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Abstract

Morgun, V., Priadkina, G. & Makharynska, N. (2022). Winter wheat flag leave morphometric traits under drought. 
Bulg. J. Agric. Sci., 28 (4), 636–646

Comprehensive studies of winter wheat plants genetic variability at morphological, physiological, genetic, cellular and 
molecular levels under unfavorable conditions are relevant to prevent the negative impact of climate change yields. In two-
year field experiments studied flag leaf morphometric and pigments traits of 6 modern varieties of winter wheat under natural 
drought during the periods of reproductive organs formation as well as grain filling. Under drought high-productive winter 
wheat varieties are characterized by high flag leaf dry weight at anthesis and a lower ratio of carotenoids to chlorophyll at milk 
ripeness it was found. A positive relationship between the grain productivity of the main shoot ear of winter wheat, as well as 
yield and flag leaf dry weight at anthesis was established. Based on the literature data, the presence of quantitative traits loci 
in wheat chromosomes that affect drought tolerance through the regulation of flag leaf assimilation apparatus traits was ana-
lyzed. The higher yields of varieties with the best features of the assimilation apparatus of the flag leaf under natural drought 
in both years of research it has been suggested that genes that control drought tolerance may be linked to genes that affect on 
the assimilation apparatus characteristics. 
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Introduction

Wheat, which is a strategic grain crop in the world with 
sown areas of more than 200 million hectares (Rauf et al., 
2015), is a drought-sensitive plant. Drought is considered to 
be the main factor in the annual variability of wheat yield, 
which is about 40% in the main zones of its cultivation world-
wide (Zampieri, 2017). A middling appraisal yield losses in 
agricultural crops due to drought stress in foremost wheat-pro-
ducing countries range from 10 to 50% (Zulkiffal et al., 2021). 
Improving the drought tolerance of this crop remains an ur-
gent task today in Ukraine, where almost all sown areas of 
cultivated plants are at constant risk of crop loss in dry years 
(https://mepr.gov.ua...2020). Analytical analysis of the effects 

of climate change has shown a high probability that global 
climate change will worsen the conditions for agricultur-
al crops in Ukraine on 2 million hectares of land (Ivanyuta, 
2020). Drought, depending on duration and severity of stress, 
as well as the phenological stages, causes negative effect on 
wheat grain productivity (Farooq et al., 2014). So, post-an-
thesis mild drought decreased wheat yield by 1–30%, while a 
prolonged mild drought during the anthesis and filling stages 
reduced grain yields by 58–92% (Zhang et al., 2018). Drought 
during grain filling primarily reduces grain weight, as well as 
the speed, duration and quality of grain filling, which ultimate-
ly leads to significant crop losses.

The drought negative effects on wheat during the vege-
tative phase limited carbohydrate synthesis for cell division 
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and expansion via stomatal closure and partial inhibition of 
photosynthesis (Zhang et al., 2018). And during reproduc-
tive period it is associated with flag leaf senescence speed-
up, reduced carbon assimilation, impaired photosynthetic 
metabolism and damage to the structure of the photosynthet-
ic apparatus and cellular structures by reactive oxygen spe-
cies (Golldack et al., 2011; Stasik et al., 2020). All this leads 
to limited grain filling, unbalanced production of growth 
hormones, as well as changes in the activity of enzymes in-
volved in carbon metabolism, both in organs-donor of me-
tabolite and acceptors ones (Abid et al., 2018).

Tissue dehydration, which occurs during drought, also 
changes plant physiological and biochemical processes, af-
fects on the growth processes, anatomy and morphology (El-
bar et al., 2019; Kappor et al., 2020). In particular, it affects 
on morphological and physiological characteristics of leaves 
assimilation apparatus, which plays an important role in the 
efficiency of photosynthesis (Morgun et al., 2019). Morpho-
logical changes can contribute to the water use efficiency 
and ensure optimal carbon metabolism to increase plant tol-
erance to drought. Therefore, the research of the adaptive 
capacity of these traits will help to understand the mecha-
nisms of drought adaptation. In addition, although many 
drought-resistant chromosomes are already known (Edae et 
al., 2014; Gahlaut et al., 2017; Ballesta et al., 2020; Rabby 
et al., 2021), the important question remains whether these 
chromosomes and genomic regions in them are connected 
with morphological and biochemical features of the leaf as-
similation apparatus. Detection of morphometric and critical 
physiological markers of drought tolerance will accelerate a 
breeding and their further researches by molecular genetic 
methods.

Since the flag leaf serves as an essential source of assim-
ilates during grain filling, believe that their high-throughput 
phenotyping is crucial to determine their physiological and 
genetic basis of yield formation and drought adaptation (Sid-
diqui et al., 2021). Due to this the aim of the study was to 
comparative analyses of the morphometric traits of the flag 
leaf under the drought for an identify markers related to its 
tolerance to water insuffisance, to further elucidate the mech-
anisms underlying the drought resistance of winter wheat.

Materials and Methods

Experiment was conducted in 2019/2020 and 2020/2021 
growing seasons at the experimental field of the Institute of 
Plant Physiology and Genetics of National Academy of Sci-
ence of Ukraine (Kyiv region) under natural moisture condi-
tions. The soil was light-gray, podzolized, light-loamy. 

The plant material were 6 medium-early varieties of soft 

winter wheat (Triticum aestivum L.): Kyivska 17, Horodnyt-
sia, Pochaina, Poradnytsia, Krasnopilka and Smuhlianka. 
The field designs were randomized complete blocks with 
three replications. Each plot was 6.7 m long with 10 rows 
spaced 15 cm, the area of each block was 10 m2. During the 
growing season, 145 kg of nitrogen and 90 kg of phosphorus 
and potassium per hectare (N145P90K90) were added. The seed 
rate, agrotechnics and canopy management are generally ac-
cepted for this culture in the forest-steppe agro-climatic zone 
(Morgun et al., 2015).

The period of winter wheat vegetation in 2019-2020 
was characterized by a significant (by 1.1-5.5°C) increase 
in average daily air temperature compared to the long-term 
climatic norm, except for May, when it was lower than the 
norm by 3.10C. In February, April and May in 2021, on the 
contrary, air temperature was lower by 1.1-2.2°C, but in 
another month it exceeded the climatic norm. In both re-
searched years, during the period of reproductive organs 
formation, the air temperature was lower (by 1.1 and 3.1°C 
in 2020 and 2021, respectively) than the climatic norm, and 
during grain-filling period, conversely, was higher than norm 
(by 1.4 and 3.3°C). In addition, the period of autumn vege-
tation and spring regrowth in 2020 was characterized by less 
than normal rainfall, while in May it was more than twice as 
high. Conditions for the spring-summer growing season of 
wheat in 2021 were more favorable.

The level of territory moisture supply was assessed by 
Selyaninov’s hydrothermal coefficient (HTC): HTC= (ΣR x 
10)/Σt, where ΣR and Σt – accordingly sum of precipitations 
and temperatures in the period, when the temperature has 
not been lower than 10°C (Selyaninov, 1928). The period of 
reproductive organs formation in 2020 was characterized by 
arid conditions (HTC in June was 0.78), and of grain filling 
– very arid (0.64), in 2021 these two periods, respectively, 
were very arid (0.38) and arid (0.83). In both years, exces-
sive moisture was noted in May, but during periods of re-
productive organs formation and grain filling were observed 
arid conditions. HTC in June and July was below 1, which 
corresponds to satisfactory moisture supply (Figure 1).

Determination of morphometric and pigments param-
eters was performed on main shoots, which were cut on 
ground level, biochemical – in the average samples formed 
from these shoots. The number of main shoots at anthesis 
and milk ripeness was 10, at full ripeness – 20. At the crop 
maturity, 20 winter wheat plants were harvested manually at 
the ground level from each plot. Weight of grain per plant, 
number of grains in an ear, 1000 grains weight were deter-
mined separately on the main and side shoots. These plants 
were separated into leaves, stems and sheaths, spike axis and 
glumes, and grains
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To determine the dry weight of individual plant organs, 
the fixation was performed at a temperature of 105°C for 3 
hours and then dried to constant weight at a temperature of 
65°C. The leaves area was counted upon by their length and 
width with a koefficient of 0.75. Specific leaf weight (SLW) 
calculated dividing the dry weight of leaves by their surface 
area. Leaf angle is defined as the inclination between the 
midrib of the leaf blade and the vertical stem of a plant (Shi-
man, 1967). Grown stages (GS) were identified on the basis 
of external morphological characteristics of formed organs 
every 3-4 days (Zadoks et al., 1974).

The chlorophyll a and b, as well as total carotenoids con-
tent were extracted from the leaf disks using non-macera-
tion method with dimethyl sulfoxide by the method of A.P. 
Wellburn (Wellburn, 1994). The recalculation of the pigment 
content per g of fresh weight was performed taking into 
account all dilutions and the leaves weight. Every sample 
for determine the pigments content was averaged from the 
leaves of 5 plants. The pigments content was determined at 
3 replicates. 

The data were statistically analyzed using “Microsoft Ex-
cel” according to generally accepted methods of variation sta-
tistics (Dospekhov, 1973) and criterion of reliable differences 
of Tukey’s test for average values. The results are expressed 
as means and standard error (m ± SE). Significant differences 
between the data were determined by LSD (p ≤ 0.05) and are 
represented at figures and tables with different letters.

Results 

Under the conditions of natural drought, the highest 
yields in both years were winter wheat varieties Kyivska-17 
and Horodnytsia (Figure 2a). The grain productivity of the 
ear of main shoot of these two varieties was also higher than 

others, with the exception of variety Pochaina in 2021 (Fig-
ure 2b).

Analysis of the variability of the assimilation surface was 
performed on some traits during the reproductive stages of 
wheat varieties: flag leaf angle, area, dry weight, as well as 
specific leaf weight.

A characteristic feature of 6 winter wheat varieties is 
the erect upper leaves: the angle of inclination of the flag 
and sub-flag leaves to the stem at anthesis (GS 65) and milk 
ripeness (GS 75) did not exceed 45°. The erect position of 
leaves on the stem at milk ripeness contributes to better illu-
mination of the stem, which also has photosynthetic ability. 
Wheat varieties with erect leaves have a superior net carbon 
fixation capacity due to greater absorption of light energy 
by the elements of the crop. This assumption is confirmed 
by the results of mathematical modeling, which showed that 
carbon uptake by plants in crops with erect upper leaves is 
significantly higher than with horizontal, both under condi-
tions of perpendicular incidence of sunlight on a clear day 
and when the sun’s angles decrease (Long et al., 2006). 
Therefore, equal position of upper leaves suggest that all 
varieties differed insignificantly in radiation regime within 
crops and in the access of carbon dioxide.

Fig. 1. Selyaninov’s hydrothermal coefficient during pe-
riods of reproductive organs formation and grain filling 

in 2020 and 2021

Fig. 2. Yield, t/ha, (a) and grain productivity of main 
shoot ear, g, (b) of winter wheat varieties in years with 
drought stress during both periods of grain formation 

and filling
Note: meanings denoted by the same Latin letters (lowercase – 

2020, uppercase – 2021), differ insignificantly at p≤0.05
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The highest total chlorophyll content (Chl a+b) in the av-
erage sample of green leaves at anthesis in both years was 
varieties Kyivska 17 and Pochaina, the lowest – varieties 
Krasnopilka and Poradnytsia (Table 1). At milk ripeness the 
highest chlorophyll content in 2020 remains in the leaves of 
variety with the highest yield (Kyivska 17) and – with the 
lowest yield (Poradnytsia), in 2021 – in the varieties Kyivska 
17 and Pochaina. Thus, of the whole group of varieties, the 
highest content of photosynthetic pigments in both years was 
observed in Kyivska 17. This variety, together with Horod-
nytsia, also had a lower ratio of carotenoids to chlorophyll at 
milk ripening (Table 1).

Increased of carotenoid content is associated with plant 
aging or exposure to unfavorable factors (Vermaas, 1993). 
Therefore, a decrease of chlorophyll content against the 
background of an increase of carotenoids content (i.e., an in-

crease in their ratio) may indicate unfavorable conditions or 
the prevalence of aging. A smaller value of this ratio, than in 
other varieties, at milk ripeness was noted in the variety Kiy-
ivska 17 in both years and in the variety Horodnitsia in 2021. 
Thus, the best functional state of the pigment apparatus of 
varieties Kyivska 17 and Horodnytsia at later stages of onto-
genesis can be considered as one of the traits of the adaptive 
potential of their assimilation apparatus under drought.

The highest flag leaf area at anthesis in both years had va-
rieties Kyivska 17 (respectively, 33.5±1.7 and 43.3±1.9 cm2 
in 2020 and 2021) and Horodnytsia (30.8±1.6 and 36.7±1.8 
cm2), the smallest – variety Smuhlianka (24.2±1.1 and 
25.6±1.2 cm2). At milk ripeness its larger area was retained by 
variety Kyivska 17 (35.4±1.7 and 37.2±1.2 cm2) and the low-
est values were observed in the Krasnopilka variety (17.1±2.0 
and 26.2± 0.8 cm2). In both years the main shoot leaves area at 

Table 1. The content (mg/g of fresh weight) and the ratio of photosynthetic pigments in flag leaves at anthesis and milk 
ripeness
Variety Pigments content, mg/g of fresh weight Ratio

Chlorophyll Chl (a+b) Carotenoid (Car) Chl a/b Car/Chl (a+b)
Anthesis, 2020

Kyivska 17 3.43±0.10a 0.51±0.02a 1.82±0.02a 0.15±0.01a
Horodnytsia 2.82±0.01b 0.45±0.01b 1.77±0.01b 0.16±0.01a
Smuhlianka 2.85±0.11b 0.46±0.01b 1.80±0.02a 0.16±0.01a
Pochaina 3.24±0.16a 0.50±0.02a 1.75±0.03b 0.16±0.01a
Krasnopilka 2.66±0.11b 0.40±0.01c 1.76±0.02b 0.15±0.01a
Poradnytsia 2.68±0.15b 0.48±0.01a 1.84±0.04a 0.18±0.01ab

Milk ripeness, 2020
Kyivska 17 3.30±0.10a 0.47±0.01a 1.78±0.05a 0.14±0.01a
Horodnytsia 2.87±0.04b 0.48±0.01a 2.03±0.02b 0.17±0.01b
Smuhlianka 2.86±0.09b 0.46±0.01a 1.87±0.03c 0.16±0.01b
Pochaina 2.55±0.05c 0.39±0.01b 1.81±0.02a 0.16±0.01b
Krasnopilka 2.39±0.03d 0.40±0.01b 1.92±0.05c 0.17±0.01b
Poradnytsia 3.03±0.04e 0.47±0.01a 1.84±0.01cd 0.17±0.01b

Anthesis, 2021
Kyivska 17 3.19±0.11a 0.53±0.01a 3.10±0.07a 0.17±0.01a
Horodnytsia 2.90±0.07b 0.49±0.02b 3.12±0.04a 0.17±0.01a
Smuhlianka 2.83±0.09b 0.52±0.01a 3.23±0.07b 0.18±0.01a
Pochaina 3.24±0.06a 0.60±0.01c 3.10±0.05a 0.18±0.01a
Krasnopilka 2.76±0.06bc 0.55±0.02a 3.33±0.01c 0.20±0.01b
Poradnytsia 2.77±0.05bc 0.52±0.01a 3.19±0.06b 0.19±0.01ab

Milk ripeness, 2021
Kyivska 17 2.89±0.10a 0.54±0.01a 3.20±0.01a 0.19±0.01a
Horodnytsia 2.54±0.09b 0.48±0.02b 3.39±0.11b 0.19±0.01a
Smuhlianka 2.33±0.09c 0.50±0.01c 3.41±0.05b 0.21±0.01ab
Pochaina 2.77±0.14b 0.56±0.03a 3.33±0.05bc 0.20±0.01ab
Krasnopilka 2.22±0.07c 0.48±0.02b 3.41±0.03b 0.22±0.01b
Poradnytsia 2.41±0.08bc 0.53±0.02a 3.35±0.05bc 0.22±0.01b

Note: here and in table 2 meanings denoted by the same Latin letters differ insignificantly at p≤0.05.
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anthesis in more productive varieties Kyivska 17 (respective-
ly, 91.7±4.8 and 135.8±5.0 cm2 in 2020 and 2021) and Horod-
nytsia (81.5±2.8 and 103.7± 4.1cm2) was higher than in other 
varieties, too. Besides, in the variety Kyivska 17 it exceeded 
the value in other varieties and at milk ripeness. A similar pat-
tern was found for dry weight of the flag leaf and all leaves of 
the main shoot (Table 2): high-yielding varieties had higher 
than less-yielding, dry weight of leaves in both years.

Wherein SLW of flag leaves at anthesis in year with 
drought during grain filling (HTC = 0.38, 2021) of high-pro-
ductive varieties ranged within their values in year with less 
severe drought (HTC = 0.78, 2020): respectively 5.4-5.6 and 
5.4-5.8 mg/cm2, while in less-productive ones differed sig-
nificantly: respectively, 5.9-6.1 and 4.8-5.2 mg/cm2. At milk 
ripeness, regardless of the degree of drought, high-yielding 
varieties exceeded less-productive ones. The difference be-
tween different yield varieties by SLW of flag leaves was 
more significant in the later stages of ontogenesis. Thus, the 

comparative analysis of the two-year datas of specific flag 
leaf weight showed that in more productive varieties it ex-
ceeded the value of less productive at milk ripeness.

The main marker of wheat’s tolerance to drought is con-
sidered its yield, however, since high-yielding varieties also 
differed in greater ear grain weight of the main shoot (Figure 
2), we analyzed the relationship between morphometric pa-
rameters with both indicators.

Ear grain productivity of the main shoot at anthesis by 
85-70% was determined by flag leaf dry weight, at milk ripe-
ness – 70-82% (Figure 3a). The influence of the flag leaf 
area on grain productivity of the main shoot ear was slightly 
smaller – respectively, the coefficients of determination of 
this relationship were 68 and 59% at anthesis and 63 and 
41% at milk ripeness (Figure 3b). The influence of SLW 
on the grain productivity of the main shoot ear at first stage 
varied significantly over the years of research: in 2020 the 
coefficient of determination reached 91%, and in 2021 was 

Table 2. Dry weight of individual leaves and main shoot ones, mg, of six winter wheat varieties 
Сорт N of leaf (from top) Main shoot

1 (flag) 2 3 4
Anthesis, 2020

Kyivska 17 181±13a 138±6a 98±6a 13±9a 430±24a
Horodnytsia 179±13a 129±9a 96±6a 10±7a 414±24a
Smuhlianka 120±6b 104±4b 69±11b 9±8a 302±17b
Pochaina 155±9c 103±4b 76±6b 16±9a 350±10c
Krasnopilka 118±7b 121±7a 89±4a 18±8a 345±11c
Poradnytsia 130±5b 103±4b 74±10b 29±12b 337±24c

Milk ripeness, 2020
Kyivska 17 202±12a 108±13a - - 311±17a
Horodnytsia 138±9b 79±8b 31±10a - 247±13b
Smuhlianka 126±6b 63±10b 7±5b - 197±11c
Pochaina 145±8b 62±14b 26±11a - 233±14b
Krasnopilka 84±11c 42±10c 19±6a - 145±19d
Poradnytsia 86±5c 72±5b - - 158±7d

Anthesis, 2021
Kyivska 17 240±11a 173±6a 134±4a 58±16a 605±18a
Horodnytsia 195±7b 126±4b 100±5b 15±10b 437±19b
Smuhlianka 137±8c 112±6c 91±5b 32±13c 372±19c
Pochaina 181±12b 131±5b 100±7b 56±16a 468±15b
Krasnopilka 180±6b 99±4ad 82±5c 52±12a 414±19b
Poradnytsia 158±8d 168±7a 114±7bd 72±13a 511±19d

Milk ripeness, 2021
Kyivska 17 207±8a 179±5a 129±7a 25±13a 540±23a
Horodnytsia 182±7b 98±6b 47±14b 16±11a 343±24b
Smuhlianka 133±6c 125±8c 71±13c 329±22b
Pochaina 190±12b 142±9d 98±13c 430±19c
Krasnopilka 140±6c 114±4c 86±6c 12±8a 351±14b
Poradnyts a 183±10b 162±8a 104±13c 449±19c
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insignificant, at milk ripeness – was close to both years 69 
and 64% (Figure 3c).

The coefficient of determination of the relationship be-
tween yield and dry weight of flag leaf at anthesis was close 
in both years (74% in 2020 and 69% in 2021). While at milk 

ripeness it differed significantly, respectively – 60 and 8% 
(Figure 4a). The flag leaf area at anthesis determined the yield 
by 94 and 74%, respectively, in 2020 and 2021, at milk ripe-
ness – by 49 and 5% (Figure 4b). The influence of the specific 
leaf weight on the yield in both phases was low (Figure 4c).

Fig. 3. Linear correlation between grain weight of main 
shoot ear of winter wheat grown under natural drought 
and traits related to flag leaf morphology of main shoots 

at anthesis (lines 1 (■), 3 (▲)– respectively, 2020 and 
2021) and milk ripeness (2 (□) and 4(∆)): a – dry weight, 

b – area, c – specific leaf weight
Note: *, ** – correlation coefficient is significant at p ≤0.05 and 

0.001, respectively

Fig. 4. Linear correlation between yield of winter wheat 
grown under natural drought and traits related to flag 
leaf morphology of main shoots at anthesis (lines 1, 3 – 

respectively, 2020 and 2021) and milk ripeness (2 and 4): 
a – dry weight, b – area, c – specific leaf weight

Note: *, ** – correlation coefficient is significant at p ≤0.05 and 
0.001, respectively
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According to the correlation analysis, in both years the 
dependence of grain weight of main shoot ear was signifi-
cant and positive with flag leaf dry weight at anthesis (r = 
0.92±0.19 and 0.84±0.28) and at milk ripeness (r = 0.84±0.28 
and 0.90±0.21). The flag leaf dry weight at first stage (r = 
0.86±0.26 and 0.83±0.28) and its area (r = 0.97±0.13 and 
0.86±0.28) were closely correlated with the winter wheat 
yield.

Thus, in years with drought conditions during the period 
of grain formation and filling, both the ear grain weight of 
the main shoot and the yield were closely related to flag leaf 
dry weight at anthesis. The posistive correlation of this trait 
under such conditions indicates that the flag leaf dry weight 
at this stage can serve as a morphometric marker of a toler-
ance of winter wheat to drought.

Discussion

A positive correlation was found between various traits 
related to flag leaf morphology with ear grain weight or yield 
(Johnson et al., 1990; Quarrie et al., 2006; Isidro et al., 2012; 
Al-Tahir, 2014; Rahal-Bouziane et al., 2018). In particular, 
the analysis of the dependence between the length and area 
of the flag leaf of 120 recombinant inbred lines (F8), ob-
tained by crossing two varieties of wheat with high yields 
(Q9086) and high drought resistance (Longjian 19), and ear 
weight, as well as yield showed close relationship between 
them (Yang et al., 2016).

We found that the high-yielding varieties had a higher 
dry weight of the flag leaf at anthesis. On the one hand, this 
contradicts the idea that a smaller flag leaf by limiting wa-
ter loss (due to transpiration) under drought conditions can 
contribute to better drought tolerance. However, on the other 
hand, its larger size allows the synthesis of more assimilates 
that can be used for the growth of other organs, including 
roots, the growth of which can contribute to better use of 
water from the soil. In particular, it has been shown that 
even a 5% increase in the distribution of assimilates between 
root and shoot in favor of the root led to a 50% increase in 
aboveground biomass of winter cereals on the 100th day of 
growth (Richards, 1987). 

In addition, a significant part of modern wheat varieties 
has wheat-rye translocation (1BL.1RS or 1AL.1RS). The 
contribution of the rye genome can also contribute to great-
er drought tolerance, in particular by preserving the area of ​​
leaves and the content of photosynthetic pigments in them. 
Thus, we have previously established that in the winter 
wheat variety Favoritka, which contains wheat-rye trans-
location 1BL.1RS, under conditions of soil drought during 
the period of earing – anthesis, the total chlorophyll content 

decreased by 25% compared to the variant with sufficient 
water supply, while Myronivska 808 without such translo-
cation decreased more – by 35% (Morgun et al., 2016). The 
chlorophyll b content was significantly reduced in the variety 
without translocation. Thus, the pigment apparatus of winter 
wheat containing wheat-rye translocation did not undergo 
significant structural changes, while in the variety without 
translocation there was a decrease in the number of light-har-
vesting complexes relative to the reaction centers of photo-
systems in thylakoid membranes. Better ecological plasticity 
of winter wheat varieties with wheat-rye translocations is 
also associated with their remontancy (Morgun, 2016).

Higher drought tolerance of wheat varieties with wheat-
rye translocation is confirmed by their higher yields. In par-
ticular, it was found that under conditions of limited water 
supply (one watering per vegetation) the lines of durum 
wheat of the cultivar Seri M82 with translocation of the 
T1BL.1RS chromosome had a higher yield (2.9 t/ha), than 
isogenic lines 1B (2.6 t/ha), while under optimal conditions 
(five irrigations) they did not differ significantly (7.5 and 7.6 
t/ha) (Villareal et al., 1998). In six-year experiments, it was 
found that Ukrainian winter wheat varieties with translations 
1AL.1RS and 1BL.1RS were on 0.87-0.95 t/ha higher than 
varieties without translocations (Morgun, 2016). At the same 
time, the influence of translocation on grain yield depends 
on both environmental conditions and genetic characteristics 
(Peake et al., 2011).

In addition, the influence of flag leaf traits on wheat grain 
productivity may be related to the functional activity of its 
photosynthetic apparatus. Thus, it was found that differences 
in the photosynthesis rate among different genotypes of C3 
plants are associated with their biochemical traits of leaves, 
as well as morphological and anatomical structure (Sharkey, 
1985). The positive effect of leaf blade enlargement may be 
due to the increase of chloroplasts number per unit area of 
leaf and photosynthetic enzymes, including Rubisco Lam-
bers et al. (2008), von Caemmerer & Farquhar (1981) and 
Poorter et al. (2009). Which, in turn, can affect their photo-
synthetic activity. In particular, the increase in grain produc-
tivity of the whole plant (30-40% compared to wild type) in 
transgenic wheat lines of generation T4 with increased levels 
and activity of the Calvin-Benson cycle enzyme sedohep-
tulose-1,7-bisphosphatase (SBPase), is associated with in-
creased leaves photosynthic capacity (Driever et al., 2017).

Thus, both own and literature data show that the best 
adaptive capacity of the assimilation apparatus of winter 
wheat plants, which increases their yield under drought, is 
related to their morphological changes, as well as optimal 
carbon metabolism and effective functional activity of the 
photosynthetic apparatus.
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Detection of morphometric and physiologic markers of 
drought tolerance is important to accelerate the wheat breed-
ing, as stable quantitative trait locus (QTL) mapping is con-
sidered one of the promising ways to improve wheat resis-
tance to this stress. A number of chromosomes and genomic 
regions in them are already known to be associated with 
drought tolerance. Edae and co-authors consider the most 
important chromosomes 1B, 4AL, 5B, 6B, 7A and 7B (Edae 
et al., 2014). The key role of chromosome 4A in drought 
tolerance has been established by studying the drought resis-
tance of 382 varieties and promising lines of the Institute of 
Agriculture of Chile and Uruguay and the International Cen-
ter for Wheat and Corn Improvement (CIMMYT) (Ballesta 
et al., 2020). Specific genomic regions of chromosomes 5A 
and 7A are also considered important for improving wheat 
tolerance to drought (Gahlaut et al., 2017). Six drought-re-

lated QTLs were identified on chromosome 7B, 2B and 2D 
(Rabby et al., 2021) by analyzing quantitative trait locus 
of spring wheat inbred lines derived from a cross between 
drought-resistant Reeder and high-yielding Albany. Twenty 
stable QTL morphological traits potentially useful for genet-
ic improvement of wheat drought resistance have been iden-
tified on different chromosomes (Yang et al., 2016).

There is also a lot of data in the literature on chromo-
somes associated with markers of wheat flag leaf assimila-
tion apparatus. Thus, QTL related to flag leaf size (length, 
width and area) was found in spring wheat chromosomes 
1B, 2B, 2D, 3A, 3B, 3D, 5B, 6A and 6B, together with QTL 
of 1000 grain weight, grain weight and grain filling period 
(Edae et al., 2014).  Two specific intervals of the marker Xw-
mc694-Xwmc156 on chromosome 1B and Xbarc1072-Xw-
mc272 on chromosome 2B were identified, which are re-

Table 3. Some chromosomes that control drought resistance of spring and winter wheat and flag leaf assimilation appa-
ratus traits (in parentheses – literature source)
Chromosomes,
associated with 
drought resistance*

Flag leaf traits
morphological pigment photosynthetic apparatus activity

1В

Length, width, area  
(Edae et al., 2014)

Chlorophyll content
(Peleg et al., 2009)

Minimum fluorescence yield of PS II 
(Ilyas et al., 2014)

Length, width, area & angle  
(Yang et al., 2016)

Width & angle (Liu et al., 2018)

2B

Length, width, area
(Edae et al., 2014)

Rate of senescence  
(Verma et al., 2004)

Maximum quantum yield of PS II  
(Li et al., 2014; Siddiqui et al., 2021)

Length, width, area & angle  
(Yang et al., 2016)

Chlorophyll content (Peleg et al., 
2009, Bhusal et al., 2018)

Length & width  
(Liu et al., 2018)

Chlorophyll and carotenoids content
(Li et al., 2014)

Fresh biomasse
(Siddiqui et al., 2021)

4A Fresh biomasse
(Siddiqui et al., 2021)

Chlorophyll content
(Zhang etal. 2009)

5А

Length, area
(Liu et al., 2018)

Chlorophyll content
(Peleg et al., 2009; Puttamadanayaka 

et al., 2021)

Maximum quantum yield of PS II 
(Czyczylo-Mysza et al., 2011)

Fresh weight
(Verma et al., 2021)

Chlorophyll and carotenoids content 
(Li et al., 2014)

5В

Width  
(Isidro et al., 2012)

Chlorophyll content
(Peleg et al., 2009, Bhusal et al., 

2018; Puttamadanayaka et al., 2021)

Maximum quantum yield of PS II 
(Fv/Fm) (Li et al., 2014)

Length, width, area
(Edae et al., 2014)

Chlorophyll and carotenoids content
(Li et al., 2014)

6В

Length, width, area (Edae et al., 
2014)

Chlorophyll content
(Li et al., 2014)

Area  
(Puttamadanayaka et al., 2021)

Greenness index  
(Siddiqui et al., 2021)

Angle (Liu et al., 2018)
Note* – according to literature data
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lated to the length, width, area and angle of the flag leaf 
(Yang et al., 2016). The presence of four marker intervals 
on chromosome 5B (Isidro et al., 2012) related to the width 
of the flag leaf has been confirmed. Analysis of the interge-
neric population of recombinant inbred crossbreeding lines 
of drought-resistant wheat varieties C306 and HUW206 
showed that QTL, which controls the potential quantum effi-
ciency of photosystem II (QFv/Fm.ksu-3B) and chlorophyll 
content (QChl) under local conditions chromosome 3B in 
the marker range Xbarc68– Xbarc101 and explain 35–40% 
of phenotypic variations for each trait (Kumar et al., 2012). It 
was also found that QTLs associated with photosynthesis are 
located on chromosomes 5D, 6D, 7D, with indicators of pho-
tosynthetic activity – on 4A and 2D (Kulkarni et al., 2017).

Analysis of the literature shows that some chromosomes 
that contain drought-resistant QTL also have quantitative 
trait locus that affect the morphological, biochemical charac-
teristics of wheat flag leaf and indicators of functional activ-
ity of its photosynthetic apparatus (Table 3).

The location of QTL on the same chromosomes associ-
ated with drought tolerance and photosynthetic apparatus 
of the wheat flag leaf may indicate that genes, controlling 
drought tolerance may be linked to genes that control traits 
of the assimilation apparatus and can be jointly inherited. 
QTLs with a pleiotropic effect or multiple linkages are con-
sidered potential target regions for mapping and selection 
using markers in wheat breeding programs (Liu et al., 2018).

Conclusions

Our results show that all researched varieties of winter 
wheat were characterized by erect upper leaves. This con-
tributed to the same radiation regime within their crops and 
access of carbon dioxide to plants, but did not affect the ad-
aptation of varieties to drought.

Analysis of the ratio carotenoids/chlorophyll at milk 
ripeness revealed that under drought during the grain filling 
period, the most productive varieties of winter wheat have a 
better functional state of the pigment apparatus at late stag-
es of ontogenesis. A positive relationship between the grain 
productivity of the main shoot ear of winter wheat, as well 
as yield and flag leaf dry weight at anthesis was established. 
Thus, flag leaf dry weight at anthesis could be used as selec-
tion criteria in winter wheat breeding for drought tolerance. 
Detection of morphological and physiological traits associ-
ated with winter drought tolerance of wheat may be the basis 
for further study by molecular genetic methods and acceler-
ate the selection process. This study also showed the pres-
ence of links between drought tolerance loci and flag leaf 
photosynthetic components. What can be used to increase 

the yield of winter wheat and sustainability to water-deficit 
stress.

Based on the literature, it has been suggested that drought 
tolerance genes may be linked to genes that affect the assimi-
lation apparatus and may be co-inherited. This assumption is 
confirmed by the higher yields of varieties with the best traits 
of flag leaf assimilation apparatus under natural drought, in 
both years of research.

Adherence to ethical standards. This article does not 
cover any human or animal studies.

Funding. The publication contains the results of research 
conducted within the project funded by the Cabinet of Minis-
ters of Ukraine: “Supporting for the development of priority 
directions in scientific studies” (program budget classifica-
tion code 6541230). 

Conflict of interest. The authors declare no conflict of 
interest.

References

Abid, M., Tian, Zh., Zahoor, R., Ata-Ul-Karim, S.T., Daryl, Ch., 
Snider, J. L. & Dai, T. (2018). Pre-Drought Priming: A Key 
Drought Tolerance Engine in Support of Grain Development 
in Wheat.  Advances in Agronomy, 152, 51–85. https://doi.
org/10.1016/bs.agron.2018.06.001.

Al-Tahir, F. M. M. (2014). Flag leaf characteristics and relation-
ship with grain yield and grain protein percentage for three ce-
reals. Journal of Medicinal Plants Studies, 2(5), 01–07.

Ballesta, P., Mora, F. & Del Pozo, A. (2020). Association map-
ping of drought tolerance indices in wheat: QTL-rich regions 
on chromosome. Scientia Agricola, 77(2), 20180153. https://
doi.org/10.1590/1678-992X-2018-0153

Bhusal, N., Sharma, P., Sareen, S. & Sarial, A. K. (2018). Map-
ping QTLs for chlorophyll content and chlorophyll fluores-
cence in wheat under heat stress. Biologia Plantarum, 62(4), 
721-731. DOI: 10.1007/s10535-018-0811-6

Czyczyło-Mysza, I., Marcińska, I., Skrzypek, E., Chrupek, M., 
Grzesiak, S., Hura, T., Stojałowski, S., Myśków, B., Mil-
czarski, P. & Quarrie, S. (2011). Mappping OTLs for yield 
components and chlorophyll a fluorescence parameters in 
wheat under three levels of water availability. Plant Genetic 
Resources, 9(2), 291-295. doi: 10.1017/S1479262111000207

Dospehov, B. A. (1985). Field experience methods. Agropromoz-
dat, (Ru). 

Driever, S. M., Simkin, A. ., Alotaibi, S.,  Fisk, S. J., Madgwick, 
P. J., Sparks, C. A., Jones, H. D., Lawson, T., Parry, M. A. 
J. & Raines, C. A. (2017). Increased SBPase activity improves 
photosynthesis and grain yield in wheat grown in greenhouse 
conditions. Philosophical Transactions of the Royal Society B, 
372(1730), 20160384. doi: 10.1098/rstb.2016.0384

Edae, E. A., Byrne, P. F., Haley, S. D., Lopes, M. S. & Reynolds, 
M. P. (2014). Genome-wide association mapping of yield and 
yield components of spring wheat under contrasting moisture 
regimes. Theoretical and Applied Genetics, 127, 791–807. doi: 

https://www.researchgate.net/journal/0065-2113_Advances_in_Agronomy
https://doi.org/10.1590/1678-992X-2018-0153
https://doi.org/10.1590/1678-992X-2018-0153


645Winter wheat flag leave morphometric traits under drought 

10.1007/s00122-013-2257-8
Elbar, O. H. A., Farag, R. E. & Shehata, S. A. (2019). Effect 

of putrescine application on some growth, biochemical and an-
atomical characteristics of Thymus vulgaris L. under drought 
stress. Annals of Agriculturale Science, 64(2), 129–137. Doi: 
10.1016/j.aoas.2019.10.001

Farooq, M., Hussain, M. & Siddique, K. H. M. (2014). Drought 
stress in wheat during anthesis and grain-filling periods. Criti-
cal Reviews in Plant Sciences, 33(4), 331–349. DOI:10.1080/0
7352689.2014.875291

Gahlaut, V., Jaiswal, V., Tyagi, B. S., Singh, G., Sareen, S. & 
Balyan, H. S. (2017). QTL mapping for nine drought-re-
sponsive agronomic traits in bread wheat under irrigated and 
rain-fed environments. PloS One, 2(8), e0182857. https://doi.
org/10.1371/journal.pone.0182857

Golldack, D., Lüking, I. & Yang, O. (2011). Plant tolerance to 
drought and salinity: Stress regulating transcription factors 
and their functional significance in the cellular transcription-
al network. Plant Cell Reports, 30, 1383–1391. Doi: 10.1007/
s00299-011-1068-0

https://mepr.gov.ua/files/docs/Zmina_klimaty/2020
Ilyas, M., Ilyas, N., Arshad, M., Gul, A., Mujeeb-Kazi, A. & Wa-

heed, A. (2014). QTL mapping of wheat doubled haploids for 
chlorophyll content and chlorophyll fluorescence kinetics under 
drought stress imposed at anthesis stage. Pakistan Journal of 
Botany, 46, 1889-1897.

Isidro, J., Knox, R., Clarke, F., Singh, K. A., DePauw, R., 
Clarke, J. & Somers, D. (2012). Quantitative genetic analy-
sis and mapping of leaf angle in durum wheat. Planta, 236(6), 
1713–1723. DOI:10.1007/s00425-012-1728-5

Ivanyuta, S. P., Kolomiets, O. O., Malinovskaya, O. A. & 
Yakushenko, L. M. (2020). Climate change: consequences and 
adaptation measures: analytical report. Kyiv: National Institute 
for Strategic Studies (Ua). https://niss.gov.ua/sites/default/
files/2020-10/dop-climate-final-5_sait.pdf

Johnson, J. W., Bruckner, P.  L. & Morey, D.  D. (1990). Re-
lationships among flag leaf characteristics and yield of wheat. 
Cereal Research Communications, 18(4), 283–289. 

Kapoor, D., Bhardwaj, S., Landi, M., Sharma, A., Ramakrish-
nan, M. & Sharma, A. (2020). The Impact of Drought in Plant 
Metabolism: How to Exploit Tolerance Mechanisms to Increase 
Crop Production. Applied Sciences, 10(16), 5692. 

Kulkarni, M., Soolanayakanahally, R., Ogawa, S., Uga, Y., Sel-
varaj, M. G. & Kagale, S. (2017). Drought response in wheat: 
key genes and regulatory mechanisms controlling root system 
architecture and transpiration efficiency. Frontiers in Chemis-
try, 5, 106. https://doi.org/10.3389/fchem.2017.00106

Kumar, S., Sehgal, S., Kumar, U., Prasad, P. V. V., Joshi, A. & 
Gill, B. (2012). Genomic characterization of drought toler-
ance-related traits in spring wheat. Euphytica, 186(1), 265-276. 
10.1007/s10681-012-0675-3

Lambers, H., Chapin, F. S. & Pons, T. L. (2008). Plant Phys-
iological Ecology. Second edition. Springer, 11-43. DOI: 
10.1007/978-0-387-78341-3

Li, H., Wang, G., Zheng, Q., Li, B. & Li, Z. (2014). Genetic anal-
ysis of biomass and photosynthetic parameters in wheat (Triti-
cum aestivum L.) grown in different light intensities. Journal of 

Integrative Plant Biology, 56(6), 594-604. 10.1111/jipb.12174
Liu, K., Xu, H., Liu, G., Guan, P., Zhou, X., Peng, H., Yao, Y., 

Ni, Zh., Sun, Q. & Du, J. (2018). QTL mapping of fag leaf‑re-
lated traits in wheat (Triticum aestivum L.). Theoretical and Ap-
plied Genetics, 131, 839-849. doi: 10.1007/s00122-017-3040-z

Long, S. P., Zhu, X. G., Naidu, S. L. & Ort, D. R. (2006). Can 
improvement in photosynthesis increase crop yields? Plant, 
Cell and Environment, 29(3), 315–330. https://doi.org/10.1111/
j.1365-3040.2005.01493.x

Morgun, B. V. (2016). State and persoectives of wheat-rye trans-
locations use in winter wheat breeding. Fiziologia Roslyn 
I Genetyca, 48(4), 324-343. doi:  https://doi.org/10.15407/
frg2016.04.324

Morgun, V. V., Sanin, E. V., Shvartau, V. V. & Omelyanenko, O. 
A. (2014). Varieties and technologies of growing of high win-
ter wheat canopies. The club of 10 tons. Kyiv (Ua). https://doi.
org/10.15407/scine10.05.036

Morgun, V. V., Stasik, O. O., Kiriziy, D. A. & Pryadkina, G. 
O. (2016). Relations between reactions of photosynthetic traits 
and grain productivity on soil drought in winter wheat variet-
ies contrasting in their tolerance. Fiziologia Roslyn I Genetyca, 
48(5), 371-381. doi: https://doi.org/10.15407/frg2016.05.371

Morgun, V. V., Stasik, O. O., Kiriziy, D. A., Sokolovska-Sergiien-
ko, O. G. &  Makharynska, N. M. (2019). Effects of drought 
at different periods of wheat development on the leaf photo-
synthetic apparatus and productivity. Regulatory Mechanisms 
in  Biosystems, 10(4), 406-414. Doi: 1015421/021961

Peake, A. S., Gilmour, A. & Cooper, M. (2011). The 1BL/1RS 
translocation decreases grain yield of spring wheat germplasm 
in low yield environments of north-eastern Australia. Crop & 
Pasture Science, 62, 276–288.DOI:10.1071/CP10219

Peleg, Z., Fahima, T., Krugman, T., Abbo, S., Yakir, D., Korol, 
A. B. & Saranga, Y. (2009). Genomic dissection of drought 
resistance in durum wheat × wild emmer wheat recombinant in-
bred line population. Plant, Cell & Environment, 32, 758–779. 
DOI: 10.1111/j.1365-3040.2009.01956.x

Poorter, H., Niinemets, Ü., Poorter, L., Wright, I. J. & Villar, R. 
(2009). Causes and consequences of variation in leaf mass per 
area (LMA): a meta-analysis. New Phytologist, 182, 565–588. 
https://doi.org/10.1111/j.1469-8137.2009.02830.x

Puttamadanayaka, S., Harikrishna, Balaramaiah, M., Biradar, 
S., Parmeshwarappa, S. V., Sinha, N., Prasad, S. V. S., Mish-
ra, P. C., Jain, N., Singh, P. K., Singh, G. P. & Prabhu, K. 
V. (2020). Mapping genomic regions of moisture deficit stress 
tolerance using backcross inbred lines in wheat (Triticum aes-
tivum L.). Scientific Reports, 10, 1646. https://doi.org/10.1038/
s41598-020-78671-x

Quarrie, S. A., Quarrie, P. S., Radosevic, R., Rancic, D., Ka-
minska, A., Barnes, J. D., Leverington, M., Ceoloni, C. & 
Dodig, D. (2006). Dissecting a wheat QTL for yield present in a 
range of environments: from the QTL to candidate genes. Jour-
nal of Experemental Botany, 57(11), 2627–2637. doi: 10.1093/
jxb/erl026

Rabby, S. M. H., Kumar, A., Naraghi, S. M., Sapkota, S., Alam-
ri, M. S., Elias, E. M., Kianian, Sh., Seetan, R., Missaoui, 
A., Solanki, Sh. & Mergoum, M.  (2021). Identification of 
Main-Effect and Environmental Interaction QTL and Their 

http://dx.doi.org/10.1080/07352689.2014.875291
http://dx.doi.org/10.1080/07352689.2014.875291
https://doi.org/10.1371/journal.pone.0182857
https://doi.org/10.1371/journal.pone.0182857
https://doi.org/10.1007/s00299-011-1068-0
https://doi.org/10.1007/s00299-011-1068-0
https://mepr.gov.ua/files/docs/Zmina_klimaty/2020
http://dx.doi.org/10.1007/s00425-012-1728-5
https://niss.gov.ua/sites/default/files/2020-10/dop-climate-final-5_sait.pdf
https://niss.gov.ua/sites/default/files/2020-10/dop-climate-final-5_sait.pdf
https://doi.org/10.3389/fchem.2017.00106
https://doi.org/10.15407/frg2016.04.324
https://doi.org/10.15407/frg2016.04.324
https://doi.org/10.15407/scine10.05.036
https://doi.org/10.15407/scine10.05.036
https://doi.org/10.15407/frg2016.05.371
http://dx.doi.org/10.1071/CP10219
https://doi.org/10.1111/j.1365-3040.2009.01956.x
https://doi.org/10.1111/j.1469-8137.2009.02830.x
https://doi.org/10.1038/s41598-020-78671-x
https://doi.org/10.1038/s41598-020-78671-x


646 Volodymir Morgun, Galyna Priadkina and Nadia Makharynska

Candidate Genes for Drought Tolerance in a Wheat RIL Popu-
lation Between Two Elite Spring Cultivars. Frontiers in Genet-
ics, 17 June 2021. https://doi.org/10.3389/fgene.2021.656037

Rahal-Bouz, H., Bradai, F., Alane, F. & Yahiaoui, S. (2018). 
Influence of flag leaf traits on forage yield components and 
their ash contents in Barley Landraces (Hordeum vulgare L.) 
of South Algeria. Journal of Agronomy, 17(1), 28–36. doi: 
10.3923/JA.2018.28.36

Rauf, S., Zaharieva, M., Warburton, M. L., Zhang, P.-Z., 
AL-Sadi, A. M., Khalil, F., Kozak, M. & Tariq, S. A. (2015). 
Breaking wheat yield barriers required integrates efforts in de-
veloped countries. Journal of Integrative Agriculture, 14(8), 
1447–1474. https://doi.org/10.1016/S2095-3119(15)61035-8

Richards, R. A. (1987). Physiology and the breeding of win-
ter-grown cereals for dry areas. In: Drought Tolerance 
in Winter Wheats. Wiley, 133–150. http://hdl.handle.
net/102.100.100/270487?index=1

Selyanoinov, G. T. (1928). About agricultural estimate of climate. 
Trudy GGO, 20, 177-85.

Sharkey, T. D. (1985). Photosynthesis in intact leaves of C3 plants: 
Physics, physiology and rate limitations. Botanical Review, 51, 
53–105. Doi: 10.1007/BF02861058

Shiman, L. M. (1967). Determining of the leaves orientation in 
space. Russian Journal of Plant Physiology. 1967, 2, 381–383 
(Ru).

Siddiqui, M. N., Teferi, T. J., Ambaw, A. M., Gabi, M. T., Koua, 
P., Léo, J. & Ballvora, A. (2021). New drought-adaptive loci 
underlying candidate genes on wheat chromosome 4B with im-
proved photosynthesis and yield responses. Physiologia Plan-
tarum, 173(4), 2166-2280. https://doi.org/10.1111/ppl.13566

Stasik, O. O., Kiriziy, D. A., Sokolovska-Sergiienko, O. G. & 
Bondarenko, O. Y. (2020). Influence of drought on the photo-
synthetic apparatus activity, senescence rate, and productivity 
in wheat plants. Fiziologia Roslyn I Genetyca, 52(5), 371–387, 
doi: https://doi.org/10.15407/frg2020.05.371.

Verma, V., Foulkes, M., Worland, A.J., Sylvester-Bradley, R., 
Caligari, P. & Snape, J. (2004). Mapping quantitative trait loci 
for flag leaf senescence as a yield determinant in winter wheat 
under optimal and drought-stress environments. Euphytica, 
135(3), 255-263. 10.1023/B:EUPH.0000013255.31618.14

Vermaas, W. (1993). Molecular-biological approaches to analyze 
photosystem II structure and function. Annual Review of Plant 
Physiology and Plant Molecular Biology, 4, 457–481. https://

doi.org/10.1146/annurev.pp44.060193.002325
Villareal, R. L., Bañuelos, O., Mujeeb-Kazi, A. & Ra-

jaram, S. (1998). Agronomic performance of chromo-
somes 1B and T1BL.1RS near-isolines in the spring bread 
wheat Seri M82. Euphytica, 103, 195–202. https://doi.
org/10.1023/A:1018392002909

von Caemmerer, S. & Farquhar, G. D. (1981). Some relation-
ships between the biochemistry of photosynthesis and the gas 
exchange of leaves. Planta, 153(4), 376–387. doi: 10.1007/
BF00384257

 Wellburn, A. P. (1994). The spectral determination of chlorophyll 
a and b, as well as carotenoids using various solvents with 
spectrophotometers of different resolution. Journal of Plant 
Physiology, 144(3), 307–313.   https://doi.org/10.1016/S0176-
1617(11)81192-2

Yang, D., Liu, Y., Cheng, H., Chang, L., Chen, J., Chai, S. & 
Li, M. (2016). Genetic dissection of flag leaf morphology in 
wheat (Triticum aestivum L.) under diverse water regimes. 
BMC Genetic Data, 17(1), 94. https://doi.org/10.1186/s12863-
016-0399-9

Zadoks, J. C., Chang, T. T. & Konzak, C. F. (1974). A decimal 
code for the growth stages of cereals. Weed Research, 14, 415–
421. https://doi.org/10.1111/j.1365-3180.1974.tb01084.x

Zampieri, M., Ceglar, A., Dentener, F. & Toreti, A. (2017). Wheat 
yield loss attributable to heat waves, drought and water excess 
at the global, national and subnational scales. Environmental 
Researches Letters, 12(6), 064008.

Zhang, J., Zhang, Sh., Cheng, M., Jiang, H., Zhang, X., Peng, 
C., Lu, X., Zhang, M. & Jin, J. (2018). Effect of drought on 
agronomic traits of rice and wheat: a meta-analysis. Interna-
tional Journal of Environmental Research and Public Health, 
15(5), 839. Doi: 10.3390/ijerph15050839

Zhang, K., Zhan, Y., Chen, G. & Tian, J. (2009). Genetic anal-
ysis of grain yield and leaf chlorophyll content in common 
wheat.  Cereal Research Communications, 7(4), 499–511. 
http://www.jstor.org/stable/23789994

Zulkiffal, M., Ahsan, A., Ahmad, J., Musa, M., Kanwal, A., Sal-
eem, M., Anwar, J., Rehman, A., Ajmal, S., Gulnaz, S. & 
Javaid, M. M. (2021). Heat and Drought Stresses in Wheat 
(Triticum aestivum L.): Substantial Yield Losses, Practical 
Achievements, Improvement Approaches, and Adaptive Mech-
anisms. In: Plant Stress Physiology. IntechOpen. https://doi.
org/10.5772/intechopen.92378

Received:April, 23, 2022; Accepted: May, 17, 2022; Published:  August, 2022

https://doi.org/10.3389/fgene.2021.656037
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Siddiqui%2C+Md+Nurealam
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Teferi%2C+Tesfaye+J
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Ambaw%2C+Abebaw+M
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Gabi%2C+Melesech+T
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Koua%2C+Patrice
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Koua%2C+Patrice
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=L%C3%A9on%2C+Jens
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Ballvora%2C+Agim
https://doi.org/10.1111/ppl.13566
https://doi.org/10.15407/frg2020.05.371
https://pubmed.ncbi.nlm.nih.gov/?term=von+Caemmerer+S&cauthor_id=24276943
https://pubmed.ncbi.nlm.nih.gov/?term=Farquhar+GD&cauthor_id=24276943
https://doi.org/10.1186/s12863-016-0399-9
https://doi.org/10.1186/s12863-016-0399-9
http://www.jstor.org/stable/23789994
https://doi.org/10.5772/intechopen.92378
https://doi.org/10.5772/intechopen.92378

	_Hlk99050221
	_Hlk99111614
	_Hlk99112245
	_Hlk99135141
	_Hlk99135422
	_Hlk99571376
	_Hlk99571717
	_Hlk99048420
	_Hlk99190099
	_Hlk99223880
	_Hlk99282501
	_Hlk99353302
	_Hlk99353440
	_Hlk99973529
	_Hlk99572032
	_Hlk99745134
	_Hlk99708341
	_Hlk99616276
	_Hlk99355897
	_Hlk100499867
	_Hlk100498553
	_Hlk99710205
	_Hlk101259469
	_Hlk99701267
	_Hlk99707439
	_Hlk101259404
	_Hlk99616619

