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Abstract Ten wheat (Triticum aestivum L.) cultivars were

tested in a semi-field experiment for drought response in

terms of their flag leaf vigor, whole shoot growth and

ultimate yield capacity. At booting stage, 25% of field

capacity was held for 3 weeks, then the plants were nor-

mally irrigated. Based on split plot analysis of the pooled

data, the order in which the source of variation could affect

the estimated traits was watering level, then cultivar and

finally the combination of both. At p B 0.05, significant

positive linear correlation was recorded between the

drought-induced change in grain total carbohydrate content

and leaf total carbohydrate content, between biological

yield and each of water use efficiency for biomass and

evapotranspiration efficiency as well as between economic

yield and each of leaf catalase activity, water use efficiency

for grain and hundred kernel mass. On contrary, significant

negative correlation was recorded between the drought-

induced change in shoot evapotranspiration rate and each

of leaf proline content and shoot water content. Based on

the drought-induced change in the estimated vegetative and

yield traits, cluster analysis could sequester the concerned

cultivars into drought-tolerant, moderate and sensitive

ones; with Sids 13 being the most drought-tolerant cultivar

as well as Shandaweel 1 and Giza 168 as the most drought-

sensitive ones.
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Introduction

Wheat (Triticum aestivum L.) is the most widely cultivated

crop with an essential role in maintaining global food

security. In this regard, wheat was documented to be the

cereal of choice in most countries because of its nutritional

virtue; where it serves as a rich source of carbohydrates and

proteins (Fardet et al. 2008). However, global wheat pro-

duction needs to be increased by about 50% by the year

2030 to feed the growing population (Gahlaut et al. 2017).

At the same time, it was documented that at least 70% of

the world’s wheat-cultivated area had experienced water

stress (Monneveux et al. 2012). Thus, identifying drought-

tolerant wheat cultivars along with realizing the mecha-

nisms of their ability to cope with drought may be a

strategic means to upgrade wheat productivity. Because of

its wide-spread occurrence, a condensed consideration of

drought revealed that it could affect the performance of

wheat or any other crop plant in various aspects resulting in

the most fatal economic loss in the agricultural sector. Such

a stressful factor was intensively regarded to exert marked

impacts on the performance of plants on cellular as well as

the whole level leading to specific as well as unspecific

reactions, injuries and adaptation responses (Beck et al.

2007).

For wheat, drought at heading stage had more obvious

influences than at other growth stage; with marked conse-

quences on ultimate yield (Kamel and Yazdansepas 2016).

Depending on cultivar, drought was recorded to alter wheat

vegetative growth by affecting flag leaf growth as indicated

by its agronomy, pigment content, photosynthetic capacity

and carbohydrate content (Mickky et al. 2018b). Also, the

response of different cultivars to drought was found to

relay on the extent of cellular reactive oxygen species

(ROS) over-production and its impact on cellular
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membranes (Karmollachaab and Gharineh 2015). Plants

with enhanced antioxidants, whether antioxidative com-

pounds or antioxidant enzymes, could withstand in dry

habitats (Boguszewska et al. 2010). Also, plant water status

linked with the tendency of its cells for osmotic regulation

was considered as robust traits for screening drought tol-

erance of different cultivars (Rachmilevitch et al. 2006).

Wheat yield was also found to be linked with shoot growth

as revealed by its morphology, tillering ability and water

relations. Generally, alteration in shoot growth vigor in

response to drought varied with the severity and duration of

stress as well as the growth stage and plant cultivar (Shao

et al. 2007). So, there is an urgent need to identify plant

cultivars with reasonable vegetative traits contributing to

acceptable yield under drought.

The use of water by a crop is normally correlated with

its capacity for biomass production (biological yield) or

grain productivity (economic yield); the concept of water

use efficiency. Thus, water use efficiency can be based on

grain yield or total biomass production; and when it is

used, the yield base should be clearly indicated (Tanner

and Sinclair 1983). In this context, water use efficiency was

concluded in many studies as one of the main yield drivers

(Reynolds and Tuberosa 2008). However, variation in the

values of water use efficiency was found to be substantial

even within the cultivar; mainly because of environmental

conditions (Lin et al. 2012). Therefore, the current study

aimed at evaluating the comparative performance of ten

wheat cultivars in terms of their vegetative growth at

heading stage and yield capacity under drought; with

adopting some statistical procedures to reach an overall

conclusion.

Materials and methods

Plant material and experimental design

Pure wheat (Triticum aestivum L.) strains (Misr 1, Misr 2,

Gemmeiza 9, Gemmeiza 11, Sids 12, Sids 13, Sakha 93,

Sakha 94, Shandaweel 1 and Giza 168) were obtained from

the Egyptian Ministry of Agriculture. Homogeneous grains

were sown within plastic pots packed with 2/1, v/v, clay/

sand soil and left under natural conditions (mini-

mum/maximum air temperature, relative humidity and

light intensity of 15/27 �C, 40/77% and 10,000/76,000 lx;

respectively) at midday time (12 pm) throughout the whole

experimental period; with irrigation to field capacity. After

45 days from sowing, plants from each cultivar were

divided into two sets; the first was further irrigated to field

capacity serving as control, while irrigation was held from

the second set for 21 days so that 25% of irrigation water

was held. Flag leaf along with the whole shoot was

sampled at heading stage when the plants were 65-day old;

with yield parameters taken 115 ± 5 days after sowing.

Assessment of vegetative traits

Flag leaf specific area was computed as the leaf area

divided by its dry mass (Beadle 1993); with the leaf area

determined as leaf length 9 breadth 9 0.75. After deter-

mining the amount of total chlorophyll (sum of chlorophyll

a and chlorophyll b amounts) according to Kissimon

(1999), chlorophyll stability index was recorded as

100 9 total chlorophyll of drought sample/total chloro-

phyll of control sample (Sairam et al. 1997). Leaf photo-

synthesis rate was determined using portable gas exchange

system (LCi, ADC BioScientific, UK). Leaf total carbo-

hydrate content was colorimetrically determined using HCl

as an extraction solvent and anthrone as a reagent (Sada-

sivam and Manickam 1996).

Leaf membrane stability index was determined as

described by Mickky et al. (2019), while leaf catalase was

assayed following the titration method of Devi (2007).

Weight method of Smart and Bingham (1974) was adopted

to determine leaf relative water content; and the colori-

metric method of Bates et al. (1973) was followed to

determine proline amount in leaf water extract using nin-

hydrin reagent. Main shoot length was recorded with the

number of tillers per plant as an indication for shoot til-

lering ability. Shoot water content was calculated as the

amount of water present in the unit shoot fresh mass. Shoot

evapotranspiration rate was determined as the total amount

of water added to each pot divided by the fresh mass of the

potted shoot (Passioura 1977).

Assessment of yield traits

Biological yield was determined as the mass of the whole

plant, while economic yield was determined as grain yield

per plant. Water use efficiency for biomass or for grain was

determined as biological yield or economic yield per total

amount of water added; respectively (Stanhill 1987).

Evapotranspiration efficiency was determined as water use

efficiency for grain/harvest index (Ehdaie and Waines

1993), where harvest index is economic yield/straw yield

(Beadle 1993). Hundred grains were weighed to express

hundred kernel mass, while grain total carbohydrate and

total protein contents were colorimetrically determined

using anthrone and coomassie brilliant blue; respectively

(Sadasivam and Manickam 1996).

Statistical analysis

A statistical ‘‘CoHort/CoStat’’ software version 6.311 was

employed to analyze the replicas of collected data (five
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plant replicas assessed for morphological or agronomic

traits and only three replicas for biochemical analyses).

Analysis of variance (ANOVA) test at p B 0.05 was

applied to the normally-distributed data with split plot

design considering cultivar as the main plot factor and

watering level as the sub-plot factor. The percent change in

each trait for each cultivar under the effect of drought was

recorded. As a univariate algorithm, linear correlation was

determined among the drought-induced changes in the

estimated traits using statistical ‘‘Past’’ software version

3.20; and only significant correlations at p B 0.05 were

illustrated. As a multivariate algorithm, cluster analysis of

the concerned cultivars was performed using ‘‘Minitab’’

software version 18 with complete linkage method and

Euclidean distance measure; considering cluster centroids

to represent the mean values of the drought-induced

changes in vegetative and yield traits within each cluster.

Results and discussion

ANOVA results

Results in Table 1 reflect an overall picture about the rel-

ative effect of cultivar, watering level or the combination

of both on vegetative growth and yield of the concerned

wheat plants; taking into account the effect of the sample

size or replications. According to mean squares (MS) val-

ues, replications had minor effect on most of the estimated

traits (non-significant effect at p B 0.05); with low percent

of variation in relation to the total sources of variations

(B 5%) except for leaf specific area and leaf photosyn-

thesis rate where high percent of variation (up to 19%)

could be recorded as a result of replications. Such effect

could be reflected on the error source of variation which

had minor effect on the estimated traits; with low percent

of variation (B 2%) except for leaf specific area and leaf

photosynthesis rate where high percent of variation (up to

17%) could be recorded. With respect to the solo effect of

cultivar or watering level, it was recorded that watering

level was the most obvious source of variation when con-

sidering all the determined traits except for leaf specific

area, leaf total carbohydrate content, shoot tillering ability,

water use efficiency for biomass, water use efficiency for

grain and grain total protein content where the effect of

cultivar was more obvious. Those traits for which the effect

of cultivar as a source of variation is more pronounced can

be thus considered as reliable selection criteria for drought

tolerance. Matching this finding, water use efficiency was

previously recorded as suitable screening trait for dis-

criminating drought-tolerant wheat cultivars (Farshadfar

et al. 2011). However, the combination of cultivar and

watering level had significant effect on the estimated traits

at p B 0.05 except for leaf specific area, leaf relative water

content, shoot length and shoot evapotranspiration rate

causing low percent of variation (B 3%). Therefore, these

four traits can be considered as constitutive traits as their

expression is independent on environmental fluctuations; in

other words variation in these traits among different cul-

tivars is minimal under different watering levels. In a

similar trend, leaf relative water content was recorded as a

constitutive trait when considering different wheat culti-

vars under varied water regimes (Bayoumi et al. 2008).

Leaf specific area, chlorophyll stability index,

photosynthesis rate and total carbohydrate content

Leaf photosynthetic machinery of the studied wheat culti-

vars was previously considered in particular (Mickky et al.

2018b); but the percent change in leaf specific area,

chlorophyll stability index, photosynthesis rate and total

carbohydrate content under drought were necessarily

reconsidered herein to explain yield traits. Data revealed

that drought decreased leaf specific area in all cultivars

although such decreases were non-significant at p B 0.05

(Fig. 1). Mickky et al. (2018a) similarly recorded decrease

in leaf specific area of alfalfa plants in response to drought.

In this regard, it was reported that plants might have lower

leaf specific area under drought to reduce transpiration

(Poorter et al. 2009). From another point of view, lower

leaf specific area under drought may reflect little carbon

gain (Cheng et al. 2016). For leaf chlorophyll stability

index, drought significantly increased it in Misr 1, Gem-

meiza 9, Sids 13, Sakha 94, Shandaweel 1 and Giza 168,

while drought non-significantly increased it in Gemmeiza

11, Sids 12 and Sakha 93; but non-significantly decreased it

in Misr 2 (Fig. 1). Leaf chlorophyll stability index was

found to reveal pigment maintenance under stressful con-

ditions; with higher values indicating more chlorophyll

availability to help plants cope with stress by enhanced

photosynthesis rate with consequent better dry matter

production (Ananthi et al. 2013). In this context, Surendar

et al. (2013) noticed that tolerant and moderately tolerant

banana cultivars showed lesser reduction in their chloro-

phyll stability index in response to drought, while sensitive

synonyms showed higher reduction.

Also, drought was recorded herein to significantly

decrease leaf photosynthesis rate in all cultivars except in

Misr 2 where drought significantly decreased it (Fig. 1).

Coinciding with this result, leaf photosynthesis rate of six

wheat cultivars was found to decrease because of drought

(Guan et al. 2015). Under drought, photosynthesis rate

decreases either by stomatal or non-stomatal factors. Sto-

matal limitations usually result from limited CO2 avail-

ability; with stomata tending to be closed. Although

stomatal closure is usually considered as a very important
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mechanism to protect tissues against dehydration, it can

result in limited CO2 availability and/or assimilation

(Biesaga-Kościelniak et al. 2014). Non-stomatal limitations

however can result from; (1) little CO2 availability as a

result of diffusion limitations through mesophyll, (2)

inhibition of the activity of some key enzymes mainly

ribulose-1,5-bisphosphate carboxylase/oxygenase, (3)

damage of leaf cellular ultrastructure and/or (4) low CO2

permeability as a result of the negative effect of dehydra-

tion on leaf cell walls, plasma membranes and cuticle

(Ghannoum et al. 2003; Liu et al. 2004).

In addition, the results of the present study indicated that

drought non-significantly decreased leaf total carbohydrate

content in Misr 1, significantly decreased it in Misr 2,

Sakha 93, Shandaweel 1 and Giza 168; but significantly

increased it in the remaining cultivars (Fig. 1). Drought-

induced decrease in leaf total carbohydrate content was

similarly recorded in two wheat cultivars (Aldesuquy et al.

2012). Such decrease could be attributed to the stress-

caused drop in leaf chlorophyll content with consequent

suppression of photosynthetic efficiency and carbon gain.

However, accumulation of carbohydrates in different plants

as a result of limited water supply was also documented

(Liu et al. 2004). Accumulation of carbohydrates under

stressful conditions can be regarded as a potent tolerance

strategy by decreasing cellular water potential and con-

tributing to avoidance of the ROS-induced oxidative injury

(Hoekstra et al. 2001).

Table 1 ANOVA results based on split plot analysis of the estimated vegetative and yield traits of ten wheat cultivars under drought

Trait SOV

Replication Cultivar Watering level Cultivar 9 Watering

level

Error

df MS % df MS % df MS % df MS % df MS %

Leaf specific area 4 477.23ns 19 9 892.22** 36 1 590.20ns 24 9 69.32ns 3 40 426.19 17

Leaf chlorophyll stability

index

2 9.82ns 1 9 74.86*** 7 1 836.27*** 83 9 74.86*** 7 20 8.900 1

Leaf photosynthesis rate 2 11.57ns 11 9 8.04ns 8 1 65.29** 62 9 14.61* 14 20 5.067 5

Leaf total carbohydrate

content

2 0.30ns 0 9 695.79*** 69 1 203.16*** 20 9 104.72*** 10 20 0.416 0

Leaf membrane stability

index

2 0.13ns 0 9 5.18*** 1 1 467.95*** 98 9 4.65*** 1 20 0.634 0

Leaf catalase activity 2 0.02* 0 9 1.68*** 20 1 4.23*** 49 9 2.62*** 31 20 0 0

Leaf relative water content 2 2.33ns 0 9 78.50*** 8 1 885.81*** 90 9 12.91ns 1 20 9.636 1

Leaf proline content 2 0ns 0 9 64.77*** 3 1 1977.32*** 95 9 34.37*** 2 20 0.003 0

Shoot length 4 28.34ns 1 9 474.35*** 24 1 1426.57*** 72 9 33.63ns 2 40 22.084 1

Shoot tillering ability 4 0.27ns 5 9 4.15*** 70 1 0.36ns 6 9 0.98*** 17 40 0.145 2

Shoot water content 4 394.09ns 1 9 5780.12*** 13 1 36,481*** 83 9 1015.42* 2 40 382.405 1

Shoot evapotranspiration

rate

2 1129.03ns 3 9 2968.52** 7 1 34,349.31*** 85 9 1069.53ns 3 20 745.41 2

Biological yield 4 0.61* 0 9 12.52*** 4 1 281.89*** 94 9 4.26*** 1 40 0.103 0

Economic yield 4 0.37* 1 9 4.67*** 10 1 38.48*** 86 9 1.12*** 3 40 0.065 0

Water use efficiency for

biomass

4 0.02* 3 9 0.48*** 71 1 0ns 0 9 0.17*** 25 40 0.003 0

Water use efficiency for

grain

4 0.01* 4 9 0.15*** 57 1 0.07*** 27 9 0.03*** 11 40 0.002 1

Evapotranspiration

efficiency

4 0.02ns 4 9 0.14*** 26 1 0.26*** 48 9 0.12*** 22 40 0.003 1

Hundred kernel mass 4 0.45** 2 9 2.86*** 13 1 17.56*** 83 9 0.38*** 2 40 0.024 0

Grain total carbohydrate

content

2 1.22ns 0 9 5927.35*** 3 1 196,424.82*** 96 9 2598.45*** 1 20 1.127 0

Grain total protein content 2 1.79ns 1 9 142.72*** 71 1 7.85ns 4 9 47.82*** 24 20 2.166 1

SOV source of variation, df degree of freedom, MS mean squares, ns non-significant variation, ‘‘%’’ MS for each SOV relative to total MS of all

sources

*, ** and *** low, moderate and high degree of significant variation at p B 0.05
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Leaf membrane stability index, catalase activity,

relative water content and proline content

Results obtained herein indicated that drought significantly

decreased leaf cellular membrane stability index in all

cultivars (Fig. 2). In this connection, leaf membrane sta-

bility index was frequently used for screening the response

of various plant cultivars to drought (Almeselmani et al.

2011). The decrease in leaf membrane stability index as a

result of drought can be ascribed to the reverse effect of

ROS accumulated under stress (Gill and Tuteja 2010).

Drought was also recorded herein to significantly increase

leaf catalase activity in Misr 1 and Sids 13; but signifi-

cantly decreased it in the other cultivars (Fig. 2). Such

alterations in leaf catalase activity match the results

recorded by Mickky and Aldesuquy (2017) working on

different wheat cultivars during their early growth. The

drought-induced inhibition of leaf catalase activity can be

ascribed to the negative effect of stress on protein synthesis

or to the deficiency of some vital elements that activate this

enzyme (Mickky et al. 2019). On the other hand, the

drought-induced activation of leaf catalase activity recor-

ded herein in Misr 1 and Sids 13 can possibly indicate that

those cultivars could adapt to stress by scavenging H2O2.

Matching this assumption, enhanced activity of CAT in

drought-tolerant wheat cultivars along with inhibited

activity in sensitive ones was formerly noticed (Li et al.

2010). Supporting these findings, significant positive cor-

relation (p B 0.05) could be recorded herein between the
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drought-induced change in leaf catalase activity and each

of shoot tillering ability, economic yield and water use

efficiency for grain (Fig. 6); confirming the direct link of

leaf catalase activity with both vegetative growth and yield

potential.

Drought was also found to significantly decrease leaf

relative water content in all cultivars except in Misr 2

where drought non-significantly decreased it (Fig. 2).

Similar reduction in leaf relative water content was pre-

viously recorded in rice plants under water stress, and such

decrement was ascribed to the stress-induced decrease in

leaf water potential with corresponding increase in leaf

temperature (Siddique et al. 2001). In the current study, the

drought-induced change leaf relative water content was

recorded to significantly and positively correlate with leaf

photosynthesis rate (Fig. 6); indicating that the recorded

suppression in leaf photosynthesis rate and leaf relative

water content can be ascribed to each other. Drought was

also found herein to significantly increase leaf proline

content in all cultivars (Fig. 2). Matching this finding,

Hajiboland et al. (2015) reported proline accumulation in

the leaves of two wheat cultivars as a result of drought; but

such accumulation was more pronounced in the drought-

tolerant cultivar than in its sensitive relative. Proline was

documented to play essential role in; (1) maintaining

cytosol-vacuole pressure with well-controlled pH, (2) sta-

bilizing cellular membranes, (3) sustaining NADP?/

NADPH ratios for optimum metabolism, (4) providing

potent sink for excess reductants required for maintenance

of respiration and synthesis of purines and (5) contributing

to cell redox balance by minimizing the level of singlet

oxygen that induces lipid peroxidation (Szabados and

Savouré 2010). For that, significant positive correlation

could be recorded herein between the drought-induced

change in leaf proline content and leaf total carbohydrate

content (Fig. 6); referring to the strong relation between

leaf proline content and leaf capacity to sustain more car-

bohydrate content.

Shoot length, tillering ability, water content

and evapotranspiration rate

According to data in Fig. 3, drought non-significantly

decreased shoot length in the two Misr cultivars; but sig-

nificantly decreased it in the remaining cultivars. In

accordance with this result, Aldesuquy et al. (2012)

recorded that shoot length was negatively affected in dif-

ferent wheat cultivars at vegetative stages as a result of

drought. Reduction in shoot length could be attributed to

diminished cell expansion and elongation (Jaleel et al.

2009). Also, the results of the present study indicated that

shoot tillering ability significantly increased in Sids 13, did

not change in Misr 1, Gemmeiza 9, Shandaweel 1 and Giza

168 but decreased in the remaining cultivars as a result of

drought (Fig. 3). In this context, Waraich et al. (2007) in a

field experiment on wheat recorded less number of tillers

per plant under drought. However, greater tillering ability

of wheat plants may be an adaptation feature to stress

conditions.

With respect to shoot water content, the results recorded

herein indicated that drought decreased it non-significantly

in the two Misr cultivars and Sids 12 but significantly in the

remaining cultivars (Fig. 3). Less shoot water content in

response to drought can be ascribed to little water

absorption by root and/or little water translocation to shoot.

Also, less shoot water content under drought can be

attributed to the stress-associated increase in transpiration

rate; an assumption that can be supported by the significant

negative correlation recorded herein between the drought-

induced change in shoot water content and shoot evapo-

transpiration rate (Fig. 6). Data of the present study also

revealed that drought increased shoot evapotranspiration

rate; non-significantly in the two Misr cultivars and Sakha

93 but significantly in the remaining cultivars (Fig. 3).

Since shoot evapotranspiration rate was determined herein

as the total amount of water added to each pot divided by

the fresh mass of the potted plants (Passioura 1977), the

recorded increase in shoot evapotranspiration rate under

drought can be ascribed to the recorded drought-induced

decrease in shoot biomass caused basically by reduced leaf

photosynthetic capacity. Supporting this assumption, sig-

nificant negative correlation could be recorded herein

between the drought-induced change in shoot evapotran-

spiration rate and leaf photosynthesis rate (Fig. 6).

Biological yield, economic yield, water use efficiency

for biomass and water use efficiency for grain

Drought significantly decreased both biological and eco-

nomic yield in all cultivars except for Sids 13 in which

drought had non-significant effect on its economic yield

(Fig. 4). Mehraban et al. (2019) similarly noticed that

drought could decrease both biological and economic yield

of ten wheat cultivars. Yield loss of drought sub-

jected plants could be ascribed to the stress-induced

restriction of the plant photosynthetic capacity with con-

sequent lower supply of photo-assimilates to the developed

grains (Farooq et al. 2014). In addition, yield loss in

response to drought could be attributed to high energy and

carbohydrates expenses in osmotic regulation as well as the

stress-induced interference with cell functions (Shani and

Dudley 2001). Also, the results of the current study indi-

cated that drought significantly decreased water use effi-

ciency for biomass in the two Misr cultivars, Gemmeiza 9,

Shandaweel 1 and Giza 168, while drought significantly

increased water use efficiency for biomass in the remaining
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cultivars. For water use efficiency for grain, drought sig-

nificantly increased it in Misr 1 and Sids 13, non-signifi-

cantly increased it in Misr 2 and Gemmeiza 9 but

significantly decreased it in the remaining cultivars

(Fig. 4). In this context, it was assumed that drought might

increase the values of water use efficiency; with many

studies suggesting that cultivars with proper water use

efficiency would have better drought tolerance (Varga et al.

2013). Thus, for those cultivars whose water use efficiency

increased by drought, like Sids 13, such response can be

considered as an indication for better drought tolerance

than those cultivars whose water use efficiency decreased

by drought. The recorded drought-induced change in water

use efficiency for biomass can be ascribed to that in

biological yield and vice versa, and the same for water use

efficiency for grain whose drought-induced change can

ascribed to that in economic yield and vice versa. This is

clear from the significant positive correlation recorded

herein between the drought-induced change in biological

yield and water use efficiency for biomass as well as

between economic yield and water use efficiency for grain

(Fig. 6).

Evapotranspiration efficiency, hundred kernel mass

and grain total carbohydrate and protein content

Drought non-significantly increased evapotranspiration

efficiency in Sids 12 and Sakha 94, significantly increased
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it in Sids 13 and Sakha 93 but significantly decreased it in

the remaining cultivars (Fig. 5). Abiotic stress conditions

were previously recorded to greatly affect the crop evap-

otranspiration efficiency; water use efficiency for grain in

relation to harvest index which is the ratio of economic

yield to straw yield (Al-Busaidi et al. 2009). The drop in

evapotranspiration efficiency in response to drought can be

ascribed to little water availability for the growing plants,

the reduction in their water use efficiency for grain and/or

to the increase in harvest index (unenclosed data). Similar

explanation was suggested by Shani and Dudley (2001)

who ascribed the drought-induced drop in evapotranspira-

tion efficiency to little water availability. However and

when considering the different cultivars, the two Sids

cultivars and the two Sakha ones exhibited higher evapo-

transpiration efficiency in response to drought; an indica-

tion for reasonable drought tolerance. Also, the drought-

induced change in evapotranspiration efficiency can be

linked with biological yield and consequently with water

use efficiency for biomass; and this can be indicated from

the significant positive correlation recorded herein between

the drought-induced change in evapotranspiration effi-

ciency and each of biological yield and water use efficiency

for biomass (Fig. 6). With respect to hundred kernel mass,

drought was found herein to significantly decrease it in all

cultivars except for Sids 13 in which drought had non-

significant effect on its hundred kernel mass (Fig. 5). The

drought-induced reduction in hundred kernel mass can be

ascribed to the negative impact of drought on grain filling

(Farooq et al. 2009). Also, the drought-induced change in

hundred kernel mass can be linked with that in economic

yield and water use efficiency for grain; an assumption

indicated from the significant positive correlation recorded

herein between the drought-induced change in hundred

kernel mass and each of economic yield and water use

efficiency for grain (Fig. 6).

Furthermore, drought significantly decreased grain total

carbohydrate content in all cultivars; but it significantly

decreased grain total protein content in Misr 1 and Shan-

daweel 1, significantly increased it in Gemmeiza 9, and

Sids 13 but non-significantly affected it in the remaining

cultivars (Fig. 5). Matching these results, drought was

intensively reported to hinder the accumulation of various

grain constituents, mainly total carbohydrates and total

proteins, in the developed grains by inhibiting the meta-

bolic pathways leading to their synthesis (Farooq et al.

2017). Such effect of water stress is well documented since

the various processes involved in grain filling as well as the

reserves accumulation in the developing grains are very

sensitive to environmental fluctuations. In this context, the

drought-induced reduction in total carbohydrates content of

the yielded grains can be attributed to the reduction in leaf

growth vigor as well as the suppression in its photosyn-

thetic capacity. Confirming such assumption, significant

positive correlation could be recorded herein between the

drought-induced change in grain total carbohydrate content

and leaf total carbohydrate content (Fig. 6). However, the

drought-induced increase or non-significant decrease in

grain total protein content recorded for some cultivars may

indicate better ability to withstand stress and yield grains

with almost unaffected or even enhanced proteins content.

The increase in grain total protein content in response to

drought may presumably indicate de novo synthesis of new

proteins that enhance stress tolerance.
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Fig. 5 Effect of drought on

evapotranspiration efficiency,

hundred kernel mass, grain total

carbohydrate content and grain

total protein content of ten

wheat cultivars; with ns

referring to non-significant

change at p B 0.05
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Fig. 6 Black and white map of

significant correlations at

p B 0.05 among the drought-

induced change in the estimated

vegetative and yield traits of ten

wheat cultivars

Fig. 7 Cluster analysis of ten

wheat cultivars based on the

drought-induced change in their

vegetative and yield traits
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Cluster analysis of cultivars

To get clear insight into the overall performance of the

concerned wheat cultivars, hierarchical cluster analysis was

carried out to sequester the cultivars into three clusters;

drought-tolerant, moderate and sensitive cultivars. As

represented in Fig. 7 and Table 2, Sids 13 was recognized

as a drought-tolerant cultivar with the maximum drought-

induced increase or the minimum drought-induced

decrease in leaf chlorophyll stability index, leaf catalase

activity, shoot tillering ability, biological yield, economic

yield, water use efficiency for biomass, water use effi-

ciency for grain, evapotranspiration efficiency, hundred

kernel mass, grain total carbohydrate content and grain

total protein content. Gemmeiza 11 and Sids 12 were

however clustered together as drought-moderate cultivars

with moderate drought-induced change in leaf photosyn-

thesis rate, leaf membrane stability index, leaf relative

water content, shoot water content, biological yield, eco-

nomic yield, water use efficiency for biomass, water use

efficiency for grain, evapotranspiration efficiency, hundred

kernel mass, grain total carbohydrate content and grain

total protein content. The remaining cultivars were thus left

to be clustered as drought-sensitive cultivars with the

maximum drought-induced decrease or the minimum

drought-induced increase in leaf specific area, leaf total

carbohydrate content, leaf proline content, shoot evapo-

transpiration rate, biological yield, economic yield, water

use efficiency for biomass, water use efficiency for grain,

evapotranspiration efficiency, hundred kernel mass, grain

total carbohydrate content and grain total protein content;

with Shandaweel 1 and Giza 168 identified as the most

drought-sensitive cultivars. In such a way, yield traits are

more homogeneously distributed among the three clusters

than vegetative traits; so they can be implicated as better

indicator for drought response.

Conclusion

Based on the results obtained from the current study, Sids

13 proved to be the most drought-tolerant cultivar; so it can

be recommended for cultivation in dry habitats. Mean-

while, Shandaweel 1 and Giza 168 seemed to be the most

drought-sensitive cultivars with the least yield capacity

when facing drought.
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P, Mirek M, Kościelniak J (2014) Evaluation of spring wheat (20

varieties) adaptation to soil drought during seedlings growth

stage. Agriculture 4:96–112

Boguszewska D, Grudkowska M, Zagdańska B (2010) Drought
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