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ABSTRACT : The effects of UV-B radiation on the seed-
ling growth, carbohydrate metabolism and antioxidants
activities of rice (Oryza sativa 1..) were investigated under
environmentally controlled chamber. Supplementary UV-
B radiation reduced dry matter as well as leaf area, there-
fore, relative growth rates (RGR) of seedlings were
decreased by up to half compared to control. Photosyn-
thetic products such as soluble sugars and starch were
rapidly and significantly reduced by within 1 day of
enhanced UV-B radiation due to the inhibition and degra-
dation of photosynthetic processes and thylakoid mem-
brane integrity. In our study, nonstructural carbohydrate
levels were proved to be a main indicator on UV-B-
induced stress. The behavior of SOD, CAT, APX and POD
activities was monitored in the leaves of rice seedlings sub-
jected to UV-B radiation. Under UV-B treatments, SOD
activity was initially increased, whereas CAT and POD
activities were slowly and slightly increased. However,
APX activity showed no presumable results with an
increase of UV-B dose. In leaves of rice seedlings, supple-
mentary UV-B radiation caused an increase in free
putrescine and spermidine, however spermine remained
unaltered, although 24-hrs UV-B treatment slightly
increased. This result presumes that an excess UV-B dose
may induce ethylene biosynthesis (senescence) rather than
polyamine biosynthesis (defense).
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he depletion of stratospheric ozone levels induces an
increase of solar UV-B radiation reaching the Earth’s
surface (Smimoff, 1998). Many researches have reported
that UV-B irradiation affect reduced photosynthesis,
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decreased protem synthesis, damaged chloroplast function,
impair to DNA, biomass reduction, etc (Jordan, 1996). To
escape out of the oxidative damage plants have a complex
antioxidant defense system comprising of enzymes, super-
oxide dismutase, catalase and peroxidase, and non-enzymec
constituents, a-tocopherol, ascorbate and reduced glu-
tathione, which scavenge the ROS (Shah ef al., 2001). The
enzymes of Halliwell-Asada pathway or ascorbate/glu-
tathione cycle such as ascorbate peroxidase, monodehy-
droascorbate reductase, dehydroascorbate reductase and
glutathione reductase play a central role in removing H,0,
in chloroplasts and in maintaining the redox status of the cell
(Foyer et al., 1997). Catalase scavenges H,O, generated
during the photorespiration and p-oxidation of fatty acids
(Morita et al., 1994). Guaiacol-peroxidases are involved in
developmental processes, lignification, ethylene biosynthe-
s1s, defense, wound healing, etc (Asada, 1992). Depression
of photosynthesis by UV-B has been leaded to down-regula-
tion of photosynthetic genes, modification of thylakoid
membranes (Strid er al., 1994), inhibition of photosynthetic
enzymes, and disruption of electron transport in photosys-
tem II reaction centers (Murthy & Rajagopal, 1995). Also
UV-B can influence photosynthesis indirectly by altering
stomatal function, photosynthetic pigments, leaf anatomy,
and canopy morphology (Teramura & Sullivan, 1994). In
addition, UV-B may change concentrations of structural car-
bohydrates in leaves (Gehrke et al., 1995), and inhibition of
photosynthetic processes caused by enhanced UV-B may
also influence soluble carbohydrate metabolism (Yue ez al.,
1998). Polyamines (putrescine, spermidine and spermine)
are ubiquitous aliphatic polycations that have been found as
a modulator of plant growth and development, and are also
implicated in plant responses to environmental stresses
(Bouchereau et al., 1999). Stress provoking expression and
activity of arginine decarboxylase is the most common fea-
ture of polyamine metabolism. The main aim of this study
was to characterize the effects of UV-B radiation on the
mobilization and degradation of nonstructural carbohydrate
and changes in antioxidants level, and to observe plant
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growth affected concomitantly by an inhibition of carbohy-
drate and antioxidant metabolism.

MATERIALS AND METHODS
Plant materials and UV-B irradiation

Rice (Oryza sativa L., cv. Woonjangbyeo) seeds were sur-
face sterilized with a 2% of NaClO and then thoroughly
rinsed with distilled water. Seedlings were grown at 25/20 °C
(day and night), with a 12-h photoperiod under fluorescent
white light (300 pmol m™s™) in a controlled environmental
growth chamber. After 25 days of germination, seedlings
were subjected to UV-B irradiation with a UV-B lamp (radia-
tion 290-320 nm) at an irradiance of 1.2 W m™? UV light
which was filtered through 0.1 mm thick cellulose acetate fil-
ters. UV-B doses were adjusted by exposure of plants during
from 0 to 24 hr (to analyze antioxidants) and during from 0 to
5 days (to analyze carbohydrate contents). According to
Caldwell (1971), the biologically effective UV-B doses were
determined. All samples were collected immediately after
UV-B exposure and then stored at -70 °C for further analysis.

Photosynthetic pigments

Total chlorophyll and carotenoid were determined with
slight modification as reported by Jeffrey & Humphrey
(1975) and Strickland & Parsons (1972), respectively. Plant
materials were extracted by homogenizing and boiling 0.5 g
of fresh weight in 20 ml of 95% ethanol. After centrifuga-
tion, the chlorophyll and carotenoid contents were measured
spectrophotometrically on the ethanolic supernatant at 470,
648 and 644 nm and expressed as pg g FW.

Carbohydrate assay

Soluble sugars (SS) were extracted by heating leaf discs in
80% ethanol, according to Roe method (1955). SS were
analyzed by the reaction of 1.0 ml of the alcoholic extract
with 2.0 ml fresh 0.2% anthrone in sulfuric acid (w/v) and
placed in a boiling water bath for 10 min. Afier cooling, the
absorbance at 630 nm was determined. After the extraction
of the soluble fractions, the solid fraction was used for starch
analysis. Starch was extracted with 9.3N PCA. The starch
concentration was determined by the anthrone method as
described above. Glucose was used as standard for both sol-
uble sugars and starch.

Enzyme activity assay

Fresh leaves (1g) were homogenized in 100 mM Na-phos-

phate buffer (pH 7.8) containing 0.1 mM EDTA, and 1%
(w/v) PVP at 4 °C. The homogenates were centrifuged at
12,000 xg for 20 min, and supernatants were used for
enzymes activity and protein content assay. All assays were
done at 4 °C. Total soluble protein contents of the enzyme
extracts were determined according to Bradford (1976)
using BSA as a standard. SOD (E.C. 1.15.1.1) activity assay
was performed with a slight modification of Beauchamp &
Fridovich method (1971), which measures the inhibition in
the photochemical reduction of nitroblue tetrazolium (NBT)
spectrophotometrically at 560 nm. One unit of enzyme
activity was defined as the quantity of SOD required to pro-
duce a 50% inhibition of reduction of NBT and the specific
enzyme activity was expressed as unit mg"' protein g FW.
Catalase (E.C. 1.11.1.6) activity was determined by moni-
toring the decomposition of H,O, (extinction coefficient
39.4 mM cm) at 240 nm following the method of Bergm-
eyer (1970). The reaction mixture contained 50 mM potas-
sium phosphate buffer (pH 7.0) and a proper amount of
plant extract in a 3 ml. The reaction was initiated by adding
10 mM H;0,. The enzyme activity was defined as pmol
H,0, destroyed min™ mg™ protein g FW. Ascorbate peroxi-
dase (E.C 1.11.1.11) activity was done according to Nakano
& Asada (1981). The assay depends on the decrease in
absorbance at 290 nm as ascorbate was oxidized (extinction
coefficient of 2.8 mM™' cm™). The reaction mixture contains
50 mM Na-phosphate buffer (pH 7.0), 0.5 mM Ascorbate,
0.1 mM EDTA-Na; and 1.2 mM H,0,. The enzyme activity
is defined as pmol oxidized ascorbate min™ mg™ protein g
FW. Peroxidase (E.C. 1.11.1.7) activity was determined by
monitormg the formation of guaiacol dehydrogenation prod-
uct (extinction coefficient 6.39 mM c¢m™) at 436 nm fol-
lowed by the method of Piitter (1974). Reaction mixture (3
ml) contained 100mM potassium phosphate buffer (pH 7.0),
0.3mM guaiacol and plant extract. The reaction was initiated
by adding 0.1 mM H,0,. The enzyme activity is defined as
umol H,0, destroyed min™' mg™! protein g FW.

Polyamine determination

Leaf discs were frozen in liquid nitrogen and then homog-
enized with 5% cold PCA (1:5, w/v). The homogenate were
kept for 1 h at 4 °C and then centrifuged for 25 min at 9,000
rpm. The benzoyl polyamines (Redmond & Tseng, 1979)
were separated on a S um - 25 cm x 4.6 mm (RP-C18) col-
umn, using elution gradient from 60 to 45% acetonitrile in
the mobile phase. Free polyamines were monitored with an
UV detector (254 nm). The peaks were identified with refer-
ence to the retention times of PA standards prepared as
described above. Quantitative determination was based on
external standards.
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Fig. 1. Growth responses of rice seedlings exposed to UV-B
racdiation during short-term growth period. Values are the
mean *+ S. D. (n= 10, p < 0.05).

RESULTS

An external alteration in plants exposed to adverse envi-
ronmental conditions is an ultimate result to stress factors.
Rice seedling growth was much greater in control than in
UV-B. During treatment period (5 days), total plant dry
weight increased 41.3 % (2.26 + 0.16) in control and 19.4 %
(1.91 £ 0.06 in UV-B-treated seedlings. The relative growth
rate in control and UV-B reached 0.17 g g day™ and 0.09 g
gt day, respectively (data not shown). Also, in comparison
with the control seedlings, UV-B exposure significantly
reduced leaf area due to the reduction of leaf expansion;
335+ 10 cm? 10plants™ for control leaves and 284 + 19 cm?
10plants” for UV-B-treated leaves. There was no statistic
difference on total chlorophyll and carotenoid concentra-
tions between control and UV-B exposed leaves (Fig. 2). At
zero time, both pigments were 2,326 +20 ng g’ fw and
370 + 13 pg g fw, respectively. At the termination of UV-B
treatment, chlorophyll and carotenoid were lower in UV-B-
treated leaves (1,916 + 62 ug g' fw and 255 + 11 pg g fw)
than in control leaves (2,074 + 82 ug g fw and 354 + 20 pg
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Fig. 2. Effects of UV-B radiation on rice leaf total chlorophyll
concentration, chlorophyll a: b ratio and carotenoid con-
centration. Values are the mean £ S D. (n= 10, p <0 05).

g fw). A decrease of chlorophyll concentration due to suc-
cessive UV-B irradiation resulted in the reduction of chloro-
phyll a/b ratio; after 24 hours, 2.74 £ 0.24 in control and
2.17+0.11 in UV-B treatment. Soluble sugars and starch
were a dominant leaf nonstructural carbohydrate (Fig. 3).
Under normal growth condition, soluble sugars and starch
had the highest proportion in leaf blade and leaf sheath,
respectively. Both leaf soluble sugar and starch concentra-
tions in each part of rice seedlings significantly decreased
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Fig. 4. Responses of SOD, CAT, APX and POD activities of rice leaves irradiated with UV-B. Values are the mean = S. D (n= S5, p <0.05).

within 1 day of enhanced UV-B treatment. Leaf soluble
sugar concentration of leaf blade, leaf sheath and young leaf
in UV-B radiation showed a decrease of 64, 72 and 79%
compared to the control. Exposure to UV-B radiation also
hnearly decreased leaf starch concentration (leaf blade,
41%; leaf sheath, 44%; young leaf, 48%). Total SOD activ-
ity represents the combined action of Cw/Zn-, Mn-, and Fe-
SOD, which can be distinguished by their differential sensi-

tivity to cyanide and hydroxide. In comparison to UV-B-
untreated seedling, UV-B radiation slightly enhanced total
SOD activity (13.4 + 0.3 unit mg'protein) within the first 3
hrs of, and then its activity was observed a gradual decrease
(Fig. 4a). Catalase sensitively responded to UV-B radiation
(Fig. 4b). CAT activity was increased by up to 30.7 £ 1.1
pmol mg'protein (after 12 hrs of UV-B radiation) compared
to non-UV-B radiation (24.3 0.5 pmol mg'protein). In
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Fig. 5. Changes in free polyamime level in rice seedling leaves
exposed to enhanced UV-B irradiance Values are the
mean + S.D. (n=5, p <0.05).

rice seedling, APX activity showed unsystematically with
an increase of UV-B radiation (Fig. 4¢). Immediately after
UV-B radiation, catalase activity steeply declined (near half
compared to control), and then immediately recovered up to
an initial level. Like catalase, guaiacol-POD activity was
momently decreased by UV-B radiation, and then, after 6
hrs of UV-B radiation, ascended stepwise (Fig. 4d). As a
result of oxidative stress, free PAs levels in the rice seedling
leaves were higher in the order of putrescine, spermidine
and spermine (Fig. 5). UV-B-induced stress enhanced
putrescine level by up to 2-fold (101 + 7 nmol g''fw, at 12
hrs of UV-B radiation), whereas an increase of spermidine
and spermine levels was unremarkable compared to
putrescine.

DISCUSSION

Our experiments were designed to better understand the
distribution of leaf carbohydrate and the responses of anti-
oxidative defense system. Many studies have shown that
UV-B radiation may reduce plant biomass, leaf area, plant
height and photosynthesis and influence plant development
not only at the physiological and biochemical but also at the
genetic level (Jordan et al., 1991; He et al., 1993; Strid et al.,
1994; Bornman & Sundby-Emanuelsson, 1995; Kumagai ef
al., 2001; Li et al., 2002). In our materials, it was demon-
strated that excess UV-B radiation ultimately resulted in the
reduction of leaf expansion, seedling growth and biomass
production. Total chlorophyll concentrations and chloro-
phyil a/b ratio were slightly altered in leaves of UV-B-irradi-
ated rice seedlings (Fig. 2). The decreased chlorophyll
concentration is attributed to increased photo-degradation of
chlorophylls (Strid & Porra, 1992) and lowered chlorophyll

synthesis rates derived from reduced expression of genes
encoding chlorophyll-binding protein (Strid et al., 1994).
Carotenoid concentrations were observed temporary
increase to alleviate UV-B stress, however, excess irradia-
tion resulted preferably in a decrease of carotenoid synthe-
sis. It was previously demonstrated that carotenoids play an
important role in the photo-protection of photosynthetic sys-
tem by dissipating excess excitation energy through the xan-
thophylls cycle (Demmig-Adams & Adams, 1992). The
mechanisms of enhanced UV-B radiation impact on leaf
photosynthesis have been reviewed in detail by earlier study
(Allen et al., 1998). For investigating photosynthetic prod-
ucts, we monitored the variations of soluble sugar and starch
contents after transfer of rice seedlings into the UV-B condi-
tion. Non-structural carbohydrate concentrations were 1ni-
tially declined (day 1) and followed by no changes (Fig. 3).
Supplemental levels of UV-B induced a decrease of soluble
carbohydrate in leaves of Triticum aestivum (Yue et al.,
1998) and decreased sucrose and starch contents in leaves of
the moss Polytrichum commune (Barsig et al., 1998). In
contrast to our findings, Santos ef al. (1993) reported that
enhanced UV-B exposure in relation to controls accumu-
lated more starch. We suggest that a decrease of soluble
sugar and starch contents under elevated UV-B may be due
to inhibition and degradation of phothsynthetic processes,
transfer into chloroplast to convert starch into sucrose or
hexoses, and carbohydrate remobilization. ROS metabolism
relies on several functionally interrelated antioxidant
enzymes such as SOD, POD, CAT, GR and APX. SODs cat-
alyze the dismutaion reaction of superoxide anion into H,O,
and O, and can be distinguished into three classes according
to their metal co-factor: Cu/Zn-, Mn-, or Fe-SOD. PODs
usually occur as multiple molecular forms and have a num-
ber of potential roles 1n plant growth, development and dif-
ferentiation (Gaspar ef al., 1991). PODs require H,0,; as a
substrate and, therefore, metabolize H,O, to water.
Although UV-B irradiation altered the activities of various
antioxidant enzymes (Fig. 4), the responses of these antioxi-
dant enzymes differently attained to maximum levels. UV-B
exposure initially led to the small increase of total SOD,
whereas CAT and POD activities were lately and slightly
increased. Similarity to this study, Rao et al. (1996) reported
that UV-B-induced SOD and POD activities were signifi-
cantly higher in Arabidopsis thaliana. GR and APX play an
important role to metabolize H,0, to H,O through a meta-
bolic cycle widely known as the ascorbate-glutathione
cycle. Contradictory to other study (Willekens et al., 1994),
in our experment UV-B exposure has been shown to have no
effect on APX activity. PAs act as antioxidants by inhibiting
lipid peroxidation, and Borrell er al. (1997) suggested that
inhibition of lipid peroxidation might be one of the mecha-
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nisms responsible for the anti-senescence effects of the PAs.
Moreover, PAs are shown to play an important role in mem-
brane stabilization by associating with negatively charged
phospholipids. It was also demonstrated that an increase of
spermidine or spermine levels prevented the loss of chloro-
phyll, stabilized the molecular composition of the thylakoid
membranes and delayed senescence (Borrell er al, 1997,
Bestford ef al., 1993). The results presented in this paper
clearly indicate that elevated UV-B radiation increased
putrescine and spermidine rather than spermine (Fig. 5).

ACKNOWLEDGEMENT

This study was conducted by sponsoring of research assis-
tant fund of Chungbuk National University.

REFERENCES

Allen D. J., S. Nogues, and N. R. Baker. 1998. Ozone depletion
and increased UV-B radiation Is there a real threat to photo-
synthesis? Journal of Experimental Botany 49: 1775-1788

Asada, K 1992 Ascorbate peroxidase: a hydrogen peroxide scav-
enging enzyme m plant. Plant Physiol. 85 : 235-241.

Barsig, M., C. Gehrke, and K Schneider. 1998 Effects of UV-B
radiation on fine structure, carbohydrates and pigments
Polytrichum commune. Bryologist 101. 357-365

Beauchamp, C and 1. Fnidovich 1971 Superoxide dismutase:
improved assays and applicable to acrylamide gels, Anal. Bio-
chem. 44 : 276-287.

Bergmeyer, N 1970. Methoden der enzymatischen Analyse. Vol
1. Akademie Verlag. Berlin. pp 636-647.

Besford, R. T., C. M. Richardson, J. L Campos, and A. F. Tibur-
c10. 1993. Effect of polyamines on stabilization of molecular
complexes 1n thylakoid membranes of osmoticallystressed oat
leaves. Planta 189 * 201-206

Bornman, J. F. and C Sundby-Emanuelsson. 1995. Response of
plants to UV-B radiation: some biochemical and physiological
effects. BIOS Scientific Publishers, Oxford pp. 245-262.

Borrell, A, L. Carbonell, R. Farra's, P. Puig-Parellada, and A. F.
Tiburcio. 1997. Polyamines intibit lipid peroxidation mn
senescing oat leaves Physiol Plant. 99 : 385-390.

Bouchereau, A., A. Aziz, F. Larher, and J. Martin-Tanguy. 1999.
Polyamines and environmental challenges: recent develop-
ment. Plant Sci. 140 : 103-125.

Bradford, M. M. 1976 A rapid and sensitive method for the quan-
titation of microgram quantities of protein utihizing the princi-
ple of protein-dye binding. Anal. Biochem. 72 : 248-254.

Caldwell, M. M. 1971. Solar UV irradiation and the growth and
development of lugher plants, n. A.C. Giese (Ed ), Photophys-
10logy, Academic Press, New York, NY, pp 131-177.

Demmig-Adams, B and W. W Adams, I1I. 1992 Photoprotection
and other responses of plants to high light stress. Annual
Review of Plant Physiol. 48 : 609-639.

Evans, P. T. and M. L. Malberg. 1989. Do polyamines have roles n

plant development? Annu. Rev. Plant Physiol. Plant Mol. Biol.
40 : 235-269.

Foyer, C H H. Lopez-Delgado, J.-F. Dat, and I. M. Scott. 1997.
Hydrogen peroxide and glutathione-associated mechanisms of
acclamatory stress tolerance and signaling. Physiol. Plant. 100 :
241-254

Gaspar, T. H., C. Penel, D. Hagega, and H. Greppin 1991. Peroxi-
dases m plant growth, differentiation and development pro-
cesses. In; Lobarzewski J., H. Greppin, C. Penel and T H
Gaspar, eds. Biochemical, Molecular and Physiological
Aspects of Plant Peroxidases. Umiversity de Geneve, Switzer-
land, pp. 249-280.

Gehrke, C., U. Johanson, D. Gwynn-Jones, L. O BJoEm, T. V.
Callaghan, and J. A. Lee. 1995. The impact of enhanced ultra-
violet-B radiation on litter quality and decomposition processes
m Vaccimum leaves from the sub-Arctic. Oikos 72 : 213-222

He, J., L -K. Huang, W. S. Chow, M. 1. Whitecross, and J. M.
Anderson. 1993. Effects of supplementary ultraviolet-B radia-
tion on rice and pea plants. Aust. J. Plant. Physiol 20 : 129-
142,

Jeffrey, S. W. and G F. Humphrey. 1975 New spectrophotometric
equations determining chlorophylls a ,b ,c; and ¢, in higher
plants, algae and natural phytoplankton, Biochem. Physiol
Pflanzen 167 : 191-194

Jordan, B. R. 1996. The effects of ultraviolet-B radiation on plants:
a molecular perspective. Adv. Bot. Res. 22 - 97-162.

Jordan, B. R., W. S. Chow, A . Strid, and ] M Anderson. 1991
Reduction i cab and psba RNA transcripts 1n response to sup-
plementary ultraviolet-B radiation. FEBS Lett. 284 : 5-8

Kumagas, T., J. Hidema, H.-S. Kang, and T. Sato. 2001. Effects of
supplemental UV-B radiation on the growth and yield of two
cultivars of Japanese lowland rice (Oryza sativa L) under the
field in a cool rice-growing region of Japan. Agric. Ecosys.
Environ 83 - 201-208

L, Y, 0 Y. Zuy J. J. Chen, and H Y. Chen 2002. Intra-specific
responses 1n crop growth and yield of 20 soybean cultivars to
enhanced ultraviolet-B radiation under field conditions Field
Crops Res. 78 : 1-8.

Morita, S., M. Tasaka, H Fujisawa, T. Ushimaru, and H Tsuj
1994. A ¢DNA clone encoding a rice catalase 1sozyme. Plant
Physiol. 105 1015-1016.

Murthy, S. D. S. and S. Rajagopal. 1995. UV-B radiation induced
alterations m the bioenergetic processes of photosynthesis.
Photosynthetica 31 481- 487.

Nakano, Y. and K. Asada, 1981. Hydrogen peroxide 1s scavenged
by ascorbate specific peroxidase n spinach chloroplasts. Plant
Cell Phystol. 22 : 867-880

Piitter, J , Peroxidases. In ; H U Bergmeyer (Ed.). 1974 Methods
of enzymatic analysis Vol. 2. Academic Press. NY. pp. 685-
690.

Rao, M., V. G Paliyath, and D. P. Ormrod. 1996. Ultraviolet-B-
and Ozone-induced biochemical changes i antioxidant
enzymes of Arabidopsis thaliana. Plant Physiol. 110 : 125-136.

Redmond, ] W and A. Tseng. 1979. High pressure hquid chro-
matographic determmnation of putrescine, cadaverime, spermi-
dine and spermine J Chromatogr. 170 - 479-481.



90 KOREANJ CROP SCI, VOL , 50(2), 2005

Roe, J. H., 1955. The determnation of sugar n blood and spial
fluid with anthrone reagent. J. Biol. Chem. 212 - 335-343.

Santos, 1., J. M. Almeida, and R. Salema. 1993. Plants of Zea mays
L developed under enhanced UV-B radiation J Plant Physiol
141 : 450-456

Shah, K., R. G Kumar, S. Verma, and R. S. Dubey. 2001. Effect of
cadmium on lipid peroxidation, superoxide anion generation
and activities of antioxidant enzymes n growing rice seedling,
Plant Sct. 161 . 1135-1144.

Smurnoff, N. 1998 Plant resistance to environmental stress. Curr.
Opin. Biotech 9 214-219.

Strickland, J. D. H. and T R Parsons. 1972. Practical Handbook of
Seawater Analysis, 2nd Edition, Fisheries Research Board of
Canada. Ottawa

Strid, A. and R. J. Porra. 1992. Alterations n pigment content m
leaves of Pisum sativum after exposure to supplementary UV-
B. Plant Cell Physiol. 33 : 1015-1023.

Strid, A., W. S Chow, and J. M. Anderson 1994. UV-B damage
and protection at the molecular level n plants. Photosynth.
Res. 39 - 475-489

Teramura, A. H, and J. H. Sullivan. 1994. Effects of UV-B radia-
tion on photosynthesis and growth of terrestrial plants Photo-
synth. Res. 39 : 463-473.

Yue, M., Y. L1, and X. Wang. 1998 Effects of enhanced ultravio-
let-B radiation on plant nutrients and decomposition of spring
wheat under field conditions. Environmental and Experimental
Botany 40 - 187-196.



