
International Journal of Horticultural Science and Technology (2023) Vol. 10, No. 2, pp. 211-222 

211 

 

International Journal of Horticultural Science and Technology 

Journal homepage: http://ijhst.ut.ac.ir 
 

Screening Pomegranate Cultivars for Freezing Tolerance by 
Reliable Methods 
Ali Akbar Ghasemi-Soloklui1, Ahmad Ershadi2* 

1 Nuclear Agriculture Research School, Nuclear Science and Technology Research Institute (NSTRI), Karaj, P.O. Box 31485498, Iran. 

E-mail address: Aliakbarghasemisoloklui@gmail.com.[https://orcid.org/0000-0002-3565-8051] 

2 Department of Horticultural Science, Faculty of Agriculture, University of Bu-Ali Sina, Hamedan, Iran. 

 

ARTICLE  INFO  ABSTRACT 

Article history: 

Received: 30 January 2022,  
Received in revised form: 3 May 2022, 
Accepted: 15 July 2022 
 

Article type: 

 Freezing damage is a significant environmental challenge that limits       
both the geographic distribution and production of pomegranates in        
the world. The objective of this research was to search for useful                   
correlations between freezing tolerance and soluble carbohydrate and 
proline content, as well as stomatal density in different parts of the             
leaves, to allow indirect selection of winter hardiness in pomegranate          
cultivars. Our results showed that freezing tolerance at the non-acclim-
ated stage (August) was not strongly correlated with freezing                           
tolerance during deep winter dormancy in January. Cold tolerance in        
summer was strongly correlated with leaf stomatal density; however,   
a moderate correlation was observed between cold tolerance in winter 
and leaf stomatal density. The results showed that ‘Alak’, the most cold
-tolerant cultivar in summer and winter, had the highest leaf stomatal  
density. The ‘Agha Mohammad Ali’ cultivar had the lowest leaf                         
stomatal density and cold tolerance in summer; however, this cultivar 
showed considerable cold tolerance in winter. Moreover, except for ‘      
Agha Mohammad Ali’, stomatal density in summer was related to                
soluble carbohydrate concentration in the stems, which could justify       
the correlation between stomatal density and winter hardiness in              
pomegranate trees. It was found that LT50 values in January were             n
egatively related to soluble carbohydrate concentration in the stems. H
owever, there was no statistical correlation between winter hardiness i
n January and proline content in the stems. These results suggested    t
hat soluble carbohydrates and stomatal density are suitable indices        f
or predicting freezing-tolerance of pomegranate cultivars throughout t
he year and growing season, respectively. 
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Introduction1 
Pomegranate (Punica granatum L.) is one of the 
most important fruit trees of Iran, which is also 
commercially cultivated in many areas including 
the Mediterranean Basin, South Asia and several 
countries in North and South America. Iran is one 
of the largest pomegranate-producing countries 
and has an enormous genetic diversity of 
pomegranates with a germplasm collection of 
over 700 cultivars and accessions (Ghasemi-
Soloklui et al., 2019). Lack of cold tolerance is a 
major constraint to the spread and productivity of 

                                                                    
*Corresponding author’s email: ershadi@basu.ac.ir 

subtropical fruits, so freezing damage causes 
significant economic losses in many regions of the 
world. The degree of freezing resistance and 
acclimation varies among species, cultivars, and 
ecotypes, showing genetic variability in cold 
tolerance and genetic adaptation to location 
(Reyes-Díaz et al., 2005; Rowland et al., 2005; 
Kalberer et al., 2007; Pagter et al., 2008). 
Determination of freezing damage after artificial 
subzero temperatures in the laboratory is a useful 
tool for comparing the freezing tolerance of 
different pomegranate genotypes and cultivars 

http://ijhst.ut.ac.ir/
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(Ghasemi-Soloklui et al., 2012). After exposure to 
freezing temperatures, the electrolyte leakage 
test is a useful tool to distinguish between cold 
hardy, and susceptible pomegranate cultivars 
(Ghasemi-Soloklui et al., 2012). In addition, 
determining the winter hardiness of plants is 
usually very tedious, time-consuming, and not 
always easy, so simple screening methods have 
been developed for comparative studies 
(Mittelstädt 1965; Fischer 1992; Hummer et al., 
1995). Most methods for determining the 
freezing tolerance of plants are based on 
controlled freezing tests. However, indirect 
indicators for determining winter hardiness 
without freezing tests have also been sought for 
many years (Lindén 2002). Cold hardiness is 
related to anatomical and morphological traits of 
plants (Palta et al., 1979). Stomatal density index 
in plant leaves is a numerical trait that is 
genetically determined (Gailing 2008). Therefore, 
plant breeders can use stomatal density to make 
rapid progress in their breeding programs 
(Falconer et al., 1996). Numerous researchers 
found a relationship between small cell size 
(Levitt et al., 1936), stomatal density index 
(Roselli et al., 1989), stomatal size (Nassuth et al., 
2021), and degree of cold hardiness. The 
correlation between stomatal density index and 
cold tolerance of olive (Soleimani et al., 2002), 
pecan (Sagaram et al., 2007), walnut (Aslamarz et 
al., 2009) and rhododendron (Wang et al., 2008) 
has been previously reported. During cold 
acclimation, several metabolic changes occur in 
plants before they adapt to the environment. In 
addition, strong correlations have been found 
between cold stress tolerance and the content of 
osmoregulants such as soluble carbohydrates 
(Morin et al., 2007), proline (Patton et al., 2007), 
glycine betaine (Ashraf et al., 2007), and proteins 
(Guy 1990). The selection and identification of 
cold-hardy cultivars are necessary for the 
increasing establishment of pomegranate crops 
and for the success of any breeding program to 
select winter-hardy cultivars. This will ensure 
that more cultivars can be evaluated without 
increasing costs and the more cultivars that are 
evaluated, the greater the chances of selecting 
winter-hardy cultivars in pomegranates. The 
objective of this study was to search for useful 
correlations between freezing hardiness and 
stomatal density in different parts of the leaves, 
soluble carbohydrates, and proline content for 
indirect selection of cold hardiness in 
pomegranate cultivars. 
 

Material and Methods 
Plant materials 

One-year-old cuttings in winter (20 January) and 
fully developed leaves in summer (02 August) of 
six pomegranate cultivars, including 'Alak', 'Agha 
Mohammad Ali', 'Tabestaneh', 'Shirin Nar Paveh', 
'Malas Torosh Saveh' and 'Golmakhane Orumieh', 
obtained from ~26-year-old trees at the Saveh 
Pomegranate Research Center in Arak. During 
transportation from the orchard to the laboratory 
for the freezing tests, samples (stems and leaves) 
were wrapped in damp paper, sealed in plastic 
bags, and stored at 5 °C. Samples of shoots (one 
centimeter-long) and leaves (1×1 cm2) were 
cleaned in deionized water, chopped, and placed 
in 50 ml plastic tubes per replicate. To start ice 
formation, one ml of deionized water was added 
to each tube. To expose the tubes to low 
temperatures, they were placed in a freezing 
chamber (Kimia Rahavard, Tehran, Iran). The 
starting temperature was 5°C and the cooling rate 
was 2°C per hour. The treatment temperatures in 
two stages were: 
Stage one (summer): 0°C, -4°C, -8°C, -12°C. 
Stage two (winter): -12°C, -15°C, -18°C, -21°C, -
24°C. 
 

Electrolyte leakage 
 Before the first electrical conductivity evaluation 
(EC1), each tube was filled with 20 ml of 
deionized water, spun at 23°C (250 rpm) for one 
hour, and kept at room temperature for 24 hours. 
The samples were then autoclaved at 120°C for 20 
minutes to allow maximum ion leakage. They 
were then cooled at room temperature for 2 hours 
and electrical conductivity (EC2) was measured 
again. Relative electrolyte leakage (REL) was 
calculated using the following formula: REL = 
(EC1 /EC2) ×100. Cold tolerance was expressed 
as LT50 (the lethal temperature at which 50% of 
the total ion leakage occurs) by fitting the 
response curves with the following logistic 
sigmoid function (Mancuso et al., 2000). 
 

Stomatal density 
Fully developed leaves were randomly taken from 
the middle part of the current season's shoots. 
The number of stomata was determined using the 
replica method (Soleimani et al., 2002). The 
stellate hairs were removed from the underside of 
each leaf using adhesive tape. A thin film of 
cellulose acetate was applied directly to the lower 
epidermis of the leaves and allowed to dry at 
room temperature before removal. Sections were 
taken from the center of each leaf and placed on 
coded slides. A binocular microscope with 40x 
magnification was used to count stomata. 
Stomatal density was determined over an area of 
1 mm2. 



Ghasemi-Soloklui and Ershadi                 Int. J. Hort. Sci. Technol. 2023 10(2): 211-222 

 

213 

Soluble carbohydrates 
The anthrone method was used to determine 
soluble carbohydrates (Yemm et al., 1954). Stem 
samples were pulverized with liquid nitrogen. 
Soluble carbohydrates were extracted three times 
from 1 g of powdered tissue with 5 ml of 80% 
ethanol and centrifuged at 1500 gn for 15 min. To 
100 ml of the ethanolic extract, one ml of the 0.2% 
anthrone reagent (2 g of anthrone in 1 L of 72% 
sulfuric acid) was added. The reaction mixture 
was incubated in a boiling water bath for 10 
minutes before being quickly cooled on ice. The 
absorbance at 620 nm was determined 
spectrophotometrically. Finally, using a 
calibration curve, the concentration of soluble 
carbohydrates was determined and expressed as 
mg soluble carbohydrates g-1 dry weight (DW). 
 

Proline content 
The concentration of free proline in the stem 
samples was determined as described by Bates et 
al. (1973). Stem samples were crushed in liquid 
nitrogen, and 0.5 g of the powdered tissue was 
homogenized in 10 ml of aqueous sulfosalicylic 
acid (3% (w/v)). The homogenate was then 
filtered using a No. 1 Whatman filter paper. Two 
milliliters of the filtered extract were obtained for 
analysis along with two milliliters of ninhydrin 
and two milliliters of glacial acetic acid. The 

reaction mixture was incubated in a boiling water 
bath for one hour before being stopped in an ice 
bath. The organic phase was extracted with four 
milliliters of toluene added to the mixture. A UV-
visible spectrophotometer (Bel Engineering Srl, 
Monza, Italy) was used to measure the 
absorbance of the extract at 520 nm, while 
toluene served as a blank. Finally, using a 
calibration curve, the proline concentration was 
determined and expressed as µM proline g-1 fresh 
weight (FW). 
 

Statistical analyses 
All data were analyzed using (ANOVA) (PROC 
GLM, SAS Institute). Duncan's multiple range tests 
were used to differentiate means at P ≤ 0.05. 
Pearson’s correlation coefficient (PROC CORR) in 
SAS was also used to measure the correlation 
between pairs of attributes. 
 

Results 
Soluble carbohydrates 
The amounts of soluble carbohydrates differed 
significantly (p ≤ 0.01) among cultivars (Fig. 1). 
The highest amounts were found in 'Agha 
Mohammad Ali' (152.73 mg/g DW) and 'Alak' 
(134.4 mg/g DW), while the remaining cultivars 
did not show significant differences.  
 

 
Fig. 1. Concentrations of soluble carbohydrates in stem samples of six Iranian pomegranate cultivars. Values are means 
± standard errors of three replicates. Similar letters at the top of columns indicate non-significant differences among 

cultivars at P ≤ 0.05. 
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Proline content 
Proline content varied significantly (p ≤ 0.01) 
within cultivars, ranging from 0.46 to 2.41 µM/g 
FW (Fig. 2). Stem samples of 'Agha Mohammad 
Ali' and 'Shirin Nar Paveh' contained the highest 

proline concentrations; 'Tabestaneh' had the 
lowest values. Other cultivars ('Alak', 'Malas 
Torosh Saveh', and 'Golmakhane Orumieh') had 
intermediate proline concentrations. 
 

 

Fig. 2. Concentrations of proline in stem samples of six Iranian pomegranate cultivars. Values are means ± standard 
errors of three replicates. Similar letters at the top of columns indicate non-significant differences among cultivars at P 

≤ 0.05. 

 

Stomatal density 
As shown in Table 1, stomatal density on the 
three-leaf halves varied significantly among 
cultivars. In addition, stomatal density was not 
the same in the different parts of the leaves. 
Overall, the highest densities were observed in 
the middle part (91.72) compared to the apex 
(90.07) and base (86.25). 'Alak' and 'Agha 
Mohammad Ali' showed the highest and lowest 
stomatal densities in the basal parts of the leaves, 
respectively, while the other cultivars did not 
show significant differences. The highest 
variation in stomatal density was found in the 
middle part of the leaves. Based on the stomatal 
density in the middle part of the leaves, cultivars 
could be classified into three groups: 1. 'Alak' 
(maximum stomatal density), 2. 'Shirin Nar 
Paveh', 'Tabestaneh' and 'Malas Torosh Saveh' 
(medium stomatal density), and 3. 'Agha 
Mohammad Ali' and 'Golmakhane Orumieh' 
(minimum stomatal density). Concerning the 
apical part of the leaves, the cultivars showed 
similar rankings in stomatal density as in the 
middle part of the leaves, except for 'Tabestaneh', 
which showed a lower stomatal density in the leaf 
apex. In addition, cultivars had similar rankings 
for average stomatal density in the three parts of 

the leaves as in the middle of the leaves (Table 1). 
 

Freezing tolerance 
LT50 values differed significantly among cultivars 
in summer and winter (Table 2). In August, 'Alak' 
and 'Malas Torosh Saveh' showed the highest cold 
hardiness and 'Agha Mohammad Ali' was the least 
hardy cultivar, while 'Shirin Nar Paveh', 
'Golmakhane Orumieh' and 'Tabestaneh' showed 
intermediate winter hardiness. 
Winter freezing tolerance of all pomegranate 
cultivars increased drastically compared to the 
non-acclimation stage. On the other hand, 
pomegranate cultivars did not show a similar 
acclimation rate in winter. For example, the 
cultivar 'Agha Mohammad Ali', which was most 
sensitive to cold in summer, showed relatively 
high freezing tolerance in winter. Pomegranate 
cultivars can be divided into three groups based 
on their LT50 values in winter: 1) the cultivar with 
the highest freezing hardiness, 'Alak' (-23.50 °C), 
2) the freezing-sensitive cultivar, 'Shirin Nar 
Paveh' (-18.78 °C) and 3) 'Agha Mohammad Ali', 
'Golmakhane Orumieh', 'Tabestaneh' and 'Malas 
Torosh Saveh' with intermediate winter 
hardiness. 
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Table 1. Stomatal density ± standard errors, of six pomegranate cultivars at three parts of leaves (apex, center, and 
base) and means three parts per mm2. 

Z: Similar letters in each column indicate non-significant differences among cultivars (P ≤ 0.05). 
 
 

Table 2. LT50 ± standard errors, estimated by electrolyte leakage measurement, of six pomegranate cultivars in August 
and January. 

Cultivars 

50LT 

August January 

Alak -10.0±0.43 d -23.50±0.18c 

Agha Mohammad Ali -4.16±0.23a Z 21.05±0.20b- 
Golmakhane Orumieh -4.66±0.28 a -20.22±0.18b 

Malas ToroshSaveh -8.50±0.31c -19.93±0.19ab 

Shirin Nar Paveh -5.73±0.35ab -18.78±0.10a 
Tabestaneh -6±0.41ab -20±0.23ab 

Overall means -6.13 -20.58 
P values ≤0.001 ≤0.001 

CV (%) 15.44 2.52 
Z: Similar letters at each column indicate non-significant differences among cultivars (P ≤ 0.05). 

 

 

Winter freezing tolerance of all pomegranate 
cultivars increased drastically compared to the 
non-acclimation stage. On the other hand, 
pomegranate cultivars did not show a similar 
acclimation rate in winter. For example, the 
cultivar 'Agha Mohammad Ali', which was most 
sensitive to cold in summer, showed relatively 
high freezing tolerance in winter. Pomegranate 
cultivars can be divided into three groups based 
on their LT50 values in winter: 1) the cultivar with 
the highest freezing hardiness, 'Alak' (-23.50 °C), 
2) the freezing-sensitive cultivar, 'Shirin Nar 
Paveh' (-18.78 °C) and 3) 'Agha Mohammad Ali', 
'Golmakhane Orumieh', 'Tabestaneh' and 'Malas 
Torosh Saveh' with intermediate winter 
hardiness.  
 

Relationships between cold hardiness, 
stomatal density, and biochemical indices 
High correlations were found between stomatal 
density in different parts of the leaves and cold 
hardiness in summer (Fig. 3). The correlation 
coefficients between summer LT50 values and 
stomatal density varied significantly among 
different parts of the leaves (Fig. 3). The highest 
correlation was observed between cold hardiness 
in summer and stomatal density in the middle of 
the leaf (r = -0.72) and in the leaf apex (r = -0.70), 
respectively, while stomatal density in the basal 
region had the lowest correlation with LT50 value 
in summer (r = -0.66) (Fig. 3). The highest 
correlation between stomatal density and winter 
hardiness (LT50) was observed for the leaf middle 
part (r = -0.42) and leaf apex (r = -0.38), 

Cultivars Base Center Apex Means 

Alak 109.95±0.92a Z 120.79±0.75a 116.73±0.15a 115.82±0.15a 

Agha Mohammad Ali 62.65±0.42c 65.29±0.38d 67.34±0.43e 65.09±0.33d 

GolmakhaneOrumieh 82.52±0.69b 82.75±0.38c 74.84±0.43d 80.04±0.42c 

MalasToroshSaveh 89.20±0.46b 95.08±0.38b 94.91±0.35b 93.06±0.36b 

Shirin Nar Paveh 89.40±0.37b 93.05±0.59b 97.54±0.47b 93.33±0.47b 

Tabestane 

 

83.76±0.37b 93.37±0.48b 89.08±0.36c 88.74±0.36b 

Overall means 86.25 91.72 90.07 89.35 

P values ≤0.001 ≤0.001 ≤0.001 ≤0.001 

CV (%) 6.67 5.62 3.84 3.45 
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respectively; the lowest correlation was observed 
between the stomatal density of the leaf basal 
part and winter hardiness (r = -0.35) (Fig. 4). Our 
results showed that freezing tolerance at the non-
acclimated stage (August) was not strongly 
correlated with freezing tolerance during deep 
dormancy in January. In addition, a positive 

correlation was found between soluble 
carbohydrate content and stomatal density (r = 
0.54) (Fig. 5). A high correlation (r = -0.56) was 
found between LT50 values and soluble 
carbohydrates in January; however, no significant 
correlation was observed between winter 
hardiness and proline content of stem samples. 

 

 

Fig. 3. Correlation coefficients between LT50values of leaves in summer and stomatal density in different parts of leaves 
(apex, center, base and average of three parts) in pomegranate cultivars. 
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Fig. 4. Correlation coefficients between LT50 values of stems in winter and stomatal density in different parts of leaves 

(apex, center, base, and average three parts) of pomegranate cultivars. 
 

 

 
 

Fig. 5. Correlation coefficients between LT50values in winter and stomatal density (average three parts) with soluble 
carbohydrates of pomegranate cultivars. 

 

 

 

 

y = -9.7692x - 89.176

R= -0.56

0

20

40

60

80

100

120

140

160

180

-30-20-100

S
o

lu
b

le
 c

ar
b

o
h
y
d

re
at

es
 

LT 50 winter

y = 0.9347x + 28.41

R = 0.54

0

20

40

60

80

100

120

140

160

180

0 50 100 150

S
o

lu
b

le
 c

ar
b

o
h
y
d

re
at

es
 

Stomatol density

y = -4.977x - 10.52

R = -0.42

0

20

40

60

80

100

120

140

-30-20-100

S
to

m
at

al
 d

en
si

ty
 (

ce
n
te

r)

LT 50

y = -3.426x + 16.69

R = -0.35

0

20

40

60

80

100

120

140

-30-20-100

S
to

m
at

al
 d

en
si

ty
 (

b
as

e)

LT 50

y = -4.235x + 2.373

R = -0.39

0

20

40

60

80

100

120

140

-30-20-100

S
to

m
at

al
 d

en
si

ty
 (

m
ea

n
)

LT 50

y = -4.301x + 0.953

R = -0.38

0

20

40

60

80

100

120

140

-30-20-100

S
to

m
at

al
 d

en
si

ty
 (

ap
ex

)

LT 50



Ghasemi-Soloklui and Ershadi                 Int. J. Hort. Sci. Technol. 2023 10(2): 211-222 

 

218 

Discussion 
Measurement of electrolyte leakage after 
controlled freezing allowed us to distinguish 
between different pomegranate cultivars in terms 
of their cold resistance. 'Alak' was the most 
freezing tolerant cultivar at both stages (August= 
-10°C; January= -23.50°C), while 'Agha 
Mohammad Ali' had the lowest and intermediate 
cold hardiness in August (-4.16°C) and January (-
21.05°C), respectively. This cultivar had the 
lowest stomatal density in August, but the highest 
value of proline and soluble carbohydrates in 
January. The cold tolerance of non-acclimated 
pomegranates assessed in August was not reliable 
enough to predict the freezing tolerance of cold-
acclimated plants in January. Assessment of the 
freezing tolerance of Hydrangea macrophylla 
(cold sensitive) and H. puniculata (cold resistant) 
revealed that the freezing tolerance of both 
species was -5 °C in September and October, but 
reached a maximum of -17 and -30 °C, 
respectively, in January (Pagter et al., 2008). The 
weak correlation between the cold tolerance of 
the different cultivars in August and January 
suggests that freezing tolerance and adaptation to 
low temperatures are not necessarily due to 
similar physiological and biochemical 
characteristics. Previous studies on commercial 
Iranian pomegranate cultivars have shown that 
the most cold-tolerant cultivars could withstand 
freezing temperatures of -22°C in January, while 
the less winter-hardy cultivars reached LT50 at -
20 to -20.5°C (Ghasemi-Soloklui et al., 2012). In 
this study, the cold tolerant cultivars withstood -
23.5°C. Also, Sirooeinejad et al. (2020) reported 
that LT50 values for some Iranian pomegranate 
cultivars were around -17 ºC in January. 
Winter hardiness was positively associated with 
soluble carbohydrate concentration in January. 
There are numerous reports on the close 
correlation between winter freezing tolerance 
and soluble carbohydrate content in plants 
(Morin et al., 2007; Ghasemi-Soloklui et al., 2012). 
Soluble carbohydrates are thought to have a 
positive effect on cell membrane integrity and 
play an adaptive role in mediating osmotic 
adjustment in plants exposed to low 
temperatures. However, some researchers 
considered that the increase in soluble 
carbohydrates and winter hardiness are likely the 
result of weather changes and their synchrony 
may be only a coincidental relationship (Palonen 
1999). Researchers discovered a significant 
negative relationship between LT50 levels of 
pomegranate cultivars in January and soluble 
carbohydrate content. (Ghasemi-Soloklui et al., 
2012; Nasrabadi et al., 2019; Sirooeinejad et al., 

2020). 
Winter hardiness was not related to proline 
content in January. Proline was found to 
accumulate in several plant species in response to 
abiotic conditions such as cold (Dörffling et al., 
1997), salinity (Ahmad et al., 1981), and drought 
(Hsu et al., 2003). In evaluating the cold tolerance 
of seven pomegranate cultivars, Ghasemi-Soloklui 
et al. (2012) found that a high proline 
concentration does not always mean a high level 
of cold tolerance, as proline content remained 
high even after trees were acclimatized in March. 
Sirooeinejad et al. (2020) also showed significant 
changes in proline concentration in pomegranate 
cultivars ('Tabestaneh Torosh') during adaptation 
and deadaptation, but proline did not correlate 
with cold tolerance. Under abiotic stress, the 
increase in proline content may be a product 
rather than an adaptive response to stress and the 
role of proline under stressful conditions may 
differ among species (Ashraf et al., 2007). 
Therefore, proline content was not good enough 
to use for selecting pomegranate cultivars with 
high freezing tolerance in January. 
Stomatal density varied among different parts of 
pomegranate leaves and ranged from 86 to 90 
stomata/mm2, with the highest stomatal density 
observed at the center (91.72 mm2), apex (90.07 
mm2), and base (86.25 mm2). 'Alak' showed the 
highest significant differences in stomatal density 
at the leaf apex, middle, and base. Sagaram et al. 
(2007) discovered that there were no changes in 
stomatal density within the same pecan genotype 
grown at different locations. Thus, the stomatal 
density index, as a quantitative attribute, is 
genetically determined (Gailing 2008). According 
to a previous study, stomatal density in leaves of 
Iranian pomegranate cultivars varied from 46 to 
108 mm2 (Ghasemi-Soloklui et al., 2017). 
Drogoudi et al. (2012) reported that the stomatal 
density in pomegranate leaves ranged from 68 to 
149.9 stomata/mm2 in Greek cultivars, while 
Meena et al. (2011) reported that the maximum 
stomatal density in pomegranates was 130.67 per 
mm2. The stomatal density of pomegranate 
cultivars is lower than that of pecans (Sagaram et 
al., 2007) (363- 463 stomata/mm2), olives (604 
and 713 stomata/mm2) (Pérez López et al., 2010) 
and walnuts (Muradoğlu et al., 2011) (183- 335 
stomata/mm2). In subtropical forests, stomatal 
density varied from 11.16 to 1403.27 pores       
mm-2, with an average of 255.12 pores mm-2. (Liu 
et al., 2019). Our results showed that the highest 
stomatal density was observed in the middle of 
the leaf. These results are consistent with a 
previous study on walnuts (Aslamarz et al., 2009). 
Roselli et al. (1989) showed that there are 
significant differences between leaf positions in 
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olive cultivars. They reported similar stomatal 
density in the leaf apex and leaf base of olive 
cultivar Moraiolo, while the middle part had a 
slightly higher number of stomata. 
In our studies, a strong correlation was found 
between cold hardiness in summer and winter 
and stomatal density, with the highest correlation, 
which was observed in the middle part of the 
leaves. The results of our study showed that the 
winter hardy cultivar 'Alak' had the highest leaf 
stomatal density, while the cultivar 'Agha 
Mohammad Ali' had the lowest stomatal density 
and cold tolerance in summer, but showed 
considerable cold tolerance in winter. 
Stomatal density has been reported to be 
associated with tolerance to abiotic stresses such 
as cold (Pérez López et al., 2010) and drought 
(Van Rensburg et al., 1999). Roselli et al. (1989) 
indicated that the stomatal density index is a 
suitable parameter for evaluating the freezing 
hardiness of olive trees. In addition, Nassuth et al. 
(2021) showed that leaves of cold-tolerant V. 
riparia had higher stomatal density than leaves of 
less cold-tolerant V. vinifera; however, cold 
treatment in growth chambers appeared to 
increase the number of stomata in both. The 
evaluation of six olive cultivars by Pérez López et 
al. (2010) also showed that stomatal density was 
positively related to winter hardiness. However, 
some reports showed a negative correlation 
between the stomatal density and freezing 
tolerance in olives (Roselli 1989; Roselli and 
Venora 1989) and walnuts (Aslamarz and 
Vahdati, 2009).  
Our results showed that the stomatal density of 
pomegranate leaves was correlated with the 
carbohydrate concentration in the stems (r= 
0.54, p ≤ 0.01). However, 'Agha Mohammad Ali' 
had the lowest leaf stomatal density but the 
highest soluble carbohydrate concentration in 
winter. This result suggests that several other 
factors may affect plant carbohydrate reservoirs. 
Meng and Yao (2015) suggested that stomatal 
density is not a factor that directly affects the 
cold-hardiness of plants. However, a previous 
study has shown that a higher stomatal density of 
olive leaves may help reduce CO2 diffusion 
resistance and allow efficient photosynthesis 
under drought stress; it has also been reported 
that higher stomatal density increases the ability 
to regulate leaf transpiration (Bosabalidis et al., 
2002). This may explain the higher correlations 
between stomatal density and freezing tolerance 
in summer compared to winter. 
 

Conclusion  
The cold tolerance of trees in the non-acclimation 

stage determined in August was not a good 
predictor of the freezing tolerance of plants in the 
cold acclimation stage in January. In January, cold 
tolerance was positively related to soluble 
carbohydrate concentration, while proline 
content was not sufficient to predict winter 
freezing tolerance of the selected pomegranate 
cultivars. The results of this study revealed a high 
and a moderate relationship between leaf 
stomatal density and cold tolerance in summer 
and winter, respectively. Although stomatal 
density was generally correlated with the 
concentration of soluble carbohydrates in the 
stems, a contradictory result was found for the 
cultivar 'Agha Mohammad Ali'.  
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