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Abstract The impact of supplemental ultraviolet-B

(sUV-B; 280–315 nm; ?7.2 kJ m-2 d-1) radiation was

studied on various physiological parameters, antioxidative

potential and metabolites of Solanum tuberosum L. cv.

Kufri Badshah plants under varying levels of soil NPK.

The N, P and K treatments were: the recommended dose of

N, P and K; 1.5 times the recommended dose of N, P and

K; 1.5 times the recommended dose of N and 1.5 times the

recommended dose of K. The recommended NPK level

provided maximum protection to photosynthetic assimila-

tion under sUV-B radiation, while stomatal conductance

was best at 1.5 times the recommended NPK. Carbon

dioxide assimilation declined maximally at 1.5 times the

recommended N/K under sUV-B radiation. Plants grown at

the recommended NPK and 1.5 times the recommended

NPK levels showed higher superoxide dismutase, peroxi-

dase and ascorbate peroxidase activities under sUV-B

radiation compared to 1.5 times the recommended N/K

levels. sUV-B significantly increased total phenolics and

flavonoids in plants at the recommended and 1.5 times the

recommended NPK, while flavonoids declined at 1.5 times

the recommended N. This study clearly showed that NPK

amendment provided maximum protection to photosyn-

thetic assimilation of potato plants under sUV-B radiation,

activating the antioxidative defense system as well as

flavonoids. NPK at 1.5 times the recommended dose,

however, did not cause any additional benefit to

photosynthetic carbon fixation; hence the recommended

dose of NPK is found to be the best suited dose of fertilizer

under ambient as well as sUV-B regime.
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Introduction

Stratospheric ozone (O3) layer depletion increases solar

ultraviolet-B (UV-B) radiation (280–315 nm) on the Earth’s

surface. Natural variations in UV-B radiation are observed

frequently at the ground level. These variations are produced

by the natural latitudinal gradient in total atmospheric O3

column, prevailing thickness, solar angles at different lati-

tudes, elevation above sea level and optical amplification

effect. Thus, the amount of UV-B radiation reaching the

tropical latitudes is higher than the temperate regions (Surabhi

et al. 2009). Sahoo et al. (2005) observed significant declining

trend of total ozone column (TOC) over numerous stations

lying in the northern part of India, suggesting potential vul-

nerability of plants to UV-B under field conditions.

Plants absorb photons to power the photosynthesis; thus

they are inevitably exposed to UV-B (Paul and Gwynn-

Jones 2003). Investigations of the modified effects of UV-B

radiation on plants have been carried out in growth cham-

bers, greenhouse and in the field. UV-B affected morpho-

logical, physiological and metabolic responses including

altered plant growth, reduced yield, damage to photosystem

II and decrease in chlorophyll content (Germ et al. 2005).

Plants can produce a wide range of UV-B absorbing com-

pounds to protect themselves from UV-B radiation damage,

and these substances tend to accumulate in the leaves of

higher plants (Dolzhenko et al. 2010). Also, plants are able
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to activate antioxidant enzymes which scavenge free radi-

cals, thus offering protection to lipids, proteins and nucleic

acids (reviewed by Agrawal et al. 2009). UV-B radiation can

impair all major processes of photosynthesis including

photochemical reactions in thylakoid membranes, enzymatic

processes in the Calvin cycle and stomatal limitations to

CO2 diffusion (Allen et al. 1998).

Under realistic field conditions, plants are exposed to

multiple environmental factors such as drought, tempera-

ture, heavy metals and nutrients, which may modify the

plant’s response to UV-B (Prasad et al. 2005; Singh et al.

2011a; Agrawal and Rathore 2007). Phosphorus deficiency

in soil led soybean plants to be less sensitive to UV-B than

plants grown at optimum P levels due to accumulation of

secondary compounds and leaf thickening (Murali and

Teramura 1985). Study of the response of potato to UV-B

in a growth chamber reported increased flavonoid content,

slight reduction in chlorophyll and protein contents and

activation in antioxidant defense (Santos et al. 2004). Singh

et al. (2011b) observed that potato plants grown at higher

than recommended NPK utilized the resources in promot-

ing growth, whereas recommended NPK maintained the

balance between growth and yield even under UV-B stress.

Since the major nutrients (NPK) play important role in

the development of plants by modifying various physio-

logical and metabolic activities, the present study investi-

gates the interactive influence of UV-B radiation and

varying levels of NPK on an important vegetable crop,

Solanum tuberosum L. var Kufri Badshah (Potato) grown

under ambient and supplemental UV-BBE (ambi-

ent ? 7.2 kJ m-2 d-1 biologically effective UV-B above

ambient UV-B level) under natural field conditions to

determine the supplemental UV-B effects on (1) chloro-

phyll fluorescence, CO2 assimilation and gas exchange; (2)

enzymatic and non-enzymatic antioxidative potential and

metabolites; (3) starch partitioning to understand the

mechanism of action involved in growth and yield

reductions.

This study is a part of an experiment conducted by Singh

et al. (2011b), in which the growth and yield responses of

test plant to UV-B and different nutrient regimes were

reported. The present study aimed to assess the physio-

logical and biochemical mechanism in test plants under

sUV-B at different NPK levels and to correlate these

mechanisms with growth and yield.

Materials and methods

Experiment site and plant material

The field experiment was conducted from November 2006

to February 2007 at the Botanical Garden of Banaras Hindu

University, Varanasi, Uttar Pradesh (25�810N, 83�10E;

76 m above sea level), situated in the mid Gangetic plain of

India. During the experiment, the mean temperature ranged

from 13.6 to 28.4 �C, mean relative humidity from 38.8 to

72.5 % and total rainfall was 114.3 mm. Photosyntheti-

cally active radiation (PAR) averaged 1,000 lmol m-2 s-1

at midday.

Potato (S. tuberosum L.) var. Kufri Badshah was

selected as the test plant and it was developed and released

by the Central Power Research Institute (CPRI) and All

India Co-ordinated Pulses Improvement Project (AICPIP).

Experimental design and NPK application

The experimental design was a split plot with UV-B

treatment as main plot and NPK treatment as subplots

randomized within the whole plot, with three replicates per

treatment. The experiment had three factors: (1) UV-B

treatment, (2) four NPK amendments and (3) plant age.

The four NPK treatments were: the recommended dose of

NPK (F0), 1.5 times the recommended dose of NPK (F1),

1.5 times the recommended dose of N (F2) and 1.5 times

the recommended dose of K (F3). For convenience, control

plants grown at ambient UV-B were designated F0C, F1C,

F2C and F3C, and the corresponding UV-B treated plants as

F0T, F1T, F2T and F3T. The recommended doses of NPK

were 150, 100 and 30 kg ha-1, respectively. A half dose of

N and full doses of P and K were given as a basal dressing

before sowing tubers, and a further half dose of N was

given as a top dressing after 7 of germination.

Before sowing the tubers, the soil was sampled for

estimating NPK levels and then the deficits from the

required level were added. The actual and deficit amounts

added to reach the required concentration of NPK in the

soil are given in Table 1. The actual concentrations of NPK

after addition of NPK are given in Table 1. Potato tubers

were sown in rows in 24 plots of 1 9 1 m each. For each

treatment three replicate plots were maintained. Potato

tubers were sown on ridges, with 45 cm spacing between

ridges. Plants were thinned to maintain a distance of 20 cm

between plants in each row for uniformity in growth. Plants

were watered uniformly.

sUV-B treatment

sUV-B was artificially provided with Q panel UV-B 313 40

W fluorescent lamps (Q Panel Inc., Cleveland, OH, USA).

Three lamps (120 cm long) per bank were fitted 30 cm

apart on a steel frame and suspended perpendicular to the

planted rows of each plot. The lamps were covered with

either a 0.13 mm cellulose diacetate filter (transmission

down to 280 nm) for supplemental UV-B (sUV-B) or a

0.13 mm polyester filter (absorbed radiation below
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320 nm) for the control. The control plants thus received

only ambient levels of UV-B. Cellulose diacetate removes

UV-C wavelengths emitted by lamps, which otherwise are

not a component of natural sunlight. Lamps in frames were

adjusted weekly to a distance of 50 cm above the plants

to provide mean supplemental UV-B radiation of

7.2 kJ m-2 d-1 (unweighted) to plant apices for 3 h daily

over the middle of the photoperiod. The UV-B irradiance at

plant apices under the lamps was measured with an ultra-

violet intensity meter (UVP Inc., San Gabriel, CA, USA).

The readings were converted to UVBBE values by com-

parison with a Spectro Power meter (Scientech, Boulder,

CO, USA). Plants under polyester filtered lamps received

only ambient UV-B (9.6 kJ m-2 d-1) at the summer sol-

stice, weighted against the generalized plant response

action spectrum of Caldwell (1971). The plants beneath the

cellulose diacetate film received ambient ? sUV-B

(ambient ? 7.2 kJ m-2 d-1) that mimicked a 20 %

reduction in stratospheric ozone at Varanasi during clear

sky conditions (Green et al. 1980), normalized at 300 nm,

zero albedo and 1.0 scatter.

Physiological parameters

Photosynthetic rate (Ps) and stomatal conductance (gs)

were measured using portable photosynthetic system

(Model LI-6200, LI-COR, Lincoln, NE) at 40 and 60 days

after germination (DAG). The measurements were made

on the third fully expanded leaf from the top of plants on

cloud free days between 08.00 and 10.00 h local time on

three randomly selected plants in each plot. During the

measurements, photosynthetically active radiation ranged

between 1,100 and 1,200 lmol m-2 s-1 (Model LI-6200,

LI-COR, Lincoln, NE). The system was calibrated using a

known CO2 source of 509 ppm concentration. During

measurement of photosynthesis, the mean temperature

ranged between 15.5 and 16.2 �C, relative humidity ran-

ged between 45.3 and 47.8 %. Water use efficiency

(WUE) was calculated as a ratio of photosynthesis to

transpiration.

Chlorophyll fluorescence characteristics such as initial

fluorescence (F0), maximum fluorescence (Fm), variable

fluorescence (Fv = Fm – F0) and Fv/Fm ratio were mea-

sured for the different treatments. Chlorophyll fluorescence

was determined between 10.00 and 11.00 h using portable

plant efficiency analyzer (PEA, Hansatech Instruments

Ltd., UK) on the same leaves where Ps was measured. Leaf

clips for dark adaptation were placed on the adaxial side of

the leaves for 30 min before measurement at saturating

flash of 3,000 lmol m-2 s-1.

Estimation of pigments, antioxidants and metabolites

Random samplings of leaves were done in triplicate at 40

and 80 DAG from each plot and were cut and stored at

-20 �C before analyses of photosynthetic pigments, anti-

oxidants and metabolites. There were nine replicates of

each treatment.

Pigments

For pigment determination, 500 mg of leaf samples was

homogenized in 10 ml of 80 % acetone and centrifuged at

6,0009g for 15 min. The optical densities (O.D.) of

supernatant were measured at 645 and 663 nm for chlo-

rophylls on a UV–VIS spectrophotometer (Systronics

Model 119, India). The amounts of chlorophyll a and b

were calculated by using the formulae given by Maclachlan

and Zalik (1963). For flavonoids determination, 0.1 g of

leaf discs of 100 mm2 was taken and extracted in 10 ml of

acidified methanol (79:20:1 v/v, methanol, water, HCl)

according to the procedure of Mirecki and Teramura

(1984). Extract absorbance at 305 nm measured on a UV–

VIS spectrophotometer (Model 119, Systronics, India) was

used as a measure of flavonoid content.

Lipid peroxidation

Lipid peroxidation (LPO) in the leaf tissues was deter-

mined in terms of malondialdehyde (MDA, a product of

LPO) content by thiochloroacetic acid (TCA) reaction as

described by Heath and Packer (1968).

Antioxidants and metabolites

Peroxidase (POX) activity was determined by using the

method of Britton and Mehley (1955). Superoxide dismutase

(SOD) activity was assayed according to the method of

Table 1 Recommended, deficit and actual amount of NPK added for attaining the required NPK level in the soil

Recommended

NPK (kg ha-1)

1.5 9 recommended

NPK (kg ha-1)

1.5 9 recommended

N (kg ha-1)

1.5 9 recommended

K (kg ha-1)

Recommended amount 150:100:30 225:150:45 225 45

Deficit amount added 40:40:9 115:90:24 115 24

Actual concentrations of NPK 144.6:98.6:28.9 223.7:148.9:43.7 222.5 43.1
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Fridovich (1974). Ascorbate peroxidase (APX) activity was

measured spectrophotometrically using the methods descri-

bed by Nakano and Asada (1987). For protein extraction,

fresh leaves were homogenized in tris buffer (0.1 M) fol-

lowed by mixing of TCA (10 %) and then dissolved into

0.1 N NaOH. Estimation of protein was done by the method

of Lowry et al. (1951). For ascorbic acid, leaf samples were

homogenized in oxalic acid and NaEDTA extraction solu-

tion. 2, 6-dichlorophenol-indophenol dye was used to

develop color and the absorbance was taken at 520 nm.

Ascorbic acid content was quantified using the method of

Keller and Schwager (1977). Phenol content was estimated

by homogenizing the leaf sample in acetone and then using

Folin–Ciocalteu reagent and Na2CO3 (Bray and Thorpe

1954). Determination of proline was performed by ninhydrin

test as described by Bates et al. (1973).

Starch content

For starch measurement, three plants were harvested at 60

DAG from each replicate plot of each treatment. Roots

were washed properly under running tap water. After

separating different plant parts, i.e., leaf, stem, stolon and

tuber. The materials were oven dried at 90 �C in a hot air

oven till a constant weight is achieved. The dried material

was ground in a stainless steel grinder and passed through a

sieve of 1 mm. The dried material is used for measurement

of starch using the method of Dubois et al. (1956). Starch

partitioning was calculated by dividing the starch of an

organ by the total starch, multiplied by 100.

NPK content

For N, P and K analysis, from each replicate treatment plot

(3), leaves (3) from three plants were harvested at 60 DAG.

Leaves collected from each plant were treated as one

replicate. For determination of P and K, 0.1 g of the

powdered sample was digested in a mixture of HClO4,

HNO3 and H2SO4 (5:1:1) by following the method of Allen

et al. (1986). The digested samples were filtered through

Whatman no. 42 filter paper and the volume was main-

tained at 25 ml with distilled water. The concentration of K

in the filtered solution was determined with the help of an

atomic absorption spectrophotometer (Model 2380, Perkin

Elmer, USA), and of P by the method given by Jackson

(1958). Total N was quantified by micro-kjeldahl technique

through Gerhardt Automatic N Analyzer (Model KB8S,

Germany).

Statistical analysis of data

The statistical significance of the data for biochemical and

physiological parameters was tested through three-way

analysis of variance (ANOVA) tests to examine the indi-

vidual and combined effects of age, NPK amendment and

UV-B treatment, and two-way ANOVA tests to examine

the individual and combined effects of NPK amendment

and UV-B treatment on leaf starch content. Significantly

different means between control and its respective sUV-B

treated plants were calculated using the ‘Student’s t test’.

All the statistical tests were performed using SPSS soft-

ware (SPSS Inc., version 16.0).

Results and discussion

Significant negative impacts of sUV-B on different mea-

sured parameters of potato plants were observed under

varying NPK levels.

Stress indicator

Three-way ANOVA showed that the individual factors of

age (A), NPK (N) and UV-B treatment (T) and their

interactions significantly affected MDA and chlorophyll

content, gs and WUE, while Ps varied with all the indi-

vidual factors and their interactions except A 9 T and

A 9 N 9 T interactions (Table 2).

Malondialdehyde (MDA), an indicator of lipid per-

oxidation, increased significantly due to sUV-B treatment

under all NPK levels and at all ages (Fig. 1). Lipid

peroxidation, representing the damage to cellular mem-

branes, has been reported to accelerate in plants under

UV-B (Panagopoulos et al. 1990). Percent increments in

MDA content in F0T, F1T, F2T and F3T plants were

20.6, 30.2, 58.7 and 86.5, respectively, at 80 DAG

compared to their corresponding controls (Fig. 1). Simi-

larly, Kumari et al. (2009) also reported 194.5 % incre-

ment in MDA content of Abelmoschus esculentus under

sUV-B radiation of 1.8 kJ m-2 d-1 over the ambient

dose. F2T and F3T plants grown under no additional P

showed maximum MDA content, suggesting that plants

under low P recover phosphate from lipids and nucleic

acids (Schachtman and Shin 2007). Ticconi and Abel

(2004) showed that under low P availability, lipid com-

position shifts from phospholipids to more galacto- and

sulfolipids. Phospholipid imparts rigidity to cell mem-

brane and its loss or conversion to some other form

causes excessive membrane fluidity or lipid peroxidation,

which may enhance cell permeability and cell death

during stress (Huang 2010). Comparatively higher P

content observed at 60 DAG in F2T may have helped to

maintain the membrane integrity and function as evi-

denced by lower MDA content at 40 DAG, while at 80

DAG a sharp decline in N content in leaves may have

led to higher MDA content (Fig. 1). Huang et al. (2004)
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reported overaccumulation of MDA in N-deficient rice

plants.

Increase in lipid peroxidation enhanced the photodisin-

tegration of thylakoid membrane of chloroplast leading to

the loss of chlorophyll under UV-B treatment at all NPK

levels. Total chlorophyll content decreased in F0T (27.1

and 16.5 %), F1T (16.7 and 3.3 %), F2T (30.9 and 19.1 %)

and F3T (25.3 and 49.5 %) plants compared to their

respective controls at both ages (40 and 80 DAG) of

observations (Fig. 1). Teramura (1983) attributed reduction

in chlorophyll a and b to inhibition of biosynthesis or

degradation of chlorophyll and their precursors under

enhanced UV-B. sUV-B is known to cause photooxidation

of newly synthesized pigments (Strid and Porra 1992) and

damage to the photosystem proteins, which may modify the

assembly of chlorophyll during chloroplast development.

Chlorophyll content (absolute term) was maximum in F1C

and minimum in F3C among the controls. Sosik and

Mitchell (1991) also reported that increase in N content in

soil led to increments in chlorophyll a and b in Dunaliella

tertiolecta. But the loss of pigment relative to the respec-

tive controls under sUV-B was maximum in F2T at 40

DAG and F3T at 80 DAG, and minimum in F1T at both

ages. As chlorophyll molecules contain a majority of foliar

N (Peterson et al. 1993), the higher than the recommended

dose of N (F1) may have helped in retaining higher chlo-

rophyll compared to the recommended NPK even under

UV-B stress. Higher phosphorus and potassium availability

has been shown to increase chlorophyll content in maize

(Jiang et al. 2007) and marigold (Pal and Ghosh 2010).

Availability of higher than recommended level of N in F2C

could not help the plants in maintaining chlorophyll

because of low actual leaf N concentration. Leaf N content

in F2T plants was lowest among all the treatments. Crops

that are grown in soil low in K show low total N uptake

(Jones et al. 2011).

Photosynthesis rate did not differ significantly between

control (F0C) and UV-B treated (F0T) plants under the

recommended NPK (Table 3), however, decreased in F1T,

F2T and F3T compared to F1C, F2C and F3C, respectively

(Table 3). The trend of reduction was F3T = F2T [ F1T.

This suggests that the photosynthetic apparatus of potato

adapts and readily tolerates ambient and supplemental UV-

B when supplied with the recommended NPK. Significant

reductions in stomatal conductance were, however,

observed under sUV-B treatment at all NPK amendments,

the maximum decline being in F2T (31.0 and 44.2 %) and

minimum in F1T (7.6 and 13.9 %) plants at 40 and 60

DAG, respectively, compared to their controls (Table 3).

Reduction in CO2 assimilation is associated with stomatal

closure, which simultaneously reduces water loss (Peña-

rojas et al. 2004). The absence of reduction in Ps with a

reduction in gs in F0T compared to F0C suggests that there

may have been biochemical compensation within the

photosynthetic apparatus. Nogués et al. (1998) also recor-

ded that photosynthesis rate did not correspond directly to

Table 2 F-ratios and levels of

significance of three-way

ANOVA test for different

parameters of potato

Level of significance: ns not

significant

* p B 0.05, ** p B 0.01,

*** p B 0.001

Age (A) NPK (N) Treatment

(T)

A 9 T A 9 N N 9 T A 9 N 9 T

Photosynthesis 318.9*** 750.2*** 272.1*** 0.12ns 2.9* 7.8*** 0.93ns

Stomatal

conductance

2,458.5*** 2,033.1*** 488.4*** 22.3*** 42.8*** 30.3*** 13.4***

Water use

efficiency

343.3*** 205.0*** 30.4*** 44.6*** 3.4* 5.5** 13.3***

Chlorophyll 2,557.5*** 6,899.7*** 1,655.8*** 183.7*** 112.7*** 28.6*** 54.7***

Flavonoids 50.5*** 123.6*** 140.9*** 30.9*** 36.2*** 43.7*** 0.37ns

MDA content 728.2*** 68.8*** 252.1*** 7.6** 37.6*** 24.4*** 3.1*

SOD 4,019.0*** 241.4*** 1,436.7*** 181.5*** 66.8*** 124.7*** 79.3***

POX 174.5*** 421.3*** 65.5*** 1.4ns 21.7*** 79.1*** 135.1***

APX 341.2*** 357.9*** 0.05ns 103.1*** 289.8*** 285.6*** 258.9***

Ascorbic acid 9.4** 59.8*** 21.3*** 13.5*** 1.6ns 28.4*** 33.5***

Phenol 3,837.5*** 4,414.1*** 384.7*** 64.9*** 123.7*** 418.3*** 195.8***

Protein 826.5*** 38.2*** 259.6*** 4.9* 44.0*** 10.4*** 33.3***

Proline 5,192.9*** 575.5*** 2,652.3*** 394.3*** 449.3*** 122.3*** 62.7***

Initial

fluorescence

426.7*** 5.2*** 7.5*** 0.15ns 17.8*** 20.0*** 0.14ns

Fm 232.4*** 251.9*** 88.1*** 0.23ns 32.7*** 22.7*** 0.18ns

Fv 510.6*** 225.5*** 70.8*** 0.11ns 42.6*** 28.0*** 0.30ns

Fv/Fm 1,053.1*** 1,605.1*** 22.3*** 944.8*** 49.6*** 144.4*** 58.9***
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stomatal conductance under UV-B in pea. In C3 plants,

when stomata close in response to UV-B and CO2 assim-

ilation is reduced, the photosynthetic reduction of O2 via

photorespiration increases and serves as a sink for excess

excitation in the photosynthetic apparatus (Cornic and

Briantais 1991). However, increase in the photorespiratory

reduction of O2 is not sufficient to dissipate the excess

excitation energy in PSII antennae, and consequently

increased dissipation of this energy as heat occurs to

minimize photodamage to the PSII reaction centers (Baker

1994).

The performance of the photosynthetic system depends

on many factors including the quenching efficiency of light

during the photochemical reactions. Measurement of the

chlorophyll a fluorescence is a quick, precise and non-

destructive technique, widely used in investigating dam-

age/repair caused in the photosynthetic plant system by

various types of stresses (Govindjee 1995). Ps was more

affected in F2T and F3T at both ages, but Fv/Fm remained

unaffected at 40 DAG, reflecting sensitivity of dark reac-

tion in these treatments (Table 3). At 60 DAG, however,

maximum reduction of Fv/Fm in F3T plants directly cor-

responded with decrease in Ps (Table 3). On the other hand,

significant decrease in gas exchange parameters in F2T

under sUV-B radiation with insignificant (40 DAG) or

relatively small decrease (at 60 DAG) in Fv/Fm suggests

that the demands for reductants and ATP have decreased

dramatically (Demmig-Adams et al. 1996), which may be a

factor for the closure of PSII reaction centers. Non-func-

tional PSII centers may act as dissipative sinks, thereby

decreasing F0 (Bjoerkman and Demming 1987), which may

be accounted for by the decreasing trend in F1T and F2T,

although this was statistically insignificant in F2T. sUV-B

radiation led to significant reductions of 11.4, 10.6 and

5.5 % in Fm values of F1T, F2T and F3T plants at 60 DAG

compared to controls (Table 3). Contrasting response of

F0T and F3T with respect to Fm and Ps revealed that the

decrease in Fm in F0T was not related to damage, but

resulted from a safe down-regulation of PSII efficiency

through increases in non-radiative energy dissipation

(Demmig-Adams et al. 1996). More reduction in gs in F3T

than F0T might have further increased the reduced state of

quinone acceptor (Lovelock and Winter 1996). An increase

in reduction state of PSII may have exposed the leaves to

damage, thus leading to larger decline in Fv/Fm, as was

observed in F3T compared to other UV-B treatments at 60

DAG. Hikosaka et al. (2004) examined the relationship

between Fv/Fm and CO2 assimilation rate in photoinhibited

Chenopodium album L. and reported that CO2 assimilation

rate declined in parallel with decreasing Fv/Fm. Three-way

ANOVA results confirmed that interactive effects of

A 9 T and A 9 N 9 T did not significantly affect Fm, F0

and Fv (Table 2).

WUE decreased in F1T (19.2 %) at 40 DAG, whereas it

increased in F1T (16.9 %) plants at 80 DAG (Table 3). The

increase in WUE despite reduction in photosynthesis can

be ascribed to less reduction in Ps than transpiration (Jones

1993). Many studies have reported that sUV-B radiation

induced a decrease in instantaneous WUE under growth

chamber, greenhouses and field conditions (Greitner and

Winner 1988). However, Greitner and Winner (1988)

reported that the impact of UV-B on carbon fixation was

smaller than on stomatal conductance, and therefore

improvement in WUE was observed. Qaderi et al. (2007)

also reported reduction in WUE (14.9 %) of Siliquas sp.

grown under 4.2 kJ m-2 d-1 of UV-B. Maximum reduc-

tion in WUE was recorded in F3T plants grown at low N

and low P. Virgona and Farquhar (1996) also observed low

WUE under low N-supply, while higher WUE was repor-

ted with high N in Ipomoea batatas (Kelm et al. 2001).

Fig. 1 Effects of sUV-B treatment on MDA, total chlorophyll and

flavonoid content of potato plants under varying NPK levels at 40 and

80 DAG. Values are mean ± 1SE. Level of significance between

control and sUV-B treated plants: ns, not significant, *p \ 0.05,

**p \ 0.01, ***p \ 0.001. F0: recommended dose of NPK; F1: 1.5

times the recommended dose of NPK; F2: 1.5 times the recommended

dose of N; F3: 1.5 times the recommended dose of K
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Antioxidant and biochemical responses

Flavonoids varied significantly with age, NPK and UV-B

treatment and their interactions, except A 9 N 9 T inter-

action (Table 2). The UV-B screening ability of flavonoids

is known to reduce the degree of damage to the photo-

synthetic tissue. An increase in flavonoid content in

response to low availability of N and P has been previously

reported (Müller et al. 2007). The percent change in

flavonoids, however, was highest in F0T plants compared

to the respective controls at both ages of observation

(Fig. 1). Flavonoid accumulation was maximum in F3C

plants at 80 DAG and F0C at 40 DAG. Despite the maxi-

mum accumulation of flavonoids in F3T plants at 80 DAG,

the negative effects of UV-B on the photosynthetic appa-

ratus could not be prevented; however, in F0T, maximum

protection to photosynthetic machinery was observed. N, P

and K in combination induced flavonoid synthesis under

sUV-B radiation in F0T and F1T plants at both the ages

(Fig. 1). At low leaf N concentration (F2), as a conse-

quence of UV-B exposure, upregulation of secondary

metabolism was lower than at the recommended (F0), 1.5

times the recommended NPK (F1) or higher K (F3).

SOD, POX and APX activities significantly varied with

age, NPK, UV-B treatments and their interactions except

POX, which did not vary with A 9 T (Table 2). UV-B

exposure enhances the generation of reactive oxygen species,

and the plants metabolize them by invoking the antioxidant

defense system. Transcripts of key enzymes of antioxidative

enzyme systems are induced by UV-B (Willekens et al. 1994).

sUV-B led to increments in SOD activities in F0T (29.7 and

38.4 %), F1T (29.5 and 55.6 %) and F3T (8.5 and 36.9 %)

plants with maximum increment under 1.5 times NPK (F1T) at

both the ages of observations (Fig. 2). Singh et al. (2010) also

observed increase in SOD activity in radish plants under same

UV-B exposure level. SOD activity decreased in Coffea

arabica grown without N as well as at higher N level, while it

was increased at the intermediate level (Ramalho et al. 1998).

POX activity increased in F0T (46.1 and 65.8 %) and F1T

(32.8 and 119.5 %), but decreased in F2T (73.1 and 45.6 %)

and F3T (79.4 and 35.9 %) plants under sUV-B radiation

compared to their respective controls (Fig. 2). However,

Singh et al. (2010) observed an increment in POX activity in

radish under sUV-B irradiation grown in field conditions.

Singh et al. (2012) also observed reductions in POX activities

in radish plants grown at the 1.5 times the recommended N/K

and exposed to the same UV-B level. F2T and F3T plants

showed lesser APX and POX activities (Fig. 2); therefore the

conversion of produced H2O2 to H2O was not efficiently

performed as is evident from higher MDA content in the same

treatments. UV-B radiation, however, increased APX activity

in A. thaliana (Rao et al. 1996) and Acer mono maxim (Yao

and Liu 2006). Higher increase in SOD in F0T and F1T led to

lower increase in MDA content (Figs. 1, 2). POX and APX

activities also increased in F0T and F1T, which may have

reduced the oxidative stress, thus reducing lipid peroxidation.

Three-way ANOVA results showed that individual

factors of age, NPK and UV-B treatment and their inter-

actions significantly affected ascorbic acid, phenol, protein

and proline except ascorbic acid, which did not vary with

A 9 N interaction (Table 2). Ascorbic acid increased by

98.7 and 93.4 % in F0T and F2T plants under sUV-B

radiation at 40 DAG (Fig. 3). Agrawal and Rathore (2007),

however, observed significant reduction in ascorbic acid

content in wheat and mung bean plants under sUV-B

radiation with less reduction under the recommended NPK

treatment and also showed that the sensitive wheat plant

showed more reduction than mung bean.

At both ages of observation, proline content increased

significantly at all NPK levels under sUV-B radiation with

maximum increments in F1T (219.4 and 91.5 %) and F2T

Fig. 2 Effects of sUV-B treatment on superoxide dismutase (SOD),

ascorbate peroxidase (APX) and peroxidase (POX) activities of potato

plants under varying NPK levels at 40 and 80 DAG. Values are

mean ± 1SE. Level of significance between control and sUV-B

treated plants: ns, not significant, *p \ 0.05, **p \ 0.01,

***p \ 0.001. F0: recommended dose of NPK; F1: 1.5 times the

recommended dose of NPK; F2: 1.5 times the recommended dose of

N; F3: 1.5 times the recommended dose of K
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(137.7 and 89.8 %) at 40 and 80 DAG, respectively,

compared to their controls (Fig. 3). Alia Saradhi et al.

(1995) also found that plants exposed to UV-B radiation

accumulate proline and suggested that it can protect plant

cells against UV-B radiation-induced peroxidative pro-

cesses. The trend of the present study, however, did not

show a direct correlation between proline content and

UV-B tolerance.

Age-wise differential response of plants for phenolic

content was observed against sUV-B at varying NPK levels

(Fig. 3). Total phenolics was maximum in F3C plants and,

as a consequence of UV-B treatment, increased in F0T

(59.9 %), F1T (52.8 %) and F3T (19.0 %), whereas F2T

(43.9 %) exhibited reduction at 80 DAG (Fig. 3). The total

phenolics were highest under 1.5 times the recommended

K which support Vergeer and van der Velde (1997), who

claimed that if N was sufficiently present, the enhancement

of phenolic production was diminished. Under sUV-B

treatment, however, induction of total phenolics was higher

in F0T and F1T plants, suggesting that the greater avail-

ability of photosynthates under UV-B in leaves were uti-

lized in the production of phenolics. F2T plants also

showed higher total phenolics at 40 DAG, while protein did

not vary significantly under sUV-B. But at 80 DAG, both

protein and phenolics declined significantly under sUV-B,

which suggests a disturbed carbon partitioning between the

metabolites at low leaf N concentration.

Higher protein content was observed in F0C at 40 DAG

and F1C at 80 DAG; however, F0T, F1T, F2T and F3T

plants showed reductions of 51.2, 46.8, 48.4 and 75.4 %,

respectively, in protein content under sUV-B radiation at

80 DAG, compared to their controls (Fig. 3). UV-B radi-

ation is known not only to cause modification or destruc-

tion of amino acid residues, but also to inactivate protein

and enzymes (Prinsze et al. 1990). Decrease in protein

content under enhanced UV-B stress is commonly

observed (Yuichi et al. 1989). In some plants, potassium is

known to substantially affect protein synthesis (Marschner

1995). However, in F3T plants under UV-B stress, mini-

mum protein content was followed by maximum phenolics.

In most of the treatments, increase in phenols was

accompanied by decrease in proteins except in F3T at 40

DAG and F2T at 80 DAG, suggesting that there exists an

inverse correlation between these two metabolites. As per

the protein competition model of phenolic allocation, these

two metabolites are inversely related because of competi-

tion for the limiting precursor phenylalanine (Jones and

Hartley 1999).

Starch partitioning and NPK content

The trend of starch partitioning in different plant parts

showed that under sUV-B, it declined in tubers at all NPK

treatments, but increased in stem and stolon (Fig. 4).

Except in F0T, starch partitioning in leaves increased in

F1T, F2T and F3T under sUV-B (Fig. 5). This trend further

suggests that UV-B stress led to unfavorable impact on

translocation of photosynthates and under the recom-

mended NPK this disturbance was minimum as partitioning

was more in tuber compared to other UV-B treated plants.

This has led to maintenance of higher yield in F0T plants

(Singh et al. 2011b). Singh et al. (2011b) observed more

translocation of biomass to tubers at the recommended

NPK level under sUV-B radiation. Maximum partitioning

Fig. 3 Effects of sUV-B treatment on proline, phenol, protein and

ascorbic acid content of potato plants under varying NPK levels at 40

and 80 DAG. Values are mean ± 1SE. Level of significance between

control and sUV-B treated plants: ns, not significant, *p \ 0.05,

**p \ 0.01, ***p \ 0.001. F0: recommended dose of NPK; F1: 1.5

times the recommended dose of NPK; F2: 1.5 times the recommended

dose of N; F3: 1.5 times the recommended dose of K
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of starch in leaves was observed in F3T (9.5 %) (Fig. 4).

Plants grown under low P availability have been already

found to accumulate carbohydrates in leaves (Rao et al.

1990). Though starch partitioning was reduced in tubers,

partitioning to stolon increased with maximum in F1T

(20.5 %) under sUV-B radiation (Fig. 4). Reduction in leaf

starch partitioning in F0T (1.59 %) can be ascribed to

respiratory consumption of starch, which may have helped

in partitioning the maximum to tubers of F0T (74.5 %).

NPK amendment and UV-B treatment significantly affec-

ted starch content in leaves (Fig. 5). Leaf starch content

decreased in sUV-B treated plants compared to their con-

trols at all NPK amendments (Fig. 5). The percent reduc-

tions in leaf starch contents were 17.2, 14.5, 12.6 and 17.6

in F0T, F1T, F2T and F3T plants, respectively compared to

their controls (Fig. 5). Cellular accumulation of starch in

leaves except in F0T might have inhibited photosynthesis,

either through physical disruption of chloroplast or through

feedback inhibition of photosynthesis due to reduced Ru-

bisco activity (Stitt 1991), and thus decreased biomass

production (Singh et al. 2011b). Significant reduction in

Fig. 4 Starch (%) distribution in different parts of potato plants

grown under varying NPK levels in control and sUV-B treated plants.

F0: recommended dose of NPK; F1: 1.5 times the recommended dose

of NPK; F2: 1.5 times the recommended dose of N; F3: 1.5 times the

recommended dose of K

Fig. 5 Effects of sUV-B treatment on leaf starch content of potato

plants under varying NPK levels at 60 DAG. Values are mean ± 1SE.

Results of two-way ANOVA shown as NPK levels (N), UV-B

treatments (T) and N 9 T interaction. Level of significance between

control and sUV-B treated plants: ns, not significant, *p \ 0.05,

**p \ 0.01, ***p \ 0.001. F0: recommended dose of NPK; F1: 1.5

times the recommended dose of NPK; F2: 1.5 times the recommended

dose of N; F3: 1.5 times the recommended dose of K

Fig. 6 Effects of sUV-B treatment on leaf nitrogen (N), phosphorus

(P) and potassium (K) content of potato plants under varying NPK

levels at 40 DAG. Values are mean ± 1SE. Level of significance

between control and sUV-B treated plants: ns, not significant,

*p \ 0.05, **p \ 0.01, ***p \ 0.001. F0: recommended dose of

NPK; F1: 1.5 times the recommended dose of NPK; F2: 1.5 times the

recommended dose of N; F3: 1.5 times the recommended dose of K
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total biomass of potato was observed under sUV-B at all

NPK levels at 40 DAG (Singh et al. 2011b).

Among the controls, N, P and K were highest in F1C

plants grown at 1.5 times the recommended NPK sug-

gesting a higher NPK availability at higher NPK level.

Under sUV-B radiation also, foliar N and K contents sig-

nificantly increased in F1T and foliar P increased in F0T

plants (Fig. 6). This trend may be ascribed to reduced

biomass under sUV-B, which enhanced the nutrient content

per unit weight.

Conclusion

Significant negative effects of sUV-B on physiological and

biochemical characteristics of potato plants were detected;

however, the degree of damage varied with different doses

and combinations of N, P and K and plant age. Potato

plants grown at higher than recommended NPK (F1T), N

(F2T) and K (F3T) showed more sensitivity toward sUV-B

than those grown at recommended NPK (F0T). Plants

developed different strategies against sUV-B under varying

NPK levels. The physiological and biochemical responses

of the present study showed that at the recommended NPK

level, photosynthetic rate was maintained at a normal rate

due to an induced antioxidative defense system and UV-B

absorbing, flavonoids under sUV-B, while at 1.5 times the

recommended NPK growth was more pronounced due to

greater nutrient availability, but the greater loss in photo-

synthesis did not allow sufficient translocation to under-

ground parts, which led to higher yield reductions

compared to recommended NPK under sUV-B radiation

(Singh et al. 2011b). In F0T and F1T plants, recommended

and 1.5 times the recommended NPK promoted a consti-

tutive response, and upon sUV-B irradiation a proper bal-

ance was maintained between constitutive and induced

protection. Better trade-off between induced defense pro-

vided by flavonoids, phenolics, antioxidants and constitu-

tive defense by physiological adjustments and metabolites

led to maximum protection to F0T plants. Foliar starch in

F0T plants was effectively utilized as substrate to release

energy, which was efficiently used in defense mechanism

as is evident with higher stimulation of antioxidative sys-

tem under recommended NPK. Application of single

nutrient was ineffective in coping with UV-B stress.
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