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Abstract
Drought is a major abiotic stress that is threatening the production and the survival of many crops such as cereals. The
response of three Aegilops crassa accessions (C1, C2 and C3) that inhabit areas with different rates of rainfall and durum
wheat to controlled drought (with soil moisture of 50% field capacity) was tested in terms of changes in: relative water
content, chlorophyll content, chlorophyll fluorescence and biomass accumulation. At the end of drought treatment, a
slightly significant decrease in relative water content (RWC) was shown in two Ae. crassa accessions (C2 and C3). RWC
of C1 accession and durum wheat showed no change. In all Aegilops accessions and durum wheat, the effect of drought on
chlorophyll content and chlorophyll fluorescence was minimal. A differential response to drought in terms of biomass
accumulation was revealed. Ae. crassa C2 and C3 accessions that are adapted to semiarid and arid areas, respectively,
showed no significant difference in their biomass under drought stress. The biomass of C1 accession that is adapted to
well-watered area was significantly decreased. A highly significant decrease in biomass was also shown in durum wheat.
Hence, C2 and C3 accessions of Ae. crassa are promising genetic sources for the genetic engineering of drought tolerant
wheat plants. Future understanding the molecular basis of how drought-tolerant Aegilops species respond to drought stress,
can be one of the approaches to improve drought tolerance in wheat.
Keywords: Controlled drought, Ae. crassa, durum wheat, biomass, acclimation.

1. Introduction
Being sessile, plants are susceptible to environmental
changes. Drought is a major abiotic stress, which
challenge crop production and plant survival. Large body
of information has been gained from studies of abiotic
stress in the model plants Arabidopsis and rice at
physiological, biochemical and molecular levels (Ingram
and Bartels, 1996; Bartels and Sunkar, 2005; Shinozaki
and Yamaguchi-Shinozaki, 2007; Nakashima et al.,
2009). However, still a lot need to be learned about the
complexity of plant interaction with the surrounding
environment.
Drought can be chronic in semiarid and arid areas with
low water availability, or random and unpredictable due
to weather changes during the growing season. Drought
problem is exacerbating, due to global warming and
climate change, in addition to the increasing demands of
water for many purposes including agriculture. Therefore,
studying the response of crop plants to drought will
enhance our understanding of this problem. In addition,
the screening of natural variations is a promising
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approach to harness traits that fit the changing
environments (Nevo and Chen, 2010).
Wild relatives of cultivated crops that are distributed
in a wide climatic range are valuable genetic sources for
the improvement of economic crop plants. Aegilops
(goatgrass) belongs to Poaceae and is well known as the
wild relative of wheat. Indeed, bread wheat (Triticum
aestivum) resulted from the hybridization between wheat
and Aegilops (Dvorak et al., 1998; Hedge et al., 2000;
Faris et al., 2002; Petersen et al., 2006). Hence, Aegilops
is considered as the progenitor of wheat. Twenty-three
Aegilops species were identified (Kilian et al., 2011).
Eleven species are diploids and 12 are allopolyploids.
Aegilops plants exist with different types of genomes: A,
B, D and G (Kimber and Feldman, 1987). Aegilops
species are distributed in southwestern Asia. Aegilops is
considered as a Mediterranean plant (Hegde et al., 2002).
It was shown that Aegilops species inhabit warm areas
with short winter and hot and dry summer (Baalbaki et
al., 2006).
Ae. crassa is distributed in different parts of Asia:
Iran, Iraq, Afghanistan, Kazakhstan, Kyrgyzstan, Syria,
Turkmenisatn, Usbekistan, Tajikistan, Turkey, Jordan and
Lebanon (Kilian et al., 2011). Ae. crassa is considered
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drought tolerant species because it grows in areas with
150 - 350 mm rainfall (Kilian et al., 2011 ).
At all stages of their development, plants are exposed
to different environmental stresses. Both the
developmental stage and the severity of drought were
found to play crucial role in plant response to stress
(Blum et al., 1980; Harb et al., 2010). No correlation was
found between the response of wheat grains and the
photosynthesizing seedling when exposing these stages to
osmotic stress induced by polyethylene glycol (PEG)
(Blum et al., 1980). Therefore, one cannot extrapolate
results about stress response from one developmental
stage to another, which necessitates independent studies
of stress response for each developmental stage.
The performance of Aegilops species under soil
drought were evaluated in different areas (Farooq and
Azam, 2001; Baalbaki et al., 2006; Colmer et al., 2006).
Response of some Lebanese Aegilops species and
accessions to drought was tested; Ae. geniculata and Ae.
markgrafii were found to be the most drought tolerant
species (Baalbaki et al., 2006). In another study, utilizing
gas exchange parameters (photosynthesis and stomatal
conductance) to evaluate drought tolerance in some
Hungarian Aegilops species indicated that Ae. tauschi and
Ae. speltoides were shown to be drought tolerant. These
two species showed high stomatal conductance and CO 2
fixation at low water potential, which was measured in
terms of plant relative water content (RWC) (Molnar et
al., 2004). Biochemical evaluation of drought response of
two accessions of Ae. biuncialis revealed different
strategies of drought tolerance (Czovek et al., 2006). All
previous studies demonstrate the potential of Aegilops
species and accessions as rich reservoir for stress
resistance genes towards wheat improvement (Schneider
et al., 2008). Indeed, screening Aegilops plants for abiotic
stress resistance is the first step in the mining process for
stress responsive genes towards the improvement of
wheat for high yield under stress conditions.
In the present study, acclimation efficiency of Ae.
crassa accessions collected from areas that differ in the
rate of rainfall under controlled drought compared to that
of durum wheat was tested. Acclimation efficiency was
evaluated in terms of biomass accumulation at the end of
drought treatment.

2. Materials and Methods
2.1. Plant Material
Grains of three Ae. crassa accessions were collected
from areas with different rainfall rate in Jordan during the
summer of 2011 (Table 1). One accession (C1) is grown
in area that is considered well-watered with rainfall 300 600 mm. The second one (C2) is grown in a semiarid area
with rainfall 150 - 300 mm. The third accession (C3) is
grown in an arid area with rainfall 50 - 200 mm. Grains
were harvested and properly stored. In addition, grains of
durum wheat (Triticum durum Desf. cv. Haurani 27) were
provided by the National Center for Agriculture Research
and Extension (NCARE)/Jordan.
2.2. Plant Growth Conditions
Grains of Ae. crassa and durum wheat were surface
sterilized by 5% Chlorox and washed with distilled water
for several times. Sterile grains were kept in 9 cm plates
on wet filter paper. Plates were wrapped with aluminum
foil and kept for 5 days at 4ºC for dormancy breakage.
After that, grains were kept to germinate at 25ºC. After 2
days of germination, seedlings were transferred to pots of
capacity of 150 g filled with soil mix of 1:1:2 (loam:
peatmoss: sand). Seedlings were kept to grow under six
white fluorescent lamps for 16 hrs and temperature of 20
± 2ºC.
2.3. Drought Treatment
At 2-leaf stage, plants were grouped into 8 plants of
the control (well-watered 100% Field capacity (FC)) and
8 plants of the drought-treated (50% FC). Watering was
withheld for the drought treated group. Soil water
moisture was monitored until it reached 50% FC. After
that, pots were weighed daily and soil water content was
adjusted to final weight based on calculation using
EXCEL software. Final weight that gives 50% FC was
calculated as follows:
FC = (Wet soil wt - Dry soil wt)/ (Dry soil wt - pot
wt)*100
50% FC = 0.5 * FC
Wt of soil and pot at 50% FC = ((1 + 50 % FC)* Dry
soil wt) - (50% FC * pot wt)) (Harb et al., 2010)

Table 1. Areas of collection of Ae. crassa with their geographic location and bioclimate
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2.4. Determination of Relative Water Content (RWC)

2.9. Statistical Analysis

After 10 days of 50% FC drought treatment, segments
of the third fully expanded leaves of 6 drought-treated and
6 well-watered plants were taken and their fresh weight
(FW) was measured. After that, they were soaked in water
and kept in water at 4ºC for 16 hrs. After soaking,
segments were weighed to determine their turgid weight
(TW). Then, segments were dried at 80ºC for 2 days and
their dry weights (DW) were measured. RWC was
calculated as follows:
RWC% = (FW- DW)/ (TW - DW)*100

All data were analyzed by Student’s - T test.
Differences with p-value less than 0.05 were considered
significant.

2.5. Determination of Cut Leaf Water Loss (CLWL)
After 10 days of 50% FC drought treatment, the
second leaves were excised from 6 drought-treated and 6
well-watered plants, and their fresh weight was measured.
Leaves were kept to dehydrate under growth room
conditions (Temperature of 20 ± 2ºC) for 2 hrs and then
their weight was measured. Dry weight was measured
after drying plant samples in oven at 80ºC for 2 days.
CLWL was calculated as follows:
CLWL% = (W0-Wt)/ (W0-Wd)*100
W0: Initial weight (fresh weight)
Wt: Weight after dehydration period (2 hrs in this
experiment)
Wd: Dry weight

3. Results
3.1. Changes in Relative Water Content in Response to
Drought
The effect of drought treatment (Fig. 1) on the water
status of plants in terms of relative water content (RWC)
was diagramed. No significant differences occurred in
RWC between the drought-treated and the well-watered
control in each of Ae. crassa accession C1 and durum
wheat (P = 0.3 and 0.6, respectively) (Fig. 2A). However,
a significant decrease (P=0.04) in RWC was shown in
leaves of C2 and C3 of Ae. crassa accessions (Fig. 2A).

2.6. Chlorophyll Quantification
Samples from the third fully expanded leaves of 5
drought-treated and 5 well-watered plants were used for
the quantification of chlorophyll after 10 days of 50% FC
drought treatment. Chlorophyll (Chl) was extracted in
80% acetone solution. Absorbance was determined at 663
nm and 645 nm and Chl a, Chl b and total Chl were
calculated as shown in the following equations:
mg Chl a/ g fresh tissue wt = (12.7*A663 - 2.69
*A645)* V/1000 * wt
mg Chl b/ g fresh tissue wt = (22.9*A645 4.68*A663)* V/1000 * wt
mg total Chl / g fresh tissue wt = (20.2*A645 + 8.02
*A663)* V/1000 * wt
V: final volume of 80% acetone used in the extraction
of chlorophyll.

Figure 1. Schematic illustration of the drought treatment. A.
Watering was withheld at two true leaf stages. B. Soil water
content reached 50% of field capacity (FC). Then, pots were
weighed daily and their weights were adjusted to keep soil water
content 50% FC for 10 days. C. Drought treatment was
terminated and plants were harvested for the physiological,
biochemical and morphological analyses.

2.7. Chlorophyll Fluorescence Measurements
The quantum efficiency of photosystem II (YII) was
determined using OS1p chlorophyll fluorometer (OptiScience, USA). Measurements were made on the
youngest fully expanded leaves of the well-watered
control and the drought-treated (50% FC) plants. YII was
measured for 8 plants per treatment per accession.
2.8. Fresh Weight and Dry Weight Determination
After 10 days of 50% FC drought treatment, 3 – 8
plants of the treated and the control groups were harvested
and their fresh weight was measured. After that, they were
kept into an oven to dry at 80ºC for 2 days and their dry
weights were measured.

Figure 2. Physiological response of plants to drought. A.
Relative water content (RWC) of Ae. crassa accessions (C1, C2
and C3) and durum wheat (T) under drought compared to the
well-watered control. B. Cut leaf water loss (CLWL) of Ae.
crassa accessions (C1, C2 and C3) and durum wheat (T) under
drought compared to the well-watered control. * represents
significant difference ≤ 0.05 and ** represents significant
difference ≤ 0.01.
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3.2. The Effect of Drought Pretreatment on the Cut Leaf
Water Loss under Dehydration
To test the effect of controlled drought pretreatment on
water loss under dehydration, The cut leaf water loss
(CLWL) was determined for all accessions under two
treatments (drought and well-watered). Ae. crassa
accession C1 and durum wheat plants that were droughttreated have significantly higher water loss than the wellwatered control (P =0.04 and 0.02, respectively) (Fig.
2B). Drought-treated plants of Ae. crassa accession C3
showed a highly significant water loss compared to the
well-watered (P = 0.0007) (Fig. 2B). No significant
change in CLWL appeared in Ae. crassa accession C2 (P
= 0.2) (Fig. 2B).

Figure 3. The effect of drought on the quantum efficiency of
PSII (YII) of Ae. crassa accessions (C1, C2 and C3) and durum
wheat (T) under drought compared to the well-watered control.

3.3. Chlorophyll Content in Response to Drought

3.5. Changes in Fresh and Dry Weight under Drought

It is known that chlorophyll quantity decreases under
drought treatment and this effect is correlated with the
severity of drought. To test the effect of controlled
moderate drought on chlorophyll quantity, chlorophyll
content of the drought-treated and the well-watered plants
was determined. For all Ae. crassa accessions and durum
wheat, no significant differences in chlorophyll a and b
and the total chlorophyll content between the droughttreated and the well-watered were shown (Table 2).

The outcome of drought stress will be manifested as a
change in plant's biomass. Therefore, fresh and dry
weights of plants were measured for the drought-treated
and the well-watered plants. Both fresh weight and dry
weight of Ae. crassa accession C1 were significantly
reduced (P= 0.01 and 0.03, respectively). For C2
accession, the reduction in fresh weight in response to
drought was highly significant, whereas no significant
change was shown in the dry weight (P= 0.009 and 0.12,
respectively). Plants of C3 accession showed no
significant change in fresh and dry weight (P= 0.1 and
0.2, respectively). In durum wheat, the reduction in fresh
and dry weight was highly significant in the droughttreated plants compared to the well-watered ones (P= 0.01
and 0.0008, respectively) (Fig. 4).

Table 2. Chlorophyll a, b and total chlorophyll content (µg/ g
fresh weight) of Ae. crassa accessions (C1, C2 and C3) and
durum wheat under drought compared to the well-watered
control.
Control

Plant

Drought

Genotype

Chl

Chl

Total

Chl

Chl

Ae. Crassa

a

b

Chl

a

b

Chl

2.35 ±

1.41 ±

3.75 ±

2.23 ±

1.33 ±

3.55 ±

C1
C2
C3
T. durum

Total

0.53

0.30

0.82

0.64

0.42

1.06

1.98 ±

1.42 ±

2.10 ±

1.88 ±

1.33 ±

3.21 ±

0.81

0.60

0.70

0.16

0.18

0.31

2.37 ±

1.24 ±

3.61 ±

1.41 ±

0.74 ±

2.16 ±

0.54

0.23

0.78

0.24

0.12

0.34

2.00 ±

1.33 ±

3.33 ±

3.10 ±

1.45 ±

3.44 ±

0.24

0.30

0.45

0.80

0.33

0.33

Values are the means ± standard error (n = 4 – 5).
3.4. The Effect of Drought on Chlorophyll Fluorescence
Under drought stress, the efficiency of photosystem II
(PSII) is decreased depending on the nature and the
severity of drought treatment. Therefore, the quantum
efficiency of PSII (YII) of the drought-treated and the
well-watered plants was measured. For all accessions,
there was no significant difference in YII between the
drought-treated and the well-watered control (Fig. 3).
However, under drought stress YII of Ae. crassa
accession C3 was significantly higher than that of C1
accession and durum wheat (P = 0.02 and 0.04,
respectively) (Fig. 3).

Figure 4. The effect of drought on plants growth. A. Fresh
weight (FW) in grams of Ae. crassa accessions (C1, C2 and C3)
and durum wheat (T) under drought compared to the wellwatered control . B. Dry weight (DW) in grams of Ae. crassa
accessions (C1, C2 and C3) and durum wheat (T) under drought
compared to the well-watered control. * represents significant
difference ≤ 0.05 and ** represents significant difference ≤ 0.01.
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Discussion
Plant water status is a good indicator of plant
performance under drought stress. In two maize hybrids,
progressive drought for 9 days resulted in a significant
decrease in RWC of the two hybrids (Medici et al., 2003).
In four bread wheat cultivars, rainfed plants showed
reduced RWC compared to the irrigated control (Sarker et
al., 1999). In Aegilops and wheat, severe drought resulted
in a significant reduction in RWC (Molnar et al., 2004;
Keyvan, 2010). In one accession of Ae. bicornis adapted
to area with rainfall of 75-275 mm, progressive drought
resulted in slow decrease in RWC, which led to a fast
stomatal closure and reduction of photosynthetic
efficiency (Dulai et al., 2006). In the latter study, two
other Aegilops species adapted to arid regions (Ae.
tauschii and Ae. speltoides) showed differential response
to progressive drought in terms of change in RWC. Their
RWC was drastically decreased, but they kept high
stomatal conductance even at 70% RWC. In the present
study, Aegilops and wheat plants showed differential
response to controlled moderate drought. Two Ae. crassa
accessions C2 and C3 slightly decreased their RWC under
moderate drought, whereas C1 accession and durum
wheat showed no change in their RWC. Reduction of
RWC under drought stress could be drought tolerance
strategy to alleviate the detrimental effect of drought on
plant’s growth (Price et al., 2002). Reduction of RWC
increases the internal osmotic potential, and consequently
protects plants against water loss. This is consistent with
the strategy adopted by one accession of Ae. biuncialis
that inhabits areas with 550 mm annual rainfall (Molnar et
al., 2004). In this accession of Ae. biuncialis, the
reduction in RWC did not affect its performance under
mild and severe osmotic stress. Indeed, it showed a better
performance under stress conditions in terms of CO 2
assimilation and biomass compared to accessions adapted
to areas with high rainfall rate. Moreover, progressive
drought under greenhouse conditions resulted in the
reduction of the RWC of this accession without affecting
its yield (Molnar et al., 2004).
The response of plants to dehydration can be by
reducing water loss through stomatal closure to avoid the
detrimental effects of dehydration, or by tolerating low
internal water content because of fast water loss (Levitt,
1980). In this study, CLWL of Ae. crassa accession C1
and C3 and durum wheat was significantly increased in
the drought-treated plants compared to the well-watered
ones. This is inconsistent with a study in natural
accessions of Arabidopsis as for many accessions no
change in CLWL between the two treatments was shown
while other accessions reduced their CLWL under
drought treatment as a strategy to avoid drought stress
(Bouchabke et al., 2008).
The effect of drought on plant photosynthesis can be
shown as a decrease of CO 2 diffusion due to stomatal
closure, or by impeding metabolites regeneration during
photosynthesis (Prasad et al., 2008). Chlorophyll
fluorescence as a method of evaluation of plants response
to drought stress is well known (Sayed, 2003). It was used
for the evaluation of the performance of many crops:
barley, oat, rice, sorghum and maize under different

155

environmental stresses including drought (Sayed, 2003).
Drought stress that led to RWC of 40% had no effect on
dark and light adapted PSII activity in tomato and potato
plants (Havaux, 1992). In two accessions of Ae.
biuncialis, osmotic stress of -1.8 MPa resulted in a
significant decrease in the quantum efficiency of PSII
(YII) (Molnar et al., 2004). This decrease in YII did not
affect the biomass of these accessions, whereas for the
third accession the biomass was decreased without any
change in its YII. In this study moderate controlled
drought did not affect the quantum efficiency of PSII, but
a significant increase in YII was shown in Ae. crassa
accession C3 under drought compared to durum wheat.
This might suggest a mechanism adopted by this
accession to keep almost normal growth under drought
stress.
Environmental stresses such as drought affect
chlorophyll synthesis and consequently chlorophyll
content in plants. In a study on 157 accessions of Ae.
geniculata, some accessions reduced their chlorophyll
content when exposed to drought stress in the field
(Zaharieva et al., 2001). This was explained as a
mechanism to alleviate the negative effect of high energy
from sunlight. Moreover, a positive correlation was found
between chlorophyll content and plant biomass
(Zaharieva et al., 2001). Drought-treated plants of the
three Ae. crassa accessions (C1, C2 and C3) and durum
wheat showed no change in Chl a, Chl b and total
chlorophyll content compared to the well-watered plants.
This suggests that the drought treatment was not severe
enough to inhibit chlorophyll synthesis. Indeed, exposing
different cultivars of durum wheat to severe drought
under field conditions resulted in the reduction of their
chlorophyll content (Talebi, 2011). Moreover, progressive
drought for 7 days led to a decrease in chlorophyll content
of three cultivars of bread wheat (Nikolaeva et al., 2010).
The effect of drought on chlorophyll content was found to
be developmental stage dependent (Keyvan, 2010). In
bread wheat, drought imposed at earlier reproductive
stage resulted in higher decrease of chlorophyll content
compared to that imposed at later stages (Keyvan, 2010).
Plant growth occurs by two processes: cell division
and cell expansion. It was found that cell expansion is
more sensitive to drought stress than cell division (Prasad
et al., 2008). Cell division and cell expansion are sensitive
to mild drought before any noticeable change in
photosynthesis (Prasad et al., 2008). In plants, the effect
of drought is manifested as a reduction in biomass. In
different Aegilops species, two levels of drought stress
(moderate and severe) resulted in a significant reduction
in biomass (Baalbaki et al., 2006).
Different drought regimes: progressive and controlled
moderate drought showed differential morphological,
physiological, biochemical and molecular changes in
Arabidopsis plants (Harb et al., 2010). Multiphasic effect
was shown when Arabidopsis plants were exposed to
controlled moderate drought (Harb et al., 2010). At early
priming phase, most of the physiological, biochemical
and molecular changes take place. This phase is followed
by intermediate phase during which plants are preparing
to acclimatize to drought stress. At late acclimation stage,
plants reach new homeostasis and are acclimated to
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drought stress. In this study, Ae. crassa accessions and
durum wheat were exposed to controlled moderate
drought. At the end of drought treatment, morphological,
physiological and biochemical parameters were evaluated.
This phase might be the same as the late acclimation
phase shown in Arabidopsis, at which plants are already
acclimated to drought stress with new homeostasis. At
this phase a few physiological, biochemical and molecular
changes can be captured compared to the early priming
phase. This might explain the minimal effect of drought
treatment on RWC, chlorophyll content and chlorophyll
fluorescence. The effect of drought on biomass is
accumulative, so a substantial change in biomass will be
shown at the end of drought treatment.
The two accessions of Ae. crassa (C2 and C3) are
naturally adapted to semiarid and arid habitats,
respectively. This may explain the minimum effect of
drought stress obtained on these accessions compared to
C1 accession that is adapted to well-watered habitat and
durum wheat. Therefore, Ae. crassa C2 and C3 accessions
are promising genetic sources for the genetic engineering
of drought tolerant wheat plants.
Acknowledgements
This study was part of project No. 4/2011, which is
funded by the Deanship of Scientific Research at
Yarmouk University. The authors are grateful to Asama
Alhasan and Ghada Abu Ali for conducting the
experiments. The authors also thank Dr. Ahmad El-Oqula
and Mahmoud Alsab' for their help in collection of
Aegilops samples and seed harvest.
References
Baalbaki R, Hajj-Hassan N and Zurayk R. 2006. Aegilops species
from semiarid areas of Lebanon: variation in quantitative
attributes under water stress. Crop Sci 46: 799-806.
Bartels D and Sunkar R. 2005. Drought and salt tolerance in
plants. Critical Reviews in Plant Sci 24:23-58.
Blum A, Sinemina B and Ziv D. 1980. An evaluation of seed and
seedling drought tolerance screening tests in wheat. Euphytica
29: 727-736.
Bouchabke O, Chang F, Simon M, Voisin R, Pelletier G and
Durand-Tardif M. 2008. Natural variation in Arabidopsis
thaliana as a tool for highlighting differential drought responses.
PLoS ONE 3: e1705.
Colmer T, Flowers T and Munns R. 2006. Use of wild relatives
to improve salt tolerance in wheat. J Experimental Bot. 57:10591078.
Czovek P, Kiraly I, Paldi E, Molnar I and Gaspar L. 2006.
Comparative analysis of stress tolerance in Aegilops accessions
and Triticum wheat varieties to detect different drought tolerance
strategies. Acta Agronomica Hungarica 54: 49-60.
Dulai S, Molnar I, Pronay J, Csernak A, Tarnai R and MolnarLang M. 2006. Effects of drought on photosynthetic parameters
and heat stability of PSII in wheat and in Aegilops species
originating from dry habitats. Acta Biologica Szegediensis 50:
11-17.
Dvorak J, Luo M, Yang Z and Zhang H. 1998. The structure of
the Aegilops tauschii gene pool and the evolution of hexaploid
wheat. Theoretical and Applied Genetics 97:657-670.

Faris J, Friebe B and Gill B. 2002. Wheat genomics: Exploring
the polyploid model. Current Genomics 3: 577-591.
Farooq S and Azam F. 2001. Co-existence of salt and drought
tolerance in Triticeae. Hereditas 135: 205-210.
Harb A, Krishnan A, Ambavaram M and Pereira A. 2010.
Molecular and physiological analysis of drought stress in
Arabidopsis reveals early responses leading to acclimation in
plant growth. Plant Physiol 154: 1254-1271.
Havaux M. 1992. Stress tolerance of photosystem II in vivo,
antagonistic effects of water, heat and photoinhibition stresses.
Plant Physiol 100: 424-432.
Hedge S, Vaalkoun J and Waines J. 2000. Genetic diversity in
wild wheats and goat grass. Theoretical Applied Genetics 101:
309-316.
Hegde S, Valkoun J and Waines J. 2002. Genetic diversity in
wild and weedy Aegilops, Amblyopyrum and Secale Species—A
preliminary survey. Crop Sci 42: 608-614.
Ingram J and Bartels D. 1996. The molecular basis of
dehydration tolerance in plants. Annual Reviews of Plant Physiol
and Plant Molecular Biol 47: 377-403.
Keyvan S. 2010. The effects of drought stress on yield, relative
water content, proline, soluble carbohydrates and chlorophyll of
bread wheat cultivars. J Animal and Plant Sci 8: 1051-1060.
Kilian B, Mammen K, Millet E, Sharma R and Graner A. 2011.
Aegilops. In: Kole C ( Ed). Wild Crop Relatives: Genomics
and Breeding Resources: Cereals. Springer-Verlag, Berlin,
Germany, p: 1-76.
Kimber G and Feldman M. 1987. Wild Wheat: An
Introduction. College of Agriculture, University of MissouriColumbia, USA.
Levitt J. 1980. Responses of Plants to Environmental Stresses.
Vol 2. Water, Radiation, Salt and other Stresses. Academic
Press, New York, USA.
Medici L, Machado A, Azevedo R and Pimemtel C. 2003.
Glutamine synthetase activity, relative water content and water
potential in maize submitted to drought. Biologia Plantarum 47:
301-304.
Molnar I, Gaspar L, Sarvar E, Duli S, Huffmann B, Molnar-Lang
M and Galiba G. 2004. Physiological and morphological
responses to water stress in Aegilops biuncialis and Triticum
aestivum genotypes with differing tolerance to drought.
Functional Plant Biol 31: 1149-1159.
Nakashima K, Ito Y and Yamaguchi-Shinozaki K. 2009.
Transcriptional regulatory networks in response to abiotic
stresses in Arabidopsis and grasses. Plant Physiology 149: 88-95.
Nevo E and Chen G. 2010. Drought and salt tolerances in wild
relatives for wheat and barley improvement. Plant Cell
Environment 33: 670-685.
Nikolaeva M, Maevskaya S, Shugaev A and Bukhov N. 2010.
Effect of drought on chlorophyll content and antioxidant enzyme
activities in leaves of three wheat cultivars varying in
productivity. Russian J Plant Physiol 57: 87-95.
Petersen G, Seberg O, Yde M and Berthelse K. 2006.
Phylogenetic relationships of Triticum and Aegilops and evidence
for the origin of the A, B and D genomes of common wheat
(Triticum aestivum). Molecular Phylogenetics and Evolution 39:
70-82.
Prasad P, Staggenborg S and Ristic Z. 2008. Impacts of drought
and/or heat stress on physiological, developmental, growth and
yield processes of crop plants. In: Ahuja L, Reddy V, Saseendran
S and Yu Q (Eds). Response of Crops to Limited Water:
Understanding and Modeling Water Stress Effects on Plant

© 2013Jordan Journal of Biological Sciences. All rights reserved - Volume 6, Number 2

157

Growth Processes, American Society of Agronomy (ASA),
Crop Science Society of America (CSSA), Soil Science Society
of America (SSSA), Madison, USA., p: 301-355.

Schneider A, Molnar I and Molnar-Lang M. 2008. Utilisation of
Aegilops (goatgrass) species to widen the genetic diversity of
cultivated wheat. Euphytica 163: 1-19.

Price AH, Cairns JE, Horton P, Jones HG and Griffiths H. 2002.
Linking drought-resistance mechanisms to drought avoidance in
upland riceusing a QTL approach: progress and new
opportunities to integrate stomatal and mesophyll responses. J
Experimental Botany 53: 989–1004.

Shinozaki K and Yamaguchi-Shinozaki K. 2007. Gene networks
involved in drought stress response and tolerance. J Experimental
Botany 58: 221-227

Sarker A, Rahman M and Paul N. 1999. Effect of soil moisture
on relative leaf water content, chlorophyll, proline and sugar
accumulation in wheat. Crop Sci 183: 225-229.
Sayed O. 2003. Chlorophyll fluorescence as a tool in cereal crop
research. Photosynthetica 41: 321-330.

Talebi R. 2011. Evaluation of chlorophyll content and canopy
temperature as indicators for drought tolerance in durum wheat (
Triticum durum Desf.). Australian J Basic and Applied Sci 5:
1457-1462.
Zaharieva M, Gaulin E, Havaux M, Acevedo E and Monneveux
P. 2001. Drought and heat responses in the wild wheat relative
Aegilops geniculata Roth.: Potential interest for wheat
improvement. Crop Sci 41: 1321-1329.

