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Abstract 
 
Sucrose, proline, and polyamines are compatible solutes accumulating in plant tissues and increasing cellular osmolarity 
under environmental stresses. These compatible solutes and hydrogen peroxide can function as signaling molecules in 
plants. There has been very little evidence how the supply of sucrose changes the biosynthesis of compatible solutes. This 
study aimed to assess the cross-talk among sucrose, H2O2, and compatible solutes on the expression of genes encoding 
key enzymes in the pathways of proline and polyamine metabolism in drought stressed maize seedlings. Drought stress 
(induced by polyethylene glycol solution) increased the expressions of genes encoding pyrroline-5-carboxylate synthetase 
(P5CS), arginine decarboxylase (ADC), and S-adenosylmethionine decarboxylase (SAMDC), while decreased proline 
dehydrogenase (ProDH), diamine oxidase (DAO), and polyamine oxidase (PAO) expressions. Addition of sucrose to the 
stressed seedlings increased the P5CS, ADC and SAMDC expressions more than drought stress alone and reduced more 
the ProDH, DAO, and PAO expressions. Moreover, exogenous sucrose increased leaf water potential and the content of 
proline, polyamines, and total soluble sugars, whereas decreased H2O2 content and membrane damages under the drought 
stress conditions. Consequently, exogenous sucrose contributed to the preservation of water status and the amelioration 
of damage in maize seedlings under the drought stress. 

Additional key words: arginine decarboxylase, diamine oxidase, hydrogen peroxide, polyamine oxidase, proline dehydrogenase, 
pyrroline-5-carboxylate synthetase, S-adenosylmethionine decarboxylase. 
 
 
 
Drought, salinity, high temperature, and chilling are the 
important abiotic stresses limiting biomass production of 
plants (Ashraf and Foolad 2007). Abiotic stresses can 
stimulate a wide variety of plant responses such as 
alteration of cellular metabolism and regulation of gene 
expression. Plants alter their metabolism in various ways, 
including production of compatible solutes, stabilizing 
proteins and cellular structures, and antioxidants to remove 
the excess of reactive oxygen species (ROS) (Krasensky 

and Jonak 2012). While a high ROS content leads to a 
redox imbalance and oxidative stress, freely diffusible and 
relatively long-living H2O2 can also act as a central player 
in signal transduction pathways and activate multiple 
acclimation responses (Hossain et al. 2015). Compatible 
solutes, such as sugars, proline, glycine betaine, and 
polyamines facilitate the maintenance of pressure potential 
and provide an effective stress tolerance in plants (Singh 
et al. 2015).  
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 In addition to meeting carbon requirement and energy 
for plant growth, soluble sugars can also act as primary 
messengers and regulate signals that control the 
transcription of genes related to the stress tolerance 
(Lastdrager et al. 2014). The most common soluble sugars 
in cells are sucrose, glucose, and fructose (Taiz and Zeiger 
2006, Gao et al. 2018). Sucrose also affects plant growth 
and development (e.g., regulation of flowering, 
differentiation of vascular tissues, and development of 
storage organs; Tognetti et al. 2013). A limited number of 
studies have indicated that supply of sucrose promoted 
biosynthesis of other compatible solutes in plants exposed 
to environmental stresses (Khalid et al. 2010, Cao et al. 
2015). Some researchers observed the induced expressions 
of a variety of genes when sucrose is applied at low 
concentrations under water limited conditions (Solfanelli 
et al. 2006).  
 Proline is well known osmolyte accumulating in plants 
in response to abiotic stresses. It is synthesized from 
glutamate via two enzymes, pyrroline-5-carboxylate 
synthetase (P5CS) and pyrroline-5-carboxylate reductase 
(P5CR) in chloroplasts (Verbruggen and Hermans 2008). 
Proline accumulation under drought stress is related to an 
increasing expression of the P5CS gene and a decreasing 
expression of the proline dehydrogenase (ProDH) gene 
(Miller et al. 2005). In addition to the osmolyte role of 
proline, it is considered to act as a ROS scavenger, a 
regulator of cellular redox potential, a molecular 
chaperone stabilizing the structure of proteins, or a 
component of signal transduction pathways that regulate 
stress-responsive genes (Szabados and Savouré 2010). 
Also, proline application was found to be an effective 
approach for enhancing abiotic stress tolerance 
(Moustakas et al 2011). 
 The most abundant polyamines are the diamine 
putrescine (Put), the triamine spermidine (Spd), and the 
tetramine spermine (Spm). Polyamines are also involved 
in a complex signaling system and have key roles in the 
regulation of the drought tolerance (Pál et al. 2015). 
Biosynthetic pathways of polyamines are decarboxylation 
of arginine or ornithine, catalyzed by ornithine 
decarboxylase or arginine decarboxylase (ADC) to form 
Put. Spermidine and Spm are synthesized from Put by the 
addition of an aminopropyl transferred from 
decarboxylated S-adenosylmethionine, which is produced 
by S-adenosyl-methionine decarboxylase (SAMDC) (Liu 
et al. 2015). Diamine oxidase (DAO) catalyzes Put 
degradation, whereas polyamine oxidase (PAO) oxidizes 
Spd and Spm (Flores and Filner 1985). Most of the 
polyamines biosynthetic genes are up-regulated by abiotic 
stresses in spite of a difference in timing and the degree of 
induction (Liu et al. 2011, Wang et al. 2011). The 
application of polyamines can modulate drought responses 
(Li et al. 2014, Ebeed et al. 2017). However, there are not 
enough reports about the effects of exogenous sucrose on 
proline and polyamine metabolism under abiotic stresses.  
 We aimed to determine cross-talks among exogenous 

sucrose, H2O2, proline, and polyamines in maize seedlings 
exposed to drought stress. We tested some physiological 
(leaf water potential and stomatal conductance), 
biochemical (lipid peroxidation, H2O2, proline, 
polyamines, and total soluble sugars), and molecular 
(expression of genes involved in proline and polyamine 
metabolism) parameters. We hypothesized that exogenous 
sucrose can protect water status and ameliorate damages 
caused by drought stress. 
 The seeds of Zea mays L. (cv. Akpınar) were provided 
from Karadeniz Agricultural Research Institute. The seeds 
were germinated in pots containing peat soil at a plant 
growth chamber (a temperature of 25 ± 2 °C, a relative 
humidity of 60 ± 5 %, a photosynthetic photon flux 
density, of 400 µmol m-2 s-1, and a 16-h photoperiod). The 
seedlings were grown under these conditions also during 
all treatments. Irrigation was done three times a week. 
When the third leaves were fully expanded, all shoots were 
cut, and to minimize the water deficit, they were kept in 
tubes with distilled water for 1 h. After that, the shoots 
were subjected to the following treatments: 1) distilled 
water (control), 2) polyethylene glycol 6 000 (PEG) 
solution (20 g dm-3, an osmotic potential of -0.5 MPa), 3) 
0.1 M sucrose (SUC; a similar concentration to that used 
by Sulmon et al. 2004; an osmotic potential of -2.5  10-4 
MPa), and 4) 0.1 mM sucrose plus PEG (SUC+PEG) (-0.5 
MPa). The experiment was arranged in a completely 
randomized design with nine replicates per treatment. 
After 12 h, leaf samples were immediately frozen in liquid 
nitrogen and stored at -20 °C until analyses. 
 A leaf water potential (Ψleaf) was measured according 
to Savage and Cass (1984) with a thermocouple 
psychrometer (PSYPRO C-52, Wescor, Logan, USA) at  
27 ± 1 °C calibrated by NaCl solutions (0.1, 0.2, 0.5, and 
1.0 M) of known water potentials. The discs (a 6-mm 
diameter) were cut from the leaves of three plants and 
sealed in a C-52 sample chamber.  The samples were 
equilibrated for 60 min, and then the data were recorded. 
The osmotic potential of a 0.1 mM sucrose solution at 
25 oC was calculated by a formula: ΨS = -cRT, where c is 
the molar concentration, R is the universal gas constant, 
and T is the absolute temperature. To prepare  
a -0.5 MPa PEG solution, 20 g of PEG 6000 was dissolved 
in 1 dm3 of distilled water according to Mohammadkhani 
and Heidari (2008). Stomatal conductance (gs) was 
monitored by an AP4 dynamic diffusion porometer (Delta 
T Devices, Cambridge, UK) after calibration with a 
standard calibration plate following the manufacturer’s 
instructions.  
 Malondialdehyde (MDA) content was measured 
following the Heath and Packer (1968) method. Samples 
of fresh leaves (0.1 g) were homogenized with 0.1 % (m/v) 
trichloroacetic acid (TCA) and centrifuged at 15 000 g for 
5 min. The supernatant (1 cm3) was added to a reaction 
mixture containing 20 % (m/v) TCA with 0.5 % (m/v) 
thiobarbituric acid. The mixture was incubated at 95 C for 
30 min and quickly cooled in an ice-bath. Content of MDA 
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was calculated from the difference of absorbances at 
532 and 600 nm using a UV-visible spectrophotometer 
(Thermo Scientific, Bellefonte, USA).  
 Content of H2O2 was measured according to the 
method of Velikova et al. (2000). Samples of fresh leaves 
(0.1 g) were homogenized in 1 % (m/v) TCA combined 
with activated charcoal at 4 C. The homogenate was 
centrifuged at 15 000 g for 15 min, and then 1 cm3 of the 
supernatant was added to 0.5 cm3 of 10 mM potassium 
phosphate buffer (pH 7.0) and 0.75 cm3 of 1 M KI. 
Hydrogen peroxide content was measured at 390 nm and 
calculated from a standard curve. 
 For soluble sugar content, samples of dry leaves (0.2 g) 
were homogenized at 80 °C with 5 cm3 of 70 % (v/v) 
ethanol. Then, 0.9 cm3 of distilled water was added to 0.1 
cm3 of the supernatant. After that, 5 % (m/v) phenol and 
96 % (m/v) sulphuric acid were added to this mixture. 
Sugar content in this mixture was determined using the 
Dubois (1956) method. 
 Proline content was measured according to Bates 
(1973). Dry leaves (0.2 g) were homogenized in 
sulfosalicylic acid (10 cm3, 3 %, m/v) and then centrifuged 
at 6 000 g for 10 min. The supernatant (1 cm3) was added 
to 1 cm3 of glacial acetic acid and 1 cm3 of ninhydrin, and 
the mixture was incubated at 100 °C for 1 h. To stop 
reaction, the samples were cooled in an ice-bath, and then 
toluene was added and absorbance of the reaction mixture 
was measured at 520 nm.  
 An HPLC-based method was used to determine 
polyamine content according to Ben-Gigirey et al. (1998). 
Polyamines from leaf samples (5 g) were extracted twice 
with 0.4 M perchloric acid (10 cm3). For derivatization, 
0.2 cm3 of 3M NaOH, 0.3 cm3 of 2 M NaHCO3 and 2 cm3 
of dansyl chloride (10 mg cm-3 in acetone) were added to 
the samples or polyamine standard solutions. The mixtures 
were incubated at 40 °C for 45 min and 0.1 cm3 of 25 % 
(m/v) NH4OH was added to stop the reaction. Then, 
acetonitrile was put in the mixtures to arrange the total 
volume to 5 cm3, and after 30 min incubation at room 
temperature, they were filtered through a 0.45 µm syringe 
filter (Woongki Science Co., Daejeon, Korea). Chromato-
graphic separations were performed by an HPLC unit (LC 
20 AT/Prominence, Shimadzu, Kyoto, Japan) with a C18 
column (250 mm × 4.6 mm i.d., 5 µm particle size) 
(Supelco, Ballefonte, USA). A mobile phase included 
0.1 M ammonium acetate and 19 M acetonitrile at a flow 
rate of 1 cm3 min-1 with a gradient elution program for 
35 min. An injection volume was 0.01 cm3. A flow rate 
was 1 cm3 min-1 for 35 min. 
 Total RNA was extracted from maize leaves (0.1 g) 
with an RNeasy plant mini kit (Qiagen, Düsseldorf 
Germany). Concentration of RNA was measured at 260 
nm using a Nanodrop 2000 spectrophotometer (Thermo 
Scientific, Waltham, USA). The cDNA was synthesized 
from total RNA (1 µg) using a high-capacity cDNA 
reverse transcription kit (Applied Biosystems, Waltham, 
USA) according to the manufacturer’s protocols. Plates for 

PCR (BioRad, Hercules, USA) having 96 wells were used. 
A quantitative PCR Supermix (4 mm3; Solis Biodyne, 
Tartu, Estonia), 1 mm3 of reverse and 1 mm3 of forward 
primers, 1 mm3 of a cDNA sample, and 13 mm3 of 
nuclease free water were added per well. The analysis was 
performed on a CFX Connect real time PCR system 
(BioRad) based on a real time quantitative PCR protocol 
was modified according to Solis Biodyne instructions; at 
95 °C for 12 min, 45 repeats of denaturation at 95 °C for 
15 s, annealing at 60 °C for 30 s, and extension at 72 °C 
for 30 s. A melt curve was held at 0.5 °C increments from 
60 °C to 95 °C. Results were normalized according to the 
actin1 gene and relative gene expressions were presented. 
Forward primers of P5CS, ProDH, ADC, SAMDC, PAO, 
DAO and actin1 genes were:  
5’-AACATCTTGCCCTCTGGGTG-3’,  
5’-TCAGCAAGTACCTGCCGTAC-3’,  
5’-GACATCACCTGCGACAGTGA-3’,  
5’-GGAGGCGTGAAGAAGTTCCA-3’,  
5’-CGCTACGAATACGACCAGCT-3’,  
5’-ACAGCAAGTCCGAGAAGTGG-3’, and  
5’-GAAGATCACCCTGTGCTGCT-3’,  
whereas their reverse primers were:  
5’-CCATTGCCACTTCGAACTGC-3’,  
5’-ACCCTCCTCACCAACTCCTT-3’,  
5’-TTATCAGGAAGCAGCAGGCC-3’,  
5’-TGGGCGCAGTTGATGAGAAT-3’,  
5’-TGTACCACAGCACGATGTCC-3’,  
5’-ACCAGTTGTTCGCCCACTAG-3’, respectively. 
 All experiments were carried out in triplicate with three 
biological replicates. All physiological data and gene 
expressions were processed with one-way analysis of 
variance (α = 0.05) using the SPSS v. 15.0 software for 
Microsoft Windows (SPSS Inc., Chicago, USA). Mean 
differences were determined with the Duncan multiple 
comparison test at α = 0.05. Relative gene expressions 
were analyzed with the Bio-Rad CFX Manager 3.1.  
 We found that PEG treatment decreased Ψleaf and gs 

in comparison to the control. Treatment SUC+PEG 
enhanced Ψleaf and gs in comparison to PEG treatment but 
the values of Ψleaf and gs were lower in SUC seedlings in 
comparison to the control (Table 1). 
 There was no significant difference between the 
control and SUC treatments in MDA content, but SUC 
treatment increased H2O2 content. Content of MDA and 
H2O2 were lower after SUC+PEG treatment in comparison 
to PEG treatment (Table 1). Treatment SUC increased 
content of soluble sugar, proline, Put, Spd, and Spm as 
compared to the control. Their content increased in 
SUC+PEG treated seedlings more as compared with PEG 
treatment. Interestingly, Spd, Spm, and polyamines 
content of SUC treated seedlings were higher as compared 
to PEG treated seedlings. Moreover, Spd and Spm content 
after SUC treatment was even higher in comparison with 
SUC+PEG treatment but content of polyamines was lower 
(Table 1).  
 The expression of the P5CS gene was 1.5-fold up-
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regulated in SUC treated seedlings in comparison to the 
control. Likewise, the expression of the P5CS gene in the 
SUC+PEG group was up-regulated 1.2-fold in comparison 
to the PEG group. In contrast, ProDH gene expression was 
1.6-fold down-regulated in SUC treated seedlings as 
compared with the control. Treatment SUC+PEG 1.5-fold 
down-regulated the relative expression of the ProDH gene 
under the drought stress (Table 1). 
 Treatment SUC up-regulated ADC and SAMDC gene 
expressions 1.8- and 1.3-fold, respectively, in comparison 
to the control. When compared to PEG treatment, 
SUC+PEG treatment up-regulated the relative expressions 
of ADC and SAMDC genes 1.4- and 2.3-fold, respectively. 
Treatment SUC up-regulated the expressions of PAO and 
DAO genes 1.4- and 1.1-fold in comparison to the control, 
respectively. Treatment SUC+PEG down-regulated PAO 
and DAO gene expressions 4.2- and 1.4-fold in comparison 

to PEG treatment, respectively. (Table 1). 
 Exogenous sucrose alleviates damages by various 
abiotic stresses by inducing the antioxidant system in 
Arabidopsis thaliana and Cucumis sativus (Qiu et al. 2014, 
Cao et al. 2015). However, according to the best of our 
knowledge, we worked on the cross-talking among 
sucrose, H2O2, proline, and polyamine in plants under 
drought stress for the first time. Our results show that 
Ψleaf and gs decreased, while MDA content increased in 
PEG seedlings in comparison to the control. However, 
sucrose application enhanced values of Ψleaf and gs and 
decreased MDA content. Similarly, Ψleaf and gs increase 
after application of sucrose in Commelina benghalensis 
and Cucumis sativus exposed to drought (Reddy and Das 
1986, Cao et al. 2015), and Cao et al. (2015) also reported 
less membrane damage in cucumber leaves.  

 
Table 1. Effect of application of 0.1 M sucrose (SUC) and 20 g dm-3 polyethylene glycol (PEG) for 12 h on Ψleaf, gs, content of MDA, 
H2O2, soluble sugar, proline, and polyamines, and relative expressions of P5CS, ProDH, ADC, SAMDC, PAO, and DAO genes. Means 
 SDs of three replicates. Different letters indicate significant differences (P < 0.05). 
 

Parameters Control SUC PEG SUC+PEG 

Leaf water potential (Ψleaf ) [-MPa]   0.530.03d   0.740.02c   1.270.02a   0.830.007b 
Stomatal conductance (gs) [mmol m-2s-1]   4.330.007a   3.950.05b   2.320.10c   3.860.025b 
Malondialdehyde (MDA) [nmol g-1(d.m.)]   0.620.01c   0.630.01c   1.370.01a   1.250.01b 
H2O2 [µmol g-1(d.m.)] 32.400.50d 34.300.80c 51.501.6a 37.700.50b 
Soluble sugar [mg g-1(d.m.)]   0.900.006d   2.680.024b   1.040.003c   3.010.016a 
Proline [µg g-1(d.m.)]   0.540.04d   1.500.08b   1.050.03c   2.140.05a 
Putrescine [µg g-1(d.m.)]   2.330.07d   5.260.04c   8.080.07b 14.270.06a 
Spermidine [µg g-1(d.m.)]   0.440.04d   2.690.10a   1.100.04b   1.200.02c 
Spermine [µg g-1(d.m.)]   0.850.03d   4.370.05a   1.480.03c   3.120.04b 
Polyamines [µg g-1(d.m.)]   3.600.14d 12.320.20b 10.600.14c 18.500.10a 
Pyrroline-5-carboxylate synthetase (P5CS)   1.000.10d   2.230.05b   1.640.10c   5.700.08a 
Proline dehydrogenase (ProDH)   1.000.05a   0.600.01c   0.780.03b   0.530.04d 
Arginine decarboxylase (ADC)   1.000.10d   1.800.20c   2.630.20b   3.660.20a 
S-adenosylmethionine decarboxylase (SAMDC)   1.000.15d   1.370.10c   2.710.20b   6.340.50a 
Polyamine oxidase (PAO)   1.000.10b   1.470.09a   0.800.08c   0.190.01d 
Diamine oxidase (DAO)   1.000.04a   1.020.04a   0.800.05b   0.540.01c 

 
 Hydrogen peroxide acts as a signal to induce a range of 
molecular, biochemical, and physiological responses, and 
mediates cross-talk between signaling pathways (Neill et 
al. 2002). We observed that SUC treatment increased H2O2 

content compared to the control. Conversely, exogenous 
sucrose decreases H2O2 content in cucumber (Cao et al. 
2014, 2015). Here, we can write that sucrose application 
probably triggered an increase in H2O2 content in maize 
seedlings. However, H2O2 content was lower in 
SUC+PEG treated seedlings in comparison with those 
treated only with PEG maybe due to an increased content 
of proline, polyamines and soluble sugars with antioxidant 
properties. Indeed, proline is not only an osmolyte but also 
an antioxidant and a signal molecule during abiotic 
stresses (Hayat et al. 2012). Polyamines and sugars can 
also scavenge ROS and preserve the membrane and 

cellular integrity (Roychoudhury et al. 2015). Cao et al. 
(2015) showed that sucrose application decreases H2O2 

content by increasing activities of guaiacol peroxidase and 
glutathione reductase in water-stressed cucumber leaves. 
 Treatments SUC and SUC+PEG increased content of 
soluble sugar, proline, Put, Spd, and Spm in maize 
seedlings. We infer that the applied sucrose could be easily 
taken-up by detached shoots and transported to leaves, and 
thus the content of soluble sugar could increase. Cao et al. 
(2015) reported similar data for increased endogenous 
sucrose, fructose, glucose, and proline in cucumber leaves 
under water stress. We can suppose that application of 
sucrose might induce a signaling network leading to 
osmolyte accumulation and so maintenance of pressure 
potential under stress. Content of Put was more increased 
than content of Spd and Spm. Do et al. (2014) have 
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asserted that only one of the three polyamine types showed 
a significant increase in rice cultivars under salt stress. 
Interestingly, as compared to PEG seedlings, content of 
Spd, Spm, and polyamines in SUC seedlings was high, and 
content of Spd and Spm in SUC+PEG seedlings was lower 
than in SUC seedlings. We think that Spd and Spm could 
be converted to Put. Indeed, some studies showed that Spm 
is converted backward to Spd and then Spd to Put ( 
Kamada-Nobusada et al. 2008, Moschou et al. 2008). On 
the other hand, the effects of exogenous polyamines on the 
content of sucrose and compatible compounds were 
reported in plants under water stress (Saruhan et al. 2006, 
Li et al. 2015). 
 Further, we observed that P5CS gene expression was 
up-regulated, while ProDH gene expression was down-
regulated by exogenous sucrose, which was in agreement 
with proline content. Therefore, drought tolerance induced 
by exogenous sucrose may be related to up-regulated 
P5CS expression and down-regulated ProDH expression. 
We also determined relative expressions of some genes 
concerning polyamines metabolism under drought stress. 
As compared to the control, SUC treatment up-regulated 

the expressions of ADC, SAMDC, PAO, and DAO genes. 
Treatment SUC+PEG significantly increased ADC and 
SAMDC expressions but markedly down-regulated PAO 
and DAO expressions as compared to PEG treatment. So, 
as a new finding, we determined that SUC treatment can 
influence polyamines metabolism with a probable 
interaction between sucrose and polyamines. We can 
conclude that exogenous sucrose alleviated the effects of 
the drought stress also by up-regulating expressions of 
ADC and SAMDC genes and down-regulating expressions 
of PAO and DAO genes.  
 As a conclusion, our results point out that there may be 
the interactions among osmolytes and H2O2, which 
modulate the genes involved in proline and polyamine 
metabolisms to stimulate drought tolerance. The 
application of sucrose may alleviate damages from 
drought because it is transported to leaves where it serves 
as a source of energy and a substrate for other syntheses. 
Further studies are necessary to highlight the alleviating 
role of sucrose and the cross-talk between sucrose and 
interacting signal molecules under abiotic stress 
conditions. 
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