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Abstract
Background
Almonds ( Prunus amygdalus Batsch, syn. P. dulcis (Mill.) DA Webb) is a valuable nut crops species that is widely is cultivated in
arid and semi-arid regions of Iran, due to drought tolerance and dehydration under drought stress. Almonds show physiological adaptations for
survival in drought stress conditions, but the degree Drought adaptation varies between cultivars. However, to date, its morphological and
physiological responses to drought, and the underlying mechanisms are not well understood. This study was aimed to investigate the
morphological and physiological changes of almond genotypes under drought stress. almond genotypes were planted in pots and subjected to
four levels of soil water treatments: above 80% (control), 60% (light stress), and 40% (severe stress) of field capacity.
Results
Within the total
stress period (0–30 days), almond genotypes grew rapidly in the light stress, whereas severe stress had a negative impact on growth. So that, in
this study, 10 selected almond genotypes using some morphological traits such as: plant height, trunk diameter at the top of the graft, new
branch growth length, leaf yellowness and some physiological indicators under drought stress conditions such as Chlorophyll index was
evaluated based on SPAD criterion, relative leaf water content, measurement of chlorophyll fluorescence and Organic Osmoprotectants to
identify drought-resistant and sensitive genotypes under drought stress conditions. Among the selected genotypes studied, genotype A-7-100
was the most resistant and genotype A-124-1 was the most sensitive to drought stress.
Conclusions
Our results show that almond genotypes
adapt to drought mainly by avoidance mechanisms, and its morphological and physiological characteristics are inhibited under severe stress,
However, the degree of drought adaptation varies between different cultivars. These findings might help limited water resources to be fully used
for increased the percentage of kernel and finally increased the growth and yield of plants under water stress.

Background
Almonds (Prunus amygdalus Batsch, syn. P. dulcis (Mill.) DA Webb) belong to the Rosaceae family, sub-family Prunoidea, genus Prunus and
sub-genus Amygdalus native to the Iranian plateau and Iran is one of the important producers in the world (Karimi et al. 2013). So that,
according to the FAO statistics (2019), out of the total world production of 3497148 tons the United States, Spain, Iran, Turkey, Australia,
Morocco, Syria, Tunisia, Italy and Algeria have the highest Production with 1936840, 340420, 177015,150000, 146410,102185,80258,
80000,77300 and 72412 tons respectively. On the other hand, although almonds are a drought-resistant species, but with climate change,
drought stress is increasingly becoming one of the main limiting factor for horticultural plant growth. Plants can change their morphological,
physiological and metabolism-related responses at both organ and cellular levels to reduce the drought severity (Haider, et al. 2018).

With climate change, drought stress has become more common and its impact on existing ecosystems is more important to the scientific
community. Evidence suggests that stress affects physical stress in the ecosystem (Khoyerdi et al. 2016). The agricultural sector is an integral
part of the ecosystem and is affected by this pressure. Therefore, drought stress is one of the main problems in agricultural production and is an
important factor in reducing crop yields and is critical for growing plants that are resistant to stress and can maintain yield stability in drought
conditions (Rouhi et al. 2007). According to the FAO (2010), low rainfall and uneven distribution of rainfall during the growing season in arid and
semi-arid regions of the world, including Iran, has led to the need for water and crops to meet the required water.

Today, due to widespread climate change and the lack of water resources required for the cultivation of agricultural crops, it is necessary to use
cultivars resistant to environmental limiting factors such as drought stress for economic production (Egea et al. 2010). Plants in the face of
environmental stresses in order to deal with the adverse effects of biological and abiotic stresses and in order to survive, various mechanisms
such as drought avoidance, drought tolerance and drought escape Scape (Ryan, 2013). Also, the use of correct management methods in the
production of agricultural crops, such as proper management of agricultural water use, selection of cultivars and rootstocks suitable for the
climatic conditions of the cultivation area and also the use of improved cultivars to produce an almond crop with proper yield in this areas will
be (Samandari et al. 2012; Berman and Dejong, 1996; Nezhadahmadi et al. 2013).

One of the most important issues related to the cultivation of plants in saline and dry soils is the more negative osmotic potential of soil
solution which will lead to a decrease in water absorption, which in turn has adverse effects on the osmotic potential of leaves (Ψs), content
relative humidity (RWC), leaf water potential (w Ψ) and leaf turgor potential (Ψp) (Munné-Bosch et al. 2003; Hernández et al. 2004).
Photosynthesis is one of the important physiological processes in plants that its intensity decreases sternly under conditions of moisture stress.
Moisture stress has a negative effect on the structural proteins of chlorophyll, reducing the light-absorbing pigments in photosystem II.
Therefore, photosystem II plays an important role in photosynthetic reactions to environmental factors in higher plants, and the chlorophyll
fluorescence technique has been considered by many researchers in recent years in plant ecophysiological studies as a fast, accurate and non-
destructive method (Yuan et al. 2005; Baker and Rosenqvist 2004; Parida and Das 2005)

Although almond trees have a high drought tolerance. However, as the available water decreases, its performance decreases. This plant in low
water conditions can produce little yield that prevents the production of other plant species. Its optimal performance is achieved by adequate
water supply, especially in high-yield potential genotypes (Torrecillas et al. 1989). Almond germplasm diversity has been observed to increase
drought resistance (Socias Company and Gradziel 2017). Because the tolerance of different cultivars and species of almonds to drought stress
is different, and on the other hand, for economic production, almond trees must be irrigated during the growing season (Samandari Gikloo and
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Elhami 2012; Romero et al., 2004. Karimi et al.., 2013). Physiological, morphological and biochemical reactions of different almond cultivars are
different under drought stress conditions (Germanà 1997). For example, according to a report, Masbavara cultivar has higher osmotic
adaptation and water potential, lower evapotranspiration rate, better photosynthesis rate, higher water use efficiency and lower root hydraulic
resistance compared to Laurent cultivar, and Masbavara cultivar is better adapted to cultivation conditions. (Socias Company and Gradziel
2017). Rouhi et al. (2007) reported that drought stress caused the leaves of Scoparia species to fall, while lycoides species had larger leaves
than Scoparia species under drought stress conditions and some of the leaves were healthy and able to Were photosynthetic (Rouhi et al. 2007).
In fact, in order to carry out breeding programs and produce drought-resistant cultivars, knowledge of the physiological and morphological
behavior of cultivars against drought stress is necessary. The study of almond trees' reaction to irrigation conditions showed that trunk diameter
growth, tree canopy height and width and crop yield were closely related to different levels of irrigation and low levels of irrigation and water
stress led to a decrease in kernel percentage and ultimately reduced yield (Torrecillas et al., 1989). The higher the morphological and
physiological variability and flexibility of the plant, the higher its resistance to stress, ie it can return to its normal state sooner after stress and
change less in the stress state (Vitagliano and Sebastiani 2002).

The use of drought tolerant and drought tolerant species is one of the strategies to deal with water shortage in the agricultural sector, which will
be possible by selecting drought tolerant cultivars by examining their performance under drought stress conditions (Arji et al. 2000). Since plant
performance is influenced by physiological and biochemical traits, these traits can be used as a tool to identify and select drought tolerant
plants. For this purpose, the genotypes of a plant species in terms of physiological and biochemical traits and their relationship with drought
tolerance are examined (Ge et al. 2014). Therefore, considering the spread of drought and the importance of drought-resistant genotypes,
recognizing the performance of these genotypes and their resistance to drought conditions is a fundamental step in maintaining and developing
these genotypes in the revitalization and development of almond orchards in semi-arid regions. On the other hand, vegetative and physiological
responses under water stress can help us better understand these cultivars. Therefore, in this study, we tried to use different indicators to select
stress-tolerant genotypes in order to identify more drought tolerant cultivars. Accordingly, the present study aimed to evaluate the drought
tolerance of 10 new almond genotypes by examining the growth, water content and accumulation of organic preservatives in their leaves in
response to different levels of irrigation.

Materials And Methods
The experiment was carried out in the Department of Horticultural Science at Tehran University. Plant materials were
obtained from ten promising almond genotypes.’. Monitoring the growth, flowering, and yield of these for 7 years had
indicated that they are promising genotypes for development of almond in drought regions. the drought tolerance of these
plants was yet to be determined prior to extend their cultivation in semi-arid regions. Two-year-old plants /GN15 of these
cultivars were transplanted into large pots, containing 12 kg of a mixture of soil, sand, and leaf mold (1:1:1). The soil used
has 36.5 clay, 31. % lum, 32.5 sand, 7 pH, 1.2 EC decisation per meter, 0.18%, percent, nitrogen 0.17%, organic matter
1.70%, absorbable phosphorus, absorbable potassium, zinc, manganese, iron and copper 6.1,195,0.59, 12,5.1 and 0.95
ml/kg, respectively. The plants were established in a greenhouse with a day/night cycle of 30/22°C and 15% relative humidity
for 60 days. Plants were pruned consistently throughout the establish-ment stage in order to obtain uniform shoots. Drought
stress was imposed on the plants in the same environmental conditions as above, by withholding the irrigation for 30 days.
Drought stress treatments were applied at three levels, 40%, 60 and 100% of field capacity.
After establishment, the plants were gradually prepared for drought stress. The stress factor consisted of three levels that
were determined based on soil water potential (Ψsoil); So that soil water potential -0.33 MPa as a control, equivalent to 0.8
and 1.6 MPa were considered as moderate and severe stress, respectively. To reach the desired stress levels after stopping
irrigation, the volume of soil moisture of pots was read daily using Time Domain Reflectometry. Also, by sampling the soil
from the additional pots provided, the potential of the soil matrix in the volume moisture read with the pressure plate 4 was
determined and finally the relationship between the volume moisture and the soil water potential was determined and its
diagram was determined (Figure 1) (Jimenez et al. 2013). Thus, the amount of soil water potential was determined through a
number read by Time Domain Reflectometry. After reaching the desired potential, the weight of each pot was determined at
this point. By weighing the pots every two days, the equivalent of the reduced weight of water was given to the pot (Karimi et
al. 2013). The plants were stressed for four weeks. Volumetric balance method or drainage lysimeter method was applied.
Equation
ΔS =I- O

I: Feed water to the pot,

O: Water drained from the bottom of the pot and

ΔS: Compensate for the moisture out of the soil between two watering due to evapotranspiration.

It should be noted that irrigation levels were extracted based on the studied scientific sources (Karimi et al. 2013) and the
soil moisture characteristic curve used ( Curve q-P).
Determine the morphological traits
All morphological traits related to vegetative growth were measured by digital caliper.
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Determine the leaf water (RWC)
To measure the relative content of leaf water (RWC), fully developed leaves were sampled. After harvesting the leaf samples
from the desired treatments, they were weighed immediately.
Then the plant samples were immersed in 15 ml of distilled water (25 ° C) and after 16 hours they were removed from the
distilled water and their fresh weight was recorded again. The weighed samples were dried in paper bags in an oven (70 ° C)
for 48 hours. Percentage of relative water content was calculated using the following equation.
Relative leaf water content (%) = [(fresh weight - dry weight) / (saturated weight - dry weight)] × 100
Determine the chlorophyll index
The amount of greenery (chlorophyll index) was recorded by the device (Soil plant analysis development) (Model: Minolta,
Japan) SPAD-502 without destruction of plant tissue and from three midpoints of leaves (Gholizadeh 2009).
Determine the chlorophyll fluorescence
Chlorophyll fluorescence changes were measured using a chlorophyll fluorescence measuring device (Opti-Sciences, Model:
OS-30p, USA). Using a fluorescence measuring device, after exposing the leaf to active light (800 micromoles per square
meter per second), the fluorescence energy of chlorophyll increases and reaches the FO (Fluorescence Optimum) level. At the
FO level, the power consumption of the excited energy is at its optimum value. When the light intensity is sufficient, the
fluorescence then increases from the FO value to its maximum value (Fluorescence maximum) Fm. This increase indicates a
gradual increase in fluorescence performance and a decrease in the rate of photochemical reactions. One of the important
parameters of chlorophyll fluorescence is Fv/Fm, which is inversely related to stress. To evaluate different treatments under
stress, the digital device automatically shows its value in measurements of leaf samples in different treatments (Baker and
Rosenqvist, 2004).
Determine the chlorophylls and total carotenoids
The Chl a, Chl b and total carotenoids were determined by the method of Yang et al. (1998). Extract preparation procedure
was identical to the previously described method. The acetone-water mixture (4:1) was used as a solvent. The absorbance
maxima were read at 663.6 nm for Chl a, 646.6 nm for Chl b and 470.0 nm for carotenoids. Contents of Chl a, Chl b and total
carotenoids were calculated from the following equations:
Chlorophyll a: Ca = 12.25 A663.2 – 2.25 A646.6 (μg per ml solution)
Chlorophyll b: Cb = 20.31 A646.6 – 4.91 A663.6 (μg per ml solution)
Total carotenoids: Cx+c = (1000 A470 – 2.27 Ca – 81.04 Cb) / 227 (μg per ml solution)
Determine the proline
Proline levels were also measured separately. To measure proline, the leaves of samples treated with polyethylene glycol with
different negative and control loads were used. The separated leaves were placed in foil and transferred to the laboratory in
a nitrogen tank. Samples were stored in the laboratory at -80°C until use. Proline was extracted from a sample of 0.5 g fresh
leaf material samples in 3% (w.v) aqueous sulphosalycylic acid and estimated using the ninhydrin reagent according to the
method of (Bates et al. 1973). The absorbance of fraction with toluene aspired from liquid phase was read at a wave length
of 520 nm. Proline concentration was determined using a calibration curve and expressed as μ mol proline g-1 FW:

Determine the activity of antioxidant enzymes
First, 0.34 g KH2PO4, 0.7 g PVPP and 0.3 g Na-EDTA were dissolved in 30 ml distilled water and then the volume was
dissolved in 50 ml (phosphate buffer pH = 6.8). Then 0.44 grams of K2HPO4, 0.7 g of PVPP and Na-EDTA 0.3 in 30 mL
distilled water were dissolved and the volume was diluted to 50 mL (pH = 7.2 with phosphorus). Finally, 39% of the first
buffer was combined with 61% of the second buffer (phosphate buffer pH = 7). In order to prepare an oxidizing water buffer
(H2O2) of 225 mM, 450 μl of H2O2 was mixed with 20 ml phosphate buffer. A 45 μM guaiacol buffer was also provided with
112 μl guaiacol with 20 ml phosphate buffer. The extract extraction step was performed using Sun et al. (2015) method.
These extracts were used to measure the activity of enzymes (APX) and (POD). POD activity was estimated by changing
absorbance at 470 nm (Sun et al. 2015)
The data were analyzed using SAS software (version 9.1 2002–2003, SAS Institute, Cary, NC, USA), The comparison of the
meanings was done by the least significant difference test (P < 0.05) with MSTAT-C software and the graphs were drawn
also with Minitab software (version 17.3).

Results And Discussion
Morphological traits
The results of comparing the mean of the data are reported in Table 1. According to this report, the effect of drought stress
on morphological characteristics of selected almond genotypes has been different. Under stress conditions, the highest height
equal to 150.17 cm was recorded for genotype A-7-100 and the lowest height related to AH1-99 equal to 78.34 cm. However,
in the stress-free state, this amount was for genotypes A-7-100 and AH1-99, 544/174 and 94 cm, respectively. These results
indicate the negative effect of drought stress on the growth rate and height of selected genotypes. Stocker (1960) reported
that drought stress reduces stem length and creates short stature in plants. Sivritepe et al. (2008) reported that the activity of
indole acetic acid oxidase (IAAO) in growing plant tissues is very low, but the activity of this enzyme increases under drought
stress and causes the analysis of auxin in plants. According to the results of comparison of the mean (Table 1), drought
treatment had a significant effect on the size of trunk diameter above the graft site in selected almond genotypes. Genotypes
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A-7-100, A-5-6 and A-100-17 showed the highest diameter size compared to other genotypes. However, no significant
difference was observed between these three genotypes (A-7-100), A-5-6 and (A-100-17. According to a report (Rigling et al.,
2003), water deficiency can be negative effect on cell growth, prevents the formation and growth of wood vessels and
reduces the diameter of the trunk. Regarding yellowing and leaf fall among the selected almond genotypes, the mean
comparison results showed that AH1-99 and A-124-1 genotypes with an average of 59.45 and 56.67% of yellowing and leaf
fall, respectively, had the highest rate in Among other genotypes (Table 1). McMichael et al. (1973) reported that the cause
of reduced leaf / yellowing and leaf fall in response to drought stress was associated with increased ethylene production.
Plants also reduce the intensity of transpiration through a mechanism by reducing the number of their leaves during the
stress period, which is also evident in this study (Zokaee-Khosroshahi et al. 2014). Regarding the longitudinal growth rate of
new shoots according to the results of the comparison, the genotypes A-7-100, A-100-13 and A-100-8 with 7.03, 6.78 and 6.87,
respectively 6 cm had the highest longitudinal growth under drought stress, which indicates that these genotypes had better
resistance and adaptation to drought stress than other genotypes. Nikoumanesh et al. (2011) examined the morphological
and molecular diversity of 55 Iranian almond genotypes for almond breeding programs and selection of suitable rootstocks.
There is a positive, so that the more trees grew, the longer the branches grew. Similar results were reported by Zokaee-
Khosroshahi et al. (2014) that in this study, the longitudinal growth of branches in different almond genotypes were different
in response to drought stress and it seems that this feature can be Used as a marker of drought stress in young almond
seedlings.
 

Table 1: Comparison of mean morphological traits of selected almond genotypes in response to drought stress

Genotype Yellowing and leaf fall (%) Diameter growth of the trunk above
the graft site (mm)

Longitudinal growth of new branches
(Cm)

Plant height (Cm)

Sever
stress(40%)

Medium
stress (60%)

Control
(80%)

Sever
stress(40%)

Medium
stress (60%)

Control
(80%)

Medium
stress (40%)

Medium
stress (60%)

Control
(80%)

Sever
stress(40%)

Medium
stress
(60%)

Control
(80%)

A-5-6 35.45c 0.00a 0.00a 23.00ab 26.15b 27.15b 5.81b 10.54bc 14.44bc 137ab 140 c 141 c
A-124-1 56.67a 7.58a 3.00a 19.397d 21.99c 24.76c 4.78bc 11.60c 13.18c 79.71g 80.90K 97.13K

A-7-100 25.34d 0.00a 0.00a 24.923a 27.98a 29.89a 7.03a 13.59a 17.1a 150.17a 165.96a 174.54a
A-100-36 45.03b 1.34a 0.00a 21.33cd 21.83d 22.43d 5.73b 11.64bc 13.14bc 140.19ab 149.89b 153.67b
A-100-13 49.87b 3.78a 0.00a 19.933d 20.5cd 21.43cd 6.78a 12.76ab 16.31ab 124c 127.65d 135d
A-100-4 47.78b 3.87a 0.00a 21.13cd 22.04c 24.17c 4.98bc 10.54bc 14.60bc 99.33ef 108.47f 112.43f
A-100-3 46.98b 2.57a 0.00a 21.54bc 20.39d 22.49d 3.79c 8.51d 11.50d 106e 110.65ef 119ef

A-100-17 38.67bc 0.00a 0.00a 23.01ab 23.89c 24.29c 4.00c 13.44bc 14.14bc 113d 115.56e 126e
A-100-8 41.34b 0.00a 0.00a 21.98bc 21.99d 22.57d 6.87a 11.97ab 15.98ab 108.34e 111.85ef 119.56ef
AH1-99 65.45a 9.01a 5.00a 19.34d 20.67cd 21.24cd 5.98b 12. 97ab 15.

67ab
78.34g 89.56g 94g

Different lowercase letters in each column indicate significant difference among treatments at P ≤ 0.05

 
Chlorophylls and Carotenoids

Different genotypes of almonds showed significant differences in the concentration of chlorophyll a in their leaves. maximum
chlorophyll a concentration in leaf ¬ A-7-100and subsequently A-5-6were observed. The other genotypes had lower levels of
chlorophyll a in their leaves (Table 2). Drought treatment reduced the concentration of chlorophyll a in the leaves of the
studied almond genotypes; So that the highest amount of chlorophyll a was related to the control and the lowest amount was
related to the treatments of -1.1 and -1.6 MPa. (Table 2). Leaf chlorophyll b concentration was significantly affected by
genotype and drought stress treatments (Table 2). The maximum concentration of chlorophyll b was observed in the leaves of
A-7-100 and A-5-6 was in the second degree. Drought stress had a negative effect on chlorophyll b concentration of almond
genotypes and its concentration decreased with increasing stress level. The lowest chlorophyll b concentrations were related
to -1.1 and -1.6 MPa treatments and their differences with the control were significant (Table 2). Although chlorophyll b
concentration decreased due to drought stress, but in no significant difference was observed between control. The results
showed that under drought stress the leaf chlorophyll concentration of almond genotypes decreased. Numerous reasons have
been proposed for the reduction of chlorophyll content under water stress conditions. According to Schlemmer (2005),
dehydration of leaf tissues not only prevents the formation of chlorophyll, but also seems to cause chlorophyll degradation.
According to reports, drought causes chloroplasts to break down and the chlorophyll concentration to decrease. Since
chlorophyll and proline are both synthesized from a common precursor called glutamate, it can be argued that increasing
proline synthesis under drought stress leads to a decrease in chlorophyll synthesis (Paleg and Aspinall 1981). Also
chlorophyll is one of the main constituents of chloroplasts that is involved in the process of photosynthesis. The relative
chlorophyll content of plant leaves is related to its photosynthesis rate, and maintaining a high chlorophyll content (ie, the
green trait of the leaves) may maintain yield under drought stress (Yang et al. 2006). Studies have shown that in conditions
of water scarcity, green leaves of the plant leaves lead to higher water use efficiency and higher yield of agricultural
products (Egea et al. 2010). The results of the present study show that different genotypes of almond are significantly
different from each other in this regard and may show different degrees of resistance to drought stress.
 
Table 2: Comparison of mean the leaf chlorophylls and Carotenoids concentration of selected almond genotypes in response to drought stress
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Genotype Carotenoids (mg.g fresh leaf weight) Pigment amount b (mg.g fresh leaf weight) Pigment amount b (mg.g fresh leaf weight)

Sever
stress(40%)

Medium
stress(60%)

Control(80%) Sever
stress(40%)

Medium
stress(60%)

Control(80%) Sever
stress(40%)

Medium
stress(60%)

Control(80%)

A-5-6 38.0 a 12.1 a 74.1 ab 59.0ab 12.1a 74.1 ab 41.1b 12.2a 79.2b
A-124-1 23.0 d 88.0 d 81.1 a 31.0 d 88.0d 81.1 a 09.1 d 40.1 d 77.2 b
A-7-100 39.0 a 18.1 a 79.1 ab 63.0 a 18.1 a 79.1 ab 57.1 a 18.2 a 76.2 b

A-100-36 28.0 b 91.0b 74.1 ab 44.0 c 91.0b 74.1 ab 17.1 c 90.1 ab 86.2 ab
A-100-13 29.0 b 88.0 b 78.1 ab 45.0 c 88.0 b 78.1 ab 15.1 c 83.1 b 83.2 ab
A-100-4 26.0 b 90.0 b 77.1 ab 43.0 c 90.0 b 77.1 ab 13.1 c 98.1 ab 95.29 a
A-100-3 27.0 b 89.0 b 75.1 ab 41.0 c 89.0 b 75.1 ab 11.1 c 56.1 c 96.34 a

A-100-17 37.0 a 11.1 a 74.1 ab 54.0 b 11.1 a 74.1 ab 39.1 ab 00.2 ab 95.90
A-100-8 36.0 a 14.1 a 85.1 a 55.0b 14.1 a 85.1 a 37.1 ab 10.2 a 95.00 a

) AH1-99 20.0 d 78.0d 77.1 ab 29.0d 78.0 d 77.1 ab 03.1 d 33.1 d 89.2 ab

Different lowercase letters in each column indicate significant difference among treatments at P ≤ 0.05
 

Different genotypes of almonds showed significant differences in terms of total carotenoid concentration, but the effect of
drought stress treatment and the interaction effects of genotype and drought stress on leaf carotenoid concentration were
significant (Table 3). 18). AH1-99 with a very large difference had a lower total carotenoid content than other genotypes and
its difference with other genotypes was significant in this regard. Also, although drought stress changed the total carotenoid
concentration and the trend of changes in total carotenoids under the influence of stress was interesting, but no statistically
significant difference was observed between control treatment (Table 3). Carotenoids are the second most important group
of plant pigments that, in addition to their role in photosynthesis (absorption of light), also act as chlorophyll protectors
(Sircelj et al. 2007). Carotenoids are defense compounds with antioxidant roles that neutralize the harmful effects of reactive
oxygen species under stress. For this reason, carotenoids can be good markers for assessing drought stress (Sircelj et al.
2007).

 

Table 3: Comparison of mean the leaf chlorophylls and Carotenoids concentration of selected almond genotypes in response to drought stress

v/Fm RWC(%) Chlorophyll content base onSPAD Proline (μg/gfw )

Sever
tress(40%)

Control(80%) Medium
stress(60%)

Sever
stress(40%)

Control(80%) Medium
stress(60%)

Sever
stress(40%)

Control(80%) Medium
stress(60%)

Sever
stress(40%)

Medium
stress(60%)

Control(80%)

0.718a 0.778ab 0.748ab 77.02a 78.34ab 77.54a 46.533a 54 49.78ab  76. 95ab 37. 17a 21. 66a

0.613c 0.733ab 0.657 51.412c 75.5ab 51.65c 34.13c 52.50a 45.76b 57. 66c 26. 34c  20. 39a

0.751a 0.791a 0.761a 79.27a 83.1a 79.27a 48.791a 56.11a 54.87a 88. 41a 40. 63a 21. 49a

0.689b 0.739ab 0.708 74.27ab 84.18a 77.11ab 39.47ab 53.78a 46.17ab 68. 47b 30. 4bc7 22. 45a

0.659b 0.755ab 0.711 66.024b 76.82ab 70.73ab 43.93ab 55.33a 49.78ab 67. 69b 34. 88bc 21. 89

0.678b 0.747ab 0.719 69.03ab 77.93ab 65.74b 44.03ab 56.03a 51.54ab 69. 02b 31. 53bc 22. 55a

0.678b 0.749ab 0.723 69.95b 75.95ab 69.98b 46.36a 53.36a 50.39ab 68. 38b 47. 22ab 21. 96a

0.717a 0.739ab 0.729 73.04ab 81.14a 77.31a 42.8ab 52.7a 47.9ab 82.76ab 38. 67a 22. 16a

0.7 0.746ab 0.736 73.18ab 85.34a 80.18a 46.9a 51.8a 50.6ab 81. 99ab 36. 81a 21. 92a

0.585c 0.735ab 0.647 49.60c 79.64ab 56.104c 32.7c 50.6a 44.58b 55. 95c 27. 17c 21.66a

Different lowercase letters in each column indicate significant difference among treatments at P ≤ 0.05

 
 Fv/Fm, Chlorophyll content, RWC (%) and Proline

Different genotypes of almonds showed significant differences in the concentration of Proline in their leaves. maximum
Proline concentration in leaf ¬ D-7(A-7-100(88.45 μg/gfw) and minimum) D-99(AH1-99 (55.60 μg/gfw) were observed. The
other genotypes were located their between as levels of chlorophyll a in their leaves (Table 3-21).
The results showed in all measurements, the amount of proline was in stress treatments several times more than treatments
with normal irrigation, and the highest accumulation of proline occurred in severe stress. In general, more proline was
produced with increasing stress intensity. Although the genotypes that produced more proline showed moderate to high
resistance, but its value in drought tolerant cultivars was not necessarily higher than other cultivars of the same species
under the same stress conditions.Accumulation of amino acid proline in plant tissues in response to various non-biological
stresses plays an important role against oxidative damage caused by ROS. As a result, proline plays several roles in stress
adaptation. Some cultivars produce more proline in the face of drought stress, and some produce less proline, and reports
from previous work suggest that drought stress leads to proline accumulation and stimulates its synthesis under drought
stress in most almond cultivars or genotypes (Zamani et al. 2002; Arzani et al. 2010). This was also confirmed in the present
experiment.
Examination of chlorophyll content according to SPAD criteria is a non-destructive and fast method for determining the
chlorophyll content of plants. The results showed that genotype A-7-100 had the highest chlorophyll content (49.95)
according to SPAD criteria among other genotypes. However, AH1-99 genotype with chlorophyll content (31.87) had the
lowest value (Figure 1), which shows the greater sensitivity of AH1-99 genotype to dehydration and drought stress
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conditions. Similar results have been presented by Samandari and Elhami (2012). According to the results, there is a
significant difference in chlorophyll index of different almond cultivars in response to drought stress, which will have a
negative effect on yield and production (Schlemmer et al. 2005).According to the results of comparing the mean between
selected almond genotypes studied in this study, it was found that genotypes A-7-100, A-100-36, A-100-8 and A-100-17 with
79.27, 74.27, 73.19 and 73.04 had the highest relative water content of leaves among other genotypes, which indicates the
relative tolerance of these genotypes to drought stress. A similar report was presented by Faraloni et al. (2011) regarding
the comparison of the relative water content of leaves between different species at the highest level of drought stress.
According to this report, P. eburnea had the highest relative water content of leaves under severe drought stress, which
shows that it was more resistant to drought stress than others. These results indicate that susceptible genotypes are less able
to absorb or retain water in their leaves under drought stress and dehydration.  Based on studies on different plants, the
relative content of leaf water can be used as an indicator to assess the tolerance of the plant to severe stress and wilting and
can be used in breeding screening (Krause et al. 1993; Gradziel; et al. 2001). Increasing the intensity of moisture stress and
consequently reducing the plant's ability to absorb water reduces cell turbulence and disrupts cell division, which leads to
reduced plant growth and development (Maclagan, 1993). The results of comparing the mean of the data show that drought
stress has a significant effect on the ratio of variable fluorescence to maximum fluorescence (FV/Fm) of selected almond
genotypes (Table 3). According to the results, AH1-99 genotype with 49.60 shows the lowest value and A-7-100 genotype with
751 has the highest value. These results indicate that genotype A-7-100 has more resistance and adaptation to drought stress
than other genotypes. Yuan et al. (2005) reported that drought stress is one of the most important environmental factors to
limit photosynthesis in plants, so that with the closure of the stomates, the concentration of intracellular carbon dioxide
decreased and then with the accumulation of electron carriers with high energy level and the formation of free radicals
disturbs the light-absorbing complexes and destroys the photosynthetic system, which leads to a decrease in photosynthetic
efficiency. Other reasons for this can be found in the report of Piper et al. (2007) on drought stress, which stated that various
stresses, including drought, by increasing the consumption of electron transfer chain products (NADPH and ATP), increase
ferredoxin reduction and free radicals. As a result, the thylakoid membrane proteins are degraded, resulting in impaired
electron transfer from the photosystem II acceptor site and reduced maximum photosystem II function, which in turn
increases chlorophyll fluorescence.
Activity of antioxidant enzymes 

The activity of leaf antioxidant enzymes including superoxide dismutase (SOD), peroxidase (POD), catalase (CAT) and
ascorbate peroxidase (APX) were measured at the end of the stress period. The results are given in Table 3-24 shows the
trend of changes in the activity of these enzymes under the influence of drought stress.
Superoxide dismutase (SOD)
Both genotype and drought stress factors had a significant effect on SOD enzyme activity in almond leaves. Almond
genotypes were significantly different in this regard. The highest activity of SOD enzyme was related to genotypes A-7-100
(2.34 μmol/gfw min-1) and genotype of AH1-99 (1.47 μmol/gfw min-1) Showed the lowest level of activity (Table 4). When
plants are exposed to environmental stresses, including drought stress, the activity of antioxidant enzymes in the
photosynthetic apparatus protects the plant against oxidative damage (Cavalcanti et al. 2004). Superoxide dismutase (SOD)
removes the superoxide anion (O2-) produced by the electron transfer chain in chloroplasts and mitochondria, and then, the
H2O2 produced by SOD activity is eliminated by APX and POD in different parts of the cell. Enslaved. In addition, CAT also
eliminates the H2O2 produced in the light-breathing pathway inside the proxysomes (Wang et al. 2009). The sweeping
capacity of reactive oxygen species (ROS) and the reduction of their harmful effects may be associated with drought
tolerance of plants (Tsugane et al. 1999).

Peroxidase (POD)
Genotype and drought stress treatments had a significant effect on POD enzyme activity in almond leaves, Almond

genotypes studied in this study were significantly different in terms of POD activity and the highest activity of this enzyme
was observed in A-7-100 (1.99 μmol/gfw min-1) and genotype of AH1-99 (1.88 μmol/gfw min-1). Other genotypes were
located the them between (Table 3-29). Comparison of different drought stress treatments with each other and control
showed that drought stress, especially -1.1 and -1.6 MPa treatments increased POD activity compared to the control. The
activity of this enzyme increased with increasing stress intensity increased

Catalase (CAT)
Both genotype and drought stress factors had a significant effect on the activity of CAT enzyme in leaves (Table 3-24). The
almond genotypes studied in this study showed a significant difference in terms of CAT activity and the highest activity of this
enzyme in in A-7-100 (1.64 μmol/gfw min-1) and genotype of AH1-99 (0.95 μmol/gfw min-1). Observed in mg / leaf) under
severe drought stress conditions. Comparison of different drought stress treatments with each other and the control showed
that drought stress increased CAT activity compared to the control (Table 3-29).

Ascorbate peroxidase(APX)
Genotype had significant effect on leaf APX activity and differences between different Genotypes of almonds were notable in
this regard. On the other hand, APX activity was significantly affected by drought stress treatments and increased with
increasing stress level (Table 3-29).
When plants are exposed to environmental stresses, including drought stress, the activity of antioxidant enzymes in the
photosynthetic apparatus protects the plant against oxidative damage (Cavalcanti et al., 2004). Superoxide dismutase (SOD)
removes the superoxide anion (O2-) produced by the electron transfer chain in chloroplasts and mitochondria, and then, the
H2O2 produced by SOD activity is eliminated by APX and POD in different parts of the cell. Enslaved. In addition, CAT also
eliminates the H2O2 produced in the light-breathing pathway inside the proxysomes (Wang et al. 2009). The sweeping
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capacity of reactive oxygen species (ROS) and the reduction of their harmful effects may be associated with drought
tolerance of plants (Tsugane et al. 1999).
In scientific sources, the close relationship between high activity of antioxidant enzymes and increased resistance to drought
stress has been repeatedly pointed out and emphasized. For example, in a drought tolerant clone of coffee under drought
stress, the activity of SOD, CAT, and APX increased significantly compared to a drought-sensitive clone, leading to lower lipid
peroxidation levels and electrolyte leakage (Lima et al. 2002). Also, a drought-resistant bean species showed higher SOD,
CAT, POD and APX activity as well as lower levels of lipid peroxidation compared to its drought-sensitive species (Turkan et
al. 2005). Khana-Chopra and Singh (2015) associated less damage to the membranes of a drought-resistant plant cultivar
under severe drought stress conditions with higher POD and APX activity compared to a drought-sensitive cultivar. In other
reports, high activity of antioxidant enzymes in cultivars of white berry (Reddy et al., 2004), olive (Ben Ahmad et al. 2009),
kiwi (Wang et al. 2011) and some intermediate breeds The genus Prunus (Sofo et al. 2005) has improved drought resistance
or tolerance.
In the present study, genotype and drought stress had a significant effect on the activity of leaf antioxidant enzymes including
SOD, POD, CAT, APX and GR. In all genotypes, the activity of these enzymes increased under the influence of drought stress
treatment. Differences between control and treated plants in terms of SOD activity in all genotypes were significant.

Conclusion
Examination of morphological and physiological characteristics of some selected almond genotypes showed a significant effect of drought
stress on seedling height, stem diameter at the top of the graft, longitudinal growth of new branches and the amount of yellowing and leaf fall.
Also, under drought stress, physiological characteristics such as chlorophyll index based on SPAD criteria, relative water content of leaves, and
the ratio of variable fluorescence to fluorescence were maximally reduced, which showed a significant difference in some genotypes. According
to the data obtained from this study, cultivar AH1-99 was identified as the most sensitive genotype and A-7-100 as the most resistant genotype
to drought stress. It should be noted that the selected genotypes in this study are the result of breeding programs and no research has been
done on them. With further study and research work, some of these genotypes can be identified as drought tolerant genotypes. Introduced and
used in breeding and agricultural programs. the results of comparing the mean of the data show that drought stress has a significant effect on
the ratio of variable fluorescence to maximum fluorescence (FV/Fm) of selected almond genotypes (Table 3). According to the results, AH1-99
genotype with 49.60 shows the lowest value and A-7-100 genotype with 751 has the highest value. These results indicate that genotype A-7-100
has more resistance and adaptation to drought stress than other genotypes. Yuan et al. (2005) reported that drought stress is one of the most
important environmental factors to limit photosynthesis in plants, so that with the closure of the pores, the concentration of intracellular carbon
dioxide decreased and then with the accumulation of electron carriers with energy level High and the formation of free radicals disturbs the light-
absorbing complexes and destroys the photosynthetic system, which leads to a decrease in photosynthetic efficiency. Other reasons for this can
be found in the report of Piper et al. (2007) on drought stress, which stated that various stresses, including drought, by increasing the
consumption of electron transfer chain products (NADPH and ATP), increase reductant reductase and radicals. The thylakoid membrane
proteins are released and degraded, resulting in impaired electron transfer from the photosystem II acceptor site and reduced maximum
photosystem II function, which in turn increases chlorophyll fluorescence

Abbreviations
Fv/Fm
Fluorescence variable / Fluorescence maximum
GN15
(Garfi almond x Nemared peach hybrids) (Zaragosa, Spanish origin)
WL
Fresh weight of Leaf
FWL
Dry weight of Leaf
SWL
Saturated weight of Leaf
ROS
Reactive oxygen species (
SOD
Superoxide dismutase
CAT
Catalase
APX
ascorbate peroxidase
POD



Page 9/12

peroxidase
SPAD
Chlorophyll index was evaluated based on SPAD criterion
RWC
Relative leaf water content
Cha

Chlorophyll A
Chb

Chlorophyll B
Cx+c

Total carotenoids
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Figures

Figure 1

Soil water retention curve of the experimental soil.


