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Effects of enhanced ultraviolet-B (280-320 nm) radiation on growth
and photosynthetic activities in aquatic fern Azolla microphylla Kaulf.
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Abstract

The effects of enhanced UV-B radiation on growth and photosynthetic activities were investigated in fronds of the aqua-
tic fern Azolla microphylla Kaulf. The fronds were exposed to UV-B radiation intermittently once in 3 d during 12 d.
Biomass and relative growth rate of UV-B treated Azolla plants and the heterocyst frequency of the UV-B treated sym-
biont decreased resulting in an increase in doubling time over the control. The doubling time was 3.08 d for control and
3.35 d for UV-B irradiated plants. Chl and carotenoid contents per unit fresh mass and photosystem 2 (PS2) activity also
decreased under UV-B treatment. Measurements of photosynthetic activity in terms of fluorescence kinetics and PS2
mediated O, evolution showed that the aquatic fern 4zolla is sensitive to UV-B damage.
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Introduction

The physiological and biochemical effects of UV-B (280-
320 nm) radiation on higher and lower plants were re-
viewed by Klein (1978) and Héder and Figueroa (1997).
In cyanobacteria and algae, UV-B radiation affects
growth and several other physiological processes includ-
ing photosynthesis (Dohler and Alt 1989, Wilhelm ef al.
1997). Growth characteristics such as shoot height, root
length, or leaf area are altered in higher plants exposed to
UV-B. Decrease in stem length, leaf area, and plant
height by artificial or natural UV-B radiation was ob-
served in cucumber, soybean, and sunflower (Sullivan
and Teramura 1989, Tevini and Teramura 1989). UV-B
radiation has many direct or indirect effects on plants in-
cluding damage to DNA, proteins, and membranes, alte-
rations in transpiration and photosynthesis, and changes
in growth, development, and morphology (Whelan and
Glaser 1997). The enhanced UV-B radiation inhibits
photosynthetic activity through direct absorption by the
leaves. Growth responses, particularly shoot elongation
and leaf expansion, may be regulated through an action
on the shoot tip presumably by destruction of growth
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hormones (Kulandaivelu et a/. 1989). UV-B enhancement
changes the growth of several plant species but does not
reduce shoot dry mass (Barnes et al. 1990). UV-B expo-
sure may also result in decreased contents of photosyn-
thetic pigments, altered thylakoid integrity, increased
stomatal diffusion, and reduced ribulose-1,5-bisphosphate
carboxylase/oxygenase activity (Nogues and Baker
1995).

Even though photosynthetic pigments are bleached
and disintegrated by UV-B radiation in marine phyto-
plankton (UNEP 1989), the vulnerable target in the pho-
tosynthetic systems was identified in aquatic plants
(Héder et al. 1994). The role of epidermal pigments in
protecting mesophyll photosynthesis of legumes (Shi-
mazaki et al. 1988) and Azolla microphylla (Jayakumar et
al. 1999) from UV-C radiation has been discussed. Many
cyanobacteria have developed a number of adaptive
strategies to reduce the adverse effects of excessive ra-
diation. They include the avoidance of brightly irradiated
habitats, the synthesis of UV screening pigments, and the
production of chemical scavengers that detoxify the high-

Abbreviations: BQ — p-benzoquinone; Chl — chlorophyll; F,, — maximum fluorescence; F, — variable fluorescence; IAA — indole-3-
acetic acid; PS — photosystem; RGR - relative growth rate; UV-B — ultraviolet-B (280-320 nm) radiation; UV-C — ultraviolet-C (<280
nm) radiation.
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ly reactive oxidants produced photochemically (Vincent
and Roy 1993, Sinha et al. 1997, Zudaire and Roy 2001).
Effects of UV radiation on aquatic plants and symbiotic
. systems have been scarcely reported (Hader and Figueroa
1997, Rozema et al. 1997, Jayakumar et al. 1999). Hence

Materials and methods

Plants and growth conditions: Azolla microphylla
Kaulf. cultures were maintained in plastic troughs of 30
cm diameter and 20 cm depth. Filtered tap water with an
electric conductivity of 0.7-0.8 mS cm™ was used to grow
the stock cultures. A mixture of 200 g wet land clay soil,
5 mg of superphosphate, and 50 g of fresh cow dung was
placed in each trough. 4 000 cm® of water was added to
each trough to make slurry with the clay, superphos-
phate, and cow dung. The slurry was allowed to settle and
to each trough 1 g of juvenile 4zolla fronds was added.
The water level was maintained at 10 cm above soil
throughout the study period. Furadon (50 kg m™) was
sprayed for pest control.

The troughs were placed under outdoor conditions in
partial sunlight (UV-B of 300 mW m’%). The average day/
night temperature was 30/26x3 °C with an 11/13 h light/
dark photoperiod.

UV-B treatment: Azolla cultures were exposed to UV-B
enhanced cool fluorescent radiation for 30 min per d be-
tween 10.00 and 10.30 h from a sun lamp, Philips TL 20
W/12, placed at a distance of 30 cm above the troughs.
The irradiance at sample surface was 1.5 W m™ as meas-
ured by an IL 700 radiometer (International Light, USA).

Experimental design: The treatments were given at an
interval of 3 d in the experimental period of 12 d. The
fronds were used for analyses 24 h after irradiation and
all experiments were replicated five times.

Growth analysis: Biomass, doubling time, relative
growth rate (RGR) of Azolla fronds and heterocyst fre-
quency of the symbiont Anabaena were determined in
control and +UV-B irradiated plants. Doubling time and
RGR were calculated by using the formula of Subudhi
and Watanabe (1981):

doubling time [d] =tr",

Results

Growth characteristics (Table 1, Fig. 1): Biomass of
control Azolla has increased by 15 fold due to growth
during the experimental period of 12 d, while under UV-
B radiation the growth decreased by 20 % over the con-
trol cultures. The doubling time under control and +UV-
B was 3.08 and 3.35 d, respectively. This was also re-
flected in the RGR which was 0.207 kg kg™* d! in +UV-B
cultures showing a 9% decrease from the control
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an attempt has been made to evaluate the influence of
UV-B (280-320 nm) enhanced solar radiation in the
vegetative growth, pigment contents, and photosynthetic
activities in the aquatic fern Azolla microphylla.

where t= experimental period, r = log (M,/M)/0.301, M,
= mass of the culture after t d, My = mass of the initial
culture, 0.301 = constant.

RGR [kg kg™ d'] = 0.693 (doubling time)’

Heterocyst frequency of control and UV-B irradiated
Azolla bound A. azollae was calculated following the
method of Kannaiyan and Kumar (1993).

Pigment analysis: Fresh Azolla fronds (including
Anabaena) were extracted with 80 % acetone and the
amounts of Chl and carotenoids were quantified accord-
ing to Lichtenthaler and Wellburn (1983).

PS2 electron transport system assay: Azolla chloro-
plasts were isolated using the method of Kulandaivelu
and Daniell (1980) and suspended in a medium contain-
ing 400 mM sucrose, 5 mM NaCl, and 25 mM HEPES-
NaOH buffer (pH 7.8). The method of Noorudeen and
Kulandaivelu (1982) was used to measure the rate of PS2
mediated electron transport in Azolla by using a Han-
satech (UK.) O, electrode. The reaction mixture con-
tained 20 mM Tris-HCI (pH 7.5), 5 mM MgCl,, 10 mM
NaCl, 100 mM sucrose, 1 mM NH,Cl, 1 mM BQ, and
chloroplasts equivalent to 20 g(Chl) m™.

Chl a fluorescence Kinetics: /n vivo Chl a fluorescence
transients were followed in intact Azolla fronds after ex-
citation with broadband blue radiation (400-620 nm,
Corning CS 4-96) at a photon flux density of 460 pmol
m?s" as described by Kulandaivelu and Daniell (1980).
The fronds were kept in the dark at 28 °C for 5 min be-
fore fluorescence measurements. The signal from the
photomultiplier was directly displayed either on a servo
recorder (Hitachi model 056) or stored in a digital oscil-
loscope (watsu SR 1100, Japan).

values.

The difference in heterocyst frequency between con-
trol and +UV-B was much pronounced. In control Azolla,
the number of heterocysts has increased from 14 to 19 %
on 0 and 12" d, respectively. But under +UV-B the he-
terocyst frequency was 13.7 and 17.4 % on the 3™ and
12 d, respectively.
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Table 1. Effect of UV-B enhanced radiation on biomass, dou-
bling time, and relative growth rate (RGR) in Azolla micro-
phylia (values are meantSE of 5 samples).

Parameter Control +UV-B
Biomass [g] 15.03 £ 1.10 11.99 £ 1.00
Doubling time [d] 3.08 £0.25 3.35+0.20
RGR [kgkg'd"] 0225+0.01  0.207+0.01
24
—_ {3 control
£ e
% 18 +
)
o
w
E 12t
%
5
g sl
w
&
I
0
0 3 6 9 12
TREATMENT PERIOD [d]

Fig. 1. Changes in heterocyst frequency of Azolla microphylla
fronds exposed to UV-B enhanced radiation.

Pigment analysis (Table 2): In the control, 4zolla fronds
showed an increase of 97 % in total Chl content during
the 12 d of growth. But under +UV-B such increase was
only 54 % for the same period. No marked change in Chl
alb ratio was observed. UV-B irradiation caused a 23 %
inhibition in carotenoid content on the 12™ d after treat-
ment.

Photosynthetic characteristics: The PS2-mediated elec-
tron transfer measured as O, evolution showed an in-
crease of 48 % from 0 to 12" d in control Azolla fronds.
Such increase was only 18 % under +UV-B condition on
9™ d and remarkably recorded to 59 % of control activity
on the 12™ d (Table 3). The photosynthetic efficiency of
control and UV-B treated fronds was also monitored us-
ing Chl a fluorescence induction kinetics. Typical fast
and slow Chl a fluorescence transients recorded with
Azolla fronds are shown in Fig. 2. The Azolla fronds ex-
hibited a typical O, I, D, and P fluorescence induction
pattern. The constant fluorescence (F,) level was affected
in the UV-B treated Azolla fronds. A decrease in F,/F,
ratio (a measure of photochemical efficiency) was ob-
served in the UV-B treated Azolla fronds with increase in
the growth period (Table 3).

T
HHEHT
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Fig. 2. Typical fast and slow fluorescence transients obtained
with ‘intact fronds of Azolla plants exposed to enhanced UV-B
radiation for different period. The fronds were incubated in
darkness for at least 15 min before measurement. Short vertical
arrows indicate the switching on of the excitation radiation.
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Table 2. Changes in chlorophylls, Chl [g kg™'(f.m.)] and carotenoids [mg kg '(f.m.)] of Azolla microphylla fronds exposed to UV-B

enhanced radiation (values are mean*SE of 5 samples).

Treatment [d] Chla Chl b Chl a/b Chl (a+b) Carotenoids
0 1.72£020 0.77£0.08 223+021 2491022 15520
3 Control 1.74+0.10 0.80%0.06 2.18%£0.20 254+023 184%15

+UV-B 1.69+0.15 061+£0.05 277+026 230+020 140x15
6 Control 2.58+021 091+0.08 283+0.18 349+031 202+20
+UV-B 1.90+0.15 0.73+0.08 2.60+0.19 263+020 162+14
9 Control 290£0.15 1.05+£0.09 276+0.25 395030 236%1.1
+UV-B 239+0.20 0.86+0.07 2.78+0.22 3.25+0.28 184%22
12 Control 360022 130+£0.10 2.77+026 490+041 264112
+UV-B 258+021 0972010 266+£025 3.55+031 215%15

Discussion

Azolla plants grown under UV-B enhanced solar radiation
showed significant decrease in biomass, doubling time,
RGR, and heterocyst frequency. These results agree with
some earlier reports (Nouchi and Kobayashi 1995, Jaya-
kumar et al. 1999). A very important symptom in UV-B
treated Azolla plants is chlorosis and curling in the fronds

(Jayakumar et al. 1999). Many sensitive higher plants
grown under UV-B radiation in growth chambers, green-
house, and field showed significant inhibition in growth
and biomass (Nedunchezhian and Kulandaivelu 1997,
Lingakumar et al. 1999). Little is known about the envi-
ronmental factors affecting doubling time, RGR, bio-
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Table 3. Quantitative changes in F,/F,, and PS2 activity obtained from Azolla microphylla exposed to UV-B enhanced radiation (val-
ues are mean+SE of 5 samples).

Treatment [d] F./F,,

PS2 activity [mmol(O,) kg™ (Chf) 5]

Control +UV-B Control +UV-B
0 0.46 £ 0.03 - 256.2 £20.5 -
3 0.50 £ 0.04 0.39+£0.02 2755+21.3 235.5+£20.0
6 0.53 +0.04 0.30+0.01 367.0+15.6 256.7+£25.2
9 0.56+0.05 0.30+0.03 372.0+156 2742 £15.5
12 0.43 +0.04 0.28+0.02 380.9x252 295.6 + 10.5

mass, and heterocyst frequency of Azolla. UV-B radiation
inhibits vegetative growth, which is attributed to the re-
duction in the synthesis of auxin derivatives in higher
plants and in Azolla fronds (Kulandaivelu er al. 1986,
Jayakumar et al. 1999). IAA effect may be one of the
factors which stimulate the growth of 4zolla (Dusek and
Bonde 1965). The decrease in biomass, RGR, and symbi-
ont heterocyst frequency of Azolla fronds may be due to
the disturbance in IAA synthesis induced by UV-B radia-
tion (values not shown).

The Chl and carotenoid contents in control and UV-B
treated Azolla fronds showed a small increase during the
12-d growth period. Earlier reports indicate that UV-B
irradiation during growth produces significant reduction
in Chl content (Lingakumar and Kulandaivelu 1998,
Jayakumar et al. 1999). Enhanced UV-B radiation causes
damage to Chl a and Chl 4 due to inhibition in Chl bio-
synthesis (El-Mansy and Salisbury 1971). As Azolla
fronds possess only two or three layers of mesophyll tis-
sue (Lumpkin 1987), the photosynthetic pigments have
been bleached upon UV-B treatment.

UV-B induced changes on the photosynthetic electron
transport chain were reported by Nedunchezhian and
Kulandaivelu (1991, 1997) and Jayakumar et al. (1999).
UV-B induced inhibition of photosynthetic activity was
demonstrated in some marine and freshwater cyanobacte-
ria (Sinha and Héder 1996). Among all the target sites,
PS2 is probably the most important site for UV-B. The
significant increase in the rate of O, evolution in the con-
trol Azolla fronds from 0 to 12 d may be due to either the
efficient functioning of primary photochemistry or to an
increase in the number of PS2 units per chloroplast. But
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