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The regulation of oxyradicals and PSII activity by UV-B (280-315 nm) and UV-A (315-400 nm) components were
investigated in the leaves of maize [Zea mays L var: HQPM.1]. The impact of ambient UV radiation on the production
of superoxide (O, ) and hydroxyl ("OH) radicals were analysed in the leaves of 20-day-old plants. The amount of
0, and "OH radicals and the radical scavenging activity were significantly higher in the leaves exposed to ambient
UV radiation as compared to the leaves of the plants grown under UV exclusion filters. Smaller amount of oxyradicals
in the leaves of UV excluded plants was accompanied by a substantial increase in quantum yield of electron transport
(9go), rate of electron transport (y,) and performance index (Plaps), as indicated by chlorophyll a fluorescence
transient. Although higher amounts of oxyradicals invoked higher activity of antioxidant enzymes like superoxide
dismutase and peroxidase under ambient UV, they also imposed limitation on the photosynthetic efficiency of PSIL
Exclusion of UV components (UV-B 280-315 nm; UV-A 315400 nm) translated to enhanced photosynthesis,
growth and biomass. Thus, solar UV components, especially in the tropical region, could be a major limiting factor in
the photosynthetic efficiency of the crop plants.
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1. Introduction unrealistically high UV radiation levels, inadequate level of

UV-A, low photosynthetic photon flux density (PPFD) or

Plants in the tropical regions are exposed to high ambient
levels of UV-B compared to those in the temperate zones.
Exclusion of the UV components (UV-B 280-315 nm; UV-
A 315-400 nm) from the solar spectrum can be an important
tool to assess the impact of ambient UV radiation on the
performance of the crop plants. Maize is the third important
worldwide crop after wheat and rice. Most of the UV radi-
ation effects on plants have been done by using supplemen-
tary UV-B radiation. Supplementary UV-B radiation often
creates conditions unlikely to occur in nature, because of the
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other technical difficulties (Edwards 1992; Adamse et al.
1997). A few studies have, however, been made on the
impact of ambient UV radiation on growth and photosyn-
thesis in tropical plants. Exclusion of solar UV-B and UV-A/
B caused enhanced growth and yield in soybean (var. JS-
7105) (Varalakshmi ef al. 2003). Removal of UV-B from
natural UV components caused a large increase in the
growth of Cyamopsis species, a marginal increase in Vigna
radiata but did not alter growth in Vigna mungo (Amudha
et al. 2005). Marginal difference in growth has also been

Antioxidant enzymes; chlorophyll a fluorescence; photosynthesis; reactive oxygen species

Abbreviations used: (y,), capacity of PSII to transfer trapped excitation that can move an electron into the electron transport chain further
than QA"; DMPO, 5, 5'-dimethyl-1-pyrroline-N-oxide; ET, flux of electrons from Q4 into the intersystem electron transport chain; Fo,
initial fluorescence; F,,, maximum fluorescence; F,, variable fluorescence; PBN, phenyl N-tert-butyl nitrone; Pl,gs, performance index
based on absorption; POD, peroxidase; PSII, photosystem II; RC, reaction centre; SOD, superoxide dismutase; TR, excitation energy flux
trapped by a RC and utilized for the reduction of QA to QA ; UAS, UV absorbing substances; X/XO, xanthine, xanthine oxidase; @g,,
quantum yield of electron transport; @p,, maximum quantum yield of primary photochemistry (—F,/F,)
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reported in maize (cv. SM-600) after the exclusion of UV-B
(Pal et al. 1997). An intraspecific difference in sensitivity to
UV radiation is identified among different wheat varieties
(Kataria and Guruprasad 2012)

With respect to photosynthetic components, the amount
of chlorophyll was shown to increase in the leaves of
Cyamposis by excluding UV and this was accompanied by
an increase in the rate of oxygen evolution (Amudha et al.
2005). There were also structural changes in the chloroplast
and three low-molecular-weight polypeptides (17, 23 and 33
kDA) of Cyamposis were present in higher amount in PSII
after UV-B exclusion (Amudha et al. 2005).

Most of the damages to photosynthetic apparatus by arti-
ficial UV-B light sources have been related to higher pro-
duction of oxyradicals after UV-B irradiation. Enhanced
production of active oxygen species that include superoxide
radical (O, ), hydroxyl radical (‘OH), singlet oxygen ('O,)
and hydrogen peroxide (H,O;), which can cause oxidative
damage to membrane lipid, nucleic acids and proteins, has
been observed after irradiation with UV-B (Foyer and
Mullineaux 1994). It is widely accepted that UV-B damages
the donor side of PSII by inactivating the Mn cluster of water
oxidation (Messinger 2004). Hydroxyl radicals are the dom-
inating reactive oxygen induced by UV-B radiation in the
thylakoids (Hideg and Vass 1996). Production of highly
damaging 'OH radicals in the heart of the Mn cluster by
UV-B has been suggested as one of the possible mechanism
of UV-B-induced damage (Szilard et al. 2002). Plants re-
spond to UV-B-induced production of active oxygen species
by enhancing the activity of antioxidant enzymes like super-
oxide dismutase, guaiacol peroxidase, ascorbic acid peroxi-
dase and glutathione reductase (Takeuchi ef al. 1995; Rao et
al. 1996; Jain et al. 2004; Guruprasad et al. 2007). UV-B
irradiance also enhances the endogenous levels of ascor-
bic acid and glutathione in plants (Rao and Ormrod
1995; Takeuchi et al. 1996; Jain et al. 2004).

Enhancement in the production of oxyradicals and acti-
vation of antioxidant defence enzymes has always been
documented under higher irradiation levels of artificial UV-
B radiation in previous studies. There has been no data on
the production of oxyradicals and the extent of damage to
photosynthetic apparatus under natural UV components of
sunlight. We have investigated the sensitivity of maize
leaves to UV components of the solar spectrum under trop-
ical sunlight. Production of oxyradicals in the maize leaves
was measured using electron paramagnetic resonance spec-
troscopy in the presence and absence of solar UV compo-
nents. Simultaneously, we also measured the accompanying
changes in antioxidant enzymes and polyphasic chlorophyll
a fluorescent transient, growth and biomass. We present the
result that indicates the extent of imposition of limitation to
photosynthesis by natural solar UV components due to the
enhanced production of oxyradicals.
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2. Material and methods
2.1 Experimental design

All the field experiments under natural sunlight were con-
ducted in the Botanical Garden of School of Life Sciences,
Devi Ahilya University, Indore (latitude 22.4°N), India.

Maize [Zea mays L. Var.HQPM.1] seeds were collected
from Indian Agricultural Research Institute, New Delhi.
Seeds of uniform size and shape were selected and sown in
plastic bags filled with mixture of sand, soil and manure
(1:2:1) and placed in metal mesh chambers (4 ft Lx3 ft Wx
3 ft H) covered with polyester filters (Garware polyesters
Ltd., Mumbai) that excluded either UV-B (<315 nm) or UV-
A/B (<400 nm). The control plants were grown under a
polyester filter transmissible to ambient solar UV-B and
UV-A radiation or in a chamber that had no filter. The
transmission characteristics of the filters were measured by
Shimadzu (UV-1601) spectrophotometer (figure 1). The
transmission characteristics of the filters did not change
during the experimental period and these filters did not emit
any fluorescence in the visible region. Metal cages received
full solar radiation during the day without any shading.
Seedlings were exposed to/excluded from solar UV radiation
from the time of emergence, and different phenological and
physiological measurements were measured 20 days after
emergence. There was no significant temperature difference
between filter control and UV-excluded chambers as hori-
zontal holes in the chamber allowed passive air ventilation.
The experiments were conducted in a randomized block
design with three replicates for each treatment.

2.2 Radiation measurement

Absolute solar irradiance and intensity of UV-B or UV-A/B
were measured using a radiometer solar light-PMA-2100,
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Figure 1. Transmission spectra of UV exclusion filters used in the
experiments.
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USA. The details of radiation measurements are given in
table 1.The PAR intensity for normal plant growth was
observed to be optimal saturating light.

2.3 Growth analysis

Growth parameters like shoot length, root length, fifth leaf
area, fresh weight and dry weight of shoot and fifth leaf were
measured at day 20 after emergence. Area of a leaf was taken
by pressing the leaf on a millimeter graph paper and tracing
the exact outline. The area was measured by weighing the
graph cuttings of the leaf. The calibration curve was pre-
pared by weighing 0—1000 mm? area of graph paper. For dry
weight determination, plant parts were dried at 60°C for
72 h. Five plants from each replica was taken for recording
these parameters (n=15).

2.4  UV-absorbing substances

UV-absorbing substances were extracted from 1 cm? leaf
disc in 5 mL methanolic-HCL (99:1, v/v). Absorbance was
measured by Shimadzu (UV-1601) spectrophotometer at
305 nm and expressed as Units/mg FW (Tevini ef al. 1991).

2.5 Enzyme preparations and assays

2.5.1 Superoxide dismutase [EC 1.15.1.1]: Extracts were

prepared from 0.1 g of leaf homogenized at 4°C. Extraction
media for superoxide dismutase (SOD) had 3 mL of
extraction buffer, containing 50 mM phosphate buffer (pH
7.4), 1 mM ethylenediaminetetraaceticacid (EDTA), 1 g
polyvinyl pyrollidine (PVP) and 0.5% (v/v) triton X-100.
The homogenate was centrifuged at 10,000g for 20 min and
the supernatant fraction was used for the assay. Total SOD
(EC 1.15.1.1) activity was assayed by inhibition of the
photochemical reduction of nitro blue tetrazolium chloride
(NBT), as described by Beauchamp and Fridovich
(1971).The reduction in NBT was followed by reading

Table 1. Radiation intensity of PAR, UV-B and UV-A under
different treatments

Treatment PAR UV-B UV-A
(W/em?) (W/em?) (W/em?)
oC 390 1.97 28.6
FC 378 (4%) 1.89 (5%) 26.7 (7%)
-UV-B 350 (11%) 0.13 (7%) 23.0 (20%)
-UV-A/B 355 (9%) 0.09 (4.5%) 2.87 (10%)

PAR = Photosynthetically active radiation, OC = open control, FC-
filter control.
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absorbance at 560 nm. Blanks and controls were run in the
same way but without illumination and enzyme respectively.
One unit of SOD was defined as the amount of enzyme that
produced 50% inhibition of NBT reduction under the assay
conditions (Giannopolitis and Ries 1977).

2.5.2 Peroxidase [EC 1.11.1.7]: Extracts for determination
of peroxidase (POD) activity were prepared by homogenizing
0.1 g of leaf in 80% chilled acetone at 4°C. The extract was
centrifuged at 5000g for 10 min. The supernatant was
discarded and the pellet was redissolved in 5 mL of
50 mM sodium phosphate buffer (pH 6.4) and centrifuged
for 15 min at 10,000g. The buffered supernatant was used
for the cytosolic peroxidase assay. Peroxidase was assayed
by the method of Chance and Machly (1955). The reaction
mixture contained 0.5 mL enzyme extract, 1 mL 20 mM
guaiacol and 3 mL of 50 mM phosphate buffer. The reaction
was started by the addition of 0.03 mL H,O; (8.82 mM). The
initial and final absorbance was recorded at 475 nm for
2 min. The activity was calculated as changes in optical
density (O.D.) (min mg protein) .

Protein concentration was estimated by the method of
Lowry et al. (1951) using bovine serum albumin as a
standard.

2.5.3 Electron paramagnetic resonance (EPR) spectroscopy
of superoxide (O, ) and (‘OH) radicals: 50 mg tissue was
homogenized in 1 mL phosphate saline buffer (pH 7.4)
containing 100 uM EDTA, 100 pM diethyldithiocarbamate
(DETC, a superoxide dismutase inhibitor) and 500 uM
phenyl N-tert-butylnitrone (PBN, a spin trapping agent).
These chemicals were purchased from Sigma-Aldrich, St.
Louis, USA. The homogenate was centrifuged at 10,000g
for 15 min at 4°C. Supernatant was collected and incubated
for 60 min in ice, and analysed for EPR signals. EPR spectra
were recorded using a JEOL JES-FA 300 X-band EPR
spectrometer. All O, -PBN adduct spectra were recorded
at room temperature with EPR instrument setting: micro-
wave power 5 mW, modulation width 2 mT, amplitude
8000, field centre 338.092 mT with width +/— 5.0 mT, sweep
time 4 min and time constant 1 s. Spectra of Xanthine/
Xanthine oxidase (X/XO) + PBN was recorded as a standard
spectra for superoxide. Superoxide content was further con-
firmed by the addition of superoxide dismutase while ho-
mogenizing, which reduced the intensity of the spin adduct
more than 80% (data not shown).

For the determination of “OH content, 50 mg leaf tissue
was homogenized in phosphate saline buffer (pH 7.4), 30 uL
of dimethyl sulfoxide (DMSO) and 20 pL of 0.45 M 5,5'-
dimethyl-1-pyrroline-N-oxide (DMPO). DMPO-"OH radical
adduct were recorded at room temperature with EPR instru-
ment setting: microwave power 10 mW, modulation width 2
mT, amplitude 8000, field centre 338 mT with width +/— 5.0
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mT, sweep time 4 min and time constant 0.3 s. Hydroxyl
radical produced from fenton reaction was recorded as stan-
dard spectra for DMPO-"OH adduct.

2.5.4 Superoxide anion radical (O,") scavenging activity
(SOD-like activity): All solutions except DMSO were made
in phosphate saline buffer (pH 7.4) just before use. The final
reaction mixture consisted of 50 pL of 4 mM Xanthine (X),
30 uL of DMSO, 50 pL of sample solution, (sample was
prepared by homogenizing 50 mg tissue and centrifuged at
10,000g for 15 min at 4°C) 20 pL of 0.45 M 5,5’-dimethyl-
1-pyrroline-N-oxide (DMPO) and 50 pL of xanthine oxidase
(X0 0.4 U ' mL) (Noda et al. 1997). A standard was run by
adding 50 uL of phosphate saline buffer (pH 7.4) instead of
sample solution. The instrument setting was just as described
for DMPO-"OH radicals.

2.5.5 Chlorophyll a fluorescence: Chlorophyll a fluorescence
transient exhibited by dark-adapted (30 min) fifth leaf of
maize (20-day-old maize plants) was measured by a Handy
PEA (Plant Efficiency Analyzer, Hansatech Instruments Ltd.
King’s lynn Norfolk). The transients were induced by red
light (peak at 650 nm) of 600 Wm? (3200 pE m % s ')
provided by an array of six light-emitting diodes, focused
on the leaf surface in the clips on a spot of 4 mm diameter to
provide homogenous illumination over the exposed area of
the sample. Data were recorded for 1 s with 12 bit resolution;
the data acquisition was every 10 ps for the first 2 ms and
every | ms thereafter (Strasser et al. 1995). All the measure-
ments were recorded at 25+1°C. The normalized
Chlorophyll a fluorescent transient, when plotted on a loga-
rithmic scale clearly showed a polyphasic fluorescence rise
kinetics (O-J-I-P phase). The fluorescence intensity at 20 ps
was considered as the intensity of F, (O phase) when all
reaction centers are opened: the fluorescence intensity at
2 ms was J phase, 30 ms was I phase and the maximum
fluorescence (F,,) was the P phase (Fp equals here to Fy,
since the excitation intensity is high enough to ensure the
closure of all reaction centers of PSII).

OJIP transient was analysed according to the JIP test and
the following parameters were calculated: (1) maximum
quantum yield of primary photochemistry (F,/Fy,); (2) the
efficiency by which a trapped excitation, having triggered
the reduction of Q4 to QA , can move an electron further
than Q4 into intersystem electron transport chain (y,=ETy/
TRy); (3) the quantum yield of electron transport (pg,=ET/
ABS) and (4) performance index on absorption basis (PIsgs)
reflecting the performance of the overall energy flow. These
parameters were calculated as described by Strasser et al.
(2000; 2004) using the software ‘Biolyzer HP 3’ (the chlo-
rophyll fluorescence analysing program by Bioenergetics
Laboratory, University of Geneva, Switzerland).
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2.5.6 Statistical analysis: Data are expressed as a mean +
S.E.M. and were analysed by one-way analysis of variance
(ANOVA) followed by a post hoc Newman—Keuls Multiple
Comparison Test using a trial version of prism 4 software for
windows (GraphPad Software, Inc., La Jolla, CA, USA). For
the statistical evaluation of the results, significance was
defined by a probability level of p<0.05.

3. Results and discussion
3.1  Superoxide (O,") and hydroxyl (‘OH) radicals

The EPR signals of O, -PBN adducts were recorded in the
leaves exposed to and shielded from ambient UV. O, -PBN
adduct gives a characteristic EPR spectrum known as triplet
of doublet with hyperfine coupling constants of ™ =1.48 mT
and ¢"=0.28 mT (figure 2A). The standard spectrum of
0, -PBN adduct was recorded by generating O, with X/
XO system (figure 2A). EPR spectrum of O,  -PBN adduct
corresponding to the standard from the leaf extracts revealed
that the O, radical level was higher under ambient UV
(figure 2A). Exclusion of UV-B and UV-A/B reduced the
amount of the radical by 40-45% (figure 2A; table 2).

The hydroxyl radicals were recorded as DMPO-"OH spin
adducts stable at room temperature that produced a four line
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Figure 2. Effect of exclusion of solar UV radiation on reactive
oxygen species in maize leaves. (A) EPR spectra of superoxide-
PBN (phenyl N-tert-butyl nitrone) spin adduct. [(1) spectra from
xanthine/xanthine oxidase, (2) open control, (3) filter control (2 h),
(4) -UV-A/B, (5) -UV-B]. (B) EPR spectra of ‘OH- DMPO (5,5'-
dimethyl-1-pyrroline-N-oxide) spin adduct [(1) spectra from Fenton
reaction, (2) open control, (3) filter control (2 h), (4) -UV-A/B, (5) -
UV-B]. Each spectrum is the representative of 12 individual
spectra.
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Table 2. Effect of UV exclusion on free radical generation in
maize leaves

Treatment O," content (%) "OH radical content (%)
X/XO 100 100
oC 5.83+0.61% 3.36+0.23%
FC 5.01+0.21% 3.41+0.34%
-UV-A/B 3.40+.0.09° 3.10+0.11%
-UV-B 3.011+0.20° 3.01+0.01°

Data are the means of + S.E.M. of three different experiments with
four replicate in each experiment (n=12). Means in columns with-
out letters in common differ significantly (p<0.05). X/XO = Xan-
thine/xanthine oxidase, PBN = phenyl N-tert-butyl nitrone, OC =
open control, FC = filter control.

spectrum with 1:2:2:1 intensity ratio (Rosen and Rauckman
1984; Knecht and Mason 1993). The standard spectrum of
DMPO-"OH adduct was produced by Fenton reaction
(figure 2B). The corresponding adducts with leaf extracts
indicated a reduction in the spectral intensity after the exclu-
sion of the UV-B and UV-A/B (figure 2A; table 2). The
reduction was to the extent of 8—11%. Production of "OH
radical (but not O, radical) was observed in thylakoid
membrane irradiated with UV-B (Hideg and Vass 1996).
O," radical production has been observed under photosyn-
thetically active radiation (PAR) (Hideg et al. 1994) and
UV-B radiation can increase the risk of PAR-induced photo-
inhibition due to the inhibition of violaxanthine deepoxida-
tion (Pfiindel et al. 1992). Alteration of xanthophylls cycle
by ambient solar UV radiation has also been reported (Martz
et al. 2007). The results presented here indicate the excess
production of both O, and 'OH radical by ambient UV in
maize leaves.

3.2 Superoxide anion radical (O, ) scavenging activity
(SOD-like activity)

Free radical scavenging activity was recorded by observing
the changes in the intensity of DMPO-O, " spin adduct
generated by X/XO after adding the leaf extracts from the
plants grown under ambient UV or in the absence of UV
(figure 3). Leaf extracts from plants grown under ambient
UV showed higher scavenging activity and reduced the
intensity of the standard spectrum by 55-60% (figure 3;
table 3). Reduction of intensity of the standard spectrum
was comparatively lower (31% after exclusion of UV-B
and 23% after exclusion of UV-A/B) in the leaves of UV-
excluded plants. Thus, under ambient UV there is a higher
production of free radical and a higher scavenging activity in
the maize leaves.
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Figure 3. Superoxide radical scavenging activity in maize leaves
after the exclusion of solar UV radiation.(1) X/XO + DMPO, (2) X/
XO + DMPO + open control (OC), (3) X/XO + DMPO + filter control
(FC), (4) X/XO + DMPO + UV-A/B, (5) X/XO + DMPO + UV-B.
Each spectrum is the representative of 12 individual spectra (X/XO,
xanthine/xanthine oxidase, DMPO, 5,5’-dimethyl-1-pyrroline-N-oxide).

Table 3. Effect of UV exclusion O,  radical scavenging activity
in maize leaves

Treatment Spin Concentration SOD-like
(%) activity (%)
X/XO + DMPO 100 0.00
X/XO + DMPO + OC 59.50+1.34* 40.5
X/XO + DMPO + FC 53.04+1.42° 46.96
X/XO+DMPO+(-UV-A/B) 68.79+1.68° 31.21
X/XO + DMPO + (-UV-B) 72.014£2.33° 27.99

Data are the means of + S.E.M. of three different experiments with
four replicate in each experiment (n=12). Means in columns with-
out letters in common differ significantly (p=<0.05). X/Xo = Xan-
thine/xanthine oxidase, DMPO=5,5’-dimethyl-1-pyrroline-N-
oxide, OC = open control, FC = filter control.
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Table 4. Effect of UV exclusion on different biochemical parameters in maize

Parameters Open control Filter control -UV-A/B -UV-B
SOD (Unit ' mg protein) 0.0094+0.0005% 0.0083+0.0005* 0.0038+0.0008" 0.0035+0.0008°
POD (OD min mg protein) ~* 3.746+0.167* 3.789+0.18% 2.977+0.23° 2.241+0.17¢
UAS Units ' mg FM 0.0526+0.005 0.051+0.003 0.049+0.002 0.051+0.001

Data are the means of + S.E.M. of three different experiments with four replicate in each experiment (n=12). Means in columns without

letters in common differ significantly (p=0.05).

3.3 Superoxide dismutase and peroxidase activity

Spectrophotometric estimation of SOD and POD activity in
the leaf extracts of ambient grown plants indicated a signif-
icantly higher activity compared to the control plants grown
under UV-exclusion filter (table 4). The reduction in the
activity of SOD was up to 60% after the exclusion of UV
radiation (table 4). Activity of POD was reduced to a lesser
extent; 40% by exclusion of UV-B and 20% by exclusion of
UV-A/B (table 4). The spectrophotometric assay of SOD and
POD further supported the EPR data of reduction in the
antioxidant activity. There was a prominent difference in
the O, content, but only a marginal difference in the "OH
radical, between the ambient grown and UV-excluded
plants. One of the possible reason for this difference would
be the higher activity of POD in maize leaves, which pre-
vents further reduction of H,O, to "OH but may accelerate
the H,O, breakdown.

Although there was a significant difference in the activity
of antioxidant enzymes like SOD and POD, UV-absorbing
substances in the maize leaves remained unaltered even after
the exclusion of ambient UV (table 4). Correia ef al. (1999)
also have made similar observation in maize.

3.4  Chlorophyll a fluorescence

Polyphasic chlorophyll a fluorescence transient was mea-
sured to evaluate the effect of ambient solar UV radiation
on the photochemical efficiency of PSII. The time course of
fluorescence yield in dark-adapted intact leaves from plants
grown in ambient UV and after UV exclusion plotted on
logarithmic time scale showed the separation of OJIP phase
(figure 4).The OJIP transient represents the successive but
overlapping filling up of PSII electron acceptor pools such as
Qa, Qp and PQ, whose oxido-reduction states are closely
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Figure 4. Fluorescence emission transient of maize leaves normalized by Fy OC = open control, FC = filter control, -UV-A/B = UV-A/B
excluded plants, -UV-B = UV-B excluded plants. Data are the average of 20 individual plants from each treatment.
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controlled by PSII functions (Govindjee 1995). The O phase
corresponds to minimal fluorescence yield, originated most-
ly from chlorophyll a of PSII light-harvesting complex
(Butler 1978). The J phase represents the maximum of QA
(Hsu 1993) and the following fluorescence raise JI transient,
characterize the closure of the remaining PSII open centres,
resulting the accumulation of Q5 Qg™ (Strasser ef al.1995).
The maximum yield of chlorophyll a fluorescence is attained
when the PQ pool become reduced, therefore the IP fluores-
cence step is a consequence of Qa Qg (Strasser
et al.1995). The intensity of fluorescence yield in the JIP
phase was enhanced by the exclusion of solar UV-B and
UV-A/B. A very significant reduction in maximum chloro-
phyll fluorescence (F,, = F,) yield in control plants indicates
a reduction in the amount PSII centres that are able to reduce
Qa. Either decreased absorption cross-sectional area of PSII-
associated light-harvesting antenna or retarded electron flow
from the donor side of PSII to the PQ pool that need to be
reduced before Q4 can accumulate results in lower fluores-
cence yield at F,,.

F,/F,, does not show significant difference between UV-
excluded and open field grown plants (table 5), which shows
that exclusion of UV radiation did not influence the number
of quanta absorbed per unit time (Mehta et al. 2010). The
most sensitive parameters calculated by the equations of the
JIP test is performance index (PI), which is an indicator of
sample vitality, was significantly enhanced by the exclusion
of solar UV components (table 5). The PI is a function of
three independent functional steps of photosynthesis, i.c.
RC/ABS, ¢p, and vy, (Srivastava et al. 1999). PI was en-
hanced by 81% and 43% after the exclusion of UV-B and
UV-A/B, respectively (table 5). This result indicated the
requirement of UV-A for the better harvesting of the sun-
light. The enhancement in PI is attributable to high

efficiency of v,, since y, was up to 22% and 9% higher
after UV-B and UV-A/B, respectively. The yield of electron
transport (pg,=ET¢/ABS), which is a product of the ¢p, (=
F./F,,) and v, can also be assessed from the fluorescence
transients. An enhancement of 28% and 14% was recorded
in ETo/ABS after the exclusion of UV-B and UV-A/B, respec-
tively (table 5). The relationship between log Plagg (the
driving force for photosynthesis) and ET(/ABS can be con-
sidered as a typical property of a plant’s ability to transform
light energy into chemical energy (NADH), which is subse-
quently directed in to metabolic reactions in the biochemical
process of photosynthesis (Hermans et al. 2003). A plot of
log (PIags)rel vs (ETo/ABS)rel indicated that the highest
efficiency for transforming light energy to chemical energy
was shown by the plants grown after exclusion of UV-B
(figure 5). This plot also emphasized the need for the pres-
ence of UV-A part of the solar spectrum to achieve the
highest efficiency although the absence of both UV-B and
UV-A components enhances the efficiency above the ambi-
ent plants (figure 5). Thus, UV exclusion enhances the
ability of maize plants to convert light energy to chemical
energy that can be used to reduce CO, to carbohydrate,
which can lead to larger accumulation of biomass.
Although several studies have shown the sensitivity of
PSII to UV-B radiation (Bornman 1989; Melis ef al. 1992),
the reduction in CO, assimilation induced by UV-B can
occur prior to or in the absence of depressions in PSII and
may more likely involve impairment in Calvin cycle, possi-
bly mediated by Rubisco (Nogues and Baker 1995; Lesser
and Neale 1996; Allen et al. 1999). In the present study,
quantum yield of primary photochemistry (F,/F,,) did not
show much difference between UV-excluded and ambient
grown plants. Similarly, F,/F,, was unaltered by UV exclu-
sion in the studies of Xiong and Day (2001). Xiong and Day

Table 5. The values of different structural and functional parameters provided by the JIP test

Parameters Open control Filter control -UV-A/B -UV-B
Fo 238+2.49° 229+3.12° 226+2.49°¢ 227+2.58%¢
Fn 1120+18.94* 1177 £12.24° 1245+14.45° 1252+8.48°
F./Fi 0.722+0.053* 0.74+0.005* 0.754+.0036" 0.759+0.023*
ETy/ABS 0.327+0.014* 0.337+0.019* 0.375+0.013° 0.42+0.008"
ETy/TR, 0.453+0.019% 0.455+0.023% 0.498+0.016" 0.554+0.01°
Plags 6.384+0.057° 7.31+0.78° 9.148+0.70° 11.58+0.47°

Data are the means of + S.E.M. of three different experiments with four replicate in each experiment (n=12). Means in columns without

letters in common differ significantly (p<0.05).

Fy = initial fluorescence at 20 ps.

F., = maximum fluorescence at 1 s.

F,/F, = maximum quantum yield of primary photochemistry.

ETy/TRy = capacity of PS 1II to transfer trapped excitation that can move an electron into the electron transport chain further than Q4 .

ETy/ABS = quantum yield of electron transport.
Plops = performance index based on absorption.
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Figure 5. Correlation of the driving force (DFpps )rel = Log
(PIags)rel as a function of the relative yield of electron transport
(ETO/ABS) rel. [LOg (PIABS)rel = 100 x [(PIABS)AVG treatment
(PIABS)all avg]/ (PIABS)all avg: (ETO/ABS) rel = 100 x [(ETO/
ABS)AVG treatment (ETO/ABS)all avg]/ (ETO/ABS)aII avg]~ FC = Filter
control, -UV-A/B = UV-A/B excluded plants, -UV-B = UV-B
excluded plants. Data are the average of 20 individual plants from
each treatment.

(2001) concluded that UV-B effects on photosynthesis may
be associated with enzymatic rather than PSII limitation.

w
[+
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Results with OJIP curve presented here, however, demon-
strate that the components of PSII are significantly affected
by solar UV-B although F,/F,, remains nearly unaffected.

3.5 Growth of maize after UV exclusion

The enhancement in the efficiency of light absorption after
the exclusion of UV components translated into enhanced
growth parameters in the maize. Leaf area and leaf dry
weight were the most altered parameters after the UV exclu-
sion (figure 6). Leaf area was enhanced by 90% and 79%
after the exclusion of UV-B and UV-A/B. Although the
microclimate was different in the chamber with filters as
compared to plants grown in open filed, there was no chamber
effect on the growth as no significant difference was found
between open field grown plants and the plants grown under
the filter that transmitted solar UV components (figure 6).
Besides leaf parameters, significant difference in biomass
were also recorded in roots and shoots (figure 6) after UV
exclusion. The values of PI and plant dry weight when
plotted together showed a positive correlation (=
0.824) after the exclusion of UV radiation. Positive correla-
tion (#°=0.824) was also recorded between PI and plant
height. Several plants show similar enhancement of biomass
in the aerial and underground parts after the exclusion of
solar UV components (see introduction). However, Pal ef al.
(1997) could only observe marginal difference in maize
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Figure 6. Effect of UV exclusion on different growth parameters in maize (20 days after emergence). Data are the means of + S.E.M. of
three different experiments with five replicate in each experiment (n=15). Means in columns without letters in common differ significantly

(¢=<0.05).
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(cv.SM-600) after UV-B exclusion. The difference in the
response to exclusion reported here in Var. HQPM. 1, a
single cross-hybrid of maize, may be due to intraspecific
variation in the sensitivity of maize varieties to UV-B.

4. Conclusion

The results indicate that solar UV components, especially
UV-B, inhibit photosynthetic efficiency of maize leaves.
This inhibition can be related to higher production of active
oxygen species, which can cause multi-targeted deleterious
effect on PSII components. Although the primary photo-
chemistry of PSII remains unaffected by solar UV, the bio-
chemical characters and the transformation of light energy
into chemical energy are significantly affected. Enhanced
Plsps and ET(/ABS after the exclusion of UV components
was accompanied by higher biomass. Photosynthetic effi-
ciency was maximum in the presence of UV-A components
of solar spectrum, which requires further experimentation.
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