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Abstract 
Climate change models predict an increase in mean annual temperature, a decrease in precipitation and consequently 

a scarcity of water resources during the growing season for Iran, including the northern forests of the country. One of the 
consequences is increased water shortage stress during the summer season. Fagus orientalis Lipsky is one of the most 
important commercial broad leaf species in the Hyrcanian forests and its potential of phenotypic and genetic adaptation to the 
climate change is essentially vital. The present research was carried out along two precipitation gradients from very humid to 
semi-humid conditions on four beech populations. The results of the flexibility of the leaf morphological traits showed that 
the populations of dryer regions had smaller and more elongated leaves than other populations. Evaluation of the expression 
of seven candidate genes in response to water shortage showed that the expression of aldehyde dehydrogenase, ascorbate 
peroxidase, Dehydrin (DHN), early responsive to dehydration, late embryogenesis abundant and Cys/His-Type Zinc-Finger 
in the eastern population was higher than that in the western population, while a difference in elevation gradient was only 
observed in the expression of some genes. Therefore, the natural selection pressure in the past evolutionary periods in the west-
east gradient seems to be higher than the elevation gradient and has led to greater resistance to drought. Principal component 
analysis revealed that aldehyde dehydrogenase genes (ALDH), early responsive to dehydration (ERD), late embryogenesis 
abundant (LEA) and DHN are the most effective genes responding to water shortage stress for Oriental beech in the Hyrcanian 
forests. 
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Introduction 
Oriental beech (Fagus orientalis Lipsky) is one of the 

most important ecological components of Hyrcanian fo-
rests and industrial wood production in northern Iran. This 
species is distributed from Gilan to Golestan provinces. 
The average annual rainfall in the Hyrcanian forests varies 
with an occasional record of 2,000 mm (Sagheb Talebi et 
al. 2014). According to the climatic data from the nearest 
meteorological stations, the average annual temperature 
in this region has varied from 15°C in the west to 17.5°C 
in the east over the past decade. The ecological dryness 
coefficient is negligible in the west regions and a dry se-

ason is absent in many parts. However, this value increases 
toward the east, reaching up to three months in Gorgan. 
Based on the research and assessment conducted during 
the climate change enabling activity project under the UN-
FCCC (United Nations Framework Convention on Climate 
Change) and using the scenarios proposed by the IPCC (In-
tergovernmental Panel on Climate Change), it is estimated 
that if the CO2 concentration doubles by the year 2100, the 
average temperature in Iran will increase by 1.5– 4.5°C, 
which will cause significant changes in abundance of wa-
ter resources, energy demand, agricultural products and 
coastal zones (Amiri and Eslamian 2010). Availability of 
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water is one of the most important factors which determi-
nes geographical distribution and productivity of plants 
(Bartels 2001). Beech is a drought-sensitive species and 
further increase of drought periods will have a negative in-
fluence on its growth and competitive ability (Rennenberg 
et al. 2004, Betsch et al. 2011). Beech seedlings are most 
sensitive to drought stress. One study showed that in the 
following year after the severe drought in 2003, seedlings 
reacted with reduced growth (Czajkowski et al. 2005). In 
addition, dryer air alone is stressful for seedlings, reducing 
biomass production and leaf growth (Lendzion and Le-
uschner 2008). Several investigations showed that different 
beech provenances differ in their susceptibility to drought 
stress (Peuke et al. 2002, Schraml and Rennenberg 2002, 
Czajkowski and Bolte 2005). In general, provenances from 
dryer regions are better adapted to drought stress (Tognetti 
et al. 1995, Schraml and Rennenberg 2002). So, it is im-
portant to understand the drought adaptation potential of 
this species. 

The phenotypic formation that occurs broadly in the 
leaf characteristics is recognized as a response to the envi-
ronmental influences (McLellan 2000). The leaf morpho-
logical studies show that thick leaves are considered as a 
structure for resistance to wilt in arid, dry and sunny en-
vironments (Abrams 1990). In addition, studies show that 
large leaves will be more vulnerable to water shortage than 
smaller leaves (Warren et al. 2005). Most observations of 
the leaf morphological changes under water shortage con-
ditions indicate a reduction in the leaf area and specific leaf 
area (Fonseca et al. 2000).

Drought is a multidimensional environmental factor, 
affecting tree responses from the molecular level to the for-
est stand level (Hamanishi and Campbell 2011). Drought 
triggers the production of abscisic acid (ABA), a phytohor-
mone which in turn causes stomatal closure and induces 
expression of stress-related genes (Shinozaki et al. 2007). 
Several drought-inducible genes are induced by exogenous 
ABA treatment, whereas others are not affected. Drought 
stress often leads to the accumulation of reactive oxygen 
species (ROS). Plants have evolved a series of antioxida-
tive systems, which are composed of metabolites such as 
ascorbate, glutathione, tocopherol, and enzymatic scaven-
gers such as superoxide dismutase (SOD), peroxidase and 
catalase (Asada 1999) to keep the levels of active oxygen 
species under control. The antioxidative enzymes SOD and 
APX (ascorbate peroxidase) detoxify superoxide radicals 
and hydrogen peroxide, respectively. Their role in medi-
ating drought tolerance has been known for a long time 
(Gupta et al. 1993, Mittler and Zilinskas 1994, Badawi et 
al. 2004). 

To address the adaptation of Fagus orientalis in re-
sponse to drought, we compared expression of seven key 
genes: aldehyde dehydrogenase (ALDH), ascorbate perox-
idase (APX), isocitrate dehydrogenase, NADP-dependent 
ICDH (isocitrate dehydrogenase), Dehydrin (DHN), ear-
ly responsive to dehydration (ERD), late embryogenesis 

abundant (LEA), Cys/His-Type Zinc-Finger Protein (ZFP) 
among the four beech populations along a drought gradient 
from north-west to north-east of Iran. 

Aldehydes, which are formed as the result of stress-in-
duced lipid peroxidation (Bartels and Sunkar 2005) are 
removed by ALDH (aldehyde dehydrogenase). Overex-
pression of ALDH increases dehydration tolerance in Ara-
bidopsis (Sunkar et al. 2003). Most of the studied plant 
ALDH genes are shown to be induced under high salinity 
or water deficit conditions, suggesting possible roles of 
these genes in improving the plant osmotic stress tolerance 
(Kotchoni and Bartels 2003, Kirch et al. 2004, Kirch et 
al. 2005). ICDH may play an antioxidant role during oxi-
dative stress and cytosolic ICDH may involve in the sup-
ply of NADPH (nicotinamide adenine dinucleotide phos-
phate) needed for plants against oxidative damage (Liu et 
al. 2010). Several studies have also suggested the poten-
tial ICDH regenerating function. Plants exposed to oxida-
tive, abiotic stresses and trace metal ions, such as cadmi-
um-treated or nickel-treated Silene italica, showed higher 
ICDH activity (Gálvez et al. 2005, Daniel et al. 2007). 
These results suggest that ICDH has a protective antiox-
idant role against certain environmental stresses in plants. 
Dehydrins (DHNs) are a class of hydrophilic thermostable 
stress proteins with a high number of charged amino ac-
ids that belong to the Group II Late Embryogenesis Abun-
dant (LEA) family. Genes that encode these proteins are 
expressed during late embryogenesis, as well as in veg-
etative tissues subjected to drought, low temperature and 
high salt conditions (Nylander et al. 2001, Kim et al. 2010). 
The ERD (early response to dehydrin) genes are defined 
as those genes that are rapidly activated during drought 
stress. The encoded proteins show a great structural and 
functional diversity and constitute the first line of defence 
against drought stress in plants. ERD15 from Arabidopsis 
has been functionally characterized as a common regula-
tor of the abscisic acid (ABA) response and salicylic acid 
(SA)-dependent defence pathway (Kariola et al. 2006). 
Drought-inducible genes display characteristic cis-acting 
elements such as DRE/CRT (dehydration-responsive el-
ement/C-repeat), ABRE (ABA responsive element), etc. 
Regulation of gene expression through DRE/CRT cis-el-
ements appears to be mainly ABA-independent, whereas 
ABRE controlled gene expression is mainly ABA-depen-
dent. In addition to these major pathways, other regulators, 
including the NAC, MYB/MYC, WRKY and Zn finger TF 
families also have important roles in response to abiotic 
stresses (Soren et al. 2012). 

In the present study, we selected four beech popula-
tions along two precipitation gradients from very humid to 
semi-humid conditions (west, east and elevation extremes) 
and determined the phenotypic differences of seedlings in 
terms of the leaf morphology characteristics to assess the 
adaptation of the traits to drought conditions. Also, some 
natural regeneration from these populations was used in 
the experimental growth chamber with two soil moisture 
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levels to investigate the expression of genes related to 
ABA-signalling and stress. We hypothesized that popula-
tions from dryer regions exhibit constitutively higher ex-
pression levels of the stress-related genes and better leaf 
plasticity to water shortage. These indicators can be used to 
evaluate and improve other populations. Also, since there 
is no report on the sequencing of these candidate genes for 
Oriental beech, it was attempted to amplify and sequence 
the genes studied to determine their structural and func-
tional similarity with the genes of other species through 
phylogenetic studies. 

Materials and methods 

Field sites 
According to the distribution of beech in the northern 

forests of Iran, populations at the end of the eastern distri-
bution in Golestan (Shastkalateh pop.) and western distri-
bution in Gilan province (Shafarod pop.) as well as two 
populations at lower and upper levels of elevation (latitudi-
nal) distribution in the middle of the west-east distribution 
in Mazandaran province (Kheyroud downland pop. and 
Kheyroud upland pop.) were selected (Figure 1, Table 1). 

Leaf morphological study 
The phenotypic differences of seedlings of different 

regions in terms of the leaf morphology characteristics 
were studied to assess the adaptation of the traits to drought 
conditions in the studied populations. For this purpose, 
leaves from 30 seedlings were sampled at a height of about 
70 cm in each population with about 50 meters from each 
other. Morphological traits of leaves including the leaf 

 

 
Figure 1. Distribution of studied populations in the Hyrcanian forests  
  
Figure 1. Distribution of studied populations in the Hyrcanian 
forests 

length (LL), leaf width (LW), leaf perimeter (LP), leaf in-
dex (LI = LL / LW × 100), leaf shape factor (SF), leaf area 
(LA), petiole length (PL), distance between the lower point 
of the lamina and the maximum width point on the axis 
(LMW), the angle between the first sub and primary vein 
(AN), maximum width index (MWI = LMW / LL × 100), 
petiole index (PL = PL / LL × 100), Radius Coefficient 
(RC: radius area / radius based on the perimeter) and num-
ber of veins (NV) were measured, counted and calculated 
by Leaf Area Meter. Then, the difference between popula-
tions was investigated by the analysis of variance and Dun-
can’s multiple comparison using the IBM SPSS Statistics 
software package, version 21.0 (IBM 2012). 

Gene expression analysis 
Nine seedlings (height of ~0.5 m) from each popu-

lation were sampled and transferred to the laboratory in 
a plastic pot. The experiment was executed in the growth 
chamber of the Biotechnology Laboratory of the Forest 
Science Faculty, located in the Gorgan University, Iran. 
The control and two water shortage stress levels, includ-
ing 25% and 12.5% available water were treated to inves-
tigate the expression of genes related to ABA signalling 
(three seedlings per treatment). To apply water, the weight 
method was used. Once every day all pots were weighed 
using a precision portable balance device with an accuracy 
of ± 5 g. Then the moisture of the pots was set based on 
the soil moisture curve. This method is easily adapted for 
potted plants. AW (available water) was calculated using 
the following formula: 

AW = FC – PWP, 
where FC is the soil field capacity, and PWP is the soil 
permanent wilting point (Hosseini et al. 2015). 

Water shortage treatment continued for three weeks 
in each level and then leaves were collected and frozen in 
liquid N2 immediately and stored at –20°C before analysis. 
The response of seedlings under two soil water levels were 
compared among populations. 

Isolation and determination of RNA quality 
and quantity 

The RNA was extracted from approximately 50 mg 
of leaf using a modified Qiagen RNeasy Mini kit protocol. 
The leaf tissue was ground with a mortar and pestle to a 
fine powder in liquid nitrogen. The Treatments in the lysis 
step of protocol included RLT (Lysis buffer for lysing cells 

Direction Population Latitude (N) Longitude (E) m.a.s.l. * Mean annual 
temperature (°C)

Mean annual 
precipitation (mm)

West Shafarod 37° 28' 31.9" 48° 48' 41.2" 1045 11.16 1054
Lowland Kheyroud lowland 36° 36' 9.6" 51° 34' 7.3" 429 16 1414
Upland Kheyroud upland 36° 32' 30.7" 51° 38' 39.7" 1136 8.55 1150
East Shastkalateh 36° 44' 13.9" 54° 24' 14.2" 831 15.4 610

Table 1. Geographic and climatic information of the studied populations 

Note: * Meter above sea level. 
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sure the absence of genomic DNA contamination, primers 
were designed from 2 exons. Quantitative PCR analysis 
was performed with a 7300 Real-Time System (Applied 
Biosystems) thermocycler and a SYBR Premix Ex Taq (Tli 
RNase H Plus) (Takara). The 1.0 μL diluted-cDNA (20 ng 
total RNA), 10.0 μL SYBR Green Master Mix, 10 pmol 
of a pair of forward and reverse primers, 0.4 ROX and 
6.6 μl of ddH2O were mixed for the amplification reaction. 
The PCR program comprised the following steps: pre-in-
cubation for 1 min at 95°C, 40 cycles of amplification for 
10 s at 95°C, 31 s at annealing temperature according to 
Table 2, and for 31 s at 72°C. The data were collected in 
the last phase (extension phase). To ensure the absence of 
dimer and non-specific products in amplifications, melting 
curve analysis was done. Real-time PCR experiments were 
performed with three identical technical replications. 

Data analyses 
Relative gene expression was calculated referring to 

Livak and Schmittgen (2001). Normalized data were used 
to study differential gene expression in different samples. 
The relative gene expression comparisons among the four 
studied populations and two water shortage levels were 
performed by two-factor factorial analysis of variance in a 
completely randomized design using the IBM SPSS Statis-
tics software package, version 21.0 (IBM 2012). Also, to 
find a correlation between genes, the Pearson correlation 
was performed. Principal component analysis (PCA) was 
performed using the PAST software package, version 2.17c 
(Hammer 2001, Hammer et al. 2001). The data were ana-
lysed as correlation matrix based on Euclidean distances. 

Gene fragment isolation and sequence analysis 
Fragments of cDNA were amplified by PCR us-

ing primers designed for target genes (specific primers). 
PCR products were cut from the agarose gel and the frag-
ments purified by using a PCR product extraction kit and 
Sanger sequenced. Nucleotide sequences were compared 
with sequences available in the NCBI database using the 
online application BLAST, and homologous sequenc-

and tissues), RLC and RLC+ PVP 40000 to a final con-
centration of 2%. Β-mercaptoethanol was added into lysis 
buffers with the ratio of 10 μL β-ME per 1 ml of buffer and 
thoroughly mixed. PVP-40 (polyvinylpyrollidone, average 
molecular weight 40,000) was added in the extraction buf-
fer (RLC buffer) to bind to the phenolic compounds which 
were then eliminated by ethanol precipitation (Malnoy 
et al. 2001). Extraction buffer was incubated at 56°C for 
2 min. Lysis buffer was added, and the slurry was homoge-
nized using a vortex. The remaining steps were performed 
according to the manufacturer’s protocol. In subsequent 
preparations, each RNeasy Spin Column was incubated 
for 5 min at room temperature (15–25°C) after addition of 
Buffer RW1 and before centrifuging and without the in-
cubation for testing DNA omitting. The concentration and 
purity of the extracted RNA were analysed by means of 
a Picodrop spectrophotometer. The integrity of total RNA 
was determined by running samples on a 1% agarose gel. 
The gel was stained with ethidium bromide (Sambrook et 
al. 1989) and visualized using a UV – transilluminator. 
Also, PCR was performed with 18S rRNA primers (Ol-
brich et al. 2008) to test for absence of DNA contamination 
in RNA extractions. PCR was performed in a final volume 
of 20 μl, containing 50–100 ng of template, 1x reaction 
buffer, 0.5 mM of each dNTP, 2 nM MgCl2 and 10 pm of 
each primer and 1 U Taq polymerase. The PCR conditions 
were as follows: 1 cycle at 50°C for 1 min, 1 cycle at 95°C 
for 15 min, 35 cycles at 95°C for 15 s, and 60°C for 1 min. 
Finally, the samples with 260/280 ratio from 1.9 to 2.1 and 
260/230 ratio from 2.0 to 2.5 were chosen. 

RT-PCR 
Reverse transcription and genomic DNA elimination 

were performed according to the QuantiTect Reverse Tran-
scription kit protocol (Qiagen). RT-PCR amplification was 
performed with primers specific to the 18S rRNA (Olbrich 
et al. 2008), as a reference gene. Primers for specific genes 
were designed using the OLIGO Primer Analysis Software 
(Molecular Biology Insights 2011) and Vector NTI soft-
ware package (Life Technologies 2012) (Table 2). To en-

Primer sequence Annealing temperature Identification number
F: GTCCAGTGCAGACTATC 
R: CGTGTCAAAGTGTTAGC

58 FR774766 (Aldehyde dehydrogenase)

F: CATGCTTCATCGCTCTG 
R: TCTCCTTCACCTTCTCC

58 FR772355 (Dehydrin)

F: CCCTCACTTTCCCGATATTG 
R: GGCCATTTAACGTCCCTAC

63 FR775803 (Early response to dehydrin)

F: TACCGGATGGACATGATG 
R: TGAAGCCTAGCAAAAGCC

60 FR796392 (Isocitrate dehydrogenase)

F: TCGGAACCATGAAGCAC 
R: CTTAACGGCAACAACCC

58 FR774767 (Ascorbate peroxidase)

F: ACTACTTCAACACCACCC 
R: AGCTCACGCAATTCCATC

60 FR796395 (Transcription factor zinc finger protein)

F: CTCAGGAAAAGGCAAGC 
R: CTAGCAGTATTAGCAGC

58 AJ130888 (ABA-inducible protein(LEA1))

Table 2. Primer sequences and corresponding annealing temperatures for the selected candidate genes 
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es found with the highest percentage similarity were se-
lected. Multiple sequence alignment was performed and 
edited using MEGA 5.1 with the Clustal Omega method 
(Tamura et al. 2011). A phylogenetic tree was construct-
ed using the UPGMA method with bootstrapping anal-
ysis in MEGA5, and the confidence levels of monophy-
letic groups were estimated using bootstrap analyses of  
1,000 replicates. 

Results 
The phenotypic flexibility is a commonly occurring 

phenomenon in leaf properties in response to environmen-
tal factors. The results of the analysis of variance of vari-
ous leaf traits among four populations showed a significant 
difference (ρ = 0.01) (Table 3). The leaves of individuals 
from the Shafarod population, which is located in the very 
humid region, have a greater lamina width, lamina perim-
eter, and lamina area compared to individuals from the 
Shastklateh population, which originate from semi-humid 
region; and the leaves of individuals from the Kheyroud 
population found at a lower elevation compared to the up-
land Kheyroud population have a greater lamina length, 
lamina width, lamina perimeter and lamina area (Table 3). 

The results of the evaluation of three classes of the leaf 
damage at the end of water shortage treatment (25% of avail-
able water) showed that Shastklateh seedlings had 70% low 
damage, 20% high damage and 10% no damage; Kheyroud 
upland seedlings had 50% low damage and 50% high dam-
age, Shafarod and Kheyroud lowland seedlings similarly had 
75% high damage and 25% low damage, and the leaves of 
all seedlings have wrinkled and malformed by increasing the 
stress level up to 12.5% of the available water (Figure 2). 

The expression level of the aldehyde dehydrogenase 
gene was higher in the Shastklateh population from dryer 
region than that of the moister regions, while no signif-
icant difference was recorded between the elevation gra-
dients (Figure 3). BLAST results and phylogeny relation-
ship of the Fagus orientalis aldehyde dehydrogenase gene 
(KP989711 sequence) showed that this sequence evolu-
tionally is very similar to the Fagus sylvatica gene (95% 
similarity) and then with genes from 7 other tree species 
(72–88% similarity) (Figure 4). 

Investigations into the expression of ascorbate peroxi-
dase gene, which encodes an enzyme in the decomposition 
of hydrogen peroxide, showed it was the highest in prog-
enies from the Kheyroud upland and Shastklateh than in 
those of other regions (Figure 5). 

Traits Shafarod Kheyroud lowland Kheyroud upland Shastkalateh
LL 8.38 ± 0.06 b* 8.87 ± 0.05 a 7.52 ± 0.03 c 8.21 ± 0.09 b
LW 5.12 ± 0.08 a 4.62 ± 0.02 b 4.24 ± 0.07 c 3.78 ± 0.09 d
LP 20.40 ± 0.05 a 20.70 ± 0.10 a 18.04 ± 0.16 c 18.60 ± 0.24 b
LI 171.00 ± 4.01 d 198.67 ± 1.62 b 184.67 ± 2.23 c 227.00 ± 3.87 a
SF 0.84 ± 0.01 a 0.75 ± 0.01 c 0.78 ± 0.01 b 0.70 ± 0.01 d
LA 27.81 ± 0.48 a 25.72 ± 0.33 b 20.24 ± 0.42 c 19.53 ± 0.73 c
PL 0.47 ± 0.01 a 0.40 ± 0.02 b 0.24 ± 0.01 d 0.33 ± 0.01 c
LMW 4.16 ± 0.07 ab 4.34 ± 0.09 a 3.38 ± 0.03 c 3.99 ± 0.13 b
NV 12 - 12 - 12 - 12 -
AN 35.58 ± 1.07 c 52.11 ± 1.16 a 45.04 ± 1.33 b 47.24 ± 1.13 b
MWI 49.66 ± 0.83 a 49.00 ± 1.17 a 44.96 ± 0.27 b 48.28 ± 1.19 a
PI 5.57 ± 0.04 a 4.53 ± 0.20 b 3.19 ± 0.12 d 4.04 ± 0.10 c
RC 0.91 ± 0.01 a 0.87 ± 0.01 c 0.88 ± 0.01 b 0.83 ± 0.01 d

Table 3. The comparison of mean of leaf morphologic traits in four studied areas: leaf length, leaf width, leaf perimeter, leaf index, 
leaf shape factor, leaf area, petiole length, distance between the lower point of the lamina and the maximum width point on the axis, 
the angle between the first sub and primary vein, maximum width index, petiole index, Radius Coefficient and the number of veins 
were measured 

Note: * – the same characters mean no significant difference; LL – leaf length, LW – leaf width, LP – leaf perimeter, LI – leaf index (LI = LL / LW × 100), 
SF – leaf shape factor, LA – leaf area, PL – petiole length, LMW – distance between the lower point of the lamina and the maximum width point 
on the axis, AN – the angle between the first sub and primary vein, MWI – maximum width index (MWI = LMW / LL × 100), PL – petiole index 
(PL = PL / LL × 100), RC – Radius Coefficient (RC = radius area / radius based on the perimeter) and NV – the number of veins were measured. 

 

 

 

Figure 2. Leaf damage classification (left to right): not damaged, slightly damaged, strongly damaged  

  

Figure 2. Leaf damage classification (left to right): not damaged, slightly damaged, strongly damaged 
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The expression level of isocitrate dehydrogenase gene 
was higher in genotypes from the Kheyroud upland and 
Shastklateh than in those from the other regions (Figure 6). 
Furthermore, BLAST results and phylogenic relation-
ships of Fagus orientalis isocitrate dehydrogenase gene 
(KP989714 sequence) showed that this sequence was evo-

F-Ratio P-value
Main effects
A: Region 4.308 0.008
B: AW 3.704 0.050
Interaction
AB 3.71 0.016

Figure 3: Relative transcript abundance (rel. TA) of ALDH in beech leaves (F. orientalis) from the

moist to dry regions (Scale bars indicate means ± SE)
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Figure 6: Relative transcript abundance (rel. TA) of IDH in beech leaves (F. orientalis) from the moist 

to dry regions (Scale bars indicate means ± SE) 
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Figure 5: Relative transcript abundance (rel. TA) of APX in beech leaves (F. orientalis) from the moist 

to dry regions (Scale bars indicate means ± SE)°B 
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Figure 4:  Phylogenetic tree of aldehyde dehydrogenase gene of Fagus orientalis 

  

 gi| KP989711|Fagus orientalis
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 gi|XM 010046344| Eucalyptus grandis

 gi| XM 012229958|Jatropha curcas

 gi|XM 011046018.1| Populus euphratica
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Figure 4. Phylogenetic tree of aldehyde dehydrogenase gene of 
Fagus orientalis

 

 

 

Figure 7:  Phylogenetic tree of isocitrate dehydrogenase gene of Fagus orientalis 
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 gi|XM 010064015.1| Eucalyptus grandis
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Figure 7. Phylogenetic tree of isocitrate dehydrogenase gene of 
Fagus orientalis

lutionally like the Fagus sylvatica gene (95%) and genes 
from several species of oak and fi ve other tree species 
(80–90%) (Figure 7). 

Also, the results indicated there was a higher lev-
el of Dehydrin (DHN) expression as the response gene 
to water shortage in genotypes from the Kheyroud up-
land and Shastklateh than genotypes in other regions 
(Figure 8). 

The gene expression level of rapid response to dehy-
dration (ERD) was higher in genotypes from the Kheyroud 
upland and Shastklateh than other regions and with in-
creasing stress intensity in the treatment of 12.5% available 
water, the gene expression level is probably reduced due to 
interruption of the natural cellular interactions (Figure 9). 
BLAST results and phylogenic relationships of ERD gene 
sequence of the Fagus orientalis (KP989713) showed this 
sequence in evolutionary terms is similar only to Fagus 
sylvatica species (98%). 

The results indicated that LEA1 gene expression lev-
el in response to water shortage stress was higher in the 
Shastkalateh genotypes from the dryer region than the oth-
er three from moister regions. However, no diff erence was 
observed between the two populations of the Kheyroud 
upland and the Kheyroud lowland located at diff erent ele-
vations above sea level (Figure 10). With increasing inten-
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Figure 9: Relative transcript abundance (rel. TA) of ERD in beech leaves (F. orientalis) from the moist 

to dry regions (Scale bars indicate means ± SE) 
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Figure 9. Relative transcript abundance (rel. TA) of ERD in 
beech leaves (F. orientalis) from the moist to dry regions (Scale 
bars indicate means ± SE) 
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Main Effects   
A: Region 12368.28 0.000 
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Interaction   
AB 13500.25 0.000 

 

Figure 10: Relative transcript abundance (rel. TA) of LEA in beech leaves (F. orientalis) from the 

moist to dry regions (Scale bars indicate means ± SE) 
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Figure 10. Relative transcript abundance (rel. TA) of LEA in 
beech leaves (F. orientalis) from the moist to dry regions (Scale 
bars indicate means ± SE) 
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B: AW 6.47 0.013 
Interaction   
AB 2.92 0.041 

 

Figure 11: Relative transcript abundance (rel. TA) of ZFP in beech leaves (F. orientalis) from the moist 

to dry regions (Scale bars indicate means ± SE)  
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Figure 11. Relative transcript abundance (rel. TA) of ZFP in 
beech leaves (F. orientalis) from the moist to dry regions (Scale 
bars indicate means ± SE) 
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Figure 8: Relative transcript abundance (rel. TA) of DHN in beech leaves (F. orientalis) from the moist 

to dry regions (Scale bars indicate means ± SE)  
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Figure 8. Relative transcript abundance (rel. TA) of DHN in 
beech leaves (F. orientalis) from the moist to dry regions (Scale 
bars indicate means ± SE) 

 

 

 

 

Figure 12:  Phylogenetic tree of Zinc Finger gene (ZFP gene) of Fagus orientalis 
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Figure 12. Phylogenetic tree of Zinc Finger gene (ZFP gene) of 
Fagus orientalis 

sity of water shortage stress in the treatment of 12.5% of 
available water, seedlings weakened, and the gene expres-
sion level dropped. BLAST results and phylogenic rela-
tionships of LEA gene (KP989710) of the Fagus orientalis 
showed that this evolutionary and functional sequence has 
a similarity only to Fagus sylvatica (96%). 

Also, Zinc Finger gene (ZFP gene) expression, which 
is one of the important transcription factors in response to 
drought stress, was increased in the treatment of 25% of 
available water in the Shastkalateh population compared 
to other ones. The gene expression level was reduced with 
increasing stress intensity and senescence (Figure 11). 
BLAST results and phylogenic relationships of zinc finger 
gene (ZFP gene) of the Fagus orientalis (KP989709 se-
quence) showed that this sequence is evolutionally like the 
Fagus sylvatica gene (96% similarity) and then with genes 
from 7 other tree species (72–83%?) (Figure 12). 

Correlation analyses conducted for the transcript lev-
els of the genes revealed significant relationships for most 
of the genes studied (Table 4). Exceptions were IDH ex-
pression levels, which were not correlated with the expres-
sion of any of the other genes. 

To determine the main factors responsible for the 
differences in regions and the response to water short-
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age, PCAs were conducted for gene expression in dif-
ferent regions and two levels of treatment (Figure 13). 
PC1 was the main component representing 67.49% of 
the variation and ALDH, ERD, LEA, DHN and ZFP 
were the main positive loadings of PC1 with high cor-
relation with r values ranging from 0.84 to 0.98. PC2 
was the second component representing 14.76% of the 
variation and IDH was the most significant loading with  
r = 0.9. 

The analysed fragments of the 7 genes were ampli-
fied and sequenced using the designed primers, and 6 frag-
ments had acceptable sequencing results and were deposit-
ed in the NCBI database (Table 5). 

Discussion 
Plants display various phenotypes in response to envi-

ronmental changes. The phenotypic flexibility that occurs 
widely in leaf properties is known as a response to envi-
ronmental effects, so that thick leaves are considered as a 
structural adaptation for resistance to wilt in warm, dry and 
sunny environments. Moreover, large leaves will be more 
vulnerable to water shortage than smaller ones. The results 
of leaf morphology study in the west-east gradient and ele-
vation gradient with increasing drought index have shown 
significant changes in adaptation to the environment in the 
way that the leaves became smaller and stretched. Also, 
more morphological changes were observed in the west-
east gradient than in elevation one because of increasing 
drought index. The results of study done by Pyakurel and 
Wang (2014) on the leaf morphological changes and pore 
characteristics of birch populations (Betula papyrifera 
Marsh) and their relationship with the geographical and 
climatic origin of those populations showed that a signifi-
cant difference was found between the leaf characteristics 
measured and average annual rainfall and drought slope. 
Some previous investigations using beech provenances or 
ecotypes from different geographic regions have already 
identified phenotypical differences that suggested the pres-
ence of adaptive traits (Peuke et al. 2002, Czajkowski and 
Bolte 2006). 

Gene ALDH ERD APX LEA Dhn IDH ZFP
ALDH 1 0.999 ** 0.346 ** 0.595 ** 0.945 ** 0.108 0.765 **
ERD 1 0.342 ** 0.594 ** 0.951 ** 0.107 0.764 **
APX 1 0.36 ** 0.301 * 0.044 0.286 *
LEA 1 0.942 ** 0.118 0.778 **
Dhn 1 0.099 0.712 **
IDH 1 0.310 **
ZFP 1

Table 4. Pearson correlation between the expressions of the studied genes 

Note: * significant at 5% error, ** significant at 1% error. 

Registered 
accession numbers 
for F. orientalis in 

NCBI

DNA 
fragment 

length (bp)
Sequencing (5’-3’)

KP989709 147 AGACGGGGACCGCTTCGTCCAGACGAGTGGCAAATGTGG-GAAAACAAACTTGACATGCA
CTCCACCTGCCTTGCAACTCCCTGGTAG-TCGGCTAAAGACTGCCTTGAGTGCTCGAGAT
TTTGAATTGGA-GATGGAATTGCGTGAGCT

KP989710 105 CCCGGGTGGGCCGGGCATGCTGCGTCAGTCTGCCAAGGATACATGCC-TACAAGGCTGG
TAAGCTAGTGCCGAGCTAAGGCACTAGGGGCTGCTAA-TACTGCTAGA

KP989711 103 ATAAATAAGAGTACGAGTGAACGAAGAGCAAATTCCTCACAC-CTATGGGCTTGCTGCTGG
GGTGTTTACACATAACATAGACAC-TGCTAACACTTTGACACGA

KP989712 135 AAAAAGCTTAGTTCGACCTATGGAGATATGTACGACGTT-GGCTTCCTGAACTTACCAGGCT
ACCAACTGAATGGATACAC-CACCCATGGAATGCACCAGAATCTGTACTCCATGCTGCTGG
AATT-GAGCTGGGGA

KP989713 115 GACGGTAACTTCTGTACGACTCGACGCCTTCTTCGACGAATACTACGTT-GATCAACATGAA
GAAGAAGAGAGAAACAATTTCAAGGATTTGGTTCCAG-TAGGGACGTTAAATGGC

KP989714 84 TTTCAACTTTACTGGGTGCTGGAGGTGTAGCATTGTCCATCGTACAA-TACTGATGAGTCCA
TTCGGGCTTTTGCTAGGCTTCAA

Table 5. The results of sequencing and recording nucleotide sequences

 

 
 

Figure 13:  Principal component analysis of all of the studied genes  

 

  

Figure 13. Principal component analysis of all of the studied 
genes 
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The gene expression involves the process of convert-
ing the gene information into a functional product such as 
the protein and is one of the most important genetic topics 
that helps produce a specific phenotype from a genotype. 
Adjusting the gene expression allows the cell to control its 
structure and function, and this is the basis of morphologi-
cal differences, and adaptation of living organisms to new 
conditions. 

Different transcripts of plant aldehyde dehydrogenase 
have been reported in response to environmental stress 
suggesting the expression of these genes under conditions 
of water shortage stress and high salinity and their poten-
tial role in improving and increasing the osmotic tolerance 
of the plant (Barclay and McKersie 1994, Kotchoni and 
Bartles 2003, Sunkar et al. 2003, Bray 2004, Kirch et al. 
2004, Kirch et al. 2005, Kotchoni et al. 2006, Rodrigues et 
al. 2006, Hung et al. 2008). In line with the results of the 
above-mentioned researches, it can be said that genotypes 
of Shastklateh as the driest site, with increased expression 
of aldehyde dehydrogenase gene compared to genotypes of 
other populations, increased the tolerance to water short-
age, and low leaf damage also confirmed this. However, 
seedlings with increasing water shortage stress intensity in 
the treatment of 12.5% of available water were senescent 
and the gene expression was reduced (Figure 3). The re-
search carried out under extreme environmental stress such 
as drought indicated many usual cellular interactions are 
damaged and sometimes the damage is irreversible. Under 
these conditions, the activity of a gene is not necessari-
ly increased unlike the presence of an external stimulus 
and/or internal signal molecules (Larkindale et al. 2005). 
The level of aldehyde dehydrogenase expression in the 
results obtained by Carsjens et al. (2014), in contrast to 
their initial hypothesis, were constitutively lower and not 
higher in progenies from dry than from mesic sites, which 
is probably due to the presence of other different mecha-
nisms for preventing the damage of water shortage stress 
in Fagus sylvatica, which is not consistent with the results 
of the present study. Also, due to the high similarity of the 
sequence of this gene with Fagus sylvatica it is probable 
that this gene has a similar function in the production of 
aldehyde dehydrogenase protein and resistance to water 
shortage. 

Ascorbate peroxide using ascorbate as a specific elec-
tron donor reduces H2O2 and converts it into water. The ex-
pression of ascorbate peroxidase encoding genes is indicat-
ed under various environmental stress such as drought and 
salinity, high light, high and low temperatures, pathogen 
attack, H2O2 and abscisic acid (Teixeira et al. 2004, Bon-
ifacio et al. 2011). Many studies especially on agronomic 
and herbaceous model species indicate that increased ex-
pression of ascorbate peroxidase, superoxide dismutase 
and aldehyde dehydrogenase enzymes increase protection 
against drought (Reddy et al. 2004, D’Arcy-Lameta et al. 
2006, Kotchoni et al. 2006, Foyer and Noctor 2009, Kar 
2011). The results of this research confirmed that the gen-

otypes of the Kheyroud upland and Shastklateh with in-
creased expression of ascorbate peroxidase gene compared 
to Shafarod and Keyrod had a better resistance system to 
water shortage and less damaged leaves. The studied seed-
lings with increasing water shortage stress intensity in the 
treatment of 12.5% of available water were senescent, and 
the gene expression level was reduced that in line with oth-
er studies, the gene activity was not necessarily increased 
with increasing stress versus the external stimulus and/or 
internal signal molecule (Figure 5). 

The expression level of isocitrate dehydrogenase 
gene, which encodes the isocitrate dehydrogenase enzyme 
and indirectly plays a role in eliminating and preventing 
the formation of various oxygen species, was higher in 
genotypes from the Kheyroud upland and Shastklateh than 
in those from other regions. The expression level of this 
gene was reduced with increasing stress intensity. Isocitate 
dehydrogenase depending on nicotine amide dinucleotide 
phosphate is one of the key elements in supporting the 
stress response mechanisms (Corpas and Barroso 2014). 
Several studies have shown that plants exposed to oxida-
tive stress, salinity, and trace metals show higher isocitrate 
dehydrogenase activity (Galvez et al. 2005, Valderrama et 
al. 2006, Daniel et al. 2007). Also, due to the high simi-
larity of the sequence of this gene with Fagus sylvatica 
stands as a reliable conclusion that the gene plays a role 
in the production of the isocitrate dehydrogenase enzyme 
which is one of the key elements of support mechanisms in 
response to stress. 

Dehydrin proteins belong to LEAII family and accu-
mulate in the plant tissues in response to the loss of cellu-
lar water (Tompa and Kovacs 2010). The transcription of 
LEA gene and the gene protein accumulation have been 
observed in green tissues of many plants under stress (Col-
menero-Flores et al. 1997, Kavar et al. 2008, Caruso et al. 
2002, Blodner et al. 2007). In line with the results of the 
research, it can be concluded that Shastklateh seedlings 
with increased Dhn gene expression in comparison with 
other populations, increase tolerance to water shortage, 
but the seedlings with increasing stress intensity (12.5% 
of available water) were senescent and the gene expres-
sion level was reduced. The research shows that in severe 
environmental stress, such as drought, many usual cellu-
lar interactions are damaged and sometimes the damage 
is irreversible. Also, rapid induction of DHN expression 
was observed after osmotic stress in a hybrid poplar (Pop-
ulus euramericana) cluster (Caruso et al. 2002). Similar 
increases have been also observed in the transcription or 
LEA family protein levels in other forest trees, such as Pi-
cea (Blodner et al. 2007). 

The gene expression level of early response to dehy-
dration (ERD) was higher in the seedlings genotypes from 
the Kheyroud upland and Shastklateh than in those from 
other regions. ERD genes are known as the genes that are 
quickly activated during drought stress. The expression 
of these genes increases the response to the drought, low 
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temperature, high salinity, and abscisic acid, resulting in 
quick and effective mechanism responses and preventing 
the damage to the chloroplast membrane (Steponkus et al. 
1998, Taji et al. 1999). 

LEA1 gene encodes late embryogenesis abundant 
protein. This protein is a group of hydrophilic proteins 
that accumulate under the influence of water stress, low 
temperature, salinity and acetic acid in the growing organs. 
The results indicated that LEA1 gene expression level was 
higher in the seedlings from Shastkalateh than in those 
from other three regions under discussion in response to 
water shortage stress. LEA protein plays a role in protect-
ing and helping stabilize macromolecules, including chlo-
rophyll and protein complex, as well as preventing mem-
branes and other proteins from drying because of the water 
molecules it contains (Maitra and Cuhman 1994). Different 
LEA proteins are known to accumulate against the envi-
ronmental stress in the plant, thus they should interact with 
the mechanisms of resistance through accumulation in the 
tissue in the early stages of the emergence of stress. 

Also, zinc-finger protein gene expression (ZFP gene), 
which is one of the important transcription factors in re-
sponse to the drought stress, was higher in the treatment 
of 25% of available water in in the seedlings from Shast-
kalateh population compared to other populations. Several 
studies show that several transcription factors play a role in 
response to the drought stress, including WRKY, zinc-fin-
ger, MYC, MYB, NAC, Bzip, AP2/ERP, etc. (Soren et al. 
2012). Zinc-finger transcription factor is one of the tran-
scription factors that is strongly induced by H2O2 and con-
tributes to oxidative stress (Petrov and Breusegem 2012). 
Also, due to the high similarity of the sequence of this gene 
with Fagus sylvatica, it seems that this gene has the same 
role in the production of zinc finger transcription factor, 
which plays an important role in response to drought. 

The existence of a significant and positive correlation 
between most of the studied genes could mean that the 
ability of Fagus orientalis to resist water shortage uses a 
wide range of the genes inducing water shortage stress that 
directly or indirectly causes stress resistance. Aldehyde 
dehydrogenase, isocitrate dehydrogenase and ascorbate 
peroxidase genes with their enzymatic role in the remov-
al of toxic aldehyde and hydrogen peroxide and Dehydrin 
(DHN), early responsive to dehydration (ERD), late em-
bryogenesis abundant (LEA) genes with the production 
of hydrophilic proteins and zinc-finger protein gene (ZFP 
gene) with the production of a transcription factor can lead 
to resistance to water shortage. 

Conclusion 
The present study shows the adaptability of oriental 

beech to drought. The pressure of natural selection in past 
evolutionary periods in the eastern regions has led to more 
adaptation in the Shastkalateh population compared to the 
populations of the western regions. Also, based on the sig-

nificant difference in the most leaf traits and expression of 
drought response genes in the west-east gradient popula-
tions, it was found that the effect of longitude is higher than 
elevation in beech adaptation. Therefore, the western and 
lowland populations are more likely to be exposed to the 
risk of damages due to drought and heat effects because of 
climate change. Hence, risk management of such popula-
tions should be considered. By effective risk management, 
effects of climate change such as displacement of vege-
tative boundaries, prolongation of growth period and in-
creased vulnerability to late cold and development of pests 
due to physiological weakness of the trees in water short-
age conditions can be minimized. The main management 
approach seems to be the development of genetic resourc-
es by reducing human damages, removal of aqueous com-
petitor species to reduce competition for water resources, 
identification of more resistant trees for natural and artifi-
cial regeneration and reducing the intensity and increasing 
periods of thinning to help natural selection. 

In general, according to the results of this study, Ori-
ental beech populations can be evaluated for resistance 
to drought stress by analysis of the most effective genes 
responding to water shortage stress and leaf traits in the 
Hyrcanian forests. 

References 
Abrams, M.D. 1990. Adaptations and Responses to Drought 

in Quercus Species of North America. Tree Physiology 7: 
227–238. 

Amiri, M.J. and Eslamian, S.S. 2010. Investigation of Climate 
Change in Iran. Journal of Environmental Science and 
Technology 3(4): 208–216. 

Asada, K. 1999. The water-water cycle in chloroplasts: Scav-
enging of active oxygens and dissipation of excess photons. 
Annual Review of Plant Physiology and Plant Molecular 
Biology 50: 601–639. 

Badawi, G.H., Kawano, N., Yamauchi, Y., Shimada, E., Sasa-
ki, R., Kubo, A. and Tanaka, K. 2004. Over-expression of 
ascorbate peroxidase in tobacco chloroplasts enhances the 
tolerance to salt stress and water deficit. Physiologia Plan-
tarum 121: 231–238. 

Barclay, K.D. and McKersie, B.D. 1994. Peroxidation reactions 
in plant membranes: effects of free fatty acids. Lipids 29: 
877–882. 

Bartels, D.M.E. 2001. Molecular mechanisms of desiccation tol-
erance in plants. In: Storey, K.B. (Ed.) Life in Limbo. Ox-
ford (UK): BIOS Scientific Publishers, p. 187–196. 

Bartels, D.M.E. and Sunkar, R. 2005. Drought and salt toler-
ance in plants. Critical Reviews in Plant Sciences 24(1): 
23–58. 

Betsch, P., Bonal, D. and Breda, N. 2011. Drought effects on 
water relations in beech: the contribution of exchangeable 
water reservoirs. Agricultural and Forest Meteorology 151: 
531–543. 

Blodner, C., Majcherczyk, A., Kues, U. and Polle, A. 2007. 
Early drought-induced changes to the needle proteome of 
Norway spruce. Tree Physiology 27: 1423–1431. 

Bonifacio, A., Martins, M.O., Ribeiro, C.W., Fontenele, A.V., 
Carvalho, F.E., Margis-Pinheiro, M. and Silveira, J.A. 
2011. Role of peroxidases in the compensation of cy-
tosolic ascorbate peroxidase knockdown in rice plants 



189

BALTIC FORESTRY 28(2) ANALYSES OF LEAF MORPHOLOGICAL CHANGES AND EXPRESSED GENES /.../ SAEEDI, Z. ET AL. 

under abiotic stress. Plant, Cell and Environment 34:  
1705–1722. 

Bray, E.A. 2004. Genes commonly regulated by water-deficit 
stress in Arabidopsis thaliana. Journal of Experimental 
Botany 55: 2331–234. 

Carsjens, C., Nguyne Ngoc, Q., Guzy, J., Knutzen, F., Mei-
er, I.Ch., Muller, M., Finkeldey, R., Leuschner, Ch. 
and Polle, A. 2014. Intra-specific variation in expression 
of stress-related genes in beech progenies are stronger 
than drought-induced responses. Tree Physiology 34(12): 
1348– 1361. 

Caruso, A., Morabito, D., Delmotte, F., Kahlem, G. and 
Carpin, S. 2002. Dehydrin induction during drought and 
osmotic stress in Populus. Plant Physiology and Biochem-
istry 40: 1033–1042. 

Colmenero-Flores, J.M., Campos, F., Garciarrubio, A. and 
Covarrubias, A.A. 1997. Characterization of Phaseolus 
vulgaris cDNA clones responsive to water deficit identifi-
cation of a novel late embryogenesis abundant-like protein. 
Plant Molecular Biology 35: 393–405. 

Corpas, F.J. and Barroso, J.B. 2014. NADPH-generating de-
hydrogenases: their role in the mechanism of protection 
against nitro-oxidative stress induced by adverse environ-
mental conditions. Frontiers in Environmental Science 2: 
1–5. 

Czajkowski, T. and Bolte, A. 2005. Unterschiedliche Reaktion 
deutscher und polnischer Herkünfte der Buche (Fagus syl-
vatica L.) auf Trockenheit [Different reaction of beech (Fa-
gus sylvatica L.) provenances from Germany and Poland 
to drought]. Allgemeine Forst- und Jagdzeitung 177(2): 
30–40. 

Czajkowski, T., Kühling, M. and Bolte, A. 2005. Einfluss der 
Sommertrockenheit im Jahre 2003 auf das Wachstum von 
Naturverjüngung der Buche (Fagus sylvatica L.) im nor-
döstliche Mitteleuropa [Impact of the 2003 summer drought 
on growth of beech sapling natural regeneration (Fagus 
sylvatica L.) in north-eastern Central Europe]. Allgemeine 
Forst- und Jagdzeitung 176(8): 133–143. 

D’Arcy-Lameta, A., Ferrari-Iliou, R., Contour-Ansel, D., 
Pham-Thi, A.T. and Zuily-Fodil, Y. 2006. Isolation and 
characterization of four ascorbate peroxidase cDNAs re-
sponsive to water deficit in cowpea leaves. Annals of Bota-
ny 97: 133–140. 

Fonseca, C.R., Overton, J.M., Collins, B. and Westoby, M. 
2000. Shifts in Trait-Combinations along Rainfall and 
Phosphorus Gradients. Journal of Ecology 88: 964–977. 

Foyer, C.H. and Noctor, G. 2009. Redox regulation in photo-
synthetic organisms: signaling, acclimation, and practical 
implications. Antioxidants and Redox Signaling 11(4): 
861– 905. https://doi.org/10.1089/ars.2008.2177. 

Galvez, L., González, E.M. and Arrese-Igor, C. 2005. Evi-
dence for carbon shortage and strong carbon/nitrogen inter-
actions in pea nodules at early stages of water stress. Jour-
nal of Experimental Botany 56: 2551–2561. 

Gupta, A.S., Heinen, J.L., Holaday, A.S., Burke, J.J. and Al-
len, R.D. 1993. Increased resistance to oxidative stress in 
transgenic plants that overexpress chloroplastic Cu/Zn su-
peroxide dismutase. Proceedings of the National Academy 
of Sciences of the U.S.A. 90(4): 1629–1633. 

Hamanishi, E.T. and Campbell, M.M. 2011. Genome-wide re-
sponses to drought in forest trees. Forestry 84: 273–283. 

Hammer, Ø. 2001. PAST, version 2.17c [Computer software]. 
Oslo, Norway: Natural History Museum, University of 
Oslo. URL: http://www.toyen.uio.no/~ohammer/past. 

Hammer, Ø., Harper, D.A.T. and Ryan, P.D. 2001. PAST: Pa-
laeontological statistics software package for education and 
data analysis. Palaeontologia Electronica 4(1), art. 4: 9 pp. 

Available online at: https://palaeo-electronica.org/2001_1/
past/past.pdf. 

Hosseini, S.M., Hasanloo, T. and Mohammadi, S. 2015. Phys-
iological characteristics, antioxidant enzyme activities, and 
gene expression in 2 spring canola (Brassica napus L.) cul-
tivars under drought stress conditions. Turkish Journal of 
Agriculture and Forestry 39: 413–420. 

Huang, W., Ma, X., Wang, Q., Gao, Y., Xue, Y., Niu, X., 
Yu, G. and Liu, Y. 2008. Significant improvement of stress 
tolerance in tobacco plants by overexpressing a stress-re-
sponsive aldehyde dehydrogenase gene from maize (Zea 
mays). Plant Molecular Biology 68: 451–463. 

IBM. 2012. IBM SPSS Statistics V 21.0 [Computer software]. 
IBM Corp., 1 New Orchard Road, Armonk, N.Y., USA. 
Retrieved from https://www.ibm.com/support/pages/
spss-statistics-210-available-download (modified 16 April  
2020). 

Kar, R.K. 2011. Plant responses to water stress: role of re-
active oxygen species. Plant Signaling and Behavior 6: 
1741– 1745. 

Kariola, T., Brader, G., Helenius, E., Li, J., Heino, P. and 
Palva, E.T. 2006. Early responsive to dehydration 15, a 
negative regulator of abscisic acid responses in Arabidop-
sis. Plant Physiology 142: 1559–1573. 

Kavar, T., Maras, M., Kidric, M., Sustar-Vozic, J. and Meg-
lic, V. 2008. Identification of genes involved in the response 
of leaves of Phaseolus vulgaris to drought stress. Molecular 
Breeding 21: 159–172. 

Kim, S.Y. and Nam, K.H. 2010. Physiological roles of ERD10 
in abiotic stresses and seed germination of Arabidopsis. 
Plant Cell Reports 29: 203–209. 

Kirch, H.H., Bartels, D., Wei, Y., Schnable, P.S. and 
Wood, A.J. 2004. The ALDH gene superfamily of Arabi-
dopsis. Trends in Plant Science 9: 371–377. 

Kirch, H.H., Schlingensiepen, S., Kotchoni, S., Sunkar, R. 
and Bartels, D. 2005. Detailed expression analysis of se-
lected genes of the aldehyde dehydrogenase (ALDH) gene 
superfamily in Arabidopsis thaliana. Plant Molecular Biol-
ogy 57: 315–332. 

Kotchoni, S.O. and Bartels, D. 2003. Water stress induces the 
up-regulation of a specific set of genes in plants: aldehyde 
dehydrogenase as an example. Bulgarian Journal of Plant 
Physiology (Special Issue): 37–51. 

Kotchoni, S.O., Kuhns, C., Ditzer, A., Kirch, H.H., and Bar-
tels, D. 2006. Over-expression of different aldehyde dehy-
drogenase genes in Arabidopsis thaliana confers tolerance 
to abiotic stress and protects plants against lipid peroxida-
tion and oxidative stress. Plant, Cell and Environment 29: 
1033–1048. 

Larkindale, J.D., Hall, J.R., Knight, M. and Vierling, E. 
2005. Heat stress phenotypes of Arabidopsis mutants impli-
cate multiple signaling pathways in the acquisition of ther-
motolerance. Plant Physiology 138: 882–897. 

Lendzion, J. and Leuschner, C. 2008. Growth of European 
beech (Fagus sylvatica L.) saplings is limited by elevated 
atmospheric vapour pressure. Forest Ecology and Manage-
ment 256: 648–655. 

Life Technologies. 2012. Vector NTI Advance, version 11.5.2 
[Computer software]. Life Technologies Corp., 5791 Van 
Allen Way, Carlsbad, CA 92008, USA. 

Liu, Y., Shi, Y., Song, Y., Wang, T. and Li, Y. 2010. Charac-
terization of a Stress-induced NADP-isocitrate Dehydroge-
nase Gene in Maize Confers Salt Tolerance in Arabidopsis. 
Plant Biology 53: 107–112. 

Livak, K.J. and Schmittgen, T.D. 2001. Analysis of relative 
gene expression data using real-time quantitative PCR and 
the 2-ΔΔCT method. Methods 25: 402–408. 



190

BALTIC FORESTRY 28(2) ANALYSES OF LEAF MORPHOLOGICAL CHANGES AND EXPRESSED GENES /.../ SAEEDI, Z. ET AL. 

Maitra, N. and Cuhman, J.C. 1994. Isolation and characteriza-
tion of a drought-induced soybean cDNA encoding a D95 
family late-embryogenesis-abundant protein. Journal of 
Plant Physiology 106: 805–806. 

Marino, D., González, E.M., Frendo, P., Puppo, A. and Ar-
rese-Igor, C. 2007. NADPH recycling systems in oxidative 
stressed pea nodules: a key role for the NADP+-dependent 
isocitrate dehydrogenase. Planta 225: 413–421. https://doi.
org/10.1007/s00425-006-0354-5. 

McLellan, T. 2000. Geographic Variation and Plasticity of Leaf 
Shape and Size in Begonia dregei and B. homonyma (Be-
goniaceae). Botanical Journal of the Linnaean Society 132: 
79–95. 

Mittler, R. and Zilinskas, B.A. 1994. Regulation of pea cyto-
solic ascorbate peroxidase and other antioxidant enzymes 
during the progression of drought stress and following re-
covery from drought. Plant Journal 5: 397–405. 

Molecular Biology Insights. 2011. OLIGO Primer Analysis Soft-
ware, version 7.54 [Computer software]. Molecular Biology 
Insights, Inc. (DBA Oligo, Inc.), 1267 Vondelpark, Colora-
do Springs, CO 80907, USA. URL: https://www.oligo.net. 

Nylander, M., Svensson, J., Palva, E.T. and Welin, B.V. 2001. 
Stress-induced accumulation and tissue-specific localiza-
tion of dehydrins in Arabidopsis thaliana. Plant Molecular 
Biology 45: 263–279. 

Olbrich, M., Gerstner, E., Welzl, G., Fleischmann, F., 
Oßwald, W., Bahnweg, G. and Ernst, D. 2008. Quanti-
fication of mRNAs and Housekeeping Gene Selection for 
Quantitative Real-Time RT-PCR Normalization in Euro-
pean Beech (Fagus sylvatica L.) during Abiotic and Biotic 
Stress. Zeitschrift für Naturforschung C 63(7-8): 574–582. 
https://doi.org/10.1515/znc-2008-7-819. 

Petrov, V.D. and Breusegem, F.V. 2012. Hydrogen perox-
ide – a central hub for information flow in plant cells. AoB 
Plants 2012: pls014. https://doi.org/10.1093/aobpla/pls014. 

Peuke, A.D., Schraml, C., Hartung, W. and Rennenberg, H. 
2002. Identification of drought-sensitive beech ecotypes by 
physiological parameters. New Phytologist 154: 373–387. 

Pyakurel, A., and Wang, J.R. 2014. Leaf Morphological and 
Stomatal Variations in Paper Birch populations along Envi-
ronmental Gradients in Canada. American Journal of Plant 
Sciences 5: 1508–1520. 

Reddy, A.R., Chaitanya, K.V. and Vivekanandan, M. 2004. 
Drought-induced responses of photosynthesis and antioxi-
dant metabolism in higher plants. Journal of Plant Physiol-
ogy 161: 1189–1202. 

Rennenberg, H., Dannenmann, M., Gessler, A., Kreuzwies-
er, J., Simon, J. and Papen, H. 2009. Nitrogen balance 
in forest soils: nutritional limitation of plants under climate 
change stresses. Plant Biology 11: 4–23. 

Rennenberg, H. and Schraml, C. 2000. Sensitivität von Ökoty-
pen der Buche (Fagus sylvatica L.) gegenüber Trockenstreß 
[Sensitivity of different ecotypes of beech trees (Fagus syl-
vatica L.) to drought stress]. Forstwissenschaftliches Cen-
tralblatt 119: 51–61. https://doi.org/10.1007/BF02769126. 

Rodrigues, S.M., Andrade, M.O., Gomes, A.P., Damat-
ta, F.M., Baracat-Pereira, M.C. and Fontes, E.P. 2006. 
Arabidopsis and tobacco plants ectopically expressing the 
soybean antiquitin-like ALDH7 gene display enhanced tol-
erance to drought, salinity, and oxidative stress. Journal of 
Experimental Botany 57: 1909–1918. 

Sagheb Talebi, Kh., Sajedi, T. and Pourhashemi, M. 2014. 
Forests of Iran. A Treasure from the Past, a Hope for the 
Future. Dordrecht: Springer, 160 pp. 

Sambrook, J., Fritsch, E.F. and Maniatis, T. 1989. Molecular 
Cloning. A Laboratory Manual. 2nd ed. NY (USA): Cold Spring 
Harbour Laboratory Press, Cold Spring Harbour, 545 pp. 

Schraml, C. and Rennenberg, H. 2002. Ökotypen der Rotbuche 
(Fagus sylvatica L.) zeigen unterschiedliche Reaktionen auf 
Trockenstreß [The different reactions of beech tree (Fagus 
sylvatica L.) ecotypes to drought stress]. Forstwissenschaft-
liches Centralblatt 121(2): 59–72. 

Shinozaki, K. and Yamaguchi-Shinozaki, K. 2000. Molecular 
responses to dehydration and low temperature: differences 
and cross-talk between two stress signaling pathways. Plant 
Biology 3: 217–223. 

Shinozaki, K. and Yamaguchi-Shinozaki, K. 2007. Gene net-
works involved in drought stress response and tolerance. 
Journal of Experimental Botany 58: 221–227. 

Soren, K.R., Ali, K. and Tyagi, A. 2012. Cloning and charac-
terization of gene encoding novel zinc finger protein tran-
scription factor induced under water deficit stress from rice 
(Oryza sativa) cv.N-22. Indian Journal of Biochemistry and 
Biophysics 49: 36–41. 

Steponkus, P.L., Uemura, M., Joseph, R.A., Gilmour, S.J. 
and Thomashow, M.F. 1998. Mode of action of the CO-
R15a gene on the freezing tolerance of Arabidopsis thali-
ana. Proceedings of the National Academy of Sciences of 
the U.S.A. 95(24): 14570–14575. 

Sunkar, R., Bartels, D. and Kirch, H.H. 2003. Overexpression 
of a stress-inducible aldehyde dehydrogenase gene from 
Arabidopsis thaliana in transgenic plants improves stress 
tolerance. Plant Journal 35: 452–464. 

Taji, T., Seki, M., Yamaguchi-Shinozaki, K., Kamada, H., 
Giraudat, J. and Shinozaki, K. 1999. Mapping of 25 
drought-inducible genes, RD and ERD, in Arabidopsis 
thaliana. Plant and Cell Physiology 40: 119–123. 

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M. 
and Kumar, S. 2011. MEGA5: Molecular Evolutionary 
Genetics Analysis using maximum likelihood, evolutionary 
distance, and maximum parsimony methods. Molecular Bi-
ology and Evolution 28(10): 2731–2739. 

Teixeira, F.K., Menezes-Benavente, L., Margis, R. and Mar-
gis-Pinheiro, M. 2004. Analysis of the molecular evolu-
tionary history of the ascorbate peroxidase gene family: 
Inferences from the rice genome. Journal of Molecular 
Evolution 59: 761–770. 

Thomashow, M.F. 1994. Arabidopsis thaliana as a model for 
studying mechanisms of plant cold tolerance. In: Meye-
rowitz, E.M. and Somerville, C.R.(Eds.) Arabidopsis. NY 
(USA): Cold Spring Harbor Laboratory Press, Cold Spring 
Harbour, p. 807–834. 

Tognetti, R., Johnson, J.D. and Michelozzi, M. 1995. The re-
sponse of European beech (Fagus sylvatica L.) seedlings 
from two Italian populations to drought and recovery. 
Trees – Structure and Function 9: 348–354. 

Tompa, P. and Kovacs, D. 2010. Intrinsically disordered chap-
erones in plants and animals. Journal of Biochemistry and 
Cell Biology 88: 1–8. 

Valderrama, R., Corpas, F.J., Carreras, A., Gomez-Rodri-
guez, M.V., Chaki, M., Pedrajas, J.R., Fernandez-Oc-
ana, A., Del Rio, L.A. and Barroso, J.B. 2006. The dehy-
drogenase-mediated recycling of NADPH is a key antiox-
idant system against salt-induced oxidative stress in olive 
plants. Plant Cell and Environment 29: 1449–1459. 

Warren, C.R., Tausz, M., and Adams, M.A. 2005. Does Rain-
fall Explain Variation in Leaf Morphology and Physiology 
among Populations of Red Ironbark (Eucalyptus siderox-
ylon subsp. tricarpa) Grown in Common Garden? Tree 
Physiology 25: 1369–1378. 

Yamaguchi-Shinozaki, K. and Shinozaki, K. 2005. Organi-
zation of cis-acting regulatory elements in osmotic- and 
cold-stress-responsive promoters. Trends in Plant Sci-
ence 10(2): 88–94. 


	3_BF_2022_28_2_205_www_lpp

