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ABSTRACT 

Plants absorb light energy for photosynthesis, and some amount of potentially damaging range of solar ra-

diation, ultraviolet B. It accounts for less than 0.5% of the total solar radiation and the ambient current level 

of UV-B during the growth season provide 10 kJ·m
–2

 energy per day on the Earth’s surface. In the field 

conditions, increased UV-B radiation is often accompanied by drought, but negative effect of combined 

stresses is not so deleterious as the effect of one of them alone. We studied some changes in nitrogen me  

deficit and UV-B radiation. The stresses generally decreased the biomass and total dry matter production. 

Combination of water deficit and UV-B activated a stress tolerance mechanism in cucumber seedlings. The 

NR activity and synthesis of UV-B absorbing compounds were induced. Protection against UV-B radiation 

can partially involve increased production of UV-B protective pigments – slightly increased the SPAD val-

ue in cucumber cotyledons and leaves was observed. The deleterious effect of combined stresses was weak-

er than their additive or individual effects.  
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INTRODUCTION 

Plants are rather sessile autotrophic organisms; 

they absorb light energy for photosynthesis, including 

considerable amounts of damaging range of solar 

radiation, in particular ultraviolet B (280–315 nm). In 

nature crops growing in open ground, they are from 

early stages exposed to environmental stress factors. 

Thus, they need to achieve balance between optimal 

light capture and UV-B protection [Ulm and Jenkins 

2015]. The cucumber is a vegetable that prefers high-

er temperatures for germination and growth. For this 

reason, it is sown relatively late, at higher tempera-

ture and under intensive solar radiation. The plant 

develops a shallow root system and in a shallow soil 

layer it suffers the stress of water deficit as a result of 

insufficient and irregular rainfall. 

Solar radiation in the UV-B range accounts for 

less than 0.5% of the total solar energy reaching the 

Earth’s surface [Favory et al. 2009]. Current level of 

UV-B radiation during the growth season ranges 

from 2 to 12 kJ·m
–2

 (ambient 10 kJ·m
–2

) per day on 

the Earth’s surface [UNEP 2002, Singh et al. 2017]. 

In recent decades, UV-B dose-rates in the biosphere 

have increased due to the thinning of the protective 

ozone layer caused by human activities. CO2 and 

other heat-trapping gases emitted into the atmosphere 

warm the troposphere and cool the stratosphere, indi-
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rectly depleting the ozone layer and giving access to 

the direct effect of potentially ozone-destroying halo-

genated chemicals, including chlorofluorocarbons 

(CFCs). In the stratosphere, UV-mediated activation 

of CFCs generates halogen radicals, which initiates 

a chain reaction of ozone depletion [Andrady et al. 

2010]. Increase in the UV-B radiation has been 

estimated since the 1980s, and projections like the 

Kyoto protocol estimate that even after the imple-

mentation of these protocols, returning to the pre-

1980 levels will be possible by 2050–2075 [UNEP 

2002, Singh et al 2017]. Since the impact of UV 

radiation on genes and genomes is one of the driv-

ing forces of evolution [Tuteja et al. 2001], plants 

have evolved various strategies to moderate this 

stress [Gupta et al. 2011].  

The lack of water is still a major limitation to 

crop productivity. Basic understanding of the phys-

iological, biochemical and gene regulatory network 

is essential for growing crops with enhanced toler-

ance to the water deficit stress [Valliyodan and 

Nguyen 2006]. In the last 20 years, there has been 

a significant increase in the rate of transgenic or 

mutant plants tested for drought resistance [Blum 

2014]. In many agricultural areas, drought is often 

accompanied by increased UV-B radiation [Ballaré  

et al. 2011]. 

Recent studies have revealed that the response of 

plants to a combination of two different abiotic 

stresses is unique and different from the response 

when each stress is applied individually. One stress 

may increase or alleviate the negative effect of the 

other [Mittler 2006]. Sequential or simultaneous 

action of stress factors may result in cross-resistance. 

The negative effect of combined stresses is not so 

deleterious as the additive effect or even as the effect 

of one of them alone [Alexieva et al. 2003]. There 

can be an antagonistic effect as well – decreased 

resistance to another factor acting at the same time 

[Mittler 2006]. Plants’ responses to combined 

drought and UV-B radiation were reviewed in detail 

by Bandurska et al. [2013]. The impact of ozone 

depletion on other climate factors may result in an 

increase in the interactive effects of UV-B radiation 

with drought and temperature [Bornman et al. 2015]. 

Apart from water, nitrogen is an important ele-

ment that limits the crop productivity. Nitrate reduc-

tase (NR) is a key enzyme in nitrogen metabolism, 

which reduces nitrate (NO3
–
) into nitrite (NO2

–
) and 

forms an amino acid. Reducing agents (NADH or 

NADPH) make leaf NO3
–
 assimilation dependent on 

the photosynthetic process. The availability of NO3
–
 

from soil is believed to be the most important factor 

controlling the NR activity [Campbell 1999, Canovas 

et al. 2007]. NR in foliage may also depend on the 

water availability, temperature, light intensity and 

UV-B radiation [Norby 1989, Krywult et al. 1996, 

2002, 2008]. 

To our knowledge, there is very little information 

on two or more abiotic stress factors interacting to-

gether in nature. Therefore, we studied some physio-

logical and biochemical changes in nitrogen metabo-

lism of cucumber at two developmental stages – 

cotyledons and leaves. The plants were exposed to 

two abiotic stress factors, i.e. water deficit and UV-B 

radiation, applied individually and in combination. 

The nitrate metabolism was investigated on the basis 

of NR activity and the nitrate content. The water 

conditions, i.e. relative water content, and chloro-

phyll content, i.e. SPAD, were also measured. 

MATERIAL AND METHODS 

Plant material 
Cucumber seeds (Cucumis sativus cv. Dar) were 

sown in perlite, 5 pieces per one-liter capacity pot. 

They were allowed to germinate and develop in 

a growth chamber under the following conditions: 

fluorescent light intensity of 120 μmol m
–2

 s
–1

, pho-

ton flux density of 400–700 nm supplied by Osram 

LUMILUX L18/840 lamps, at a photoperiod of  

14/10 h, temperature of 25/20°C day/night and  

60–70% relative humidity. The PAR intensity was 

measured with a phytophotometer FF-01 (Sonopan). 

The water content was maintained at 60% of total ca-

pacity. Seedlings were divided into four groups: a con-

trol sample and three groups subjected to the stress of 

UV-B radiation, water deficit, and a combination of 

water deficit and UV-B radiation. The control plants 

were well watered and kept under PAR only. 
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Cotyledons: 7-day-old seedlings were exposed to the 

stresses for 3–10 days. Leaves: 21-day-old seedlings 

were exposed to the stresses for 9 days, respectively. 

Stresses: UV-B radiation supplied by Philips TL 

20 W/01 RS lamps, with max. 315 nm at an intensity 

of 16 kJ m
–2

 day
–1

 for 8 h daily (3.25 μmol m
–2 

s
–1

 – 

photon flux density), during a 14 h light period. UV-

B irradiation intensity was controlled using VLX 3W 

radiometer. Water deficit was applied by withholding 

the water supply, reducing the water content to about 

40% of the total capacity of perlite. Both stresses 

were applied individually or in combination for 

9 days. The cotyledons or third fully expanded leaf of 

each seedling were used for analysis. Each time, 

a dose sample contained cotyledons from 25 plants 

(5 pots, 5 plants per pot) and leaves of 15 plants 

(3 pots, 5 plants per pot). 

Relative water content (RWC), indicating the con-

tent of water in leaves during dehydration, was estimat-

ed according to Weatherley’s method [1950], and cal-

culated according to the formula ((fresh mass – dry 

mass) / (weight at full turgor – dry mass)) · 100%. 
Nitrate content: A 250 mg plant sample (fresh 

basis) was cut into small pieces. 10 cm
3
 of distilled 

water was added and it was boiled for 20 min. At the 

second step of the extraction procedure, cooled ex-

tract was spin-dried at 4,000 g for 15 min (18–20°C). 

Concentration of nitrates in the supernatant was cal-

culated with the method developed by Cataldo et al. 

[1975]. Then, 0.4 cm
3
 of 5% salicylic acid in concen-

trated H2SO4 was added to 0.1 cm
3
 of the supernatant 

and left for 20 min. Next, 9.5 cm
3
 of 2 mol dm

–3
 

NaOH was added and samples were cooled at room 

temperature. The absorbance was measured at 

410 nm. The results were expressed as mg of NO3 per 

1 g
–1

 of tissue. 

Nitrate reductase (NR; EC 1.6.6.1) activity. 
The method described by Jaworski [1971] was used. 

Plant samples (200 mg fresh mass) were placed in 

flasks. Then 5 cm
3
 of the incubation mixture contain-

ing nitrates was added, and it was left for 1 h at 30°C. 

At the second step of the procedure, 1 cm
3
 of SSA (1% 

sulphanilamide in 1 mol dm
–3

 HCl) and 1 cm
3
 of NED 

(0.01% N-(l-naphthyl) ethylenediamine dihydrochlo-

ride) were added to 1 cm
3
 of the incubation solution, 

and then, the mixture was left for 15 min. The absorb-

ance of the mixture was measured at 540 nm. The 

activity of nitrate reductase was expressed as nmol of 

NO2 per 1 g of fresh leaf mass per 1 h. 

SPAD. Chlorophyll content index expressed in 

Soil Plant Analysis Development (SPAD) units was 

measured in fully developed cotyledons and leaves 

using a portable chlorophyll meter SPAD-502 (Kon-

ica Minolta Ltd., Osaka, Japan) [Scharf et al. 2006]. 

Statistical analyses were based on 3–5 replica-

tions. The data were presented as a mean ± standard 

deviation. The experimental data were subjected to 

one-way ANOVA and  significant differences be-

tween the means were determined applying Tukey’s 

multiple range test, using the Statistica program. 

Means followed by different letters are significantly 

different at P = 0.05. Data that differed significantly 

from the respective control sample were marked with 

asterisks * P < 0.05, ** P < 0.01.  

RESULTS AND DISCUSSION 

Many studies have shown the detrimental effects 

of UV-B and drought on plants’ physiological pro-

cesses. Plants stimulate protection and activate repair 

mechanisms to cope with different stresses 

[Frohnmayer and Steiger 2003]. In nature, stresses 

hardly ever occur separately. Water deficit, excessive 

radiation and heat often appear simultaneously. Our 

earlier studies showed that supplemental UV-B radia-

tion reduced the deleterious effects of drought in 

cucumber plants. Antioxidant defense was activated at 

the stage of cotyledons and leaves when plants were 

exposed to the stress of water deficit and excessive 

UV-B radiation [Kubiś and Rybus-Zając 2008, Ry-

bus-Zając and Kubiś 2010]. Our findings also suggest 

that the water deficit and UV-B radiation applied 

together generally alleviated the effect of individual 

stresses within the cellular membrane [Rybus-Zając et 

al. 2017]. In this study we analyzed changes in the 

nitrogen metabolism of cucumber cotyledons and 

leaves exposed to water deficit and UV-B radiation 

applied individually and in combination. 

RWC 
Applied stresses of water deficit and excessive 

UV-B radiation decreased the RWC in cucumber 
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seedlings (Fig. 1). At the end of the progressive  

9-day-long stress period, the water deficit in cotyle-

dons (Fig. 1a) was considerably lower than in leaves 

(Fig. 1b). The water content in cotyledons (Fig. 1a) 

was reduced to 88% by UV-B radiation, to 75% by 

drought, and to 79% by both stresses. The water con-

tent measured in leaves (Fig. 1b) at the end of the 

stress period, i.e. on the ninth day, lowered to 90% 

under UV-B, 64% under drought, and 79% under 

both stresses. During the experiment, the water con-

tent in the well-watered control organs of seedlings 

exceeded 90%. 

There were similar relations observed by Feng et 

al. [2007] in three water-stressed and UV-B irradiat-

ed wheat cultivars, where the RWC was significantly 

higher than under the exposure to drought only.  

UV-induced changes in the permeability of mem-

brane ion channels and loss of K
+
 from guard cells 

caused the loss of stomatal conductance [Eisinger et 

al. 2000]. This might explain lower evaporation from 

cotyledons/leaves exposed to supplementary UV-B 

radiation during drought.  

Nitrate 
The stresses caused changes in the nitrogen me-

tabolism of cucumber seedlings. The content of 

nitrate (NO3
–
) in the leaves of control cucumber 

seedlings was higher than in cotyledons, i.e. 0.350– 

0.680 vs. 0.100-0.190 mg NO3
– 

∙
 
1g

–1
 fresh mass 

(Fig. 2). It exhibited an upward trend during the 

9 days of the experiment. The nitrate content in 

cotyledons (Fig. 2a) exposed to stress was lower 

than in the respective control sample (100%). The 

nitrate content measured at the end of the stress 

period, i.e. on the ninth day, dropped to 68% under 

UV-B, to 37% under drought, whereas both stresses 

reduced it to 39%. UV-B increased the nitrate con-

tent in leaves (Fig. 2b), but the drought and 

drought/UV-B decreased it, as compared with the 

respective control-time sample (100%). At the end 

of the stress period, i.e. on the ninth day, the nitrate 

content increased to 137% under UV-B, but it 

dropped to 79% under drought and to 65% under 

both stresses. 

In the foliage of silver birch seedlings grown 

under control, ambient and UV exclusion, there 

were no significant differences in the total nitrogen 

content [Krywult et al. 2002]. The amount of ni-

trate in maize leaves treated with UV-B was lower 

than in the control plants [Quaggiotti et al. 2004]. 

Rajendiran and Ramanujam [2006] observed simi-

lar relation in green gram (Vigna radiata L) plants, 

where the content of nitrate was slightly sup-

pressed by UV-B stress.  

NR 
The nitrate reductase activity (Fig. 3) in cotyle-

dons and leaves of the control cucumber seedlings 

was similar at the starting time. During the follow-

ing 9 days, this parameter exhibited a downward 

trend. UV-B did not cause any changes in the cu-

cumber cotyledons (Fig. 3a), but the drought and 

drought/UV-B generally decreased the nitrate reduc-

tase activity. In comparison with the respective 

control-time sample – 100%, excessive UV-B  re-

duced the nitrate reductase activity to 98%, drought 

– to 35%, whereas the combination of drought and 

UV-B radiation reduced the nitrate reductase activi-

ty to 36%, measured at the end of the stress period, 

i.e. on the ninth day. The effect of the stresses on 

leaves (Fig. 3b) was opposite to the effect observed 

in the cotyledons. At the end of the stress period,  

i.e. on the ninth day, the NR activity increased to 

306% under UV-B, to 115% under the drought and 

to 200% when both stresses were applied simulta-

neously.  

In green gram (Vigna radiata L) plants, Ra-

jendiran and Ramanujam [2006] observed reduced 

NR activity under UV-B radiation, whereas Ghisi et 

al. [2002] reported the same relation in barley, Su-

daroli Sudha and Rajendiran [2013] in Sesbania 

grandiflora (L), and Vijayalakshmi and Rajendiran 

[2014] in cluster bean. The activity was altered in 

Vigna unguiculata L [Balakumar et al. 1999]. UV-B 

radiation significantly reduced the NR activity in 

maize. The analysis of transcript accumulation of 

genes encoding maize NR did not show significant 

differences between the control tissue and UV-B 

treated seedlings. The results of the research con-

ducted by Quaggiotti et al. [2004] indicate that the 

effect of UV-B radiation on NR activity does not 

involve a transcriptional mechanism.    
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Fig. 1. Influence of progressive UV-B, water deficit and co-stresses on relative water content 

(RWC) in: A – cucumber cotyledons and B – cucumber leaves. Measurements were made 2 to 

9 stress’s day. Values indicate means ±SE with n = 3. Data (stressed plants) significantly different 

from respective control: * P < 0,05, ** P < 0,01. Means followed by different letters are signifi-

cantly different at P = 0.05, n = 5 
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Fig. 2. Influence of progressive UV-B, water deficit and co-stresses on nitrate content in: A – cu-

cumber cotyledons and B – cucumber leaves. Measurements were made 2 to 9 stress’s day. Val-

ues indicate means ±SE with n = 5. Data (stressed plants) significantly different from respective 

control: * P < 0,05, ** P < 0,01. Means followed by different letters are significantly different at 

P = 0.05, n = 5 
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Fig. 3. Influence of progressive UV-B, water deficit and two stresses on nitrate reductase activity 

in: A – cucumber cotyledons and B – cucumber leaves. Measurements were made 2 to 9 stress’s 

day. Values indicate means ±SE with n = 5. Data (stressed plants) significantly different from re-

spective control: * P < 0,05, ** P < 0,01. Means followed by different letters are significantly dif-

ferent at P = 0.05, n = 5 
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Fresh mass/dry mass 

The fresh mass of the cucumber cotyledons 

(Fig. 4a) increased by 20% during the 9 days of the 

experiment, as compared with the starting point. The 

stresses decreased the growth intensity of cotyledons. 

Excessive UV-B reduced it by 18.7%, drought – by 

35.5%, whereas the combination of drought and  

UV-B radiation – by 37.1%, as compared with the 

respective control-time sample – 100%, measured at 

the end of the stress period, i.e. on the ninth day. 

There was similar relation observed in the dry mass 

data. The dry mass of cotyledons (Fig. 4b) increased 

by 13% during the experiment, as compared with the 

beginning of the experiment. The stresses decreased 

these parameters as follows: excessive UV-B radia-

tion – by 16.6%, drought – by 19.4 %, whereas the 

combination of drought and UV-B radiation – by 

22.2%, as compared with the respective control-time 

sample – 100%, as measured at the end of the stress 

period, i.e. on the ninth day. 

Leaves of the cucumber seedlings (Fig. 5a) grew 

by 117.2% during the 9 days of the experiment, as 

compared with the fresh weight at the starting point. 

The stresses decreased the leaf growth intensity as 

follows: excessive UV-B – by 21.6%, drought – by 

26.6%, whereas the combination of drought and 

UV-B radiation – by 29.9%, as compared with the 

respective control-time sample – 100%, measured at 

the end of the stress period, i.e. on the ninth day. 

There was similar relation observed in the dry 

weight. During the experiment, the dry weight of 

leaves (Fig. 5b) increased by 147.2%, as compared 

with the dry weight at the beginning of the experi-

ment. The stresses decreased this parameter as fol-

lows: excessive UV-B radiation – by 13.6%, 

drought – by 36.6%, whereas the combination of 

drought and UV-B radiation – by 31.8%, as com-

pared with the respective control-time sample – 

100%, as measured at the end of the stress period, 

i.e. on the ninth day. 

The stresses decreased the biomass and total dry 

matter production. The growth in the cucumber coty-

ledons was more limited than in the leaves. The in-

crease in total dry matter was considerably limited in 

the leaves. This effect was reviewed in detail by Zlat-

ev et al. [2012]. Some opposite effects were also 

observed, especially under the short-term exposure 

[Gwynn-Jones 2001]. Several studies have shown 

evidence of plant resistance to UV-B radiation. Sulli-

van and Teramura [1990] reported that supplemental 

UV-B and drought did not result in additive effects 

on total soybean plant growth or seed yield compared 

to reductions under either stress independently. How-

ever, the stomatal limitations on photosynthesis were 

only significantly affected by the combination of  

UV-B and drought, but ribulose biphosphate regener-

ation limitations were observed under either stress. 

Under UV-B radiation, cucumber leaves become 

slightly less sensitive to water stress, but the mecha-

nism of sensitivity or tolerance to combined stress 

has not been explained yet [Zlatev et al. 2012]. 

Spad 
In general, there were higher chlorophyll meter 

readings – the SPAD (Fig. 6) value in cotyledons 

than in leaves of the control cucumber seedlings. 

Protection against UV-B radiation can partially in-

volve increased production of UV-B protective pig-

ments [Van de Staaij et al. 1995]. During the 9 days 

of the experiment, the SPAD index exhibited an up-

ward trend in the control cotyledons, but it remained 

at the same level in leaves. In maize plants, the chlo-

rophyll content decreased slightly under UV-B, but  

it dropped sharply in plants exposed to drought  

[Javadmanesh et al. 2012]. In the cucumber cotyle-

dons (Fig. 6a), only the UV-B treatment increased  

the SPAD, as compared with the respective control- 

-time sample (100%). Under the drought and  

UV-B/drought, the chlorophyll content remained 

almost the same as the control level, i.e. 101% and 

93%, respectively. In leaves (Fig. 6b), the SPAD 

index measured at the end of the stress period, i.e.  

on the ninth day, increased to 123% under UV-B.  

It decreased slightly under drought, whereas the 

combination of UV-B and drought did not decrease 

the index. The respective values of 90% and 101% 

were measured, as compared with the corresponding 

control-time sample (100%).               
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Fig. 4. Influence of progressive UV-B, water deficit and both stresses applied together on the 

fresh mass in: A – cucumber cotyledons and B – cucumber leaves. Measurements were made 2 to 

9 stress’s day. Values indicate means ±SE with n = 3. Data (stressed plants) significantly different 

from respective control: * P < 0,05, ** P < 0,01. Means followed by different letters are signifi-

cantly different at P = 0.05, n = 3 
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Fig. 5. Influence of progressive UV-B, water deficit and both stresses applied together on the dry 

mass in: A – cucumber cotyledons and B – cucumber leaves. Measurements were made 2 to 

9 stress’s day. Values indicate means ±SE with n = 3. Data (stressed plants) significantly different 

from respective control: * P < 0,05, ** P < 0,01. Means followed by different letters are signifi-

cantly different at P = 0.05, n = 3 
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Fig.  6. Influence of progressive UV-B, water deficit and both stresses applied together on the 

SPAD measurements in: A – cucumber cotyledons and B – cucumber leaves. Measurements were 

made 2 to 9 stress’s day. Values indicate means ±SE with n = 5. Data (stressed plants) significant-

ly different from respective control: * P < 0,05, ** P < 0,01. Means followed by different letters 

are significantly different at P = 0.05, n = 5 
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Summarizing results obtained in our study, the 

combination of water deficit and UV-B activated 

a stress tolerance mechanism in cucumber seedlings. 

The NR activity and synthesis of UV-B absorbing 

compounds were induced in leaves. We observed that 

the deleterious effect of the combined stresses was 

weaker than their summative or individual effects. 

Zang et al. [2011] results demonstrate that UV-B in-

duced up-regulation of NIA 1 may lead to the en-

hancement of NR activity. NR is involved in UV-B 

triggered NO generation and NR-mediated NO genera-

tion is essential for UV-B induced nitrate reductase-

mediated nitric oxide signaling and may resulted in 

UV-B tolerance [Gupta et al. 2011]. An alternative 

oxidative pathways are based on nitric oxide synthase 

(NOS)-like enzyme and polyamine mediated NO gen-

eration [Arasimowicz-Jelonek et al. 2009, Kubiś et al. 

2014]. Bornman et al. [2015] suggesting that UV-B 

radiation has specific regulatory roles in plants growth 

and development that in turn can have beneficial con-

sequences for plant productivity via effects on plant 

hardiness, and improved quality of agricultural product 

with subsequent implication for food security. 

CONCLUSIONS 

The stresses decreased the biomass and total dry 

matter production, generally the growth in the cu-

cumber cotyledons was more limited than in leaves. 

In the leaves, drought and drought/UV-B de-

creased the nitrate content, but these stresses tended 

to increase the nitrate reductase activity. 

Under UV-B radiation, cucumber leaves become 

slightly less sensitive to water stress, protection 

against UV-B radiation can partially involve in-

creased production of UV-B protective pigments – 

slightly increased the SPAD value in cucumber coty-

ledons and leaves was observed. 

The combination of water deficit and UV-B acti-

vated a stress tolerance mechanism in cucumber 

seedlings and the deleterious effect of the combined 

stresses was weaker than their additive or individual 

effects. 

 

REFERENCES 

Alexieva, V., Ivanov, S., Sergiev, I., Karanov, E. (2003). 

Interaction between stresses. Bulg. J. Plant Physiol. 

Special issue, 1–17. 

Andrady, A., Aucamp, P.J., Bais, A.F., Ballare, C.L., 

Bjorn, L.O., Zepp, R.G. (2010). Environmental effects 

of ozone depletion and its interaction with climate 

change: progress report, 2009. Photochem. Photobiol. 

Sci., 9, 275–294. 

Arsimowicz-Jelonek, M., Floryszak-Wieczorek, J., Kubiś, 

J. (2009). Signal interaction between polyamines and 

nitric oxide intermediates cucumber adaptive responses 

to drought.  J. Plant Growth Reg., 28, 177–186. 

Balakumar, T., Selvakumar, V., Sathiameena, K., Murugu 

Ilanchezhian, C., Paliwal, K. (1999). UV-B radiation 

mediated alterations in the nitrate assimilation pathway 

of crop plants. 1. Kinetic characteristics of nitrate re-

ductase. Photosynthetica, 37, 459–467. 

Ballaré, C.L., Caldwell, M.M., Flint, S.D., Robinson, S.A., 

Bornman, J.F. (2011). Effects of solar ultraviolet radia-

tion on terrestrial ecosystems. Patterns, mechanisms, 

and interactions with climate change. Photochem. Pho-

tobiol. Sci., 10, 226–241. 

Bandurska H., Niedziela, J., Chadzinikolau, T. (2013). 

Separate and combined response to water deficit and 

UV-B radiation. Plant Sci., 213, 98–105.  

Blum, A. (2014). Genomics for drought resistance – get-

ting down to earth. Func. Plant Biol., 41, 1191–1198. 

Bornman, J.F., Barnes, P.W., Robinson, S.A., Ballare, 

C.L., Flint, S.D., Caldwell, M.M. (2015). Solar ultravi-

olet radiation and ozone depletion-driven climate 

change: effects on terrestrial ecosystems. Photochem. 

Photobiol. Sci., 14, 88–107. 

Campbel, W.H. (1999). Nitrate reductase structure, func-

tion and regulation: Bridging the gap between bio-

chemistry and physiology. Annu. Rev. Plant Physiol. 

Mol. Biol., 50, 277–303. 

Canovas, F.M., Avila, C., Canton, F.R., Canas, R.A., de la 

Torre, F. (2007). Ammonium assimilation and amino 

acid metabolism in conifers. J. Exp. Bot., 58, 2307–

2318. 

Cataldo, D.A., Maroon, M., Schrader, L.E., Youngs, V.L. 

(1975). Rapid colorimetric determination of nitrate in 

plant tissue by nitration of salicylic acid. Commun. Soil 

Sci. Plant. Anal., 6, 71–80. 



Rybus-Zając, M., Kubiś, J. (2018). Nitrogen metabolism in cucumber cotyledons and leaves exposed to the drought stress and 
excessive UV-B radiation. Acta Sci. Pol. Hortorum Cultus, 17(5), 23–36. DOI: 10.24326/asphc.2018.5.3  
 

 
 

www.hortorumcultus.actapol.net 35 

Eisinger, W., Swartz, T.E., Bogomolni, R.A., Taiz, L. 

(2000). The ultraviolet action spectrum for stomatal 

opening in broad bean. Plant Physiol., 122, 99–106. 

Favory, J.J, Stec, A., Gruber, H., Rizzini, L., Oravecz, A., 

Funk, M., Albert, A., Cloix, C., Jenkins, G.I., Oakeley, 

E.J., Seidlitz, H.K., Nagy, F., Ulm., R. (2009). Interac-

tion of COP1 and UVR8 regulates UV‐B‐induced pho-

tomorphogenesis and stress acclimation in Arabidopsis. 

EMBO J., 28, 591–601. 

Feng, H., Li, S., Xue, L., An, L., Wang X., (2007). The 

interactive effects of enhanced UV-B radiation and soil 

drought on spring wheat. South Afr. J. Bot., 73, 429–

434. 

Frohnmayer, H., Steiger, D. (2003). Ultraviolet-B radia-

tion-mediated responses in plants. Balancing damage 

and protection. Plant Physiol., 133, 1420–1428. 

Ghisi, R.I., Trentin, A.R., Masi, A., Ferretti, M. (2002). 

Carbon and nitrogen metabolism in barley plants ex-

posed to UV-B radiation. Physiol.  Plant., 116,  200–

205. 

Gupta, K.J., Bauwe, H., Mur, L.A.J. (2011). Nitric oxide, 

nitrate reductase and UV-B tolerance. Tree Physiol., 

31, 795–797. 

Gwynn-Jones, D. (2001). Short-term impact of enhanced 

UV-B radiation on photo-assimilate allocation and me-

tabolism: a possible interpretation for time-dependent 

inhibition of growth. Plant Ecol., 154, 67–73.  

Javadmanesh, S., Rahmani, F., Pourakbar, L. (2012). UV-

B radiation, soil salinity, drought stress and their cur-

rent effects on some physiological parameters in maize 

plant. Am.-Euras. J. Toxicol. Sci., 4, 154–164. 

Jaworski, E.G. (1971). Nitrate reductase assay in intact 

plant tissues. Biochem. Biophys. Res. Commun., 43, 

1274–1279. 

Krywult, M., Karolak, A., Bytnerowicz, A. (1996). Nitrate 

reductase activity as an indicator of Ponderosa pine re-

sponse to atmospheric nitrogen deposition in San Bar-

nardino Mountains. Environ. Poll., 93, 141–146. 

Krywult, M., Smykla, J., Kinnunen, H., Martz, F., Sutinen, 

M-L., Lakkala, K., Turunen, M. (2008). Influence of 

solar UV-B radiation on nitrogen metabolism in nee-

dles of Scots pine (Pinus silvestris L.). Environ. Poll., 

156, 1105–1111. 

Krywult, M., Turunen, M., Sutinen, M.-L., Derome, K., 

Norokorpi, Y. (2002). Nitrate reductase activity in 

some subarctic species and UV-B influence in the foli-

age of Betula pendula Roth. Seedlings. Sci. Total Envi-

ron., 284, 149–155. 

Kubiś, J., Rybus-Zając, M. (2008). Drought and enhanced 

UV-B radiation differentially alter the antioxidant sys-

tem in cucumber leaves. Acta Biol. Cracov. ser. Bot., 

50, 35–41. 

Kubiś, J., Floryszak-Wieczorek, J., Arsimowicz-Jelonek, 

M. (2014). Polyamines induce adaptive responses in 

water deficit stressed cucumber roots. J. Plant Res., 

127, 151–158.   
McKenzie, R.L., Björn, L.O., Bais, A., Ilyas, M. (2003). 

Changes in biologically active ultraviolet radiation 

reaching the Earth’s surface. Photochem. Photobiol. 

Sci., 2, 5–15. 

Mittler R., 2006. Abiotic stress, the field environment and 

stress combination. Trends Plant Sci., 11, 15–19. 

Norby, R.J., Weerasuriya, Y., Hanson, P.J. (1989). Induc-

tion of nitrate reductase activity in red spruce needles 

by NO2 and HNO3 vapor. Can. J. For. Res., 19, 889–

896. 

Quaggiotti, S., Trentin, A.R., Vecchia, F.D., Ghisi, R. 

(2004). Response of maize (Zea mays L.) nitrate reduc-

tase to UV-B radiation. Plant Sci., 167, 107–116. 

Rajendiran, K., Ramanujam, M.P. (2006). Interactive ef-

fects of UV-B irradiation and triadimefon on nodula-

tion and nitrogen metabolism in Vigna radiata plants. 

Biol. Plant., 50, 709–712. 

Rybus-Zając, M.,  Kubiś, J. (2010). Effect of UV-B radia-

tion on antioxidative enzyme activity in cucumber 

cotyledons. Acta Biol. Cracov. ser. Bot., 52, 19, 97–

102. 

Rybus-Zając, M.,  Korbas, A., Kubiś, J. (2017). The effect 

of drought stress and excessive UV-B radiation on the 

membrane status in cucumber cotyledons and leaves. 

EJPAU 20(4), 7. 

Scharf, P.C., Brouder, M.S., Hoeft, R.G. (2006). Chloro-

phyll meter readings can predict nitrogen need and 

yield response of corn in the North-Central USA. 

Agron. J., 98, 655–665.  

Sudaroli Sudha, J., Rajendiran, K. (2013). Effect of elevat-

ed UV-B irradiation on the nodulation and nitrogen 

metabolism in Sesbania grandiflora (L.). Int. J. Sci. 

Nat., 4, 664–667. 

Sullivan, J.H., Teramura, A.H. (1990). Field study of the 

interaction between solar ultraviolet-B radiation abd 

drought on photosynthesis and growth in soybean. 

Plant Physiol., 92, 141–146.  

Tuteja, N., Singh, M.B., Misra, M.K., Bhalla, P.L., Tuteja, 

R. (2001). Molecular mechanisms of DNA damage and  

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Eisinger%20W%5BAuthor%5D&cauthor=true&cauthor_uid=10631253
https://www.ncbi.nlm.nih.gov/pubmed/?term=Swartz%20TE%5BAuthor%5D&cauthor=true&cauthor_uid=10631253
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bogomolni%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=10631253
https://www.ncbi.nlm.nih.gov/pubmed/?term=Taiz%20L%5BAuthor%5D&cauthor=true&cauthor_uid=10631253
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC58848/


Rybus-Zając, M., Kubiś, J. (2018). Nitrogen metabolism in cucumber cotyledons and leaves exposed to the drought stress and 
excessive UV-B radiation. Acta Sci. Pol. Hortorum Cultus, 17(5), 23–36. DOI: 10.24326/asphc.2018.5.3  
 

 

 

www.hortorumcultus.actapol.net 36 

repair: progress in plants. Crit. Rev. Biochem. Mol. Bi-

ol., 36, 337–397. 

Ulm, R., Jenkins G.I. 2015. Q&A: How do plants sense 

and respond to UV-B radiation? BMC Biology, 13, 45, 

1–7. 

UNEP, 2002. Executive summary. Final of UNEP/WMO 

Scientific Assessment of Ozone Depletion: 2002. Pre-

pared by the Scientific Assessment Panel of the Mon-

treal Protocol on Substances that Deplete the Ozone 

Layer. UNEP, Nairobi (released 23 August 2002). 

Valliyodan, B., Nguyen, H.T., (2006). Understanding 

regulatory networks and engineering for enhanced 

drought tolerance in plants. Curr. Opin. Plant Biol., 9, 

1–7.  

Van de Staaij, J.W.M., Ernst, W.H.O., Hakvort, H.V.J., 

Rozema, J. (1995). Ultraviolet B (290–320 nm) absorb-

ing pigments in the leaves of Silene vulgaris: their role 

in UV-B tolerance. J. Plant Physiol., 147, 75–80. 

Singh, V.P. Singh, S., Prasad, S.M., Parihar, P. (2017). 

UV‐B radiation: from environmental stressor to regula-

tor of plant growth.John Wiley & Sons,Oxford. 

Vijayalakshmi, R., Rajendiran, K. (2014). Impact of ultra-

violet-B radiation on nodulation and nitrogen metabo-

lism in Cyamopsis tetragonoloba (L.) Taub. Var. PNB. 

Inter. J. Geol., 4, 78–82.  

Weatherley, P.E. (1950). Studies in water relations of the 

cotton plants. I. The field measurement of water defi-

cits in leaves. New Phytol., 49, 81–97.  

Zlatev, Z.S., Lidon, F.J.C., Kaimakanova, M. (2012). Plant 

physiological responses to UV-B radiation. Emir. 

J. Food Agric., 24, 481–501. 

Zhang, M., Dong, J.F., Jin, H.H., Sun, L.N., Xu, M.J. 

(2011). Ultraviolet-B-induced flavonoid accumulation 

in Betula pendula leaves is dependent upon nitrate re-

ductase-mediated nitric oxide signalling. Tree Physiol., 

31, 798–807. 

 


