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Abstract 
 
The purpose of the current investigation was to evaluate the influence of antimycin A (AA) as an activator of the alternative 
respiratory pathway (AP) on photosynthetic pigment composition and functional activity of the photosynthetic apparatus 
of wheat seedlings (Triticum aestivum L.) under exposure to high temperature as well as their acclimation. Our results 
indicated that a significant decrease (44–74%) of photosynthetic pigment contents was caused by a long-term exposure to 
high temperature (42°C), while the short-term exposure resulted in 20–46% decline. However, a combined effect of AA 
and long-term high temperature reduced the total pigment contents by 28–41%. Our results demonstrated that the reduction 
of the chlorophyll a/b ratio was less significant under the combined effect of AA and high temperature than that under the 
stressful condition without AA. We observed that short-term and long-term high temperature modified PSII functionality 
of the first leaves in wheat seedlings, which was manifested by the low maximal quantum yield of PSII photochemistry, 
maximum fluorescence yield in the dark-adapted state, and by high minimum fluorescence yield in the dark-adapted state. 
The quantum yield of PSII photochemistry decreased rapidly by 16–24% under the combination of AA and high 
temperature. Overall, these results suggest that the activation of the alternative pathway, induced by AA, contributed to 
the stabilization of the photosynthetic apparatus in wheat seedlings under high temperature. 

 
Additional key words: alternative respiratory pathway; chlorophyll a fluorescence; pigment content.  
 
Introduction 
 
A wide range of various adverse environmental stressors, 
such as high and low temperature, soil salinity, and high 
light intensity, adversely affects plant growth, develop-
ment, productivity and may limit species distribution. Heat 
stress is a widespread problem around the world that 
affects thylakoid membrane reactions, leads to deactiva-
tion of Rubisco, and may reduce the rate of photosynthesis 
(Sharkey 2005). This environmental stressor induces 
oxidative stress causing oxidation of proteins, peroxi-
dation of lipids, inhibition of enzymes, and damage of nuc-
leic acids, which leads to mutations (Sharma et al. 2012).  

The ranges of optimum temperatures may differ not 
only for different organisms but also for various organs of 
organism; e.g. high temperature (35ºC) decreases wheat 
root growth and accelerates its senescence, a cyclic 

photophosphorylation is inhibited at 42ºC, and lethal 
effects on active tissues of shoots usually occur in the 
range of 50 to 60ºC (Mavi and Tupper 2004).  
Plant’s acclimation to heat stress leads to adaptive changes 
of physiological and biochemical processes, such as 
changes in plant structure, growth rates, adjustment of 
metabolic pathways, stomatal conductance, an osmotic 
potential, and activities of antioxidative enzymes 
(Hasanuzzaman et al. 2013).  

Changes in the photosynthetic apparatus, in particular, 
the content of photosynthetic pigments, their ratios, and 
analysis of chlorophyll (Chl) a fluorescence parameters, 
e.g. minimal fluorescence yield of the dark-adapted state 
(F0), maximal fluorescence yield of the dark-adapted state 
(Fm), and maximal quantum yield of PSII photochemistry 
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(Fv/Fm), are important ecological indicators of the 
physiological state and productivity of plants. 

Plant mitochondria play an important role in a response 
to different biotic and abiotic stressors. Plant responses are 
directed to restructuring of metabolic reactions, the final 
stage of which is protection against stress factors. There 
are various mitochondrial energy dissipation mechanisms, 
e.g. alternative oxidase (AOX), NADPH dehydrogenases, 
uncoupling proteins (UCPs), free fatty acids (FFA), 
ADP/ATP translocator, which dissipate energy as heat, 
decreasing oxidative phosphorylation efficiencies and 
allowing to maintain energy balance in plant cells under 
stress conditions (Grabelnych et al. 2014). The possible 
role of AP in optimizing of photosynthesis process raises 
much of interest and attracted attention because AOX 
activity may optimize photosynthesis by dissipating 
chloroplastic reducing equivalents in coordination with 
cytochrome pathway and thus protects photosynthetic 
apparatus against photooxidation by means of energy 
dissipation (Strodkötter et al. 2009, Vanlerberghe 2013). 
Recently many researchers have reported that AP 
inhibition by n-propyl gallate (nPG) or salicylhydroxamic 
acid (SHAM) decreased the rate of photosynthesis (Bartoli 
et al. 2005, Yoshida et al. 2006). Chloroplasts accumulate 
an excess of redox equivalents which cause overreduction 
of electron transport chain (ETC), an increase of ROS pro-
duction, and damages of the photosynthetic apparatus. AP 
effectively oxidizes redox equivalents across the inner  

mitochondrial membrane without restriction of proton 
gradients and has a special role in relieving the 
overreduction of chloroplasts (Yoshida et al. 2007). This 
respiration is induced in response to different environ-
mental factors, e.g. high temperature, low temperature, 
drought, osmotic stress, oxidative stress, pathogen attack 
(Grabelnych 2005); AOX mRNA transcription is stimu-
lated by AA, an inhibitor of cytochrome pathway 
(Gilliland et al. 2003).  

AA is an inhibitor of the ferredoxin-dependent path-
way of cyclic electron transport reactions around PSI in 
chloroplasts (Munekage and Shikanai 2005) and is also a 
fairly potent mitochondrial respiratory chain inhibitor that 
binds sites for the quinine reduction (Qi site) of the 
cytochrome bc1 complex (Huang et al. 2006). There are 
two different independent cyclic electron transport path-
ways operating around PSI in chloroplasts: one pathway is 
sensitive to AA and the other is insensitive to AA and 
involves a plastid NADH-dehydrogenase (NDH) complex. 
The AA-sensitive pathway provides extra ATP under 
photorespiration conditions, whereas the NDH-dependent 
pathway limits CO2 assimilation rate (Joёt et al. 2001).  

The aim of the present study was to evaluate the 
influence of AA as an activator of the AP on the content of 
photosynthetic pigments, their ratios, and Chl a fluores-
cence parameters in different organs of wheat seedlings 
under exposure to short-term and long-term high 
temperature, as well as their acclimation. 

 
Materials and methods  
 
Plant material and growth conditions: The first leaves 
were used as a model of developing organs and coleoptiles 
as senescent organs of winter wheat seedlings (Triticum 
aestivum L., cv. Harmony). The grains were germinated 
for 24 h in the plastic cuvette (19 × 12 cm) containing 
humid filter paper in the thermostat (25 ± 1ºC). After 
germination, wheat seedlings were placed in other plastic 
cuvettes supplemented with solution of AA (1 mg l1) and 
in distilled water (control) for 3 d in the climate chamber 
[16/8 h of light/dark cycle; PAR of 150 µmol(photon)  
m–2 s–1; temperature of 25–26ºC; relative humidity (RH) of 
75%]. The seedlings were transferred to short-term (1 h, 
ST) and long-term (24 h, LT) high temperature (42ºC) after 
3 and 5 d of development (DAD) and treated with AA 
(1 mg l1) and without AA. Wheat seedlings subjected to 
high-temperature exposure were transferred to the optimal 
conditions for 24 h in order to study the processes of 
recovery.  
 
Determination of photosynthetic pigment concen-
trations: The quantitative determination of the photo-
synthetic pigment contents [Chl a, Chl b, and carotenoids 
(Car)] in developing and senescent organs was carried out 
spectrophotometrically in the acetone extract according to 
the method described by Gavrilenko and Zhigalova 
(2003). The samples of leaves and coleoptiles (0.2 g) were 

homogenized using mortar and pestle and extracted in 80% 
chilled acetone (4 ml) with the addition of MgCO3 
(0.25 g). Homogenized sample mixture was centrifuged at 
4,500 × g for 15 min at 4ºC. Extracts were then kept at 4ºC 
in the refrigerator for 24 h. The supernatants were 
separated from each sample after 10 min of high-speed 
centrifugation (2,000 × g). The absorbance of pigment 
extracts was measured at 663 nm (Chl a), 646 nm (Chl b), 
and 470 nm (Car) using a single-beam spectrophotometer 
(Cary 50 Scan UV/VIS, Varian, Pittsburgh, USA). The 
concentrations of Chl a, Chl b, and Car [mg l–1] were 
calculated according to Gavrilenko and Zhigalova (2003): 

Chl a = 12.21 A663 – 2.81 A646; 
Chl b = 20.13 A646 – 5.03 A663; 

Car ൌ
ଵ,଴଴଴	୅రళబ	–	ଷ.ଶ଻	େ୦୪	௔	–	ଵ଴଴		େ୦୪	௕

ଶଶଽ
  

 

A663, A646, A470 – absorbance at an appropriate wavelength.  
Pigment content (Chl a, Chl b, Car) per 1 g of fresh 

mass (FM) was calculated by the following formula. The 
content of pigments was expressed as mg g1(FM).  

A = C × V/(P × 1,000) 

where С is pigment concentration [mg l1], V is volume of 
extract [ml], P is plant fresh mass [g], A is photosynthetic 
pigments content [mg g1]. 
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Chl a fluorescence measurements were performed at 
20°C using modulated Chl fluorometer (OS-30 Chloro-
phyll fluorimeter, Opti-Sciences, USA) with special leaf-
clip holder with the developing organs of wheat seedlings. 
F0 was measured using a weak modulated light 
[0.2 µmol(photon) m–2 s–1] for 2 s following a 30-min dark 
adaptation. A saturating light [5,000 µmol(photon) m–2

 s–1] 

was used to obtain Fm parameter in the dark-adapted state. 

The photochemical efficiency (Fv/Fm) of dark-adapted 

plants was calculated according to the formula: 
 

Fv/Fm = (Fm – F0)/Fm (Murchie and Lawson 2013). 
 
Statistical analysis: All measurements were analysed 

statistically and presented as means and standard deviations 

(SD). Statistical variance analysis of the independent data 

with three replicates (n = 3) for concentration of photo-
synthetic pigments and five replicates (n = 5) for Chl a 

fluorescence parameters was analysed using the program 

Statistica 2010 and compared with least significant 
differences at P≤0.05 and P≤0.01, respectively. 

 
Results and discussion  
 
Photosynthetic pigment analysis demonstrated that the 
concentration of Chl a was significantly reduced by 34% 
and Chl b by 14% under exposure to ST in the developing 
organs after 3 d DAD compared with control (Fig. 1A). It 

should be noted that the content of Chl a decreased by 56% 
and Chl b by 27% in the developing organs under 
prolonged exposure to elevated temperature after 3 DAD 
compared with unstressed seedlings (Fig. 1B). It could be 

 

Fig. 1. Effect of antimycin A on the photosynthetic pigment contents in developing organs under short-term (A) and long-term (B) 
exposure to high temperature after 3 d of development and under short-term (C) and long-term (D) exposure to high temperature after 
5 d of development. Data are presented as means ± SE of three replicates.  
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Fig. 2. Effect of antimycin A on the photosynthetic pigment contents in the senescent organs under short-term (A) and long-term (B) 
exposure to high temperature after 3 d of development and under short-term (C) and long-term (D) exposure to high temperature after 
5 d of development. Data are presented as means ± standard errors of three biological replicates. 
 
argued that Chl b was more resistant than Chl a under 
conditions of high temperature. Our results agree with the 
earlier investigations that declare a significant decline in 
photosynthetic pigment contents under heat stress in 
Karacadag and Firat wheat cultivars (Efeoglu and 
Terzioglu 2009). The considerable degradation of different 
photosynthetic pigments under high temperature occurs 
due to the inhibition of pigment biosynthesis (Ashraf and 
Harris 2013) and also disorganization of chloroplast 
structure (Camejo et al. 2006). The enhanced chloro-
phyllase activity and disruptions of the thylakoid mem-
branes are in agreement with the decrease of pigment 
concentrations under heat stress (Hussain et al. 2014). 
Altogether, our results indicated that suppression of respi-
ratory metabolism under exposure to high temperature 
disrupted the synthesis of Chl. It can be assumed that the 
rate of photosynthesis is suppressed in wheat seedlings due 
to structural changes of protein complexes in thylakoid 
membranes during the primary stress response. 

Our results indicated significant decreases in the 
contents of Chl a (56%) and Chl b (43%) in the senescent 
organs under ST (Fig. 2A). It should be emphasized that 
the concentrations of Chl a and Chl b decreased by 78 and 
80%, respectively, under LT in the senescent organs 
(Fig. 2B). Senescent organs of wheat seedlings were more 
sensitive to high temperature than the young and 
photosynthetically active leaves. This could be result of 
senescence – Chl degradation is a typical symptom of 
senescence. Previous findings suggested that upon 

exposure to 40°C, a substantial decrease of Chl content and 
rate of photosynthesis occurred, but the growth was 
absolutely stopped in coleoptiles at 45°C (Akman 2009).  

The concentration of Chl a was reduced by 33–51% in 
the developing organs (Fig. 1C,D) and by 54–62% in the 
senescent organs (Fig. 2C,D) under ST and LT after 
5 DAD compared with the control group. Our results are 
in agreement with Cui et al. (2006) who reported that 
leaves of Festuca arundinaceae L. under conditions of 
high temperature showed a decrease of Chl a and Chl b. 
The obtained results suggest that wheat seedlings were 
more resistant to high temperature at later stages of 
development. The inhibition of Chl biosynthesis under 
exposure to high temperature might occur due to a 
destruction of enzymes which participate in Chl synthesis 
(Ashraf and Harris 2013). Different photochemical 
reactions in thylakoid lamellae and carbon metabolism in 
the stroma of plastids are the main sites of damage under 
exposure to high temperature (Wise et al. 2004). 

Car are a large group of red, yellow, and orange 
lipophilic molecules that are produced in all photo-
synthetic organisms and are integral constituents of the 
thylakoid membrane in chloroplasts. These nonenzymatic 
low-molecular-mass metabolites play an effective role in 
photoprotection. Our findings indicated that Car concen- 
tration increased by 12% during ST in the developing 

organs as compared with control seedlings (Fig. 1A). It 
should be noticed that the concentration of Car significantly 

increased (43%) in the developing organs under LT after 
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3 DAD (Fig. 1B). The data showed that the concentration of 

Car increased by 13% in the developing organs under ST 

after 5 DAD (Fig. 1C). Given the importance of these 

findings, which indicated a considerable increase in the Car 

content in the developing organs of wheat seedlings, we 

assumed that Car protected cell membranes against 
oxidative damage during the exposure to high temperature. 
Previous studies reported that high temperature (40°C and 

60°C) caused an increase in the Car concentrations in 

Daucus carota L. (Fikselová et al. 2008). Based on the 

results described above, Car accumulation protected 

reaction centers of photosystems in wheat seedlings against 
temperature-induced damages, such as photooxidative 

degradation of pigments and ETC (Demnig-Adams and 

Adams 1992). Interestingly, the most significant concen-
tration of Car was under LT exposure in the senescent 
organs (29%) (Fig. 2B). This could be probably explained 

in a way that Car protected the active site of photosystems 

against photooxidation, membranes against lipid peroxi-
dation, and delayed the process of senescence in 

coleoptiles. Our data confirmed the findings presented in 

Camejo et al. (2005) and Lefsrud et al. (2005). These 

nonenzymatic low-molecular-mass metabolites protect 
photosynthetic apparatus against oxidative stress (Roy and 

Sengupta 2014). It can be assumed that during high 

temperature sharply increases energy consumption for 

maintaining the photosynthetic apparatus and activation of 

the adaptive responses. 
It is noteworthy that wheat seedlings subjected to the 

AA treatment, an activator of AP significantly affected 

photosynthetic metabolism in the organs of wheat seedlings 

under high temperature. During the present experiment, we 

observed that wheat seedlings subjected to AA under 

exposure to ST showed reduction of Chl a (23%) in the 

developing organs compared with control seedlings after 

3 DAD (Fig. 1A), suggesting the inhibition of nonphoto-
chemical quenching by interferring with the aggregation of 

LHCII (Johnson 2011). As shown in Fig. 1C, AA and ST 

reduced Chl a (24%) and Chl b (17%) contents in the 

developing organs after the 5 DAD compared with controls 

indicating that throughout the development of wheat 
seedlings the degree of suppression did not significantly 

change under the influence of AA and high temperature. 
We found important to emphasize that the reduction of 

photosynthetic metabolites under the influence of high 

temperature and AA was not as significant as under the 

stressful condition without AA in the developing organs. It 
could be assumed that AA activated AP which supported 

redox balance in photosynthetic cells and prevented a 

destruction of the photosynthetic apparatus in wheat 
seedlings. 

Meanwhile, we also observed that the reduction of 

photosynthetic pigments was not as significant in the 

presence of AA under high temperature as under stressful 
conditions without AA in the senescent organs. It was 

observed that the concentration of Chl a was reduced by 6% 

and Chl b by 14% in the senescent organs under combined 

exposure of AA and ST after 3 DAD as compared with 

control seedlings (Fig. 2A). AA also caused a decrease of 

Chl a (17%) in the senescent organs of wheat seedlings 

under LT exposure after 3 DAD (Fig. 2B). Thylakoids 

support two parallel pathways of cyclic electron transport 
with differential sensitivity to AA (Scheller 1996). The 

existence of an AA-insensitive pathway around PSI 

dominates in the presence of NADP+ and involves 

NAD(P)H dehydrogenase activity (Joët et al. 2001). The 

results above demonstrated that AA alleviated the harmful 
effect of high temperature in the organs of wheat seedlings 

indicating an induction of AP that prevented overreduction 

of ETC in chloroplasts. Thus, our results indicated that AA 

protected the structure of chloroplast and minimized Chl 
loss. The present findings suggested that AA-insensitive 

pathway was activated by the exposure to high temperature 

in the senescent organs. AA-insensitive cyclic electron 

transport of ferredoxin-catalyzed electron transport 
involves the activity of ferredoxin-NADP reductase 

(Hosler and Yocum 2003). 
We demonstrated that AA decreased the concentration 

of Car by 29% in the developing organs under exposure to 

ST after 3 DAD (Fig. 1A) and by 23% after 5 DAD com-
pared with controls (Fig. 1C). Our present study showed 

that high temperature increased Car accumulation in the 

wheat seedlings but under the combined action of AA and 

high temperature, the Car content decreased. The results are 

in agreement with the earlier study that reported that AA did 

not induce carotenogenesis in Verticillium agaricinum 

(Mummery and Valadon 1973).  
In the developing and senescent organs under the 

influence of AA and LT exposure, the synthesis of Car 

decreased by 20–50% (Figs. 1B, 2B) and by 20–57% after 

3 and 5 DAD, respectively, relative to unstressed control 
(Figs. 1D, 2D). Throughout the development of wheat 
seedlings, the degree of suppression did not significantly 

change. These data indicated that NDH- and PGR-
dependent pathways of cyclic electron transport of PSI 

were inhibited by AA (Shikanai 2007) and therefore the 

synthesis of Car decreased under combined exposure to AA 

and high temperature.  
Overall, our results demonstrated that AA-activated AP 

was involved in the protection of wheat seedlings under 

stress conditions. According to Borovik et al. (2013), an 

increased activity of the alternative respiration in mito-
chondria of wheat leaves contributes probably to proper 

functioning of the photosynthetic apparatus of chloroplasts 

and prevents the oxidative stress and accompanying 

accumulation of carbohydrates under conditions of cold-
hardening. 

Thus, the involvement of AP reduced the production of 

ROS, inhibition of photosynthesis, and contributed to 

stabilization of the functional state of the photosynthetic 

apparatus in wheat seedlings under heat stress.  
 
The ratios of photosynthetic pigments: The changes in 
the ratio of photosynthetic pigments include important 
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information about the structural changes of the photo-
synthetic apparatus under unfavorable environments and 
are important indicators of plant injury (Brito et al. 2011). 
A higher ratio of Chl a/b indicates an increased ratio of  
PSII to PSI in thylakoid membranes (Biswal et al. 2012). 
It is known that values of the Chl a/b ratio are in the range 
~ 1.5– 4.2, which are typical for vascular land plants and 
algae, irrespective of light environments they inhabite 
(Beneragama and Goto 2010). The ratio of Chl/Car plays 
an equally important role in the characterization of the 
activity of photosynthetic apparatus and is a sensitive 
indicator of physiological state of plant during develop-
ment, senescence, acclimation, and adaptation to different 
environments (Gitelson et al. 2002). 
Our results showed that the ratio of Chl a/b decreased by 
average 24% in the developing and senescent organs under 
exposure to ST after 3 DAD (Table 1). This is in agreement 
with the previous results (Song et al. 2010); Chl a/b ratio 
decreased in Wedelia species under 40/35°C and indicated 
the sensitivity of Chl a to high temperature. It should be 
pointed out that the Chl a/b ratio significantly decreased 
by 23 and 8%, respectively, in the developing organs under 
combined effect of ST and AA after 3 and 5 DAD as 
compared with control (Table 1). The recent study by Joët 
et al. (2001) observed a sensitivity of photosynthesis to 
AA in tobacco leaves; they concluded that inhibition by 
AA of cyclic electron flow around PSI led to a reduced 
ability to use reducing power on the acceptor side of PSI. 

Likewise, Chl a/b decreased by 40% in the developing 
organs after 3 DAD and by 25% and by 49% after 5 DAD 
in the developing and senescent organs, respectively, 
under LT which was the result of a concomitant decrease 
 

 of Chl a and Chl b (Table 1). As pointed out by Kura-
Hotta (1987), Chl a disappears more rapidly than Chl b 
during senescence, resulting in a reduction of the Chl a/b 
ratio. The decline of Chl a/b ratio under high temperature 
was reported by other researchers (Armond et al. 1978). It 
is noteworthy that Chl a/b ratio was reduced in the 
developing (17%) and senescent (36%) organs under LT 
and AA after 3 DAD. It is evident from the present study 
that ST (42°C, 1 h) strongly decreased the ratio of Chl a/b 
by 28% and the ratio of Chl/Car by 55% in the senescent 
organs after 5 DAD compared with the control (Table 1). 
The decrease of Chl a/b ratio usually results in increased 
grana stacking that is usually associated with a modulation 
of protein content (Biswal et al. 2012). The results 
presented here showed that Chl a/b ratio was higher in the 
developing organs under ST than that in the developing 
organs subjected to LT after 3 DAD (Table 1). The result 
indicated that the reduction of Chl a/b ratio in the 
developing organs under LT could be the result of decrease 
in LHCII antenna pigments (Montane et al. 1998). 
According to our data, Chl a/b ratio decreased by 28% in 
the senescent organs after 5 DAD under ST (Table 1). 
Reduction of Chl a/b ratio might be related to the low 
content of Chl a compared to Chl b in the senescent organs 
of wheat seedlings under exposure of high temperature. A 
decline in Chl a/b ratio in the senescent organs was caused 
by a rapid decline in the reaction center and core Chl 
(Hidema et al. 1991). Other researchers suggested that 
changes occuring in the ultrastructure of thylakoid 
membranes above 40⁰C cause dissociation of LHCII 
Chl a/b proteins from the PSII core complex (Ashraf and 
Harris 2013). 
 

Table 1. Effect of antimycin A on the ratios of photosynthetic pigments after 3 and 5 days of development in Triticum aestivum L. under 
high temperature (42°C, ST – short-term (1 h), LT – long-term (24 h). Each value represents the mean of three replicates ± SE.  
 

Treatments Total pigment 
[mg g–1(FM)] 

Chl (а+b)/Car Chl a/b Treatment Total pigment 
[mg g–1(FM)] 

Chl (а+b)/Car Chl a/b 

First leaves    First leaves    
26°С, 3 d 0.56 7.00 ± 0.016 2.50 ± 0.019 26°С, 5 d 0.92 6.08 ± 0.017 2.29 ± 0.016 
42°С, ST, 3 d 0.43 4.38 ± 0.020 1.92 ± 0.014 42°С, ST, 5 d 0.74 3.93 ± 0.012 1.68 ± 0.020 
42°С, ST+AA, 3 d 0.46 8.20 ± 0.018 1.93 ± 0.024 42°С, ST+AA,5 d 0.72 6.20 ± 0.018 2.10 ± 0.018 

Coleoptiles  Coleoptiles  
26°С, 3 d 0.28 4.60 ± 0.013 2.29 ± 0.018 26°С, 5 d 0.42 5.00 ± 0.012 2.18 ± 0.014 
42°С, ST, 3 d 0.15 2.75 ± 0.020 1.75 ± 0.020 42°С, ST,5 d 0.26 2.25 ± 0.022 1.57 ± 0.016 
42°С, ST+AA, 3 d 0.26 4.20 ± 0.019 2.50 ± 0.016 42°С, ST+AA,5 d 0.33 3.71 ± 0.017 1.60 ±0.015 

First leaves  First leaves  
26°С, 3 d 0.62 6.75 ± 0.018 2.60 ± 0.017 26°С, 5 d 0.99 8.90 ± 0.014 2.42 ± 0.016 
42°С, LT, 3 d 0.42 2.00 ± 0.022 1.55 ± 0.017 42°С, LT, 5 d 0.55 6.86 ± 0.015 1.82 ± 0.020 
42°С, LT+AA, 3 d 0.42 9.50 ± 0.020 2.17 ± 0.018 42°С, LT+AA,5 d 0.71 7.88 ± 0.023 1.33 ± 0.016 

Coleoptiles  Coleoptiles  
26°С, 3 d 0.33 5.60 ± 0.022 1.80 ± 0.016 26°С Control),5 d 0.41 4.86 ± 0.019 3.25 ± 0.019 
42°С, LT, 3 d 0.13 1.43 ± 0.013 2.00 ± 0.013 42°С, 24h, 5 d 0.20 4.00 ± 0.017 1.67 ± 0.014 
42°С, LT+AA, 3 d 0.32 7.00 ± 0.019 1.15 ± 0.010 42°С, T+AA,5 d 0.24 7.00 ± 0.018 1.33 ± 0.016 
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We also observed that the ratios of Chl a/b decreased 
by 23% and Chl/Car decreased by 37% in the developing 
organs of wheat seedlings under the influence of ST 
(Table 1). Georgieva and Lichtenhaler (2006) reported 
decreased Chl a/b in the Pisum sativum L. under high 
temperature conditions. It was noted a considerable 
reduction (48%) in the Chl/Car ratio in the senescent 
organs of wheat seedlings upon exposure to ST compared 
to the developing organs (Table 1) that was most likely due 
to the loss of Chl content. The strong decrease of this ratio 
is accompanied by a significant reduction in Chl content 
(Henriques 2008). Moreover, the ratio of Chl a/b was 
significantly reduced by 25% and Chl/Car ratio by 36% in 
the developing organs compared with the control leaves 
under exposure to ST (Table 1), indicating a decrease of 
the rate of photosynthesis and disturbances in chloroplast 
ultrastructure. In agreement with earlier report in wheat 
plants (Sarieva et al. 2010), LT brought about considerable 
decrease of the Chl/Car ratio by 47% likely due to the dis-
ruption of thylakoid membranes, damage of PSII reaction-
center proteins, and Chl degradation (Warner et al. 1999).  

It was observed that LT (24 h) and AA led to a decrease 
of the ratio of Chl a/b by 17% in the developing organs 
after 3 DAD (Table 1). AA inhibited the ratio of Chl a/b 
by 36 and 59%, respectively, in senescent organs under LT 
after 3 and 5 DAD compared with the control (Table 1). A 
decrease in the Chl a/b ratio might be a result of reduction 
in LHC or a decrease of the ratio of PSII relative to PSI 
(Montane et al. 1998). 

The Chl/Car ratio also decreased by 35% in the 
developing organs and by 55% in the senescent organs 
after 5 DAD under ST. A significant decrease of Chl/Car 
ratio (23%) was observed in the developing organs under 
LT after 5 DAD (Table 1). We observed that Chl/Car ratio 
under LT and AA increased by 29% in the developing 
organs and by 20% in the senescent organs after 3 DAD 
compared with controls (Table 1). This result supports the 
previous studies which indicated that AA at low 
concentration did not affect photosynthesis directly and 
activated AP, which played a significant part in preventing 

 the overreduction of photosynthetic apparatus (Padmasree 
et al. 2002). Thus, under the combination of AA under ST 
and LT, the ratio of photosynthetic pigments recovered to 
its previous level in the developing organs and was 
significantly reduced in the senescent organs due to tissue 
senescence. 

However, the Chl/Car ratio was significantly reduced 
by 26% under combined effect of ST and AA in the 
senescent organs after 5 DAD. The decrease of Chl/Car 
ratios was also observed in tomato genotypes under high 
temperature (Camejo et al. 2005). The low Chl/Car ratio 
might occur due to the oxidative stress that is a marker of 
senescence in plant tissue under exposure to high 
temperature and also relates to a decline of LHC pigment 
complex under stress conditions.  
 
Chl a fluorescence: Changes in the structural state of 
photosynthetic apparatus in the developing organs of 
wheat seedlings under exposure to ST and LT were 
accompanied by a considerable suppression of the photo-
chemical activity of PSII, which was estimated by Chl a 
fluorescence.  

The Fv/Fm ratio is a very stable parameter and its 
decrease is reliable evidence that plants are subjected to 
stress. Our results demonstrated that the value of Fv/Fm was 
0.771 in the developing organs after 3 DAD and 0.778 
after 5 DAD (Table 2). A slight decrease (3–5%) of this 
indicator was observed at the end of ST (Table 2). 
Insignificant changes in Fv/Fm showed that ST did not lead 
to plant injury, which was in agreement with Tsonev et al. 
(1999). However, LT declined the Fv/Fm ratio by 21 and 
19% after 3 and 5 DAD, respectively, due to inhibition of 
biochemical processes. The significant reduction of the 
FvFm ratio under LT reflected the effect of high 
temperature on efficiency of the photochemical process in 
PSII and indicated a decline in the efficiency of primary 
photochemistry (Mathur et al. 2013, Song et al. 2014). 
Furthermore, this decrease occurred due to the greater 
extent of Fm reduction and a gradual increase in F0 under 
conditions of high temperature.  

 

Table 2. Chlorophyll fluorescence analysis. Minimal chlorophyll fluorescence (F0), maximal fluorescence (Fm), and quantum yield 
efficiency of PSII (Fv/Fm) of Triticum aestivum L. ST – short-term (1 h), LT – long-term (24 h). Each data is presented as means ± SE 
(n = 5). 
 

Treatment F0 Fm Ft Fv/Fm 

26ºC, 3 d  170 ± 13 904 ± 52 221 ± 14 0.771 ± 0.003 
42ºC, ST, 3 d 194 ± 14 833 ± 30 192 ± 10 0.731 ± 0.05 
42ºC,ST +AA, 3 d  174 ± 17 272 ± 20 70 ± 20 0.636 ± 0.04 
26°C, 4 d 177 ± 11 925 ± 39 227 ± 13 0.775 ± 0.03 
42ºC, LT, 3 d 262 ± 16 700 ± 36 168 ± 72 0.611 ± 0.002 
42ºC, LT+AA, 3 d 204 ± 16 622 ± 66 155 ± 16 0.607 ± 0.004 
26ºC, 5 d 199 ± 16 963 ± 33 120 ± 35 0.778 ± 0.001 
42ºC, ST, 5 d 203 ± 12 921 ± 21 113 ± 30 0.757 ± 0.004 
42ºC, ST+AA, 5 d 264 ± 13 710 ± 18 108 ± 30 0.653 ± 0.004 
26°C, 6 d 207 ± 15 977 ± 13 127 ± 31 0.786 ± 0.001 
42ºC, LT, 6 d 231 ± 12 654 ± 21 108 ± 25 0.637 ± 0.004 
42ºC, LT+AA, 6 d 286 ± 12 322 ± 24 76 ± 13 0.596 ± 0.005 
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We demonstrated that combined effect of AA and ST 
sharply decreased Fv/Fm by 18% after 3 DAD (Table 2), 
resulting in the decrease of functional activity of wheat 
seedlings which was in agreement with Tang et al. (2007). 
A decrease in the Fv/Fm in the developing organs suggested 
that high temperature and AA induced structural and 
functional damages at the level of reaction centers of PSII 
and pigment antenna complexes. At the same time, reduc-
tion of the Fv/Fm ratio from 0.775 to 0.607 indicated the 
decrease of PSII activity in the developing organs of wheat 
seedlings after 3 DAD under LT and AA (Table 2). The 
data on the sensitivity of PSII to high temperature and AA, 
obtained in the developing organs of wheat seedlings, 
agreed well with prior results obtained earlier in studies on 
high temperature and AA effects in Spinacia oleracea (Tang 

et al. 2007) and Nicotiana tabacum (Joët et al. 2001).  
In our experiment, Fv/Fm decreased by 3% under ST 

after 5 DAD (Table 2), which was in agreement with Kadir 
and Weihe (2007). On the other hand, Fv/Fm declined by 
19% under LT after 5 DAD (Table 2) which was in 
agreement with Kadir (2006). The obtained data indicated 
the structural and functional disorders of the photo-
synthetic apparatus and damage to the reaction centers of 
PSII under exposure to high temperature (Cui et al. 2006).  

Minimal and maximal fluorescence are known to 
reflect the state of Chl a in the LHC and reaction centers 
of PSII (Lichtenthaler et al. 2005). It is noteworthy that F0 
significantly increased by 12% under ST and by 32% 
under LT in the developing organs after 3 DAD (Table 2), 
which was in agreement with Rodriguez et al. (2015) in 
Brassica oleracea L. Rising F0 occurs when plants are 
exposed to a number of biotic and abiotic factors, which 
contributes to the metabolic disorders and structural 
alterations of PSII (Ashraf and Harris 2013). The increase 
of F0 is a consequence of a shift of the redox equilibrium 
of PSII, thus this parameter increased by a closure of the 
reaction centers (Havaux et al. 1988). The increase of F0 in 
the developing organs could be associated with a 
dissociation of a part of the outer antenna from the rest of 
the PSII (Rodríguez et al. 2015). 

It was observed that Fm parameter significantly 
decreased under exposure to high temperature in the 
developing organs after 3 and 5 DAD (Table 2). The Fm 
decrease under high temperature in the developing organs 
might be related to the inhibition of the oxygen-evolving 
complex (Tóth et al. 2005) and structural alterations, 
which cause a decrease of PSII photochemistry, an in-
crease in the decay of excitation energy as fluorescence, an 
increase in the radiationless decay, and the transport of dis-
sipation energy in favor of PSI (Mishra and Singhal 1992).  

Recovery period: In our experiment, wheat seedlings 
were subjected to ST and LT and then they returned to the 
optimum temperature (26°C). Results of photosynthetic 
pigment contents and their ratios were shown also after the 
recovery period (Figs. 3, 4; Tables 3, 4).   

Our results demonstrated that during the recovery the 
concentration of Chl a recovered up to 54–63% and Chl b 
up to 55–66% of control values in the developing organs 
after LT (Fig. 3B,D). At the same time, the concentration 
of Chl b and Chl a recovered up to 48–50% of its control 
in the senescent organs after LT (Fig. 4B,D). Car content 
recovered to 65% of the original content in the developing 
organs (Fig. 3B,D) and to 75% in the senescent organs 
under LT (Fig. 4B,D). Car are nonenzymatic antioxidants 
that protect the photosynthetic apparatus of plants against 
oxidative damage by ROS. Chl a and Chl b concentrations 
had progressively recovered (90%) in the developing 
organs and to 77% of in the senescent organs after ST. 
Thus, wheat seedlings fully recovered after exposure to 
ST. Based on these results, we suggested that wheat seed-
lings were not strongly damaged under ST because of their 
fast acclimation. According to these results, one of the 
probable causes of the ability to recover after ST might be 
a synthesis of heat-shock proteins (Allakhverdiev et al. 
2008). However, photosynthetic pigment contents did not 
recover absolutely in the wheat seedlings under LT, 
suggesting that irreversible disturbances were caused by 
this exposure.  

The results of our study demonstrated that the concen-
tration of Chl a and Chl b recovered to 76 and 86% of 
control contents, respectively, in the presence of AA and 
ST in the developing organs (Fig. 3A,C). Our results also 
demonstrated that the concentration of Car recovered to 
36% of control in the senescent organs in the presence of 
AA and ST (Fig. 4A,C). By contrast, the synthesis of Car 
recovered to 75 and 81% of control group, respectively in 
the senescent and developing organs under the influence 
of AA and LT (Fig. 3B,D; 4B,D). On the basis of obtained 
experimental results we suggest that AA was able to 
induce AP that represents an important acclimation 
response, supports homeostasis, and energy metabolism.  

Results revealed that in the developing and senescent 
organs, the Chl a/b ratio recovered to 72 and 80%, 
respectively, after LT. The Chl a/b ratio recovered to  
90–96% in the senescent organs under ST (Table 3). The 
Chl/Car ratio recovered to 76 and 87% of control group 
under ST and AA in developing organs. One of the 
important adaptive responses under stress conditions is the 
induction of saturated and monounsaturated fatty acids 
that keeps membrane fluidity. 
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Fig. 3. Effect of antimycin A on the photosynthetic pigment contents in the developing organs during the recovery period after short-
term (A) and long-term (B) high temperature, 3 d of development and short-term (C) and long-term (D) exposure to high temperature, 
5 d of development. Data are presented as means ± standard errors of three biological replicates. 

 
The capacity to recover PSII from ST and LT is 

presented in Table 4. In general, the efficiency of PSII was 
recovered, although developing organs differed in their 
ability to recover under ST and LT. Fm recovered to almost 
96% of the control after 1 d of recovery after ST compared 
with 66% after LT. One day of recovery after ST resulted 
in almost total recovery of the quantum yield of PSII 
(98%) in the developing organs, whereas after LT, Fv/Fm 
recovered to 75% of the control. Fv/Fm recovery in the 
presence of AA and ST was more rapid than the recovery 
after LT and AA. Fv/Fm recovered to 87% of the control in 
the developing organs after ST and AA. The shorter was 
the stress period, the closer the Fv/Fm value was to the 
control in the developing organs. Our results demonstrated 

that Fv/Fm recovered (83%) after LT and AA in the 
developing organs. Our results indicated that ST was less 
damaging to PSII and the significant decline in Fv/Fm was 
in the developing organs under LT. Short-term acclimation 
to heat stress improves thermal PSII stability and preserves 
the function of photosynthetic apparatus at high 
temperature (Crafts-Brandner and Salvucci 2002).  

Overall, the results demonstrated that the changes of 
induced Chl a fluorescence depended on the duration of 
the stress. It can be assumed that the stability of pigment 
systems, the activity of electron transport, and noncyclic 
photophosphorylation play an important role in accli-
mation of wheat seedlings to high temperature. 
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Fig. 4. Effect of antimycin A on the photosynthetic pigments content in the senescent organs during the recovery period after short-term 
(A) and long-term (B) high temperature, 3 d of development, and short-term (C) and long-term (D) exposure to high temperature, 5 d of 
development. Data are presented as means ± standard errors of three biological replicates. 
 
Table 3. Effect of antimycin A on the ratio of photosynthetic pigments after 3 and 5 d of development during the recovery period after 
short-term (ST) (42ºC, 1 h → 26ºC, 24 h) and long-term (LT) (42ºC, 24 h → 26ºC, 24 h) high temperature. Each value represents as 
means of three replicates ± SE. 
 

Recovery period (24 h) Total pigment 
[mg g–1(FM)] 

Chl (а+b)/Car Chl a/b Treatment Total pigment 
[mg g–1(FM)] 

Chl (а+b)/Car Chl a/b 

First leaves    First leaves    
26°С, 4 d 0.67 6.44 2.63 26°С, 6 d 1.13 5.65 2.00 
42°С,ST→26ºC, 4 d 0.59 7.43 2.71 42°С, ST→26ºC, 6 d 0.80 7.89 1.45 
42°С, ST→26ºC, AA, 4 d 0.53 4.89 2.14 42°С,ST→26ºC, AA, 6 d 0.89 4.93 1.74 

Coleoptiles  Coleoptiles  
26°С, 4 d 0.29 3.14 1.75 26°С, 5 d 0.40 4.71 1.36 
42°С,ST→26ºC, 4 d 0.22 4.50 1.57 42°С,ST→26ºC, 5 d  0.30 3.29 1.30 
42°С, ST→26ºC, AA, 4 d 0.18 8.00 1.00 42°С,ST→26ºC, AA,5 d 0.21 6.00 1.57 

First leaves  First leaves  
26°С, 5 d 0.70 6.78 2.05 26°С, 7 d 1.24 10.27 2.23 
42°С, LT→26ºC, 5 d 0.46 6.60 1.57 42°С,LT→26ºC, 7 d 0.64 8.14 1.48 
42°С, LT→26ºC, AA, 5 d 0.57 6.13 2.06 42°С, LT→26ºC, AA,7 d 0.76 8.50 1.27 

Coleoptiles  Coleoptiles  
26°С, 5 d 0.43 4.38 1.33 26°С (Control), 5 d 0.55 5.11 2.83 
42°С, LT→26ºC, 5 d 0.21 2.00 1.33 42°С, LT→26ºC, 5 d 0.32 3.00 1.67 
42°С, LT→26ºC, AA, 5 d 0.24 3.00 1.25 42°С, LT→26ºC, AA, 5 d 0.32 5.40 1.70 
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Table 4. Chlorophyll fluorescence analysis during the recovery period. Minimal chlorophyll fluorescence (F0), maximal fluorescence 
(Fm), and quantum yield efficiency of PSII (Fv/Fm) of Triticum aestivum L. ST – short-term (42ºC, 1 h → 26ºC, 24 h) and long–term 
(42ºC, 24 h → 26ºC, 24 h). Each data is presented as means ± SE (n = 5). 
 

Treatments F0 Fm Ft Fv/Fm 

26ºC, 4 d 262 ± 38    956 ± 33 266 ± 27 0.802 ± 0.003 
42°С, ST→26ºC, 4 d 257 ± 62    921 ± 21 262 ± 10 0.795 ± 0.013 
42°С, ST→26ºC, AA, 4 d 154 ± 24    566 ± 39   90 ± 12 0.675 ± 0.006 
26ºC, 5 d 267 ± 37 1,004 ± 18 275 ± 14 0.819 ± 0.001 
42°С, LT→26ºC, 5 d 263 ± 10    799 ± 20 174 ± 81 0.627 ± 0.002 
42°С, LT→26ºC, AA, 5 d 140 ± 17    588 ± 57 204 ± 76 0.713 ± 0.028 
26ºC, 6 d 211 ± 19    997 ± 33 502 ± 33 0.808 ± 0.006 
42°С, ST→26ºC, 5 d 215 ± 32    959 ± 29 120 ± 54 0.790 ± 0.005 
42°С, ST→26ºC, AA, 5 d  208 ± 27    476 ± 31 136 ± 26 0.734 ± 0.004 
26°C, 7 d 275 ± 14 1,271 ± 25 327 ± 14 0.878 ± 0.001 
42°С, LT→26ºC, 5 d 217 ± 17    664 ± 41 171 ± 12 0.647 ± 0.004 
42°С, LT→26ºC, AA, 5 d 184 ± 44    382 ± 11   93 ± 33 0.696 ± 0.003 

 
Conclusion: Present study demonstrated that parameters 
of Chl a fluorescence, concentrations of photosynthetic 
pigments and their ratios decreased under exposure to 
short-term and long-term high-temperature stress in the 
developing and senescent organs. However, AA reduced 
the negative effect of high temperature, suggesting that the 

activation of AP might prevent over-reduction of the ETC, 
a suppression of the production of ROS, and thus 
contributed to the stabilization of the photosynthetic 
apparatus of wheat seedlings under exposure to high 
temperature. 
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