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Abbreviations: 
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E  – transpiration; 
Fat  – Fatima 2; 
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H  – heat stress; 
Mag  – Mv Magma; 
PAM  – pulse amplitude modulated fluorometer; 
Pla  – Plainsman V.; 
PN  – net assimilation rate; 
ΦPSII  – effective quantum yield of PSII

1. Introduction
Temperature and drought have an extremely complex 
effect on the intensity of photosynthesis, as they 

influence numerous physiological processes, which in 
turn exert an effect on photosynthetic activity [1]. The 
optimum functioning of photosynthetic processes may 
depend on a number of other factors, including light 
intensity, CO2 concentration, the plant’s water balance, 
and whether the plants investigated are of the C3 or 
C4 type. Many factors may lead to a deterioration in 
photosynthetic intensity if they are not satisfactory for 
the plant.

Various studies show that photosynthesis in wheat 
leaves starts to decline at temperatures between 28 
and 35°C [2,3]. Heat stress during the reproductive 
phase may cause pollen sterility, tissue dehydration 
and lower CO2 assimilation [1]. High temperatures 
injure the processes responsible for light gathering 
and light energy conversion, while increasing the level 
of photorespiration. The light-harvesting chlorophyll–
protein complex may be irreversibly severed from 
the reaction centre nucleus, and the water-splitting 
system responsible for oxygen generation may also be 
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Abstract:  The assessment of heat and drought tolerance is of primary importance in breeding programmes designed to improve heat and drought 
tolerance in cereals. Three winter wheat varieties grown in controlled growth chambers were exposed to heat (H) and drought (D) 
stress singly and in combination (H+D). The combined effects of H and D stress were much more severe than those of individual 
treatments for both physiological and yield parameters during grain filling. The chlorophyll content, effective quantum yield of PSII, 
net assimilation rate, transpiration, stomatal conductance and intercellular CO2 concentration were greatly reduced by H, D and their 
interaction. Grain yield decreased to a greater extent (48.3%) in Plainsman V, averaged over the stress treatments, than in Mv Magma 
(67.8%) and Fatima 2 (53.7%). The least decline was found in grain number, except in Plainsman V. Mv Magma tolerated heat 
stress better than Fatima 2. In terms of photosynthetic activity, Plainsman V showed better drought tolerance than Mv Magma. The 
results showed that changes in physiological properties during stress treatment are not always associated with changes in yield 
parameters, so a combination of methods may be needed to give a more precise picture of the stress tolerance of wheat varieties.
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damaged [4]. All these processes have a negative effect 
on photosynthesis and respiration [5,6]. The inhibition 
of photosystem II (PSII) electron transport in response 
to heat stress is often indicated by a sharp increase 
in the basal level of chlorophyll fluorescence [7]. Heat 
stress was found by these authors to cause damage 
to the thylakoids, as indicated by the increase in the 
ratio of constant fluorescence and the peak of variable 
fluorescence. Other results suggested that heat-induced 
damage to the thylakoids was closely associated with 
chlorophyll loss in winter wheat [8,9].

The temperature dependence of stomatal closure 
and opening is of key importance, as this influences 
the flow of CO2 from the atmosphere into the leaves. 
High temperature causes an increase in transpiration, 
which induces stomatal closure. This has an indirect 
effect on the photosynthetic carbon dioxide fixation 
of the plants. In addition, the activity of the enzymes 
involved in CO2 assimilation also exhibits temperature 
dependence, which may have a damaging effect on the 
activity of Rubisco carboxylase and oxygenase [10]. 
These authors found that a heat stress (34/17°C) for 12 
days rapidly reduced the Rubisco activity, whereas that 
of PEP carboxylase increased initially, but later declined 
in all organs.

The kinetic properties of Rubisco suggest that 
photosynthesis may be directly inhibited if the 
temperature rises to over 30°C. In the case of moderate 
heat stress, over a temperature range of 30–42°C, this 
inhibition appears to be due to the slower regeneration 
of ribulose-1,5-bisphosphate (RuBP), which can be 
attributed to the disruption of electron transport and the 
inactivation of enzymes responsible for the evolution of 
oxygen in PSII [11].

High temperature is often accompanied by drought. 
In response to drought there is a substantial drop in the 
rate of photosynthesis, resulting in a great reduction in 
the net C (carbon molecule) incorporation into the plants 
[12]. One reason for the decline in photosynthetic activity 
is stomatal closure, which may be due to a drop in leaf 
turgor or to low atmospheric moisture content, but the 
water content of the soil plays a greater role in causing 
stomatal closure than the water status in the leaves.

The inhibition of photosynthesis is usually preceded 
by stomatal closure, which means that less CO2 is 
available at assimilation sites in the chloroplasts. 
However, photosynthesis can also be limited in a non-
stomatal manner due to a reduction in the efficiency of 
carboxylation [13], RuBP regeneration or the inhibition 
of chloroplast activity [14].

Drought during grain filling was found to accelerate 
plant senescence in wheat and to enhance the 
remobilisation of carbohydrates stored prior to anthesis 

from the straw and leaves into the grains [15]. The 
first sign of plant senescence is the breakdown of 
chlorophyll molecules, which leads to the retardation of 
photosynthetic activity [16,17]. Because photosynthesis 
is one of the main metabolic processes influencing 
yield properties in cereals [7], chlorophyll fluorescence, 
net photosynthetic activity and chlorophyll content are 
frequently used to monitor the ability of wheat to adapt 
to abiotic stress factors such as drought and heat. As 
chlorophyll fluorescence exhibits a correlation with heat 
tolerance, it could be a promising trait for selection 
[18]. Physiological evidence indicates that the loss of 
chlorophyll content is closely related to a reduction in 
yield in the field [8,19].

As extreme weather conditions are becoming 
increasingly frequent and often affect wheat plants 
after heading, research on the response to heat and 
drought stress during the grain-filling period is of primary 
importance in Hungary. The present work on the stress 
tolerance of winter wheats thus investigated not only 
the grain-filling process and the grain yield, but also 
how photosynthetic efficiency was influenced by high 
temperature (35/20°C) and water deficiency.

2. Experimental Procedures
Three winter wheat varieties with very different genetic 
backgrounds were chosen for the physiological analysis: 
Plainsman V (USA), a hard-grained winter wheat with 
high protein content and good drought tolerance, Mv 
Magma, a high quality bread wheat with medium early 
ripening and excellent yield potential, and Fatima 2, a 
mid-early maturing cultivar known for its excellent yield 
potential and for the good milling and baking quality of 
its flour, which can be used to bake bread of excellent 
quality.

The studies were carried out in a Conviron PGV-
36 climate chamber in the Martonvásár phytotron, to 
investigate the effect of high temperature and drought 
stress, both individually and in combination, on the 
photosynthetic processes of winter wheat.

Pots with a volume of 2700 cm³, containing a known 
quantity of a 3:2:1 ratio of soil, Vegasca and sand, were 
each planted with four germinated wheat seeds. After 
6 weeks of vernalisation at 4°C, the plants were grown 
using the T2NY2 spring-summer climate programme 
[20], watered daily and given a twice-weekly supply 
of nutrients (Volldünger Solution, Linz, Austria, in tap-
water) until the start of the stress treatment.

The experiment consisted of four treatments: control 
(C), heat stress (H), drought stress (D) and heat + 
drought stress (H + D). There were a total of 36 pots 
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for each variety, 9 per treatment, with 4 plants per pot. 
Treatment began 12 days after heading (Zadoks-75, 
[21]) and was continued for 15 days. The temperature 
was set at 24/20°C (day/night) in the control chamber 
[20] and at 35/20°C in the heat stress treatment. Soil 
moisture was adjusted to 60–70% of natural water 
content (NWC, taken as 100%) in the control and to  
40–45% in the drought stress treatment. Water was 
added on a weight basis. The light intensity was adjusted 
to 350 µmol m–2 s–1 during the stress treatments.

The chlorophyll content was measured on the flag 
leaves using a SPAD-502 instrument (Minolta, Japan), 
which records leaf transmittance in the red and near-
infrared spectra and then calculates the SPAD index 
from these two values. Measurements were made on 
the 3rd, 7th, 9th, 11th, 13th and 15th days of treatment.

The effective quantum yield of PSII, ΦPSII, calculated 
as ΔF/Fm’ = (Fm’ – Fs)/Fm’ (where Fm’ and Fs represent 
the maximum and steady state fluorescence levels, 
respectively, in the light-adapted state: [22]), was 
measured on the flag-leaves at ambient light intensity 
(300 µmol m–2 s–1 PAR at the height of measurement) in 
the growth chambers using a pulse amplitude modulated 
fluorometer (PAM-2000, Walz, Effeltrich, Germany). 
White light with an intensity of 8000 µmol m–2 s–1 was 
used as saturating light. Measurements were made on 
the 3rd, 6th, 9th, 11th and 14th days of treatment on the 
flag-leaves.

Changes in the net assimilation rate (PN), 
transpiration (E), stomatal conductance (gs) and 
intercellular CO2 concentration (Ci) of the plants were 
measured using an LI-6400 Portable Photosynthesis 
System (LI-COR, Inc., Lincoln, NE, USA) on the 3rd, 6th, 
9th, 11th and 14th days of treatment. The leaves were kept 
in a leaf chamber during the measurements. External air 
was scrubbed of CO2 and mixed with a supply of pure 
CO2 to create a reference concentration of 400 µmol m–2 
s–1. The quantum flux was set to 350 µmol m–2 s–1 and 
the flow rate to 500 µmol m–2 s–1. The temperature inside 
the leaf chamber was maintained at 35°C in treatments 
H and H + D and at 24°C in treatments C and D.

After harvest maturity was reached, the grain yield 
per plant, kernel number, thousand-kernel weight (TKW) 
and harvest index (HI) were determined, the latter as 
(grain yield/biological yield) × 100%, as proposed by 
Donald (1962) [23].

The data were statistically evaluated using two-way 
analysis of variance (ANOVA) with replications [24]. 
Chlorophyll content and ΦPSII were determined on twenty 
samples and the other photosynthetic parameters (PN, 
gs, E, Ci) on the leaves of sixteen chosen plants. The 
grain yield parameters were recorded for twenty-four 
samples. To aid comparison, the data are given as a % 

of the control values. Least significant differences (LSD) 
denoted by *, ** or *** represent significance at the  
P≤ 0.05, P≤ 0.01 and P≤ 0.001 levels, respectively.

3. Results
The sensitivity of individual winter wheats to high 
temperature and drought may differ considerably, 
especially during grain filling, as plants are particularly 
sensitive to water deficit and high temperature in the 
reproductive phases. After flowering, wheat plants 
exposed to stress factors exhibited accelerated aging, 
the first sign of which was the gradual degradation of 
the chlorophyll molecules, leading to the yellowing of 
the leaves and a reduction in photosynthetic activity 
(Figure 1). Among the winter wheat varieties tested, 
Mv Magma and Plainsman V had better tolerance 
of high temperature, as the chlorophyll content only 
decreased slightly up to the 11th day, while Fatima 2 was 
more sensitive, responding with a significant decline 
by the 9th day (Figure 1A). Drought stress, however, 
caused a reduction in the chlorophyll contents of all 
three varieties by the 9th day of treatment. Plainsman 
V proved to be the most resistant, as the SPAD values 
of Mv Magma and Fatima 2 decreased to a greater 
extent in response to water withholding (Figure 1B). The 
combined application of the two stress factors resulted 
in a more intensive change in the chlorophyll content 
in all the varieties, though Mv Magma had the best 
tolerance of combined stress, while Plainsman V was 
the most sensitive, responding with a sudden drop in the 
chlorophyll content on the 9th day (Figure 1C).

A higher rate of photosynthesis is indicative of better 
stress tolerance, but chlorophyll fluorescence could also 
be a suitable trait for selection. In the present experiment 
the stress treatments caused substantial differences in 
the effective quantum yield of PSII (ΦPSII) (Figure 2). As 
previously shown by changes in the chlorophyll content, 
in response to heat stress the effective quantum yield 
of Mv Magma remained at the highest level, while that 
of Fatima decreased to the greatest extent (Figure 2A).

When drought stress was applied the values 
remained constant until the 11th day, after which only 
slight differences could be detected between the 
ΦPSII values of the three varieties (Figure 2B), though 
the drought tolerance of Plainsman V proved to be 
somewhat better than that of Mv Magma and Fatima 2.

The combined heat + drought stress treatment 
affected the varieties to the greatest extent (Figure 2C). 
The effective quantum yield of Mv Magma was the least 
sensitive to the combined stress, remaining significantly 
higher than that of the other two wheat varieties until the 
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Figure 1.  Changes in the chlorophyll content of winter wheats (as a % of the control) during 15-day treatment with heat stress (A), drought stress 
(B) and combined heat + drought stress (C) LSD5%: Bar - represents the minimal difference statistically significant at the P≤ 0.05 level

Figure 2.  Changes in the effective quantum yield of PSII (ΦPSII) as a % of the control during 15 days of heat stress (A), drought stress (B) and 
combined heat + drought stress (C) LSD5%: Bar - represents the minimal difference statistically significant at the P≤ 0.05 level
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14th day. Fatima 2 also proved to have better tolerance 
of combined stress than Plainsman V, as revealed by its 
consistently higher ΦPSII

 values.
When investigating photosynthetic activity, 

considerable changes were found after stress treatment 
in the net assimilation (PN), stomatal conductance (gs), 
transpiration (E) and intercellular CO2 concentration (Ci) 
of the plants.

In response to heat stress the net assimilation of 
Plainsman V began to decline from the 9th day, while that 
of Mv Magma proved to be much more stable (Figure 
3A). The smaller reduction in the PN value indicated 
that this variety was less sensitive to a temperature of 
35°C than Plainsman V. The least tolerant variety was 
Fatima 2, where the net photosynthetic assimilation 
dropped to 30% of the control value. This value was 
47.7% for Plainsman V, while in the case of Mv Magma 
the net carbon dioxide assimilation was still 73.7% of 
the control value on the 14th day. In the case of drought 
stress, the highest PN value was recorded between the 
9th and 11th days of treatment for Plainsman V, when the 
net assimilation of Fatima 2 and Mv Magma exhibited 
a considerable decline (Figure 3B). An analysis of the 
effect of combined stress revealed a similar extent of 
damage in Plainsman V and Fatima 2, while Mv Magma 
tolerated the stress significantly better up to the 11th day 
of treatment (Figure 3C).

When investigating changes in transpiration (E), the 
values were found to be far higher than in the control 
plants at the beginning of heat stress, as the stressed 
plants attempted to combat the effects of high temperature 
by increasing their transpiration (Figure 4A). On the third 
day of treatment the highest value was recorded for Mv 
Magma, and although the level of transpiration gradually 
declined, it was still higher than for the other varieties 
on the last day of treatment. The greatest reduction was 
observed for Fatima 2 on the 14th day of treatment.

The plants attempted to survive drought stress by 
reducing their transpiration. The closing of the stomata 
results in lower water losses. In response to water 
withholding, the E values dropped to well below the 
control values (Figure 4B). No great differences could 
be observed between the varieties, though the value 
recorded for Plainsman V was the highest on the 11th 
day of treatment (46% of the control), while that of Mv 
Magma was lowest.

While drought stress alone resulted in an average 
26% reduction in transpiration by the 14th day of 
treatment, the combined heat + drought stress caused 
an even more intense decrease: transpiration ceased 
completely by the 9th day in varieties Plainsman V and 
Fatima 2, and on the 11th day for Mv Magma (Figure 4C).

The values of stomatal conductance (gs) demonstrate 
the extent to which the stomata open. The changes 

Figure 3.  Changes in the net assimilation (PN) of winter wheats as a % of the control during 15 days of treatment with heat stress (A), drought 
stress (B) and combined heat + drought stress (C) Pla – Plainsman V, Fat – Fatima 2, Mag – Mv Magma LSD5%: Bar - represents the 
minimal difference statistically significant at the P≤ 0.05 level
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observed in response to heat stress revealed the least 
decline in stomatal conductance for Mv Magma (to 33% 
of the control) and more severe reductions for Fatima 
2 and Plainsman V (17% and 13.3%, respectively) 
compared to the control (Figure 5A).

When drought stress was applied, the stomatal 
conductance of the varieties dropped to an even greater 
extent, with the least reduction for Plainsman V (to 28% 
of the control) and the greatest for Mv Magma (to 10% 
of the control) by the 14th day of treatment (Figure 5B).

In response to combined stress the changes in gs 
were similar to those observed for transpiration, with 
values of 0% by the 9th day for Plainsman V and Fatima 
2 and by the 11th day for Mv Magma (Figure 5C). The 
effect of H+D was so severe that the plants were unable 
to protect themselves from this combined treatment.

An analysis of changes in the intercellular CO2 
concentration (Ci) showed the greatest reduction in 
response to combined stress, while heat or drought 
stress alone caused less pronounced changes. The more 
intensive transpiration induced by treatment at 35°C 
led to a reduction in the intercellular CO2 concentration 
(Figure 6A), while drought stress resulted in a slight 
increase due to the closure of the stomata (Figure 6B). 

The highest Ci value in the heat stress treatment was 
recorded for Mv Magma (80.8%), while Plainsman V 
and Fatima 2 were characterised by values of 63.6% 
and 67.7%. In the drought stress treatment, Mv Magma 
had the highest Ci value on the 9th day, but by the end 
of the treatment period a higher value was detected for 
Fatima 2. In response to combined stress Plainsman V 
and Fatima 2 exhibited a pronounced reduction in the Ci 
value, while the decline was less severe for Mv Magma, 
as also observed for the other parameters.

In response to the abiotic stress treatments changes 
were observed in the photosynthetic activity of the 
plants, resulting in changes in yield traits. The varieties 
examined responded differently to the various stress 
factors (Table 1).

In terms of biomass, the combined stress generally 
had the greatest effect for all the varieties and all 
the traits (Table 1). However, less difference could 
be detected between the effect of heat and drought 
stress for this parameter. The Plainsman V variety has 
smaller biomass than the other varieties tested, and 
this decreased to the greatest extent (to 58.86% of 
the control) in the H + D treatment and to the smallest 
extent in response to heat stress (to 79.4% of the 

Figure 4.  Changes in the transpiration (E) of winter wheats as a % of the control during 15 days of treatment with heat stress (A), drought stress 
(B) and combined heat + drought stress (C) Pla – Plainsman V, Fat – Fatima 2, Mag – Mv Magma LSD5%: Bar - represents the minimal 
difference statistically significant at the P≤ 0.05 level
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Figure 5.  Changes in the stomatal conductance (gs) of winter wheats as a % of the control during 15 days of treatment with heat stress (A), drought 
stress (B) and combined heat + drought stress (C) Pla – Plainsman V, Fat – Fatima 2, Mag – Mv Magma LSD5%: Bar - represents the 
minimal difference statistically significant at the P≤ 0.05 level

Figure 6.  Changes in the Ci values of winter wheats as a % of the control during 15 days of treatment with heat stress (A), drought stress (B) and 
combined heat + drought stress (C) Pla – Plainsman V, Fat – Fatima 2, Mag – Mv Magma LSD5%: Bar - represents the minimal difference 
statistically significant at the P≤ 0.05 level
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control). Significant reductions were observed for both 
Fatima 2 and Mv Magma during both heat and drought 
stress, but the difference between the treatments was 
not significant. Among the varieties, the biomass of 
Fatima 2 exhibited the smallest decrease in response 
to heat stress (to 84.16% of the control), while the most 
sensitive response to drought stress in terms of biomass 
was given by Plainsman V (to 65.4% of the control).

The analysis of changes in the harvest index 
gave the best results for Mv Magma, as there was no 
significant reduction in this parameter during either heat 
or drought stress (Table 1). The changes observed in 
HI for Plainsman V and Fatima 2 were similar, though 
Plainsman V appeared to have slightly better tolerance 
of drought. As in the case of biomass, the greatest 
reduction in HI was induced by the combined stress, 

which was the most pronounced for Plainsman V  
(to 43.8% of the control) and the least so for Mv Magma 
(to 69.3% of the control).

The stress treatments had the smallest influence on 
the grain number of the plants. The greatest reductions 
were observed for Plainsman V, where significantly lower 
grain numbers were recorded in all three treatments  
(H: 75.84%, D: 67%, H+D: 69.7% of the control values). 
The grain number of Fatima 2 was influenced to the least 
extent by the treatments, while a significant change was 
only recorded for Mv Magma after the combined stress 
(79.3%).

The least reduction in the thousand-kernel weight 
was found for Plainsman V in the case of both heat 
stress (to 82.6% of the control) and drought stress  
(to 86.5% of the control) (Table 1). This was followed 

Treatment Plainsman V Fatima 2 Mv Magma LSD5% LSD1% LSD0.1%

Biomass

C 5.30 6.00 6.48 0.61 0.81 1.03

H 4.21*** 5.05** 5.12***

D 3.47*** 5.11** 5.21***

H + D 3.12*** 4.36*** 4.29***  

HI

C 43.74 46.63 41.00 3.46 4.55 5.84

H 34.33*** 32.91*** 41.56

D 37.90*** 34.26*** 39.68

H + D 19.16*** 24.94*** 28.41***  

Grain number

C 102.46 94.63 92.17 14.43 19.02 24.40

H 77.71*** 94.42 91.69

D 68.71*** 92.13 84.17

H + D 71.42*** 98.96 73.17*  

TKW

C 23.26 30.06 28.90 2.17 2.86 3.67

H 19.22*** 18.20*** 22.91***

D 20.14** 19.63*** 24.39**

H + D 8.7*** 11.29*** 17.68***      

Grain yield

C 2.34 2.79 2.64 0.27 0.36 0.46

H 1.44*** 1.66*** 2.13***

D 1.34*** 1.74*** 2.03***

H + D 0.61*** 1.10*** 1.21***  

Table 1. Changes in the yield parameters of winter wheats in response to heat stress, drought stress and combined heat + drought stress.

  C – control, H – heat stress, D – drought stress, H + D – heat + drought stress; HI – Harvest index; TKW – Thousand-kernel weight
	 Least	significant	differences	(LSD)	denoted	by	*,	**	and	***	proved	significant	at	the	P≤	0.05,	P≤	0.01	and	P≤	0.001	levels,	respectively
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by Mv Magma, while Fatima 2 proved to be the most 
sensitive. In the case of combined stress, however, 
Plainsman V exhibited the greatest reduction.

Plainsman V had the second lowest (61.5%) grain 
yield (Fatima 2: 59.4%, Mv Magma: 80.7% in response 
to 35oC), as it exhibited the smallest reduction in 
thousand-kernel weight but the greatest drop in grain 
number (Table 1). By contrast Mv Magma exhibited 
smaller reductions in both grain number and thousand-
kernel weight, resulting in the highest yield in response 
to both heat stress (80.7%) and drought (76.9%) and to 
the combined stress (45.8%). The yield of Fatima 2 also 
dropped significantly after drought treatment (62.3%), 
but not to such a great extent as that of Plainsman V (to 
57.2% of the control). This can be attributed to the fact 
that the grain number of Fatima 2 did not decrease to a 
significant extent 12 days after heading, unlike that of 
Plainsman V.

4. Discussion
In the present work three winter wheat cultivars exposed 
to heat, drought and combined heat + drought stress 
were monitored during the grain-filling period by 
comparing the physiological parameters commonly 
used for screening stress resistance, namely the 
photosynthetic performance of the flag-leaf and the 
grain yield.

A drop in the chlorophyll content may occur naturally 
in the course of aging, as the result of ripening. In this 
study no significant differences were observed in the 
chlorophyll contents of the control wheat plants during the 
15-day stress treatments, which remained at a constant 
level. This suggests that the losses in chlorophyll were 
induced by the stress factors. This is in agreement with 
the findings of Ristic et al. [7]. According to Harding et 
al. [25] high temperature caused accelerated aging, 
leading to the activation of proteolytic enzymes, protein 
degradation and chlorophyll losses. Chlorophyll loss 
may be the consequence of the damage caused by heat 
stress in the thylakoid membranes and in PSII [7].

The physiological changes caused by drought and 
heat stress in the present experiments resulted in the 
rapid degradation of the leaf chlorophyll content, so 
the plants turned yellow earlier than the control plants. 
Significant reductions in the chlorophyll content were 
observed starting from the 11th day of treatment after 
heat stress or drought alone, but only after the 3rd day for 
the combined stress. This confirms the findings of other 
authors, who reported that the relative water content 
and chlorophyll content of the leaves decreased more 
rapidly in plants exposed to heat stress or were water 

deficit compared to the untreated plants [15,26,27]. Due 
to heat and drought stress there was a drastic reduction 
in photosynthetic activity, and harvest maturity was 
reached more quickly. Stress effects during the ripening 
of wheat may have accelerated aging processes, 
shortening the period during which assimilates formed 
in the course of photosynthesis were translocated to the 
grain, thus resulting in the grain ripening much earlier 
than under optimal conditions.

One reason for the decline in photosynthetic activity 
is stomatal closure; another is the negative regulation 
of photosynthesis in response to drought and/or high 
temperature. The present results confirmed those 
reported by Martinez et al. [28], who observed that 
drought after flowering led to a substantial acceleration 
of the chlorophyll degradation in wheat flag-leaves, 
followed by the degradation of Rubisco and the light-
harvesting complex of PSII (LHCII).

In the present experiments the most rapid reduction 
in the effective quantum yield of PSII (ΦPSII) was observed 
in the case of combined stress, while high temperature 
or drought alone only caused a more pronounced 
decrease after about the 9th day of treatment. Major 
differences between the effects of heat and drought 
stress were not detected for the varieties tested.

Ristic et al. [7] found a close negative correlation 
between the decrease in chlorophyll content and the 
chlorophyll fluorescence parameter (ratio of constant 
fluorescence to the peak of variable fluorescence) 
that measures damage to the thylakoid membranes, 
suggesting that heat tolerance can be tested simply by 
measuring the chlorophyll content. In contrast, in the 
present work only a weak correlation (at the 10% level of 
probability) could be detected between ΦPSII and the drop 
in the chlorophyll content (data not given). This could 
be explained by the much lower number of genotypes 
and by the fact that a different chlorophyll fluorescence 
parameter was used in the correlation analysis.

The usefulness of chlorophyll fluorescence for the 
screening of drought tolerance in wheat genotypes has 
been suggested by many experiments. However, the 
results are even more reliable if this is combined with 
other methods [29,30]. Although [30] found ΦPSII to be 
a good indicator of changes in the quantum yield of 
leaf CO2 assimilation under certain conditions, it was 
not suitable for the estimation of absolute rates of CO2 
assimilation, as this parameter (ΦPSII) is influenced by 
many metabolic and physiological factors that determine 
the rate of consumption of ATP and NADPH.

In addition to studying changes in chlorophyll 
fluorescence induction, it was important to investigate 
the photosynthetic efficiency of winter wheats under 
various stress conditions. The photosynthetic activity 
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of plants is extremely complex, so in addition to net 
assimilation it is also important to evaluate changes in 
transpiration, stomatal conductance and intercellular 
CO2 concentration. The measurement of these 
photosynthetic parameters revealed differences not 
only between the stress treatments but also between 
the varieties.

The net assimilation of the varieties exhibited the 
smallest decrease in response to heat stress and the 
greatest after combined stress, while drought stress 
had an intermediate effect. The plants responded to a 
temperature of 35°C with enhanced transpiration, while 
they attempted to survive drought stress by reducing 
transpiration. The closing of the stomata served to 
avoid increased water loss. The reduction in stomatal 
conductance was similar to that in the transpiration. In 
the winter wheat varieties tested, heat stress caused a 
smaller decrease in stomatal conductance and drought 
a greater decline, while the most intense reduction in this 
trait was recorded for combined heat + drought stress, 
as also observed for the intercellular CO2 concentration.

The results obtained by Hassan [31] in wheat and 
Jiang and Huang [32] in Kentucky bluegrass showed the 
reducing effect of heat stress, drought and the interaction 
between these factors on the PN, gs, Ci and chlorophyll 
fluorescence parameters, as also shown in the present 
work. However, these authors reported that heat stress 
caused a greater decline in PN than drought stress. 
This could be partly due to the fact that [31] applied a 
temperature of 40–42°C, but the temperature used by 
Jiang and Huang [32] was 35°C, as in the present work, 
so this could not explain the deviation in the results.

A joint evaluation of the photosynthetic parameters 
of the three winter wheat varieties indicated that Mv 
Magma had the best heat stress tolerance. It also had 
the best response to the combined stress treatment. 
Compared to the other varieties, both the chlorophyll 
content and the ΦPSII value decreased to a lesser extent 
in Mv Magma, as a percentage of the control. The net 
assimilation remained at the highest level throughout 
the treatment, with high values of transpiration and 
stomatal conductance. Plainsman V had the best 
drought tolerance, though in many cases the difference 
was not significant. This variety exhibited the smallest 
reduction in both the chlorophyll content and the PN 
value on the 11th day of drought treatment, while it gave 
the weakest response to the H+D treatment in terms of 
all the parameters tested. The variety Fatima 2 had the 
least tolerance of the stress treatments, exhibiting the 
greatest reduction in all the photosynthetic parameters. 
In the case of drought stress, however, it proved to have 
better net assimilation than Mv Magma, though the 
difference was only significant at the 10% level.

Genotypes that are able to maintain photosynthesis 
in the flag-leaf for a longer period are generally thought 
to yield more [33]. These authors stated that changes 
in the effective quantum yield of PSII depended on the 
genotypes and not on the sensitivity of the cultivars. 
Nor could a close correlation be detected between net 
CO2 assimilation (PN) and the drought sensitivity of the 
varieties in the case of water deficit: photosynthetic 
activity was found to cease earliest in drought-tolerant 
genotypes, while the senescence of the flag-leaves was 
observed 7 days later in the drought-sensitive cultivar. 
Similarly, In the present work, no correlation was found 
between the sensitivity of the varieties and the day on 
which the values of the parameters (such as net CO2 
assimilation, effective quantum yield of PSII) declined. 

Regarding the yield parameters, although [33] 
observed no reduction in the number of grains per 
spike in response to drought stress in Plainsman V, in 
the present work it was this variety that exhibited the 
greatest drop in the grain number (to 67% of the control). 
It should be noted that the plants of each variety were 
exposed to drought 12 days after the mean heading 
date of the variety, i.e. in exactly the same phenophase, 
so differences in the heading date could not explain the 
differences in grain number and the major reduction 
recorded for Plainsman V. In this experiment changes 
in yield parameters did not mirror the stress tolerance 
levels determined for the varieties at the physiological 
level, except in the case of Mv Magma, which exhibited 
the best heat tolerance in terms of yield. This variety also 
had the best tolerance of drought and combined stress, 
as confirmed by the high values of harvest index. The 
fact that Plainsman V had the highest thousand-kernel 
weight suggested that it had better drought tolerance, 
but the substantial reduction in grain number led to lower 
yields than expected. As observed for the changes in 
physiological parameters, the yield of Fatima 2 dropped 
considerably compared to the control, suggesting that 
this variety had greater sensitivity to abiotic stress.

When Reynolds et al. [34] carried out correlation 
analysis between physiological and yield parameters 
they reported that PN and gs exhibited a significant 
correlation with the yield and biomass of the varieties 
in the booting, flowering and grain-filling stages. These 
authors also found a significant correlation between PN 
and the reduction in the chlorophyll content in the grain-
filling stage. In the present work a close correlation 
between net photosynthetic assimilation and the yield 
was only detected from the 9th day of drought stress 
onwards, while only weaker correlations were observed 
in all the other cases, which could have been partly due 
to the small number of varieties examined (data not 
shown).
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High temperature and drought stress after flowering 
was reported to have a much more pronounced effect on 
the parameters (grain yield, grain number, TKW, ripening 
date, etc.) than each stress factor had separately [35], 
as also found in the present work. However, while 
[35] reported that drought stress caused a greater 
reduction than heat stress, in the present work only a 
slight difference could be observed between the two 
treatments. Hassan [31], on the other hand, observed a 
21% decrease in grain yield due to drought and a 26% 
increase after heat stress.

The measurement of chlorophyll content and 
the determination of various parameters related to 
chlorophyll fluorescence induction could be suitable for 
the estimation of plant stress tolerance. Nevertheless, to 
make testing more precise, it is advisable to complement 
this method with measurements of net assimilation or 
stomatal conductance. Among the quantitative trait 
characteristics of stress tolerance, the grain yield should 

definitely be regarded as one of the most important 
parameters. A major aim of plant breeding is to achieve 
high yield potential, so the determination of grain weight 
is essential. This parameter, which gives the best 
reflection of the stress tolerance of wheat plants, is a 
function of the grain number and the thousand-kernel 
weight. As yield traits are not always closely correlated 
with physiological parameters, the joint consideration of 
these properties is essential if the stress tolerance of 
individual genotypes is to be precisely determined.
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