The accli-
mation was demonstrated more at the PS I level, which may be associated with the upregulation of 
alternative photosynthetic electron transport pathways with clearly protective functions. 
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1. Introduction 
Heat stress is one of the main abiotic stresses that negatively affects agricultural areas 

around the world due to the induction of a wide range of adverse physiological, biochem-
ical, morphological anatomical, and genetic reactions of plants [1]. The global increase in 
average temperature is expected to occur in line with more intense and frequent heat 
waves [2]. The effect of high temperatures on photosynthesis significantly determines the 
effects of global warming on crop yields [3,4]. The reduction in crop productivity under 
high temperatures is mainly due to reduced photosynthetic carbon assimilation. In par-
ticular, a plant is considered under heat stress if exposed to temperatures above a certain 
limit for a period sufficiently long enough to induce irreversible changes [5]. Plants are 
exposed to a wide range of temperatures in natural conditions, whether during the day, 
between days, or seasons. This temperature variability directly affects the performance 
because the speed of all biochemical processes increases until the optimal temperature is 
reached [6]. The temperature optimum for wheat growth is between 17 and 23 °C [7], 
whereas heat stress occurs above a limit temperature between 31 and 35 °C [8]. High tem-
peratures cause denaturation and aggregation of proteins and increase the fluidity of 
membrane lipids. Well-known consequences are comprised of inactivation and/or degra-
dation of enzymes in chloroplasts, mitochondria and other cell compartments inhibition 
of protein synthesis, and loss of membrane integrity [9]. Along with the direct effect of 
high temperature, further injuries are due to the production of toxic compounds and re-
active oxygen species, as well as to reduced ion fluxes and starvation symptoms, resulting 
in overall growth inhibition [5]. The collapse of the cell structures and the consequent cell 
death are outcomes of a severe heat stress [10]. 

Photosynthesis is extremely sensitive to heat and can even undergo a complete inhi-
bition. Its high temperature tolerance is challenged by sufficiently long hot periods and/or 
temperatures large exceeding of the optimum. The irreversible or slowly reversible dam-
age affecting the photosynthetic biochemistry and structures, particularly the thylakoid 
membrane integrity, is the consequence of acute, chronic, and fluctuating heat stress 
[11,12]. The reduction in photosynthesis is primarily due to the damage of photosystem II 
(PSII) activity, which is the most heat-sensitive component of the photosynthetic electron 
transport chain [13,14]. PSII damage may be targeted at the D1 protein or the oxygen-
evolving complex [15]. In addition, the rate of repair of damaged PSII is adversely af-
fected, and therefore the inactivated PSII complexed progressively accumulate in the 
leaves [16]. Direct damage and impaired repairing of PSII result in a diminished electron 
flow into the transport chain and insufficient supply of reducing power for the carbon 
fixing reactions (for review, [6]). However, there are significant differences in temperature 
resistance between species and genotypes, which may be related to PSII thermostability 
variability [17,18]. Differently, photosystem I (PSI) is relatively resistant to high tempera-
tures [19]. In particular, cyclic electron transport around PSI was suggested to be involved 
in the thermostability of PSI, which might reduce the risk of electron accumulation in the 
electron transport chain and, accordingly, the chance for PSI irreversible damage [20]. 

An important role in the response to heat stress is played by gas exchange between 
the atmosphere and the mesophyll, in particular the stomata behavior. A proper regula-
tion of stomatal opening upon heat stress should allow continuity of photosynthesis and 
avoid excess water loss. These two needs are hardly balanced, and this cooperates with 
heat stress sensitivity. On one hand, due to the increased temperature stomata tending to 
be close, the stomatal conductance (gs) decreases and preserves the water balance of the 
plants [21]. However, closed stomata affect the thermic regulation of the leaf tissues, 
which results in dangerously high leaf temperatures. Therefore, on the contrary, the value 
of gs can be increased by the action of high temperature, thus avoiding insufficient cooling 
and CO2 supply for photosynthesis, but exposing plants to excessive water loss [22]. In 
addition, even mild heat stress can reduce the activation state of the ribulose-1,5 bisphos-
phate carboxylase-oxygenase (RuBisCO), which needs an active photosynthetic electron 
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flow [23]. Lower RuBisCO activity results in a decrease in the stomatal conductance and, 
at the same time, a loss of net photosynthesis in many plant species [24]. 

It is well-established that the plant resistance against heat stress depends on complex 
combinations of genetic factors and phenotypic thermal acclimation. The latter can be con-
sidered as the result of the specific “thermal history” of the plant. With prolonged tem-
perature rise, most plants (including wheat) can indeed adjust or acclimate their photo-
synthetic properties [25]. Photosynthetic thermal acclimation probably involves altered 
modified activity of the enzymes responsible for the fixation of CO2-primarily Rubisco -, 
and modifications of the electron transfer through PSII in chloroplasts [26], and changes 
in PSII sensitivity to photoinhibition [27]. Not all genotypes within a species have the same 
ability to tolerate heat stress. There is significant variability between species and within 
species, which opens up opportunities to improve crops’ thermal stress tolerance in crop 
breeding [4,28]. However, this will require more information on the mechanisms in-
volved, as well as on the traits and techniques efficient in the screening and phenotyping 
process. A major part of the past research has focused on static temperature responses, 
obtaining information from plants exposed to a single heat stress event, generally fol-
lowed by a recovery to optimal temperatures [6]. Such approaches are surely useful and 
have built our current understanding of photosynthesis under heat stress. However, a 
more close-to-truth phenotypization of photosynthetic responses can be achieved taking 
into account the importance of the “thermal history” of genotypes. In particular, we hy-
pothesize that an episode of acute and severe heat stress can be better tolerated by plants 
already acclimated to temperatures chronically, but not severely, above the optimum. An 
experimental setup considering such fluctuation should be better suited to the screening 
of heat-resistant wheat genotypes. In this respect, our study aimed at providing physio-
logical evidence on the effects of the long-term temperature pre-acclimation on photosyn-
thetic responses of wheat to a severe heat stress episode, specifically targeting the geno-
type-related responses and acclimation observed at the level of PSII photochemistry. To 
test this experimental design, we used three contrasting genotypes of Triticum sp., selected 
according to the results of our previous studies focused on drought [29] and recovery after 
heat stress [30]. Applying a different stress scenario, we obtained new information con-
tributing to a better understanding of the heat stress tolerance of crop plants. 

2. Material and Methods 
2.1. Plant Material and Growth Conditions 

Three genotypes of winter wheat (Triticum sp.): Thesee (Triticum aestivum L., Ger-
many), Roter Samtiger Kolbenweizen (Triticum compactum Host., Germany) and ANK 32A 
(Triticum aestivum L., Russia) were used to study the thermotolerance of wheat genetic 
resources and to test the sensitivity of selected parameters. The genotypes were pre-se-
lected from a larger tested collection of wheat genotypes, considering the divergence in 
stress response and capacity to recover after stress shown in previous seasons under dif-
ferent stress scenarios. The seeds were sown individually in pots with a peat substrate 
with neutral pH (Klassman-TS1) in autumn and vernalized in natural conditions out-
doors. After winter, the plants with substrate were transferred into larger pots (3L) with 
the same substrate and slowly releasing fertilizer Osmocote Plus 15-9-12 (The Scotts Com-
pany Ltd., Thorne, UK), in which the plants were grown outdoors, exposed to natural 
climatic conditions and full sunlight. The pots were arranged in a block and were regu-
larly irrigated to eliminate dehydration. The phenotype of the plants of three genotypes 
in a growth stage, in which the measurements were started, is shown in Supplementary 
Figure S1.  

A high-temperature acclimation started as soon as all plants had fully developed flag 
leaves. Acclimation was induced by moving half of all plants into a polyethylene film foil 
tunnel with the high light transmission (>90% light transmission at noon). The tempera-
ture inside the tunnel was 3–8 °C above the ambient temperature. The maximum 
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temperature in the acclimation period in open air was 30 °C, whereas the maximum tem-
perature reached 38 °C in the tunnel. The plants were exposed to an elevated temperature 
for 14 days before the initial measurements were made in laboratory conditions. After 
that, the plants of both variants (nonacclimated—NA; temperature acclimated—TA) were 
transferred to a growth chamber with artificial actinic light (light tubes Silvania, PAR in-
tensity 200 µmol m−2 s−1) and exposed for ~12 h to severe heat stress, raising the air tem-
perature to 45 °C. Based on results of previous experiments, the air temperature of 45 °C 
applied in a growth chamber used in this study provided efficient threshold conditions to 
distinguish heat tolerant and susceptible genotypes of wheat [30]. After the treatment, the 
measurements of parameters were repeated.  

Both variants (NA, TA) were represented by ten pots of each genotype. All 3L pots 
contained a single wheat plant with several tillers (see Supplementary Figure S1). One pot 
(plant) represented one replicate; the experiments and measurements were performed in 
10 replicates (n = 10) per variant and genotype. Measurements realized in all tested plants 
before the heat treatment at 45 °C were denoted as C (control), and measurements in all 
tested plants during exposure at 45 °C were denoted as H (heat stress). 

2.2. Applied Measurements 

2.2.1. Gas Exchange Measurements 
The direct measurements of leaf photosynthesis were performed using an infra-red 

gas analyzer Licor-6400XT (Li-Cor, Lincoln, Nebraska, USA) Analyses were carried out 
under conditions of ambient temperature fixed in the measuring chamber of the instru-
ment (23 °C or 45 °C) and ambient humidity (~60%). CO2 concentration in the growth 
chamber was set to 400 µmol mol−1, and the light intensity was 1200 µmol m−2 s−1. Param-
eters were measured at the steady-state. The measured parameters were: 
• A, the CO2 assimilation rate (µmol CO2 m−2 s−1), 
• gs, stomatal conductance (mol H2O m−2 s−1), 
• A/Ci, photosynthetic rate per unit of internal CO2 concentration ratio. 

2.2.2. Measurements of PSII and PSI Activity 
The structural and functional changes related to PSII photochemistry were analyzed 

using fast chlorophyll a fluorescence measurements recorded using a portable fluorimeter 
Handy PEA (Hansatech, King’s Lynn, Norfolk, UK). A 15-min dark acclimation period 
was allowed using the leaf clips of the instrument; at the end, a 1-s saturation pulse of 
3500 µmol −2 s−1 was applied. For each plant, the flag leaf was analyzed at two central 
positions of the blade, as technical replicates. The measured data were analyzed using the 
JIP test [31,32]. From the multiple biophysical parameters characterizing the test, the fol-
lowing parameters were used for the analyses [33]: 
• Fv/Fm, maximum quantum yield of PSII photochemistry measured in dark-adapted 

state; 
• RC/ABS, a number of active PSII reaction centers per absorbed light unit; 
• ψREo, the probability of electron transfer from PS II beyond the PS I; 
• PItot, performance index 

Activity of PSI was measured with a Dual-PAM-100 system (Heinz Walz, Effeltrich 
Germany). All samples were dark-adapted for 10 min prior to measurements. A saturat-
ing pulse (10,000 µmol(photon) m−2 s−1, duration of 300 ms) was applied to detect the max-
imal change in P700 signal (Pm) after application of the saturating pulse after far-red preil-
lumination for 10 s according to the methods of Klughammer and Schreiber [34] 

2.3. Statistics 
For the statistical treatment of data, analysis of variance (ANOVA), followed by the 

posthoc Tukey HSD test (p < 0.05), was performed using the Statistica version 9.0 software 
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(Statsoft Inc., Tulsa, OK, USA). The factors analyzed were “acclimation” (acclimated vs. 
non-acclimated group), “heat stress” (before vs. after heat stress treatment), and “geno-
type” (Thesee, Roter Samtiger, ANK 32A). The data presented in graphs represent the 
mean values  ±  standard error. Ten individuals of each genotype were analyzed using the 
noninvasive methods described in the previous paragraphs. 

3. Results and Discussion 
In this study, we addressed two major issues with respect to an episode of acute heat 

stress: (a) the differential effect of wheat genotypes according to their sensitivity to heat 
and (b) the effects of high temperature pre-acclimation. Based on the results of gas ex-
change measurements (Figure 1), it was clear that pre-acclimation influenced the photo-
synthetic capacity negatively only in the genotype Thesee, whereas in other two geno-
types we observed a marginal and not statistically significant increase in net CO2 assimi-
lation A (Figure 1A). 

 
Figure 1. The effect of pre-acclimation and the heat stress treatment on selected photosynthetic pa-
rameters measured by infra-red gas analyzer: (A) CO2 assimilation rate (A); (B) stomatal conduct-
ance (gs); (C) A/Ci ratio—the ratio of the rate of assimilation and the concentration of CO2 in the 
intercellular spaces of the leaf. Different small letters indicate the statistical significance of differ-
ences evaluated by Duncan’s posthoc test (p < 0.05). 

The invariable gs excludes that the decreased photosynthesis in genotype Thesee was 
due to a stomatal limitation of CO2 diffusion into the leaf (Figure 1B). The ratio between 
the rate of assimilation and the concentration of CO2 in the intercellular spaces of the leaf 
(A/Ci) is used to verify whether photosynthesis reduction is due to non-stomatal causes 
[18]. A/Ci provides valuable information on the efficiency of the use of CO2 by the 
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photosynthetic apparatus. The lower A/Ci in genotype Thesee indicates that the decreased 
A had to be assigned to changes in biochemical constraints to CO2 organication and/or 
mesophyll CO2 diffusion (Figure 1C). At the same time, the A decrease in genotype Thesee 
was not associated with a corresponding decrease in chlorophyll fluorescence, indicating 
negligible irreversible impairment of PSII activity (Figure 2), and hence, we can consider 
the lower photosynthesis of genotype Thesee as acclimative rather than due to a chronic 
damage. The downregulation of photosynthetic capacity as a genotype-specific acclima-
tion response to long-lasting elevated temperature was previously indicated by Cho-
vancek et al. [35] in a comparative study of six wheat species/cultivars. 

After the assessment of wheat response to the pre-acclimation to a moderate and pro-
longed increased temperature, the focus of this study was on the effects of a short-term 
heat wave, which was simulated in a growth chamber as an episode of exposure to 45 °C 
for half a day. Although the temperature 45°C is at the edge of physiologically relevant 
temperature, it is very useful for short-term screening tests [36]. Expectedly, all the geno-
types responded with decreased photosynthetic carbon assimilation, but with interesting 
differences (Figure 1A). Upon the pre-acclimation treatment, Roter Samtiger and ANK 
32A gained a higher photosynthetic capacity when exposed to the heat wave; such a gain 
in A did not occur in genotype Thesee. Unlike short-term drought stress, in which the A 
decrease is caused mostly by the stomata closure [18], our results clearly show that the 
stomata were not closed, but slightly more open (Figure 1B). Previous studies have shown 
a range of reactions of stomata to elevated temperatures, including their opening [37], 
closure [38], or non-significant response [39]. In our case, the stomatal conductance of the 
plants did not decrease due to temperature. 

Quite meaningfully, in the group of plants pre-acclimated to the high temperature, 
the subsequent severe acute heat stress tended to increase gs compared to the control 
group of plants (Figure 1B). Though not statistically significant in comparison with the 
corresponding non-pre-acclimated controls, the trends were consistent in all genotypes 
and very likely biologically relevant. As the opening of stomata in high-temperature con-
ditions may lead to more efficient cooling [40,41], our results suggest that the pre-accli-
mation of plants to high temperature improves, to some extent, the capacity of leaf ther-
moregulation. This inference, however, needs future specific research to confirm changes 
in the thermal behavior of leaves and ascertain if this response can help differentiate 
wheat accessions with respect to their resistance to heat waves. 

More importantly and in agreement with expectations and evidence from preserved 
gs, the decrease in photosynthesis could be associated with non-stomatal inhibition. In the 
case of acute heat stress, a decreased A/Ci was previously proved to be associated with 
inhibition of some key biochemical processes [23,42]. The decrease in A/Ci ratio practically 
repeats the trend of decrease in photosynthesis. With a high degree of confidence, we can 
conclude that the effect of the decrease in metabolic functions dominates over the stomatal 
effects. 

Among the biochemical functions most strongly affected by an acute heat stress, PSII 
structure and function are long been recognized as extremely sensitive [43]. To assess the 
effects of the heat stress on the PSII photochemistry, we applied the analysis of the fast 
fluorescence kinetics (Figure 2). 
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Figure 2. The effect of heat on chlorophyll fluorescence and comparison of individual variants and 
treatments in three genotypes (A) Thesee, (B) Roter Samtiger Kolbenweizen, (C) ANK 32A using 
OJIP curves. The measured fluorescence values are plotted on the logarithmic time scale. 

The rapid measurement of chlorophyll fluorescence, combined with the analysis of 
the fluorescence induction curves using the JIP-test, is among the fast and expeditious 
methods potentially very suitable to the needs of plant screening for higher tolerance to 
biotic and abiotic stresses [31]. The JIP-test quantifies the gradual flow of energy through 
PSII and other related electron transport phenomena using data from the fluorescence 
induction curve [44]; for recent review, [45]. In a dark-acclimated leaf, the sudden illumi-
nation by a high-intensity pulse of photosynthetically active radiation allows recording 
the polyphasic increase in chlorophyll fluorescence emission, which includes rising 
phases between steps O, J, I, P. Chlorophyll fluorescence at level O shows the minimum 
intensity. In this state, all electron acceptor QA molecules are oxidized. Level P represents 
the state in which all QA molecules are instead reduced, and fluorescence reaches its max-
imum intensity. Reduction of QA to QA− causes an increase from step O to step J and is 
associated with primary PSII photochemical reactions. The rapidly and slowly decreasing 
plastoquinone centers are indicated by the J-I and I-P rising phases, respectively [46]. 

From the OJIP curves, it was evident that the heat stress led to a decrease in the am-
plitude of the fluorescence signal. In ANK 32A genotype, there was a noticeably stronger 
sensitivity of non-acclimated plants and, conversely, a significant increase in temperature-
induced thermostability. In the other two genotypes, the differentiation of the heatwave 
effect between pre-acclimated and control plants was not obvious. In general, changes in 
the curve outline were insufficient to directly assess the processes specifically affected by 
the heat stress; therefore, an analysis using specific JIP-test-derived fluorescence parame-
ters was applied (Figure 3). 
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Figure 3. Spider plots of JIP-test parameters deduced from chlorophyll a fluorescence OJIP transient 
curves before the heat stress treatment (A) and during the heat stress (B) in comparison between 
heat pre-acclimated and non-acclimated wheat plants. For each parameter, the value of the pre-
acclimated (closed circle) is set as 1 and, hence, the red points represent relative values of acclimated 
plants compared to non-acclimated. The gray area marks a variation of ±5%. 

The comparison using multiple parameters showed a significant effect in several of 
them. To assess the overall effect, we also analyzed the integrative parameter performance 
index (PItot), which is a recent modification of the more frequently used performance in-
dex PIabs. PItot is an index derived from PIabs by including the efficiency of reduction of 
photosystem I end acceptors [47] and is considered to be more representative [48] and less 
sensitive to actual measuring conditions compared to the previous performance index 
[49]. Our results indicate apparent heat stress effects. The effects at the level of OEC shown 
by the parameter Wk was quite low (although evident), whereas the effects on the number 
of active reaction centers (RC/ABS) and especially the efficiency of electron transport be-
tween two photosystems (ψREo) were significant. Therefore, we selected these two param-
eters, together with Fv/Fm being the standard indicator and Pm as an indicator of the 
damage of PSI reaction centers, to test the effects of interaction between pre-acclimation 
to high temperature and heat thermostability of photochemical processes in leaves of in-
dividual wheat genotypes (Figure 4). The statistical significance of the main factors and 
interactions for the selected group of parameters was also analyzed (Table 1) with inter-
esting results for interaction of pre-acclimation and stress, and unequal trends for indi-
vidual fluorescence parameters, which is also evident in Figure 4. 

Table 1. The results of ANOVA analysis for the main factors and interaction between pre-acclima-
tion and stress effects. 

Factor/Interaction 
ACO2 Fv/Fm RC/ABS ψREo PItot 

p F p F p F p F p F 
Genotype 0.007 ** 5.27 0.954 ns 0.05 0.025 * 3.75 0.021 * 3.92 0.037 * 3.32 

Pre-acclimation 0.170 ns 1.92 0.056 ns 2.44 0.012 * 6.40 0.602 ns 0.27 0.879 ns 0.02 
Stress 0.000 ** 333.9 0.000 ** 83.83 0.000 ** 131.3 0.498 ns 0.46 0.000 ** 51.65 

Pre-acclimation x 
Stress 

0.025 * 5.25 0.003 ** 8.72 0.494 ns 0.47 0.000 ** 17.93 0.000 ** 17.78 

ns Non-significant (p > 0.05), *: Significant at p < 0.05, **: Significant at p < 0.01. 

In all genotypes, the acute heat treatment led to a decrease in the maximum quantum 
yield of PSII photochemistry as Fv/Fm, which may have various causes, including struc-
tural changes in the PSII supercomplex preventing the transfer of energy from the light-
harvesting complex to the PSII reaction center [50], separation of peripheral antennae from 
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PSII reaction centers [51], inactivation of the oxygen-evolving complex [43], sustained 
photoprotective non-photochemical quenching [52], or inhibition of the photosynthetic 
electron transport chain [53]. Specific analysis of OJIP transients enabled us to recognize 
a decrease in the number of active reaction centers (RC/ABS) [54]. To assess the efficiency 
of electron transport from PSII to PSI and beyond, the parameter ψREo based on I-P ampli-
tude was analysed. This parameter responds sensitively to various stresses [55,56]. 

 
Figure 4. The effect of pre-acclimation and the heat stress treatment on selected biophysical param-
eters calculated using the analysis of P700 kinetics and chlorophyll fluorescence: (A) maximum am-
plitude of P700 signal as an indicator of the content of active PSI units; (B) Fv/Fm- maximum quan-
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ber of active reaction centers per absorbed light unit. C—control; H—heat stress; A—acclimated; 
NA—non-acclimated. Different small letters indicate the statistical significance of differences eval-
uated by Duncan’s posthoc test (p < 0.05). 
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to non acclimated. The positive effect of pre-acclimation on PSI stability was evident 
mostly in ANK 32A. 

The photosynthetic physiology of ANK 32A genotype, a yellow-green mutant, has 
been quite well characterized. Previous studies indicated that the ANK 32A genotype, 
despite its lower chlorophyll content, keeps a high photosynthetic performance in opti-
mum conditions, though not at the level of normally green wild-type bread wheat [58]. 
However, upon a prolonged moderate heat stress, ANK 32A showed a sensitive response 
associated with a limited capacity to enhance the photoprotection, which is needed to pre-
serve the electron transport chain during adverse conditions [59]. The same response was 
confirmed in this study in non-preacclimated ANK 32A plants, which were more sensitive 
than the next two genotypes, showing a strong decay in A, Fv/Fm, RC/ABS, PItot as conse-
quence of the heatwave. On the other hand, the long-term pre-acclimation to elevated 
temperature induced an increased thermal resistance of ANK 32A plants, making the heat 
stress response of this genotype comparable to that of the other varieties, while strongly 
contrasting with the response of the non-acclimated ANK 32A. This may be associated 
with a higher PSI activity and content, as indicated by the parallel increase in ψREo and Pm 
at high-temperature conditions. Therefore, despite its higher stress sensitivity in the short 
term, ANK 32A has the potential to long-term acclimate efficiently to the same type of 
stress. For example, ANK 32A suffers from sudden increases in irradiance, but acclimates 
effectively to a fluctuating light regime [60]. Likewise, here we show that it suffers from 
acute heat stress, but acclimates effectively to a chronic exposure, revealing the im-
portance of preserving/enhancing the PSI activity. It was previously shown that a suffi-
cient number of active PSI reaction centers is needed to run out an efficient cyclic electron 
flow around PSI, which protects the electron transport chain against over-reduction [61]. 
Avoiding over-reduced states is one of the critical mechanisms of protection against heat 
stress effects [62]. As a result, a higher number of active PSII reaction centers (RC/ABS) 
and overall photosynthetic performance (PItot) were allowed in heat-acclimated plants 
(Figure 4). This supports the role of PSI in photoprotection under heat stress conditions. 

It must be pointed out that the methods applied in our study have not provided a 
full answer as to why the genotypes responded differently. There are many possible 
mechanisms behind it, including enhanced thylakoid membrane stability [63], efficient 
adjustment of the electron transport chain [64], or increase of stability of membrane pro-
teins [65] and some others. Nevertheless, the presented study opens scope for the next 
experiments employing advanced biophysical and biochemical analyses to uncover the 
structural and molecular background of the genotypic differences in heat tolerance. 

4. Conclusions 
Short-term high temperature treatment in three wheat genotypes led to a significant 

non-stomatal limitation of photosynthetic carbon assimilation, but the relatively minor 
decrease in the parameters related to PSII photochemistry indicated mostly reversible 
temperature effects on photosynthesis. A comparison of the genotypes identified signifi-
cantly higher heat sensitivity in ANK 32A genotype, which confirmed our previous evi-
dence. However, the difference among the genotypes disappeared in plants previously 
exposed to long-term acclimation to elevated temperature. The enhanced thermal re-
sistance, found in all genotypes but extremely evident in ANK 32A, was associated with 
a significant increase in the parameters related to PSI activity; this observation supports 
the hypothesis that an enhanced PSI activity, especially the cyclic electron transport, might 
play a crucial role in protecting the chloroplast membrane structure against the adverse 
effects of acute heat stress, such as a heatwave. Moreover, our results demonstrate that 
the rapid fast chlorophyll fluorescence measurements and the synthetic parameters de-
rived in the frame of the JIP-test are useful to detect differences in sensitivity of wheat 
genotypes and in the capacity to mobilize the photoprotective mechanisms under stress. 
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www.mdpi.com/article/10.3390/plants11050616/s1, Figure S1: The phenotype of three genotypes of 
winter wheat (Triticum sp.) used in the study in growth stage of anthesis, with fully developed flag 
leaves. 

Author Contributions: Conceptualization, M.Ž. and L.F.; methodology, M.Ž.; validation, M.L. and 
X.Y.; formal analysis, A.F. and M.Ž.; investigation, A.F., K.G. and M.B. (Mária Barboričová); re-
sources, M.B. (Marián Brestič); data curation, M.Ž.; writing—original draft preparation, A.F., M.Ž. 
and L.F.; writing—review and editing, M.B. (Marián Brestič), X.Y. and M.L.; visualization, A.F.; su-
pervision, M.Ž. and L.F.; project administration, M.Ž. and M.B. (Marián Brestič); funding acquisi-
tion, M.Ž. and M.B. (Marián Brestič). All authors have read and agreed to the published version of 
the manuscript. 

Funding: This research was funded by the Ministry of Education, Science, Research and Sport of 
the Slovak Republic under the project VEGA 1-0683-20, the Slovak Research and Development 
Agency project APVV-18-465. This work was also supported by EU via the project OPVaI-
VA/DP/2018/No. 313011T813. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Raw data that support the findings of this study available on request. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Duc, N.H.; Csintalan, Z.; Posta, K. Arbuscular mycorrhizal fungi mitigate negative effects of combined drought and heat stress 

on tomato plants. Plant Physiol. Biochem. 2018, 132, 297–307. 
2. Tarvainen, L.; Wittemann, M.; Mujawamariya, M.; Manishimwe, A.; Zibera, E.; Ntirugulirwa, B.; Ract, C.; Manzi, O.J.L.; An-

dersson, M.X.; Spetea, C.; et al. Handling the heat-photosynthetic thermal stress in tropical trees. New Phytol. 2022, 23, 236–250. 
3. Ainsworth, E.A.; Ort, D.R. How do we improve crop production in a warming world? Plant Biol. 2010, 154, 526–530. 
4. Hussain, S.; Ulhassan, Z.; Brestic, M.; Zivcak, M.; Zhou, W.; Allakhverdiev, S.I.; Liu, W. Photosynthesis research under climate 

change. Photosynth. Res. 2021, 150, 5–19. 
5. Wahid, A.; Gelani, S.; Ashraf, M.; Foolad, M.R. Heat tolerance in plants: An overview. Environ. Exp. Bot. 2007, 61, 199–223. 
6. Niinemets, Ü. When leaves go over the thermal edge. Plant Cell Environ. 2018, 41, 1247–1250. 
7. Shanmugam, S.; Kjaer, K.H.; Ottosen, C.O.; Rosenqvist, E.; Kumari Sharma, D.; Wollenweber, B. The Alleviating Effect of Ele-

vated CO2 on Heat Stress Susceptibility of Two Wheat (Triticum aestivum L.) Cultivars. J Agron Crop Sci. 2013, 199, 340–350. 
8. Fischer, R.A. Wheat physiology: A review of recent developments. Crop Pasture Sci. 2011, 62, 95–114. 
9. Howarth, C.J. Genetic improvements of tolerance to high temperature. In Abiotic Stresses; Ashraf, M., Harris, P., Eds.; CRC Press: 

Boca Raton, FL, USA, 2005; pp. 299–322. 
10. Schoeffl, F.; Prandl, R.; Reindl, A. Molecular responses to heat stress. In Molecular Responses to Cold, Drought, Heat and Salt Stress 

in Higher Plants; Shinozaki, K., Yamaguchi-Shinozaki, K., Eds.; R.G. Landes Co.: Austin, TX, USA, 1999; pp. 81–98. 
11. Berry, J.; Bjorkman, O. Photosynthetic response and adaptation to temperature in higher plants. Annu. Rev. Plant Physiol. 1980, 

31, 491–543. 
12. Hueve, K.; Bichele, I.; Rasulov, B.; Niinemets, Ü.L.O. When it is too hot for photosynthesis: Heat-induced instability of photo-

synthesis in relation to respiratory burst, cell permeability changes and H2O2 formation. Plant Cell Environ. 2011, 34, 113–126. 
13. Havaux, M.; Tardy, F. Temperature-dependent adjustment of the thermal stability of photosystem II in vivo: Possible involve-

ment of xanthophyll-cycle pigments. Planta 1996, 198, 324–333. 
14. Camejo, D.; Rodríguez, P.; Morales, M.A.; Dell’Amico, J.M.; Torrecillas, A.; Alarcón, J.J. High temperature effects on photosyn-

thetic activity of two tomato cultivars with different heat susceptibility. J. Plant Physiol. 2005, 162, 281–289. 
15. Yamane, Y.; Kashino, Y.; Koike, H.; Satoh, K. Effects of high temperatures on the photosynthetic systems in spinach: Oxygen-

evolving activities, fluorescence characteristics and the denaturation process. Photosynth. Res. 1998, 57, 51–59. 
16. Nishiyama, Y.; Murata, N. Revised scheme for the mechanism of photoinhibition and its application to enhance the abiotic 

stress tolerance of the photosynthetic machinery. Appl. Microbiol. Biotechnol. 2014, 98, 8777–8796. 
17. Brestic, M.; Zivcak, M.; Kalaji, H.M.; Carpentier, R.; Allakhverdiev, S.I. Photosystem II thermostability in situ: Environmentally 

induced acclimation and genotype-specific reactions in Triticum aestivum L. Plant Physiol. Biochem. 2012, 57, 93–105. 
18. Zivcak, M.; Brestic, M.; Balatova, Z.; Drevenakova, P.; Olsovska, K.; Kalaji, H.M.; Allakhverdiev, S.I. Photosynthetic electron 

transport and specific photoprotective responses in wheat leaves under drought stress. Photosynth. Res. 2013, 117, 529–546. 
19. Boucher, N.; Carpentier, R. Heat-stress stimulation of oxygen uptake by photosystem I involves the reduction of superoxide 

radicals by specific electron donors. Photosynth. Res. 1993, 35, 213–218. 
20. Zhang, R.; Sharkey, T.D.: Photosynthetic electron transport and proton flux under moderate heat stress. Photosynth. Res. 2009, 

100, 29–43. 



Plants 2022, 11, 616 12 of 13 
 

 

21. Fauset, S.; Oliveira, L.; Buckeridge, M.S.; Foyer, C.H.; Galbraith, D.; Tiwari, R.; Gloor, M. Contrasting responses of stomatal 
conductance and photosynthetic capacity to warming and elevated CO2 in the tropical tree species Alchornea glandulosa under 
heatwave conditions. Environ. Exp. Bot. 2019, 158, 28–39. 

22. Slot, M.; Winter, K. Photosynthetic acclimation to warming in tropical forest tree seedlings. J. Exp. Bot. 2017, 68, 2275–2284. 
23. Crafts-Brandner, S.J.; Salvucci, M.E. Rubisco activase constrains the photosynthetic potential of leaves at high temperature and 

CO2. Proc. Natl. Acad. Sci. USA 2000, 97, 13430–13435. 
24. Morales, D.; Rodríguez, P.; Dell’Amico, J.; Nicolas, E.; Torrecillas, A.; Sánchez-Blanco, M.J. High-temperature preconditioning 

and thermal shock imposition affects water relations, gas exchange and root hydraulic conductivity in tomato. Biol. Plant. 2003, 
47, 203–208. 

25. Yamori, W.; Hikosaka, K.; Way, D.A. Temperature response of photosynthesis in C3, C4, and CAM plants: Temperature accli-
mation and temperature adaptation. Photosynth. Res. 2014, 119, 101–117. 

26. Yamasaki, T.; Yamakawa, T.; Yamane, Y.; Koike, H.; Satoh, K.; Katoh, S. Temperature acclimation of photosynthesis and related 
changes in photosystem II electron transport in winter wheat. Plant Physiol. 2002, 128, 1087–1097. 

27. Posch, B.C.; Kariyawasam, B.C.; Bramley, H.; Coast, O.; Richards, R.A.; Reynolds, M.P.; Atkin, O.K. Exploring high temperature 
responses of photosynthesis and respiration to improve heat tolerance in wheat. J. Exp. Bot. 2019, 70, 5051–5069. 

28. Brestic, M.; Zivcak, M.; Hauptvogel, P.; Misheva, S.; Kocheva, K.; Yang, X.; Allakhverdiev, S.I. Wheat plant selection for high 
yields entailed improvement of leaf anatomical and biochemical traits including tolerance to non-optimal temperature condi-
tions. Photosynth. Res. 2018, 136, 245–255. 

29. Botyanszka, L.; Zivcak, M.; Chovancek, E.; Sytar, O.; Barek, V.; Hauptvogel, P.; Brestic, M. Chlorophyll fluorescence kinetics 
may be useful to identify early drought and irrigation effects on photosynthetic apparatus in field-grown wheat. Agronomy 
2020, 10, 1275. 

30. Chovancek, E.; Zivcak, M.; Brestic, M.; Hussain, S.; Allakhverdiev, S.I. The different patterns of post-heat stress responses in 
wheat genotypes: The role of the transthylakoid proton gradient in efficient recovery of leaf photosynthetic capacity. Photosynth. 
Res. 2021, 150, 179–193. 

31. Strasser, R.J.; Srivastava, A.; Tsimilli-Michael, M. The fluorescence transient as a tool to characterize and screen photosynthetic 
samples. In Probing Photosynthesis: Mechanism, Regulation and Adaptation; Yunus, M., Pathre, U., Mohanty, P., Eds.; Taylor and 
Francis: London, UK, 2000; pp. 443-480. 

32. Strasser, R.J.; Tsimilli-Michael, M.; Qiang, S.; Goltsev, V. Simultaneous in vivo recording of prompt and delayed fluorescence 
and 820-nm reflection changes during drying and after rehydration of the resurrection plant Haberlea rhodopensis. Biochim. Bio-
phys. Acta Bioenerg. 2010, 1797, 1313–1326. 

33. Stirbet, A. On the relation between the Kautsky effect (chlorophyll a fluorescence induction) and photosystem II: Basics and 
applications of the OJIP fluorescence transient. J. Photochem. Photobiol. B Biol. 2011, 104, 236–257. 

34. Klughammer, C.; Schreiber, U. Complementary PS II quantum yields calculated from simple fluorescence parameters measured 
by PAM fluorometry and the Saturation Pulse method. PAM Appl. Notes 2008, 1, 201–247. 

35. Chovancek, E.; Zivcak, M.; Botyanszka, L.; Hauptvogel, P.; Yang, X.; Misheva, S.; Brestic, M. Transient heat waves may affect 
the photosynthetic capacity of susceptible wheat genotypes due to insufficient photosystem I photoprotection. Plants 2019, 8, 
282. 

36. Gupta, N.K.; Agarwal, S.; Agarwal, V.P. Effect of short-term heat stress on growth, physiology and antioxidative defence system 
in wheat seedlings. Acta Physiol. Plant. 2013, 35, 1837–1842. 

37. Mott, K.A.; Peak, D. Stomatal responses to humidity and temperature in darkness. Plant Cell Environ. 2010, 33, 1084–1090. 
38. Lahr, E.C.; Schade, G.W.; Crossett, C.C.; Watson, M.R. Photosynthesis and isoprene emission from trees along an urban–rural 

gradient in Texas. Glob. Change Biol. Bioenerg. 2015, 21, 4221–4236. 
39. von Caemmerer, S.; Evans, J.R. Temperature responses of mesophyll conductance differ greatly between species. Plant Cell 

Environ. 2015, 38, 629–637. 
40. Reynolds, M.P.; Nagarajan, S.; Razzaue, M.A.; Ageeb, O.A.A. Using Canopy Temperature Depression to Select for Yield Poten-

tial of Wheat in Heat-Stressed Environmental. In Wheat Special Report No. 42; CIMMYT: El Batán, Mexico, 1997. 
41. Fischer, R.A.; Rees, D.; Sayre, K.D.; Lu, Z.M.; Condon, A.G.; Saavedra, A.L. Wheat yield progress associated with higher sto-

matal conductance and photosynthetic rate, and cooler canopies. Crop Sci. 1998, 38, 1467–1475. 
42. Sinsawat, V.; Leipner, J.; Stamp, P.; Fracheboud, Y. Effect of heat stress on the photosynthetic apparatus in maize (Zea mays L.) 

grown at control or high temperature. Environ. Exp. Bot. 2004, 52, 123–129. 
43. Enami, I.; Kitamura, M.; Tomo, T.; Isokawa, Y.; Ohta, H.; Katoh, S. Is the primary cause of thermal inactivation of oxygen evo-

lution in spinach PS II membranes release of the extrinsic 33 kDa protein or of Mn? Biochim. Biophys. Acta Bioenerg. BBA 1994, 
1186, 52–58. 

44. Force, L.; Critchley, C.; Van Rensen, J.J.S. New fluorescence parameters formonitoring photosynthesis in plants. Photosynth. Res. 
2003, 78, 17–33. 

45. Tsimilli-Michael, M. Revisiting JIP-test: An educative review on concepts, assumptions, approximations, definitions and termi-
nology. Photosynthetica 2020, 58, 275–292. 

46. Strasser, R.J.; Srivatsava, A.; Govindjee. Polyphasic chlorophyll a fluorescence transients in plants and cyanobacteria. Photochem. 
Photobiol. 1995, 61, 32–42. 



Plants 2022, 11, 616 13 of 13 
 

 

47. Redillas, M.C.F.R.; Jeong, J.S.; Strasser, R.J.; Kim, Y.S.; Kim, J.K. JIP analysis on rice (Oryza sativa cv Nipponbare) grown under 
limited nitrogen conditions. J. Korean Soc Appl. Biol. Chem. 2011, 54, 827–832. 

48. Stirbet, A.; Lazár, D.; Kromdijk, J. Chlorophyll a fluorescence induction: Can just a one-second measurement be used to quantify 
abiotic stress responses? Photosynthetica 2018, 56, 86–104. 

49. Zivcak, M.; Olsovska, K.; Slamka, P.; Galambosova, J.; Rataj, V.; Shao, H.B.; Kalaji, M.H.; Brestic, M. Measurements of chloro-
phyll fluorescence in different leaf positions may detect nitrogen deficiency in wheat. Zemdirbyste 2014, 101, 437–444. 

50. Mishra, R.K.; Singhal, G.S. Function of photosynthetic apparatus of intact wheat leaves under high light and heat-stress and its 
relationship with peroxidation of thylakoid lipids. Plant Physiol. 1992, 98, 1–6. 

51. Bukhov, N.G.; Sabat, S.C.; Mohanty, P. Analysis of chlorophyll a fluorescence changes in weak light in heat treated Amaranthus 
chloroplasts. Photosynth. Res. 1990, 23, 81–87. 

52. Murchie, E.H.; Niyogi, K.K. Manipulation of photoprotection to improve plant photosynthesis. Plant Physiol. 2011, 155, 86–92. 
53. Krause, G.H.; Weis, E. Chlorophyll fluorescence and photosynthesis—The basics. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1991, 

42, 313–349. 
54. Strauss, A.J.; Krüger, G.H.J.; Strasser, R.J.; Heerden, P.D.R.V. Ranking of dark chilling tolerance in soybean genotypes probed 

by the chlorophyll a fluorescence transient O-J-I-P. Environ. Exp. Bot. 2006, 56, 147–157  
55. Yan, K.; Chen, P.; Shao, H.; Shao, C.; Zhao, S.; Brestic, M. Dissection of photosynthetic electron transport process in sweet sor-

ghum under heat stress. PLoS ONE 2013, 8, 5. 
56. Zivcak, M.; Brestic, M.; Kunderlikova, K.; Olsovska, K.; Allakhverdiev, S.I. Effect of photosystem I inactivation on chlorophyll 

a fluorescence induction in wheat leaves: Does activity of photosystem I play any role in OJIP rise? J. Photochem. Photobiol. B 
Biol. 2015, 152, 318–324. 

57. Pšidová, E.; Živčák, M.; Stojnić, S.; Orlović, S.; Gömöry, D.; Kučerová, J.; Kalaji, H.M. Altitude of origin influences the responses 
of PSII photochemistry to heat waves in European beech (Fagus sylvatica L.). Environ. Exp. Bot. 2018, 152, 97–106. 

58. Zivcak, M.; Brestic, M.; Botyanszka, L.; Chen, Y.E.; Allakhverdiev, S.I. Phenotyping of isogenic chlorophyll-less bread and du-
rum wheat mutant lines in relation to photoprotection and photosynthetic capacity Photosynth. Res. 2019, 139, 239–251. 

59. Brestic, M.; Zivcak, M.; Kunderlikova, K.; Allakhverdiev, S.I. High temperature specifically affects the photoprotective re-
sponses of chlorophyll b-deficient wheat mutant lines. Photosynth. Res. 2016, 130, 251–266. 

60. Ferroni, L.; Živčak, M.; Sytar, O.; Kovár, M.; Watanabe, N.; Pancaldi, S.; Brestič, M. Chlorophyll-depleted wheat mutants are 
disturbed in photosynthetic electron flow regulation but can retain an acclimation ability to a fluctuating light regime. Environ. 
Exp. Bot. 2020, 178, 104156. 

61. Brestic, M.; Zivcak, M.; Kunderlikova, K.; Sytar, O.; Shao, H.; Kalaji, H.M.; Allakhverdiev, S.I. Low PSI content limits the pho-
toprotection of PSI and PSII in early growth stages of chlorophyll b-deficient wheat mutant lines. Photosynth. Res. 2015, 125, 
151–166. 

62. Tan, S.L.; Yang, Y.J.; Liu, T.; Zhang, S.B.; Huang, W. Responses of photosystem I compared with photosystem II to combination 
of heat stress and fluctuating light in tobacco leaves. Plant Sci. 2020, 292, 110371. 

63. Allakhverdiev, S.I.; Kreslavski, V.D.; Klimov, V.V.; Los, D.A.; Carpentier, R.; Mohanty, P. Heat stress, an overview of molecular 
responses in photosynthesis. Photosynth. Res. 2008, 98, 541–550. 

64. Foyer, C.H.; Neukermans, J.; Queval, G.; Noctor, G.; Harbinson, J. Photosynthetic control of electron transport and the regula-
tion of gene expression. J. Exp. Bot. 2012, 63, 1637–1661. 

65. Wang, Q.L.; Chen, J.H.; He, N.Y.; Guo, F.Q. Metabolic reprogramming in chloroplasts under heat stress in plants. Int. J. Mol. Sci. 
2018, 19, 849. 
 


	1. Introduction
	2. Material and Methods
	2.1. Plant Material and Growth Conditions
	2.2. Applied Measurements
	2.2.1. Gas Exchange Measurements
	2.2.2. Measurements of PSII and PSI Activity

	2.3. Statistics

	3. Results and Discussion
	4. Conclusions
	References

