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Abstract

Origin of life was never be thought without considering the role of UV radiation but
once the “boon”, is slowly becoming “curse” for life. Plants are exposed to many
factors but the problem of enhanced UV-B is created by the anthropogenic activities
resulted in ozone layer depletion. However, plants are performing well to cope up with
such problems, but the changing climatic conditions and their interactive effects needs
attention. Focusing on this, the main objective of this study is to summarize the plant
responses observed under various studies against enhanced UV-B. Depletion of
stratospheric ozone layer has created the threat of enhanced UV-B which causes the
reduction of productivity by reducing the rate of photosynthesis, plant growth, and
overall yield in most of the species. So, the scope of further research should be focused
on the selection of tolerant species for improving knowledge, scope of genetic
improvement and other responses against combination of stresses for better
understanding and management of plants with changing climate.
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Abbreviations: APX - ascorbate peroxidase; CAT - catalase; "OH - hydroxyl radical;
LPO - lipid peroxidation; MDA - malondialdehyde; ROS - reactive oxygen species;
SOD - superoxide dismutase; UV-B - ultraviolet B radiation; UV-Bgg - biologically
effective UV-B.

Introduction

Although the Earth is now survivable but origin of life was dated back only few
billion years ago and was recorded with the help of some microbial evidences. This
origin of life is mainly supported by the solar spectrum which is the driving force for
entire ecosystems of Earth and is comprised of electromagnetic spectrum including
different wavelengths ranging from radio waves to gamma waves. These
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electromagnetic waves helped in the formation of early atmosphere on the Earth and
ultimately lead to the origin of early life.

The more energetic regions of the spectrum are at shorter wavelengths, but the
region of our interest in the spectrum is “Ultraviolet Radiation” which lies at the short
wavelength end. Ultraviolet, visible and infra red rays are critically very important for
life on the Earth. Infra red light and visible light are the part of solar spectrum, which
are responsible for increasing the temperature of the Earth up to the survival range.

Ultraviolet radiation (UV) is a part of the non ionizing region of the
electromagnetic spectrum which comprises approximately 8-9% of the total solar
radiation. UV is traditionally divided into three wavelength ranges: UV-A (320-400
nm) represents approximately 6.3% of the incoming solar radiation and is
comparatively less harmful part of UV- radiation (Table.1). UV-B (280-320 nm) is of
particular interest because this wavelength represents only 1.5% of the total spectrum,
but can induce a damaging effect in plants, animals as well as at ecosystem level
(Table.1). UV-C (200-280 nm) is extremely harmful to organisms (Table.1).

History of Ultra violet radiation

Ancient civilization thought that sun is the ultimate source of visibility, warmth,
health and vitality and their understanding about sun was immersed in the mythology
and cultural traditions. But their newer generations were not satisfied by the
explanations, so they lead to the beginning for search of new thoughts, believes and
understanding. By the start of 9th century, the newer knowledge and principles led to
the realization that sunlight is not a single stimulus of single wavelength but it is a
collection of stimuli of different wavelengths. In that series the discovery of UV
radiation prior to 1920 took place. First of all Sala (1614) made an observation in
which he found that silver nitrate crystal turned black when exposed to sunlight.
Scheele (1777) also found the same phenomenon, when he directed sunlight through a
prism onto a paper, a coloured spectrum was also observed by him. Ritter (1801)
noticed invisible rays beyond violet end of the spectrum and called it deoxidizing rays,
later it was termed chemical rays. Becquerel and Draper (1842) independently
observed that wavelength between 240 to 400 nm induce in or photochemical reaction.
This was the first indication of spectral extent of UV radiation.

Maxwell (1865) proposed the theory of electromagnetic waves. After that a
revolution in the field of solar spectrum studies occurred and by 1920, the existence of
UV radiation, its properties and relationship to sunlight were well established.

UV-B and life of terrestrial plants

Evolution of plants from the early Archean era began as single photosynthetic
cell (Cockell and Horneck, 2001). The effect of ultraviolet radiation is detrimental to
the terrestrial plants. It has been demonstrated with some most important biochemical
machinery i.e. DNA and PS-II (Singh et al., 2008).
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During the course of evolution, when stratospheric ozone was not formed; life
was not possible on land so the first life was originated under water but with the help of
UV-C and other solar radiations stratospheric ozone layer was formed. After that, all of
the UV-A and minor part of UV-B were allowed to reach the Earth’s environment and
UV-C was fully absorbed and scattered. Therefore, it can be said that UV radiation has
regulatory properties and hence, it altered the Earth’s environment over geological time
periods and it is essential to understand the evolutionary history of the Earth and also
the selection pressure developed by UV-B on terrestrial plants. In fact, Sagan (1973)
first considered the UV radiation as a selection pressure on the early photosynthetic
organisms.

The terrestrial plants coevolved under different solar UV-B levels and may have
experienced significantly higher UV-B irradiance during course of evolution than
current surface UV-B level (Cockell and Horneck, 2001; Rozema et al., 2002). So, the
UV-B tolerance acquired earlier; probably helps to explain why plants are distributed at
lower latitudes or higher elevations, where UV-B irradiance is greater, are less
sensitive to high levels of the UV-B radiations than those at higher latitudes and/or
lower elevations (Turunen and Latola, 2005).

UV-B environment of terrestrial plants is quite variable in both time and space
and thus, organisms experiences different UV-B doses and adapt to UV-B radiation at
different levels (Rozema, 2000). In this context, it is expected that terrestrial plants
responds differently to increasing solar UV-B. And because of the increasing
consequences of ozone layer depletion and UV-B irradiances, focus from the point that
UV-B radiation is a component of sunlight which is involved in the evolution of life on
Earth, may have distracted (Cockell and Horneck, 2001).

Ozone and UV-B irradiance

UV radiations are measured in two terms i.e. irradiance and fluence rate.
Irradiance is the radiation falling on a flat surface per unit area per second and when it
is multiplied by time then is called as dose. Fluence rate is the radiation falling on
sphere per unit cross section per second and when fluence rate is multiplied with time,
it is called as fluence. Ozone is a form of oxygen which plays a vital role in the
atmosphere. It is known that the protection of life on the Earth from UV-B and UV-C
radiations is a result of the absorbance of these radiations by stratospheric ozone layer.
While some ozone is also found in the tropospheric region, but its concentration is very
low as compared to stratospheric ozone concentration. In troposphere, ozone is an air
pollutant and is a green house gas which causes harmful effects on both living system
and environment. But in stratosphere, it forms a thick covering around the Earth which
protects the living organisms from the harmful rays of solar spectra. However, due to
anthropogenic activities this protective layer is depleting and it is termed as Ozone
Hole. The thinning of ozone layer less than 220 DU caused by ozone depleting
substances such as halocarbons is called as Ozone hole.
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The stratospheric ozone layer efficiently filters out most of the detrimental
shortwave UV radiation shorter than 280 nm. The absorbance coefficient of ozone
decreases rapidly at wavelengths longer than 280 nm and approaches zero at about 330
nm. This is referred to as “Column Ozone” since it is the total amount of ozone in a
column between the Earth’s surface and the top of the stratosphere; normally expressed
as “Dobson Unit” and abbreviated as “DU”. Therefore, UV-A radiation is virtually
unaffected by changes in ozone concentration. At the Earth’s surface, radiation
becomes significant between wavelengths 290-315 nm, increasing rapidly within this
range by about three orders of magnitude. A small decrease in ozone levels may cause
a large relative increase in biologically effective UV-radiation. In general, each 1%
decreases in ozone concentration causes an increase of 1.3 to 1.8% in UV-B radiation
reaching the biosphere.

The amount of radiation passing through the ozone column is dependent not only
on its concentration in the atmosphere, but also dependent on the elevation above the
sea level and angle of the Earth’s surface. The higher the elevation above the sea
surface the shorter the path through the atmosphere that the radiation has to travel,
which ultimately results in increase in irradiance.

Ozone Layer Formation

Formation of stratospheric ozone is a natural process, whereas formation of
tropospheric ozone is due to anthropogenic activities and tropospheric ozone acts as air
pollutant (secondary pollutant) and also as one of the green house gases.

Main sources of tropospheric ozone are automobiles, xerox machines, biomass
burning etc. In automobiles emissions, nitrogen dioxide breaks in presence of light into
nitric oxide and nascent oxygen which combines, with molecular oxygen to form
ozone.

High Temperature
NO, >NO + O

0,40 ———> 0,

Stratospheric ozone is formed by the photolysis of molecular oxygen in
thermosphere and formation of ozone takes place in stratosphere because of the
favorable conditions like sufficient oxygen densities.

0, —» O0+0 (in thermosphere)
0,+0 —» 0O (in stratosphere)

Ozone layer formation and degradation in stratosphere is a natural phenomenon
and a balance is maintained between molecular oxygen (O,), hydroxyl ion (OH) and
peroxy radical (HO,), which maintains the thickness of ozone in stratosphere. But any
disturbance in the surrounding atmosphere like entry of ozone depleting substances
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causes disturbance in these natural processes and depletion of ozone layer starts.
Through various studies it was found that 5% decrease in ozone layer thickness causes
10% increase in UV-B radiation penetration.

Ozone Layer Depletion

The process of ozone layer depletion was first reported by Farman and his team
at South Pole especially in spring season in 1982 and was later confirmed by NASA in
1987. The ozone layer depletion process begins when CFCs, NOx and other ozone
depleting substances (ODS) are emitted into the atmosphere. When this ODS reaches
up to stratospheric region, ozone depletion results. In the presence of strong UV-
radiation, ODS molecules break apart into chlorine atoms and other halogens and these
atoms are actually involved in destruction of ozone. Ozone is continuously produced
and destroyed in a natural cycle and the overall amount of ozone is essentially stable.
This ozone production and destruction are balanced and ozone levels remain stable. But
increase in stratospheric chlorine and bromine upsets that balance leading to decrease
in ozone production and creating ozone levels fall.

Ozone depletion represents two distinct but related phenomena observed in late
1970s i.e. a steady decline of about 4% per decade in the total volume of ozone in
Earth’s stratosphere (the ozone layer) and much larger decrease in stratospheric ozone
layer over Earth’s polar regions. The latter phenomenon results into Ozone Hole. CFCs
and other contributing substances are referred as ozone depleting substances (ODS).
The ozone layer inhibits the penetration of most harmful UV-B (280-320 nm) of UV-
radiation from passing through the atmosphere. The observed decrease in ozone
concentration have generated a worldwide concern, leading to the adoption of the
Montreal Protocol that bans the production of CFCs, halogens and other ozone
depleting substances such as carbon tetrachloride and trichloroethane.

Ozone can be destroyed by a number of free radicals such as hydroxyl free
radical (OH), nitric oxide free radical (NO’), chlorine free radical (Cl'), peroxy radical
(HOy) superoxide radical (‘O,) and these are found in certain organic compounds
especially CFCs. The Cl and Br atoms are liberated from the parent compounds by the
action of ultraviolet radiation.

CFCl; + electromagnetic radiation — CFCI, + Cl

These free radicals can then destroy ozone molecules through variety of
reactions. The simplest example of such reactions is, a chlorine atom reacts with ozone
molecules to form CIO and leaving a normal oxygen molecule. The chlorine monoxide
(ClO) reacts with second molecule of ozone to form another chlorine atom and two
molecules of oxygen.

Cl+0; = ClO+ 0,
ClIO+0;— Cl1+ 20,

Other reactions involving ozone destruction are:
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O; + CHy — CH,0, + HCHO

CH,0, +SO, — SO; + HCHO

0; +NO — NO, +0,

NO, +0; —» NO; + O,
Consequences of Ozone layer depletion

In the last few decades, there has been an average of 7% increase in biologically
active UV-B radiation in northern mid latitude due to depletion in stratospheric ozone
layer (Yang et al., 2007).

The amount of UV-B radiation that penetrates through the ozone layer decreases
exponentially with the slant path thickness/density of the layer. Correspondingly, a
decrease in atmospheric ozone is expected to give rise to significantly increased levels
of UV-B near the surface.

According to IPCC 2007 report, it has been predicted that if the current rate of
anthropogenic pollution and green house gases emission continues, it will result into
tremendous stress on living system by increasing the concentration of heat trapping
gases which will lead to rise in global temperature from 0.4°C to 1.1 °C by 2025 and up
to 5.8 °C by 2100. However, the proposed CO, concentration is 720 to 1020 ppm up to
2100. These climate change models revealed that this climate change will have more
adverse effect than beneficial on ecosystem.

Clouds, Aerosols, Air Pollutants and UV-B irradiance

Stratospheric ozone determines the amount of UV-B radiation that reaches the
surface of the Earth, its level is significantly affected by variations in latitude and
altitude. Level of UV-B over tropical latitude is higher than in temperate region.

Atmospheric UV-B absorption is determined by the solar angle and ozone itself
(thinner in equatorial region). UV-B radiation is relatively high in tropical area and low
in polar area. Other than geographical factors, atmospheric pollutants like Smoke,
aerosols and weather factors like cloud, haze; greatly decreases the level of UV-B
reaching the Earth’s surface. Clouds have a large effect on irradiance on the Earth’s
surface.

Clouds and aerosols scatter radiation, but other air pollutants like sulphur dioxide
absorbs and scatters UV. However, the absorbance of UV radiation by gases other than
ozone is generally a small factor except in highly polluted areas. Thin cloud layers
actually scatter a significant portion of the UV-B towards the Earth, while thick cloud
layers scatter most of the UV-radiation back to the space. Thus, it can be said that
clouds are not necessarily good protector from sun burn. Depending upon the type and
height of clouds, light water content and particle distribution, cloud cover can attenuate
over 70% of the incident UV-B radiation (McKenzie et al., 2007).
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Steps for recovery of ozone layer

In 1972, it was warned that nitrous oxide and CFCs (Chlorine containing
compounds) causes the breakdown of large amount of ozone in the stratosphere
(Molina and Rowland, 1974; Velders et al., 2007). This fact causes the depletion of
stratospheric ozone layer, increasing the UV-B radiation at the ground level, especially
in Antarctica and Arctic region as well as at high altitude area. After which the British-
Antarctica Survey was done by Farman et al. (1985) and the result of the survey
showed a springtime ozone hole in Antarctic ozone layer. In the same year, 20 nations
signed the Vienna Convention, which established a frame work for negotiating an
international regulation on ozone depleting substances.

On September 16, 1987, the Montreal Protocol on “Substances that deplete the
Ozone layer” was signed and applied on January 01, 1989 (Veldars et al., 2007). The
ozone depletion is a global phenomenon and according to European Ozone Research
Coordinating Unit (EORCU) its amount reaches approximately 0.6% per year. Despite
reductions in production and use of ozone depleting chemicals, the potential of ozone
depletion by anthropogenic emissions or natural causes (e.g. Volcanoes) still remains.
Recently, in 2016, a springtime recovery in ozone layer is reported by Solomon et al.
(2016) over 1.5 million sq. miles.

Effects of UV-B on Plants

Depletion of ozone layer leads to the increase in ultraviolet radiation (UV-B)
reaching to the Earth surface (Madronich et al.,1998). Increase of UV-B radiation will
alter the growth and metabolism of plants, thus UV-B radiation acts as an
environmental stress/ abiotic factor on plants, which ultimately causes the slowing of
plant growth, damages the photosynthetic pigments, lowers the carbon assimilation,
altering the biomass allocation ultimately results in reduction of biomass and
productivity (Tevini and Teramura, 1989).

All the plants show various responses to UV-B, some plants can tolerate this
stress and some becomes sensitive and cannot tolerate such situation. These plants will
acquire different defense mechanisms like increased thickness of leaves, production of
more flavonoids, stimulation of the antioxidant formation; activation of the reactive
species to quench free radicals, etc to protect the plants from such kind of
environmental stresses. (Caldwell et al., 2003; Agrawal and Mishra, 2008). Rise in UV-
B radiation in the environment results into different physiological responses (Tevini
and Teramura, 1989). Changes observed after supplemental UV-B radiation includes
epidermal deformation (Tevini and Steinmuller, 1987), changes in stomatal
conductance, changes in ultra structure of leaves, increased level of flavonoids (Tevini
et al. 1981,1991; Beggs and Wellman, 1985), reduction in percentage of pollen
germination (Flint and Cladwell, 1984), biomass reduction (Tevini et al.,1981;Lydon et
al., 1986; Sullivan and Teramura,1988). These changes could be the result of DNA
damage, photosynthetic damage, alteration in membrane, destruction of protein,
hormone inactivation (Tevini et al. 1989, 1991b), and signal transduction through
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phytochrome (which photoconverts in response to UV-B)(Pratt and Butler, 1970), or
signal transduction via a UV-B photo receptor.

Morphological changes induced by UV-B

Morphology of plants is considered to be a very effective indicator of UV-B
damage. Measurements of other parameters like chlorophyll, carotenoids, phenols, lipid
peroxidation, etc. have also proved to be useful indicators of UV-B tolerance and
sensitivity.

Solar radiation comprised of various radiation, among which the percentage of
UV-B is very less but the range of its morphological effects on plants is very diverse.
And these changes includes from increase in leaf thickness, discoloration of leaves,
increase in leave serration to changes in root-shoot ratio (Jansen et al., 2002).

As a result of UV-B stress, initially bronzing, cupping, glazing of leaves are
observed which is followed by development of irregular patches and with prolonged
exposure, these patches gets converted into brown spot and dies (Singh et al., 2008).
Zhao et al. (2003) has reported that these chlorotic and necrotic spots are formed due to
decrease in chlorophyll content. It was also reported that leaf size decreases, leading to
less leaf area and lesser branches, extension rate of stem also declines (Kakani et al.,
2003; Reddy et al., 2003; Zhao et al., 2003) but sometimes opposite trends was
observed like intense branching, more number of internodes, increased plant height and
dense canopy. Exposure to UV radiation also leads to increase in cuticular wax
deposition.

Kakani et al. (2003) had reported that prolonged exposure of UV-radiation leads
to delayed flowering in different crops; opposite to that Sinclair et al. (1990) has told
that early bud or flower development or time of first flower is not affected by UV-B.

Broad leaf plants are more sensitive in comparison to narrow leaf plants.
Moreover, the members of family Cucurbitaceae and Brassicaceae are more sensitive.
Increased level of UV-B also induces some common morphological changes such as
reduction in leaf area, thickening of the leaves, curling or cupping of the leaves,
increases in branching, tillering and number of leaves, decreases in number of fruits
and flowers and seedling.

Reduction in leaf area occurs due to destruction of photosynthetic pigments but
to cope up with the situation and to increase photosynthesis, number of leaves increases
into the affected plants, which ultimately leads to increased number of branching in
dicots and increased number of tillers in monocots. Most of the energy is lost in repair
mechanisms, leading to the reduction in flowering and fruiting. Moreover, thickening
of leaves are a defense mechanism acquired by the plants in order to increase the path
length of UV radiation.

Due to conversion of Indole-acetic-acid into 3-methylene oxindole curling of
leaves takes place.
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By this conversion, less growth of the upper side and normal growth of the lower
side of the leaves take place, this ultimately causes the cupping of leaves (Kakani et al.,
2003).

Physiological changes induced by UV-B

The process of conversion of CO, and water into carbohydrate in the presence of
sunlight is termed as “Photosynthesis”. Photosynthetic apparatus is comprised of two
photosystems: PS-I and PS-II. Although UV-B encroaches most of the aspects of
photosynthesis such as damages to ultra structure of chloroplast and light harvesting
complex, decrease in the activity of Rubisco, decline in the oxygen evolving and CO,
fixation, reduction in the chlorophyll and starch content. And the photosynthetic
responses of plants towards UV-B radiation depend on plant species, cultivars,
experimental conditions, UV-B dosage, and the ratio of PAR to UV-B radiation.

But the main target of UV-B is PS-II (Fiscus and Booker, 1995). PS-II is a
complex of protein and pigment which transports the flow of electron(s) from splitting
of water to plastoquinones (Barber et al., 1997; Mattoo et al., 1999). PS-II is
comprised of two proteins, namely D1 and D2, which forms the core of PS-II. These
two proteins are very sensitive against UV-B and UV-B driven degradation of D1 and
D2 protein leads to impairment of PS-II, which can be measured in terms of decreased
oxygen evolution or variable chlorophyll florescence. This variable chlorophyll
florescence is often intended as a measure of radiation-damage to PS-II.

According to previous reports, almost all components from Mn binding sites to
plastoquinone acceptor sites within PS-II on thylakoid membrane are sensitive against
UV-B. In addition, some indirect effects of UV-B are also observed which alters the
rate of photosynthesis, such as, stomatal closure, changes in leaf thickness and
anatomy, decrease in individual leaf area and total canopy leaf area. According to Van
Rensen et al. (2007) damage caused by UV-B radiation occurs first on the acceptor side
of photosystem II and only later on the donor side.

Due to elevated UV-B, changes in ultra structure of leaves takes place, which
modifies the light attenuation by leaf and the total UV-B radiation in turn, affect
photosynthesis. Leaf reflects 3-6% (Gao et al., 1996, Yang et al., 1995) to 10-40%
from pubescent or glaucous surface (Robberecht and Caldwell, 1980). An increase in
incident UV-B radiation would increase the amount transmitted if no additional
reflection occurs at leaf surface. Plant species differed in their anatomical responses to
UV-B radiation, while increase in leaf thickness due to UV-B was common (Nagel et
al., 1998; Bornman and Vogelman, 1991). The palisade cells from UV-B irradiated
leaves of species were wider. The increase in cell number would increase the cell wall
surface area, which blocks and prevents the harmful UV-B radiation from reaching the
abaxial photosynthetically active mesophyll. The increased palisade cell number would
also increase the amount of air cell wall interfaces, an important parameter that affects
reflectance (Knipling, 1970) and transmission of the incident radiation through the leaf
surface (Bornman and Vogelman, 1991).
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Other changes produced by elevated UV-B include more trichomes on the
abaxial leaf surface (Barnes et al., 1996), a reduction in number and diameter of xylem
tubes, decreased stomatal frequency and distorted leaf area (Lingakumar and
Kalandaivelu, 1993). These adverse effects of UV-B on leaf anatomy would inhibit the
uptake of CO, and in turn more assimilate production. UV-B exposure also reduces the
CO, fixation by decreasing the activity and concentration of Rubisco. This decline in
the activity of Rubisco is due to the decrease in soluble protein.

Moreover, stomatal conductance is the single and most variable factor which
governs the responses of plants to UV-B. Therefore, intra- and inter specific variations
in the impacts of UV-B often correlate with the intrinsic capacity of stomatal
conductance; plants with higher rates of stomatal uptake exhibiting greater effects
(Mansfield and Freer-Smith, 1984). Furthermore, since exposure generally results in
the decline in stomatal apertures, plants that display most rapid stomatal closure in
response to UV-B are often reported to be resistant. However, stomatal closure leads to
reduction of evapotranspirational loss of water and water use efficiency gets increased,
which ultimately leads to increased plant growth.

Factors such as volume of leaves, intercellular air spaces and exposed mesophyll
cell surface area play an important role in determining the variable UV responses.
Furthermore, thinner leaves are generally found to be more sensitive to UV-B than
thicker leaves.

Chlorophyll fluorescence is an effective physiological indicator of plant response
to stress. A decrease in Fv/Fm ratio under UV-B; reflects photo inhibition. Light-
dependent inactivation of the photosystem II (PSII) reaction centre is associated with a
decline in Fm and Fv/Fm and with an increase in initial fluorescence as is observed in
UV-B-exposed plants (Long and Humphries, 1994). A diminished electron flow from
the water-splitting complex could cause impairment on the donor side, probably
lowering Fm in UV-B-exposed plants (Demmig-Adams et al., 1989). Fv, which
characterizes the photosynthetic competence of a leaf or chloroplast, reduced under
ambient and UV-B levels to a similar extent. The impact of UV-B radiation on PSII
activity is commonly measured as a decrease in oxygen evolution or variable
fluorescence (Vass et al., 1996). The decrease in Fv/Fm ratio was reported to be
accompanied by an elevated production of superoxide radicals (Jin and Tao, 2000)
which corresponded directly with higher MDA content under UV-B stress. UV-B
caused more membrane damage measured in terms of MDA content with a higher
magnitude of damage under UV-B.

Although, photosynthesis is directly related to the biomass accumulation in
plants but reduction in biomass is not necessarily related with the UV induced
reduction in photosynthesis. To cope up with prevailing climatic conditions, light and
UV-B stress, plant induces the synthesis of various secondary metabolites, which also
alters the physiological processes and might be a reason for reduction of biomass.
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Biochemical responses against UV-B and defense mechanisms adapted by the
plants

UV-B is well known for its deleterious effects and severe consequences on
various physiological and biochemical characteristics of economically important plants
(Miller et al., 1994; Rao et al., 1996; Ambhast and Agrawal, 2003). UV-B penetrates
through leaves and is absorbed by chromophores associated with the photosynthetic
apparatus. Leaves absorb over 90% of incident UV-B. Leaf surface reflectance in the
wavelength is generally below 10% and there is negligible transmission of UV-B
through leaves (Robberecht and Caldwell, 1980; Cen and Bornman, 1993; Gonzalez et
al., 1996). Cell components which absorb UV-B directly include nucleic acids,
proteins, lipids and quinones (Jordan, 1996). Water soluble phenolic pigments such as
flavonoids are also found in leaves, which strongly absorb UV-B radiations and protect
the plants. UV-B stress leads to the production of reactive oxygen species. Rao et al.
(1996) proposed that UV-B activates membrane localized NADPH oxidase, which then
leads to the generation of ROS. Plants comprised of several strategies to acclimatize
and metabolise ROS. These includes active defence systems using low molecular
weight antioxidants such as ascorbic acid, phenols, flavonoids, glutathione,
carotenoids, etc and high molecular weight enzymes such as superoxide dismutase
(SOD), ascorbate peroxidase (APX), peroxidase (POD), catalase (CAT), etc (Miller,
2002; Cervilla et al., 2007).

Increased levels of UV-B radiations are responsible for the increased reflectivity
of the plants surface i.e. the leaves becomes more shiny and glabrous because of the
increased deposition of waxy material. It is a common type of defense mechanism
acquired by the plants to protect them from harmful UV-B radiation. Excess UV-B
exposure also induces the bronzing and reddening of leaves, due to more production of
polyphenolic compounds like flavonoids.

UV-B and photosynthetic pigments

Chlorophyll a and b are the main photosynthetic pigments in all higher plants
whereas carotenoids are the main UV-protecting pigments. Carotenoids act as quencher
in plants during stress. Carotenoids are effective scavengers of ROS and thus protect
chlorophylls against photo oxidative damage caused by UV-B irradiation by dissipating
excess excitation energy (Yamamoto and Bassi, 1996). Along with carotenoids other
pigments like xanthophylls, anthocyanin etc are also found in plants and they also
protect the plants during stress.

Elevated UV-B radiation reduces the chlorophyll content in many plant species,
this occurs due to lipid peroxidation in chloroplast membrane. The photo reduction of
protochlorophyllide to chlorophyllide by protochlorophyllide oxidoreductase is one of
the possible targets of UV-B (Marwood and Greenberg, 1996). Because this reaction is
light driven, it is possible that UV-B can damage this enzyme resulting in lowering rate
of chlorophyll accumulation. UV-B down regulates the expression of genes, which
encodes for chlorophyll a/b binding proteins (Casti and Walbot, 2003).
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Chlorophylls are relatively photostable except at very high white light
illumination. Chlorophyll destruction was a function of UV-B fluence rate; carotenoids
are similarly affected in sensitive species. Decrease in chlorophyll content was evident
on exposure to elevated UV-B radiation in most of the crop species reviewed,
ultrastructural damage to chloroplast and changes in photosynthetic pigments results in
the reduction of photosynthesis (Sullivan and Rozema, 1999). Chlorophyll reduction on
exposure to UV-B in major crops species ranged from as low as 10% (Mirecki and
Teramura, 1984; Tevini et al., 1981; Pal et al., 1999) to as high as 70% (Tevini et al.,
1981; He et al., 1993) and reduction being higher among the dicots species (10-78%)
compared to that in monocot species (0-33%).

The chlorophyll components, thylakoids and grana were sensitive to the
incoming solar radiation (Tevini et al., 1991; He et al., 1994; Cassi-Lit et al., 1997). An
increase in UV-B radiation resulted in rupture of the thylakoid and grana due to
disintegration of the membrane. Photo bleaching was dependent on the length and
intensity of UV-B radiation (Huang et al., 1993). Most higher plants accumulate UV-
absorbing pigments in their leaves particularly phenylpropanoids after irradiation with
UV-B (Wellman, 1983; Tevini et al., 1983; Beggs et al., 1986), these compounds were
commonly located at upper epidermal layer of the leaves. These UV-absorbing
compounds are mainly phenylpropanoids such as cinnamoyl esters, flavones, flavonols,
etc.

UV-B and permeability

An early consequence of UV-B radiation is an increase in ion permeability of
thylakoid membranes, UV-B induced leakiness is also observed in the plasma
membrane which is explained by association with specific ion channels. UV-B induced
loss of K" ions from guard cell may be responsible for the observed loss of stomatal
conductance in irradiated plants (Negash and Bjorn, 1986). UV-B induced damage of
membrane is mainly focussed on the transport phenomenon (Murphy et al., 1985).

UV-B and phenols

Increase in phenolic content is an adaptive response, acting as a screen that
provides protection against UV-B penetration in leaf tissues and as antioxidants
protecting cells from reactive oxygen species (Bornman et al., 1998; Rozema et al.,
2002). Phenolic compounds of plants have been generally reported to be responsible
for different biological properties. Hence, enhancement in the level of phenolics in UV-
B-exposed plants plays a significant role in plant functions. The activation of the genes
of phenyl propanoid pathway producing phenolic compounds is a common response to
UV-B stress in plants. These phenolic compounds are produced from aromatic amino
acids (phenylalanine and tyrosine) via the phenyl propanoid pathway. These
compounds can mitigate the UV-induced damage by protecting the photosynthetic
pathway and cellular components. Increase in concentrations of UV-B absorbing
compounds including phenolic acid and flavonoids are the most consistent response of
plants to UV-B supplementation. Many studies have shown that plant mutants with
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elevated accumulation of UV-B absorbing phenolics compounds including flavonoids
display markable tolerance to UV-B (Bieza and Lois, 2001). Phenolics may have a
multifunctional role in UV-B defence. They screen out harmful UV-B radiation and
emit less-harmful longer-wavelength fluorescent radiation and also act as antioxidants
directly scavenging the active oxygen species induced by UV-B radiation (Rozema et
al., 2002).

UV-B and flavonoids

Flavonoids, the most common group of polyphenolic compounds that are found
ubiquitously in plants. Flavonoids are potential antioxidants and have aroused
considerable interest recently because of their potential beneficial effects on human
health in fighting diseases. The capacity of flavonoids to act as antioxidants depends
upon their molecular structure. The position of hydroxyl groups and other features in
the chemical structure of flavonoids are important for their antioxidant and free radical
scavenging activities. Quercetin, the most abundant dietary flavonol, is a potent
antioxidant because it has all the right structural features for free radical scavenging
activity. Flavonoids helps in reproduction by providing colours to the petals, helps in
signal transduction, help in nector guiding, provides allelopathy and also interacts with
microbes and helps in root nodule and mycorrhizal association formation. Flavonoids
are confined to the epidermal part of the plants and it remains bound inside the
vacuoles and is also found in root hairs, glandular hairs or trichomes of the plants.

There are two types of flavonoids that are found in plants: constitutive flavonoids
and induced flavonoids. Constituted flavonoids (e.g. Hydroxy cinnamic acid) are
normally present in plants; these are simple and are able to remove small amount of
UV radiation. But high amount of UV radiation induced flavonoids (e.g. Quercetin-
upper part of plant and Kaempferol- lower part of the leaf); these are specialized
flavonoids known as flavonoids glycosides.

Plants respond to UV B by balancing reactions that lead to damage, repair, and
acclimation. UV-B attenuation is mainly attributed to flavonoids and related phenolic
compounds that absorb UV-B radiation effectively while transmitting PAR to the
chloroplasts (Caldwell et al., 1983; Li et al., 1993; Reuber et al., 1996). Levels of these
complex phenolic compounds vary considerably between plant species, with
developmental stage, and with differing environmental conditions such as visible
radiation levels, water, and nutrient supply (Caldwell, 1971; Murali and Teramura,
1985). In addition, exposure to UV-B radiation may increase the concentration of UV-
B-absorbing compounds in the epidermis, rendering some plants less susceptible to
photosynthetic damage due to UV-B exposure. Oilseed rape plants when pre-adapted to
grow in UV-B, developed tolerance (Wilson and Greenberg, 1993). These plants have
elevated levels of flavonoids in their epidermal cells. Increased amounts of UV
protective compounds have been commonly shown in the literature (Tevini et al., 1991;
Ziska and Teramura, 1992; Santos et al., 1993), while stimulation in leaf respiration has
previously been observed (Sisson and Caldwell, 1976; Ziska et al., 1991) but not
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discussed (Gwynn-Jones, 2001). But now it is hypothesized that a stimulation of leaf
respiration represents increased resource demands for protection and repair (cuticular
thickening, flavonoid biosynthesis and photoreactivation). The stimulation of
respiration in non-growing mature leaves supports this view as it can be used to reflect
maintenance of respiration.

UV-B and ascorbic acids

Ascorbic acid is one of the most powerful antioxidants that scavenges the H,O,
and other ROS profoundly. It is commonly called as Vitamin-C. Protective effect of
ascorbic acid is possibly more related to its participation in direct scavenging of O, and
‘OH, and also the removal of H,O, through Asada-Halliwell pathway thus, reducing
ROS induced damage to essential proteins and/or nucleic acids. Significantly, higher
ascorbic acid content in V. acontifolia leaves before (in control plants) and after UV-B
exposure showed its greater capability to scavenge ROS.

There may be two possibilities regarding increased ascorbic acid content; either
its synthesis has been amplified or its regeneration through Asada-Halliwell pathway.

UV-B and lipids

Oxidative damage to cellular membrane due to oxyradicals is measured in terms
of lipid peroxidation (LPO) that accessed via increase in MDA content. Single or
conjugated double bonded lipids can be photo chemically modified by the action of
UV-B. Plant cell membranes are composed of phospholipids and glycolipids which are
the main components of plant cell membrane and are made up of unsaturated fatty
acids, which are destroyed by UV-B in presence of oxygen (Kramer et al., 1991;
Panagolpoulas et al., 1990).

Oxidative damage can be detected by lipid peroxidation. Hydroxyl free radicals
and nascent oxygen reacts with methylene group forming dienes, lipid peroxy radicals
and hydroperoxides (Smirnoff, 1995). The peroxy radicals can extract hydrogen from
other polyunsaturated fatty acids, leading to a chain reaction of peroxidation. The
peroxidation of membrane lipids leads to break down of their structure and function.
One of the products of lipid peroxidation is malondialdehyde, MDA, which is often
used as a measure of peroxidation.

Other hydrocarbons such as ethylene, ethane and pentane can be measured
(Halliwell, 1987). Hydroxyl radical can denature proteins and reacts with bases in
DNA causing mutation.

UV-B and proteins

As we know that UV radiation causes modification and destruction of amino
acids and is also responsible for inactivation of whole proteins and enzymes
(Grossweiner., 1984; Prinsze et al., 1990). Due to UV radiation induced photolysis of
aromatic amino acids or disulfide groups, the active sites of these proteins and enzymes
becomes inactive. The absorption of UV-B within protein matrix causes damage far
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away from the actual site by energy migration to functionally important amino acids of
an active centre as suggested for the sensitization of cysteine destruction by aromatic
residues.

Characteristic examples of this effect include Ribulose-1, 5-bisphosphate
carboxylase (Rubisco) (Vu et al., 1984; Strid et al., 1990), ATPase violaxanthin de-
epoxidase (Pfundel et al., 1992), and protein subunit of the photosystem I and II as well
as insulin, pepsin, trypsin, myosin.

UV-B and plant growth regulators

Plant growth regulators are one of the most important regulators in plant growth
and development and any alteration in their concentration influences or alters the
processes which are dependent on them (Yang et al., 1993). Photolytic degradation of
Indole—acetic acid (IAA) has been observed in sunflower seedling (Ros and Tevini,
1995).

The reduced concentration of IAA and growth inhibitors IAA photoproduct, 3-
methylene oxindole, is responsible for the inhibition of hypocotyls growth. Moreover,
the action of peroxidase functioning as IAA oxidase may also inhibit the elongation
since, the cell wall extensibility is reduced.

Effects of UV-B on phenology and growth

Growth parameters such as plant height and leaf area are reduced in UV-B
sensitive plants to various extents, depending on plants species and cultivar (Lydon et
al., 1988; Murali and Teramura, 1986). Increased levels of UV-B radiation delayed
both seedling emergence and flowering of several crop plants under controlled
condition (Basiouny, 1986; Saile-Mark and Tevini, 1997) and in field (Li et al., 1998).
Both artificially and naturally supplied levels of UV-B radiation decreased stem length,
leaf area, chlorophyll and carotenoids content in cucumber seedling.

Mark and Tevini (1996) observed that the mechanism of reduction in stem
elongation by UV-B might be due to changes in the phytohormones levels, especially
IAA which plays important role in stem elongation. Few studies told that breakdown of
IAA by UV-B exposure (Ros and Tevini, 1995; Huang et al., 1993) which results into
reduced cell length and plant height (Gonzalez et al., 1998). Effects on the stem also
include coiling of both attached and detached tendrils.

Similarly, leaf area is also a very sensitive growth parameter that responded to
elevated UV-B radiation. Under most of the experimental studies, leaf area decreases in
exposed plants and leaves becomes smaller in size (Nogues et al., 1998; Zhao et al.,
2003) that serves as a protective mechanism (Bornman and Teramura, 1993), reduction
in cell number (Gonzalez et al.,1998a) and by cell division and cell expansion
(Hofmann et al., 2001). In contrast, Nedunchezhian and Kulandaivelu (1997) reported
that slightly elevated UV-B radiation increases leaf area in cowpea. Even high UV-B
treated broad beans and wheat plant had higher leaf area. Out of few studies, in 54%
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plants, reduction in biomass was observed in elevated UV-B, in 35% studies, no effect
was observed on dry weight and in few cases, increase in crop dry matter accumulation
was observed. These differences were probably associated with genotypes, UV-B doses
and PAR: UV-A: UV-B radio. Crop biomass production in response to UV-B radiation
was highly UV-B dosage dependent.

In some investigation it is observed that the effect of UV-B /PAR ratio on the
sensitivity of rye to increased UV-B radiation under controlled conditions, and
concluded that plants grown under higher total irradiance levels developed leaves that
were more tolerant to UV-B damage, while low PAR levels increases the sensitivity of
plants to the UV-B radiations. The effects of elevated UV-B radiation on plants growth
and dry mass accumulation in field conditions were usually much smaller than on those
in growth chamber (Caldwell et al., 1994; Olszyk et al., 1996).

Effects of UV-B on crop yield and biomass partitioning

Reduced rate of photosynthesis alters the processes of carbon assimilation in
different parts of the plant. The UV-B exposure to foliage causes the accumulation of
carbohydrates in the source leaves and reduced translocation to the sink which is
present distantly. The phloem loading is an active process which requires energy and
increased concentration of UV-B reduces this process. UV-B is responsible for the
oxidation of sensitive proteins involved in phloem loading. The stored carbohydrates
are reported to be modified in wheat and barley. This stored carbohydrate is affected by
both reduction in rate of carbohydrate production and by a shift of carbohydrate to
repair and replacement processes. The translocation of photosynthates from source to
sink is inhibited by UV-B, leading to the alterations in biomass partitioning.

Due to varied impact of UV-B on the translocation of photoassimilates from
leaves the relative effects on the growth of different parts of the plant is observed.
Photosynthates allocation patterns directly affect the growth and reproduction of the
plants. Partitioning of reducing sugars, sucrose and starch varies along with the
growing stages of the plants. The most UV-effective period occurred during the
transition time between vegetative and reproductive phases (Teramura and Sullivan,
1987).

At flowering and fruiting stages, the reproductive organ requires high
concentration of photosynthates and that’s why the photosynthates are diverted from
leaves and roots towards reproductive organs. In cereal crops, flag leaves are the active
assimilatory source during anthesis stage of the plant. Flag leaves are the penultimate
leaf sheath and peduncle photosynthesis provides assimilates for the grain but flag leaf
blade and spikes are the most important contributors to grain filling. In a observation it
is found that an increase in concentration of carbohydrates of wheat flag leaves
fumigated with ozone at the time of anthesis due to interference in transport processes
(phloem loading) caused by membrane damage of mesophyll or companion cells.
Senescence of flag leaves due to UV-B radiation results into loss of chlorophyll and
soluble protein. The duration of assimilate production and grain filling is a key factor
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behind the yield reduction and is altered by UV-B. However, UV-B also affects the rate
of grain filling and reduces the yield.

Conclusions

The impact of UV-B on biological systems mainly on plants is found to be severe
because of the sessile nature of the plants. These impacts are the mixed result of
damage, repair and acclimatization adapted and showed by the plants. The
acclimatization mechanism of plants diverts the focus from many important targets of
UV-B, which also requires brief study to understand their ecological relevance. The
strong defense strategies of plants reduce the damaging effects induced by UV-B
because plants have to acclimatize themselves continuously from the varying UV-B
levels. Thus, future studies should be targeted not only on the activities showing greater
changes but also on the minor variations. While evaluating the effects of stress, other
climatic conditions and their interactions as well as its impacts on plants and
community should be taken care too. In addition to this, the future perspective should
not be limited up to the defense mechanism but also on the acclimatization processes
towards increasing UV radiations.
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Table 1: Distribution of solar irradiance energy

Spectral Regions Wavelength (nm) % of Total Energy

Infra red >700 49.4

Visible 400-700 423

UV-A 320-400 6.3

UV-B 290-320 1.5

UVv-C <290 0.5

Table 2: Defense responses showed by plants against enhanced UV-B

S.No. | UV-B induced damages Repair and defense strategies

1. Genetic material Photoreactivation via photolyases
Excision repair via by passing damage,
removing damaged part, gao filling from sister
duplex

2. Physiology Increasing stomatal closure, water use
efficiency, reducing evapotranspiration.

3. Leaf surface (chlorosis, | Increased reflectance through cuticle, wax,

necrosis, photobleaching) | hair and trichomes formation

4, Epidermal region Increased production of pigments (flavonoids,
carotenoids, anthocyanin)

5. Oxidative stress Formation of antioxidants (SOD, APx, GSH)
and compounds (ascorbates, a-tocopherols,
polyamines)

6. Pest attacks Phytoalexins and anti fungal compounds
formation
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Fig.1: Imaginary diagram of UV radiation reaching to the Earth’s surface
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Fig.3: Factors controlling the entry of UV-B on Earth’s surface

Fig.4: Bronzing of leaves of Hordeum vulgare L. under elevated UV-B
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