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Abstract Present study deals with responses of two
cyanobacteria viz. Nostoc muscorum and Phormidium
foveolarum against butachlor [2-chloro-2,6-diethyl-N-(bu-
toxymethyl) acetanilide] (low dose; 5 pg mL™"' and high
dose; 10 pg mL_l) and UV-B (7.2 kJ m_z) alone, and in
combination. Butachlor and UV-B exposure, alone and in
combination, suppressed growth of both the cyanobacteria.
This was accompanied by inhibitory effect on whole cell
oxygen evolution and photosynthetic electron transport
activities. Both the stressors induced the oxidative stress as
there was significant increase in superoxide radical (O, ")
and hydrogen peroxide (H,O,) contents resulting into
increased lipid peroxidation and electrolyte leakage. In V.
muscorum, low dose of butachlor and UV-B alone
increased the activities of superoxide dismutase (SOD),
catalase (CAT) and peroxidase (POD), while activity of all
these enzymatic antioxidants declined significantly at
treatments with high dose of butachlor alone, and with low
and high doses of butachlor and UV-B in combination. In
P. foveolarum, enhanced activity of SOD, CAT and POD
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(except POD at high dose of butachlor and UV-B combi-
nation) was noticed. Ascorbate level in N. muscorum
declined progressively with increasing intensity of stress
while in P. foveolarum varied response was noticed. Pro-
line contents increased progressively under tested stress in
both the organisms. Overall results suggest that N. mus-
corum was more sensitive than P. foveolarum against
butachlor and UV-B stresses. Hence, P. foveolarum may be
preferred in paddy field for sustainable agriculture.

Keywords Butachlor - Cyanobacteria - Differential
sensitivity - Oxidative stress - Photosynthesis - UV-B
radiation

Introduction

Nitrogen-fixing cyanobacteria are known to be a prominent
component of the microbial population and as major bio-
mass producers in wetlands, especially rice fields, con-
tributing significantly to the fertility as a natural
biofertilizer (Anand and Hopper 1987; Tiwari et al. 1991).
In rice growing countries, certain cyanobacterial strains are
being inoculated in fields to enhance the paddy production
under algal technological programs (Anand and Hopper
1987; Tiwari et al. 1991; Vaishampayan et al. 2001). Being
heterocystous cyanobacterium, Nostoc muscorum fixes
molecular nitrogen under aerobic condition while
Phormidium foveolarum, a non-heterocystous and a dom-
inant cyanobacterium of paddy fields (Desikachary 1959),
can also fix nitrogen under micro-aerobic condition as
reported by Ohki et al. (1992) in Trichodesmium sp. Due to
differential sensitivity of cyanobacteria, their tolerance and
tolerance strategies against various stresses must be known
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(Fernandes et al. 1993; Ma et al. 2010; Singh et al. 2011;
Wang et al. 2013a, b).

The contamination of aquatic ecosystems including
paddy fields with herbicides adversely affecting physio-
logical and biochemical processes of non-target
cyanobacteria and algae is a serious global environmental
concern (Ueji and Inao 2001; Ma et al. 2006; Singh and
Datta 2006). Previous studies have shown that after
application of butachlor a large portion accumulates in the
top layer of soil (0-15 cm depth) where most of the
microbiological activities occurs but impact of herbicides
may get intensified many folds on soil microbial population
including cyanobacteria by tillage an dirrigation (Das and
Debnath 2006; Aktar et al. 2008; Chen et al. 2007, 2009).

Butachlor [2-chloro-2,6-diethyl-N-(butoxymethyl) acet-
anilide], having molecular formula C;7H,cCINO,, belongs
to the class of the chloroacetanilide herbicides and was
introduced by Monsanto Company (USA) in 1968 for the
pre-emergence control of undesirable annual grasses. The
recommended application for butachlor ranges from 1 to
3kgha™' for paddy field which is equivalent to
33-10 mg L™ in fields containing 3 cm deep water
(Martin and Worthing 1974). It is used to control certain
broad-leaved weeds in both seeded and transplanted rice in
India and other South Asian countries (Debnath et al. 2002;
Chen et al. 2007, 2009; Kumari et al. 2009; He et al. 2013).
Agro-ecosystem is facing potential treat due to Butachlor,
which is a persistent pollutant in agriculture. Butachlor acts
by inhibiting elongase enzyme, responsible for the elon-
gation of very long-chain fatty acids and geranylgeranyl
pyrophosphate cyclisation (Boger et al. 2000). Its half-life
varies from 1.6 to 11.4 days depending on type of soil and
micro-flora (Beestman and Deming 1974; Chen and Chen
1979; Yu et al. 2003). Further, the concentration of the
residues of butachlor depends on soil organic matter and
may reach even two times higher than applied concentra-
tions with 2.82% of organic matter in the paddy field soil
(Wang et al. 1996; Chen et al. 2007). Thus, the exceeding
concentration of butachlor in soil may have an adverse
impact on non-target beneficial microorganisms hence,
results in greater loss to paddy productivity (Debnath et al.
2002; Das and Debnath 2006; Chen et al. 2009). Butachlor
has also been shown to produce toxicity in nitrogen fixing
cyanobacteria and green algae (Vaishampayan 1985; Ma
et al. 2006; Singh and Datta 2006; Kumari et al.
2009, 2012; Dowidar et al. 2010; He et al. 2013).

In addition to herbicides, enhanced ultraviolet-B (UV-B)
radiation (290-320 nm) is another threat that comes on
earth surface due to the destruction of the ozone layer by
man-made chlorofluorocarbons. The increase in UV-B at
the earth surface poses serious threats to all living-beings,
particularly photoautotrophs which have absolute depen-
dency on solar radiation for their survival (He and Héder
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2002; Flint and Caldwell 2003). The effect of individual
stresses, either butachlor or UV-B radiation on cyanobac-
teria was demonstrated in several studies (Sinha et al.
1996; He and Héder 2002; Chen et al. 2007). However, in
real field situation, the combined effect of multiple stresses
on a specific organism could be additive, synergistic,
antagonistic or equal to that expected from the sum of the
effects of the individual chemical (Sheeba et al. 2011;
Srivastava et al. 2012). Therefore, it becomes imperative to
assess the impact of butachlor in combination with UV-B
on non-target organisms like cyanobacteria. The impact of
herbicide oxyfluorfen, insecticide chlorpyrifos and Cu
stress on cyanobacteria is known in the presence of UV-B
(Sheeba et al. 2011; Singh et al. 2012c; Srivastava et al.
2012), but butachlor induced impact on cyanobacteria in
presence of UV-B radiation is not yet known. For better
exploitation of cyanobacteria as biofertilizer we must know
about their degree of tolerance and tolerance strategies to
various stresses. Therefore, the present study is aimed at
investigating the degree of tolerance and tolerance strate-
gies of two paddy field cyanobacteria viz. N. muscorum
and P. foveolarum against butachlor and UV-B by ana-
lyzing different physiological and biochemical parameters.

Materials and methods
Organisms and culture conditions

Axenic cultures of the two cyanobacteria Nostoc muscorum
and Phormidium foveolarum were maintained at labora-
tory. Culture P. foveolarum was grown in BG 11 medium
(Rippka et al. 1979) with supplemented nitrogen (NaNOj;
as source), whereas N. muscorum was cultured in the same
medium without nitrogen. Both cyanobacteria were grown
at 25 £ 2 °C in culture room under the photosynthetically
active radiation of 70 pmol photons m~2s™' with a
14:10 h light:dark period. All experiments were performed
with 7 days old exponential phase of culture.

Butachlor and UV-B radiation treatments

Doses 5 (low) and 10 pg mL™! (high) of butachlor [2-
chloro-2,6-diethyl-N-(butoxymethyl) acetanilide] were
selected within agronomically recommended range (Ku-
mari et al. 2009; Martin and Worthing 1974). The 5 and
10 pg mL~! of butachlor were LC,5 (15% lethal concen-
tration) and LC,q (20% lethal concentration) concentration
for N. muscorum and LCs and LC;y (5 and 10% lethal
concentration) for P. foveolarum, respectively, which were
determined by the plate colony count method (Prasad and
Zeeshan 2005). The exponentially grown cyanobacterial
cells were harvested by centrifugation at 4000x g for 5 min
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and washed twice with sterile distilled water and then the
pellets were resuspended (1.5 pg chlorophyll ¢ mL™'
culture) in BG 11 medium containing 0, 5 and 10 pg mL ™"
of butachlor. Butachlor treated and untreated cultures were
kept in open Petri dishes under sterilized condition for UV-
B exposure, and were also illuminated from upper side with
70 pmol photons m~2 s~! by fluorescent tubes (Osram L
40 W/25-1). Petri dishes were kept on a magnetic shaker
(40 rpm) to reduce the cell aggregation and sedimentation.
Then cultures were irradiated with UV-B on three con-
secutive days equivalent to 7.2 kJ m~? as total energy
which is biologically effective according Flint and Cald-
well (2003). Ultraviolet-B radiation (maximum output at
313 nm) was provided by UV-lamp (TL 40 W/12 Philips,
Holland). Study of Zheng and Ye (2001) clearly indicated
that butachlor in aqueous solution absorbs light mainly
below 280 nm (UV-C). Hence irradiation of samples with
UV-B light in the present study may not produce UV-B-
induced degradation on butachlor. Samples were also
exposed with 70 pmol photons m > s~ ' of PAR at the time
of UV-B irradiation. Since there was considerable negative
effect on the growth of tested cyanobacteria, particularly
on N. muscorum after 72 h of experiment, therefore, after
this time cells were harvested and different parameters
were analyzed Cyanobacterial cells neither treated with
butachlor and nor UV-B were regarded as control.

Estimation of growth and photosynthetic pigments

Growth was measured in terms of protein according to
Lowry et al. (1951). Chlorophyll a (Chl a) and carotenoids
were quantified by the method of Porra et al. (1989) and
Goodwin (1954), respectively. For phycocyanin determi-
nation, cells of each sample were treated with toluene and
extracted with 2.5 mM potassium phosphate buffer (pH
7.0) after repeated freezing and thawing, and the absor-
bance of the supernatant was recorded at 620 nm. The
amount of phycocyanin was determined by the method of
Blumwald and Tel-Or (1982). The absorbance of each
sample was recorded with UV-Vis Spectrophotometer,
Shimadzu, Japan.

Determination of photosynthesis and dark
respiration

Photosynthetic activity and respiration of cyanobacterial
cells were estimated by measuring O,-evolution and con-
sumption, respectively, for 5 min with a Clark type O,-
electrode (Rank Brothers, UK) in a temperature controlled
airtight reaction vessel at 25 °C. The whole cell photo-
synthesis was measured under a of 440 umol photons
m s~ ! while respiration was recorded under darkness
with the same instrument.

Determination of photosynthetic electron transport
activities

Spheroplasts (3 pg Chl @ mL™") of N. muscorum and P.
foveolarum were prepared according to the method of
Spiller (1980) and re-suspended in the HEPES-NaOH
buffer (pH 6.9) containing 0.5 M sucrose, 10 mM HEPES-
NaOH, 5 mM K,HPO,, 10 mM MgCl, and 2% (w:v)
bovine serum albumin. The rates of photosystem I (PS I)
and whole photosynthetic reaction chain were measured in
terms of O,-consumption. The 6 mL reaction mixture
consisted of HEPES—-NaOH buffer (pH 6.9), 10 uM 3-(3,4-
dichloro diphenyl)-1, 1, dimethyl urea), 1 mM sodium
ascorbate, 50 uM 2, 6-dichlorophenol indophenol
(DCPIP), 50 uM NaNj3, 100 uM methyl viologen (MV)
and spheroplasts (3 pg Chl @ mL™") was used for mea-
suring PS I activity. For whole photosynthetic reaction
chain the mixture consisted of HEPES-NaOH buffer,
50 uM NaN3, 100 pM MV and spheroplasts. Photosystem
II (PS II) electron transport activity was measured in terms
of Oj-evolution. The 6 mL reaction mixture contained
HEPES-NaOH buffer, p-benzoquinone (p-BQ; 1 mM) and
spheroplasts (3 pg Chl @ mL™"). Spectrophotometric assay
of PS II activity as DCPIP photoreduction was also mon-
itored by measuring changes in absorption at 600 nm in the
presence and absence of exogenous electron donor i.e.
diphenyl carbazide.

Determination of reactive oxygen species (ROS)

The level of superoxide radical (O, ) cyanobacterial cells
was estimated following the method of Elstner and Heupel
(1976). This assay is based on formation of NO,™~ from
hydroxylamine in the presence of O, . For estimation of
hydrogen peroxide (H,O,), ferrithiocyanate method of
Sagisaka (1976) was used.

Determination of lipid peroxidation and electrolyte
leakage

Lipid peroxidation was determined following the method
of Heath and Packer (1968) in terms of MDA (malondi-
aldehyde)- a by-product of lipid peroxidation that reacts
with thiobarbituric acid (TBA). The intactness of plasma
membrane in cells of each sample was estimated in terms
of electrolyte leakage by the method of Gong et al. (1998).
The percentage of electrolyte leakage was calculated by
using the formula: EC = (EC1/EC2) x 100%.

Determination of enzymatic antioxidants

Catalase (EC 1.11.1.6) activity was assayed by measuring
O, release from dissociation of H,O, for 3 min in darkness,
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using the Clark type O,-electrode (Rank Brothers, UK)
(Egashira et al. 1989). Superoxide dismutase activity
(SOD; EC 1.15.1.1) was measured by monitoring the
inhibition of photochemical reduction of nitroblue tetra-
zolium chloride (NBT) following the method of Giannop-
olitis and Ries (1977). Peroxidase activity (POD; EC
1.11.1.7) was determined according to Gahagen et al.
(1968).

Determination of non-enzymatic antioxidants

Ascorbate level was measured according to the method of
Oser (1979). Proline content was estimated according to
the method of Bates et al. (1973).

Statistical analysis

The results presented are the means of six replicates. Since
the results showed normal distribution, comparison
between control and treatment’s means was carried out by
using two-way ANOVA to test significance level (Dun-
can’s multiple range test, DMRT). Asterisk marks indicate
significant level of different concentrations of butachlor,
UV-B and their interactions with control at P < 0.005(*)
and P < 0.001(**) level while ns represents ‘not signifi-
cant’ with control. SPSS-10 software was used for DMRT.
Prior to DMRT analysis, assumptions of homogeneity of
variances were tested using a multivariate test (Anderson
1958). All data sets satisfied the assumptions of ANOVA
based on homogeneity of variances, normality of errors,
and independence of errors.

Results
Growth

The growth behavior of both cyanobacyeria exposed to
butachlor (low dose; 5 pugmL™' and high dose;
10 pg mL™") and UV-B radiation has been depicted in
Fig. 1. Butachlor and UV-B, alone and together, declined
the growth of N. muscorum and P. foveolarum significantly
(P < 0.05) and the effects were more severe in N. mus-
corum. Butachlor at 5 and 10 pg mL ™" reduced the growth
by 22 and 28% in N. muscorum and by 9% and 12% in P.
foveolarum, respectively. The UV-B irradiation could also
reduce the growth significantly (P < 0.05) in both the
cyanobacteria i.e. by 19% in N. muscorum and 6% in P.
foveolarum. Both the stresses together caused additive
effects as reduction in growth was 44 and 53% in N.
muscorum and 15 and 18% in P. foveolarum following the
exposure of cells under low dose butachlor and UV-B, and
high dose butachlor and UV-B combination, respectively.
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Fig. 1 Effect of butachlor and UV-B radiation, alone and in
combination on protein content of N. muscorum and P. foveolarum
after 72 h of experiment. Data are mean + SE of six replicates. The
control value of protein was to 62.0 £ 3.2 [pug (mL culture)™'] for N.
muscorum and 70.0 £ 2.94[pg (mL culture) '] for P. foveolarum.
Asterisk marks indicate significant level of different concentrations of
butachlor, UV-B and their interactions with control at P < 0.005(*)
and P < 0.001(**) level with control

Photosynthetic pigments

Results pertaining to photosynthetic pigments i.e. chloro-
phyll a, carotenoids and phycocyanin of N. muscorum and
P. foveolarum are depicted in Fig. 2. The control cells of N.
muscorum contained 18.2 & 0.75 pg Chl @ mg~" protein
while in P. foveolarum it was 20.4 + 0.57 pg Chl @ mg™"
protein. Butachlor at low dose caused about 23% and 10%
reduction (P < 0.05) in Chl a content while at high dose it
was declined up to 35% and 15% in N. muscorum and P.
foveolarum, respectively. The effect of herbicide on the
carotenoids was the least among the pigments showing a
reduction of (P < 0.05) 17 and 20% in N. muscorum and
10 and 13% in P. foveolarum after low and high dose of
butachlor treatments, respectively. Among all the pigments
estimated, UV-B alone caused minimum damaging effect
on carotenoids showing reduction of 13 and 11% in N.
muscorum and P. foveolarum, respectively. Simultaneous
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Fig. 2 Effect of butachlor and 25
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exposure of butachlor and UV-B further declined Chl
a (52% with low dose and 61% with high dose in case of N.
muscorum and 13% with low and 18% with high dose in
case of P. foveolarum), carotenoids (30% with low dose
and 48% with high dose in case of N. muscorum and 15%
with low dose and 17% with high dose in case of P. fove-
olarum) and phycocyanin (74% with low dose and 79%
with high dose in case of N. muscorum and 25% with low
dose and 31% with high dose in case of P. foveolarum)
contents in both the cyanobacteria showing more than
additive effects in N. muscorum (7% with low dose and 5%
with high dose for Chl a, 0.16% and 13% in case of Car,
and 12 and 8% more than additive value in case of phy-
cocyanin) while the damaging effect was less than their
additive values in P. foveolarum (4% with low dose and
8% with high dose for Chl a, 7% and 13% in case of Car,
and 3 and 18% less than additive value in case of phyco-
cyanin). Compared to Chl a, butachlor at low as well as
high dose produced greater effect on phycocyanin content
as it was declined (P < 0.05) by 34 and 43% in N.

Butachlor Butachlor Butachlor
+ +
Uv-B UVv-B

muscorum and 20 and 27% in P. foveolarum, respectively.
UV-B stress (alone) also declined (P < 0.005) the phyco-
cyanin content by 28 and 8% in N. muscorum and P.
foveolarum, respectively.

Photosynthesis and respiration

Results related to photosynthetic processes i.e. whole cell
photosynthetic oxygen evolution and photosynthetic elec-
tron transport activities have been portrayed in Figs. 3 and
4 and Table 1. Results pointed out that photosynthetic
processes were inhibited significantly (P < 0.005) after
exposing both the cyanobacteria to butachlor and UV-B
stress. Photosynthetic oxygen yield in untreated cells of N.
muscorum cells was found to be 12.40 4+ 0.85 [umol O,
evolved (mg protein) ' h™'] while in P. foveolarum it was
14.10 £ 0.54 [pmol O, evolved (mg protein)_1 h ']
Butachlor at low dose suppressed (P < 0.05) photosyn-
thetic activity by 23% in N. muscorum and 14% in P.
foveolarum (Fig. 3). Further, butachlor at high dose
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Fig. 3 Effect of butachlor and UV-B radiation, alone and in
combination on photosynthetic activity in N. muscorum and P.
foveolarum after 72 h of experiment. Data are mean £+ SE of six
replicates. The control value of photosynthesis was 12.4 £ 0.852
[umol O, evolved (mg protein)~' h~'] for N. muscorum and

Butachlor
+
UVv-B

Butachlor

14.1 £ 0.536 [umol O, evolved (mg protein)~' h™'] for P. foveo-
larum. Asterisk marks indicate significant level of different concen-
trations of butachlor, UV-B and their interactions with control at
P < 0.005(*) level with control

Fig. 4 Restoration of 160
photosystem 1II activity in
presence and absence of
exogenous electron donor in N.
muscorum and P. foveolarum
exposed to butachlor and UV-B,
singly and in combination. The
values for 100% DCPIP
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100.0 + 4.2 (without donor)
and 122.0 £ 5.2 (with DPC) for 20 A
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Butachlor

inhibited the activity by 38% in N. muscorum and 26% in
P. foveolarum (Fig. 3). Ultraviolet -B irradiation alone
suppressed (P < 0.05) oxygen yields significantly showing
32% in N. muscorum and 17% in P. foveolarum (Fig. 3).
When both the stresses were combined together, more
severe effect on oxygen evolution rate was observed, as it
was declined (P < 0.05) by 41% with 5 ug mL™" 4+ UV-B
and 67% with 10 pg mL™" + UV-B in N. muscrorum and
21 with 5 pg mL™" 4+ UV-B and 31% with 10 pg mL™""
+ UV-B in P. foveolarum (Fig. 3).
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In order to elucidate the impact of both stresses on
oxygen yield, photosynthetic electron transport activities
were studied and results are shown in Table 1. Results
indicated that butachlor and UV-B significantly (P < 0.05)
inhibited the photosynthetic electron transport activities
and the damaging effects were greater in N. muscorum as
compared to P. foveolarum (except PS I activity at low
butachlor dose alone in both organisms and UV-B alone for
P. foveolarum). The inhibition induced by butachlor and
UV-B stress on photosynthetic electron transport activity in
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both cyanobacteria showed the order: whole photosynthetic
chain reaction > PSII > PSI, and the inhibitory effects
were further enhanced under combined treatment of buta-
chlor and UV-B (Table 1).

To understand whether butachlor and UV-B damaged
the PSII mediated electron transport activity at oxidizing or
reducing sides of PSII, photoreduction of DCPIP was
measured using saturating concentration of DPC as an
exogenous electron donor (Fig. 4). Results reveal that DPC
restored PS II activity in both the cyanobacteria as there
was insignificant (P < 0.05) inhibition i.e. 1-7% in N.
muscorum and 2-5% in P. foveolarum in case of butachlor
treatment while under UV-B stress the inhibition was only
4% in N. muscorum and 2% in P. foveolarum. Further,
DPC restored the PS 1II activity showing insignificant
inhibition in both the cyanobacteria previously exposed
with low dose of butachlor together with UV-B. However,
in case of high dose of butachlor and UV-B combination
only partial restoration in PSII activity was recorded as N.
muscorum and P. foveolarum still exhibited 12% and 15%
inhibition (P < 0.05), respectively (Fig. 4).

The respiratory activity in terms of pmol O, consumed
(mg protein)”' h™" in treated and untreated cells of both
cyanobacteria is depicted in Fig. 5. Nostoc muscorum
exhibited an increase (P < 0.05) of 10 and 16% while P.
foveolarum showed 8 and 14% rise in respiration rate
following low and high dose of butachlor treatments,
respectively. UV-B stress alone also enhanced (P < 0.05)
respiration rate by 10% in N. muscorum and 8% in P.

foveolarum. Both the stresses together further raised res-
piration rate in both the cyanobacteria, however, in case of
high dose of butachlor and UV-B combination the rise in
respiration was greater than their additive values.

Reactive oxygen species, lipid peroxidation
and electrolyte leakage

Results pertaining to reactive oxygen species (ROS):
superoxide radical (O, 7)) and hydrogen peroxide (H,O,)
are depicted in Fig. 6. The SOR content in untreated cells
of N. muscorum and P. foveolarum was 9.67 &+ 0.31 and
8.82 + 0.32 nmol mg~"' protein, respectively. Treatment
with low dose of butachlor caused 5 and 13% rise
(P <0.05) in Oy~ content while with higher dose
increased (P < 0.05) values were 13 and 26% in N. mus-
corum and P. foveolarum, respectively. UV-B dose alone
also significantly (P < 0.05) enhanced O, ™~ content in both
the organisms. Compared to O, content, the levels of
H,O, was appreciably high in both the cyanobacteria, and
between two strains N. muscorum contained greater
amount (25.3 4+ 1.1 nmol mg{l protein) of H,O, than that
of P. foveolarum (18.4 £ 0.66 nmol mg™" protein). Both
stresses alone enhanced (P < 0.05) H,O, content in both
cyanobacteria and the pattern was similar as recorded in
case of O, . Butachlor and UV-B together raised the O, ™
level further as the cells of N. muscorum and P. foveolarum
exhibited 14-34% and 26-38% increase in SOR and
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+ +
Uv-B Uv-B

Fig. 5 Effect of butachlor and UV-B radiation, alone and in
combination on respiratory activity in N. muscorum and P. foveo-
larum after 72 h of experiment. The control value of respiration was
1.5 £ 0.048 [umol O, consumed (mg protein)f1 h~™!] for N.
muscorum and 1.64 = 0.077 [pumol O, consumed (mg protein)7l
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h™'] for P. foveolarum. Data are mean + SE of six replicates.
Asterisk marks indicate significant level of different concentrations of
butachlor, UV-B and their interactions with control at P < 0.005(*)
and P < 0.001(**) level with control
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Fig. 6 Effect of butachlor and 16
UV-B radiation, alone and in
combination on superoxide
radical (O, ") and hydrogen
peroxide (H,O,) in N.
muscorum and P. foveolarum
after 72 h of experiment. The
control value of O, was
9.67 + 0.31 [nmol (mg
protein)_l] for N. muscorum
and 8.82 £ 0.327 [nmol (mg
protein)~'] for P. foveolarum.

N. muscorum

Superoxide radical
[nmol (mg protein)'I]
oo S
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The control value of H,O, was N. muscorum
25.3 £ 1.09 [nmol (mg
protein)_l] for N. muscorum
and 18.4 £+ 0.66 [nmol (mg
protein) ~'] for P. foveolarum.
Data are mean & SE of six
replicates. Asterisk marks
indicate significant level of
different concentrations of
butachlor, UV-B and their
interactions with control at
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P < 0.005(*) and 0
P < 0.001(**) level with
control

Butachlor

32-45% and 18-30% in H,O, content, respectively
(Fig. 6).

Malondialdehyde content in untreated cells of N. mus-
corum was greater (2.45 & 0.09; nmol MDA mg~"' pro-
tein) than that (1.65 £ 0.06; nmol MDA mg~" protein) of
P. foveolarum (Fig. 7). Nostoc muscorum exhibited an

Butachlor Butachlor Butachlor
+ +
uv-B Uv-B

increase (P < 0.05) of MDA content from 68 to 96% under
butachlor treatment and 26% under UV-B stress while in P.
foveolarum cells it was enhanced (P < 0.05) by 7-18% and
18% under similar conditions, respectively. Nostoc mus-
corum cells exhibited greater electrolyte leakage than the
cells of P. foveolarum (Fig. 7), however, the cells exposed

Fig. 7 Effect of butachlor and
UV-B radiation, alone and in
combination on lipid
peroxidation and electrolyte
leakage in N. muscorum and P.
foveolarum after 72 h of
experiment. Data are

mean £ SE of six replicates.
The control value of MDA was
2.45 £ 0.088 [nmol MDA (mg
protein)~'] for N. muscorum

N. muscorum

(=}
L

Lipid peroxidation
[nmol MDA (mg protein)'l]
~
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L
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and 1.65 £+ 0.058 [nmol MDA 0
(mg protein)~'] for P.

foveolarum. The control value 28 4
of electrolyte leakage was
8.17 & 0.392 for N. muscorum
and 3.73 + 0.187 for P.
foveolarum. Asterisk marks
indicate significant level of
different concentrations of
butachlor, UV-B and their
interactions with control at

N. muscorum

21 4

Electrolyte leakage (%)

P. foveolarum

P < 0.005(*) and
P < 0.001(**) level with
control
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*
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*
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with butachlor and UV-B either alone or in combination
showed similar pattern in electrolyte leakage as noticed in
case of MDA.

Activities of enzymatic antioxidants

The activities of antioxidant enzymes in both the
cyanobacteria treated with butachlor and UV-B alone or in
combination have been presented in Table 2. The enzy-
matic antioxidants: SOD, CAT and POD showed differ-
ential responses in tested organisms when treated with
butachlor and UV-B. In N. muscorum, SOD, CAT and
POD activities were enhanced (P < 0.05) by 50, 15 and
30%, respectively following low dose of butachlor treat-
ment while the activities were inhibited significantly
(P < 0.05) under high dose of butachlor treatment. In
contrast to N. muscorum, P. foveolarum exposed to both
doses of butachlor exhibited significant (P < 0.05) rise in
the activity of these enzymes. The UV-B exposure also
raised (P < 0.05) the activities of these enzymes in both
cyanobacteria. Both the stresses simultaneously further
suppressed (P < 0.05) the activity of these enzymes in N.
muscorum whereas stimulatory effects (except in case of
POD at 10 ug mL~" butachlor and UV-B combination)
were noticed in P. foveolarum. Combined treatments of
both the stresses in N. muscorum declined (P < 0.05) the
activity of these enzymes.

Non-enzymatic antioxidants

Ascorbate and proline contents in both the cyanobacteria are
shown in Table 3. In N. muscorum, ascorbate and proline
contents were 466 &+ 25.2 and 5.9 & 0.27 nmol mg~" dry
mass, however, in P. foveolarum the contents were high
showing 608 + 28.0 and 6.6 + 0.34 nmol mg~" dry mass,
respectively. Both the stresses either alone or in combination
enhanced proline content in both the cyanobacteria, and the
amount increased progressively with increasing degree of
stress i.e. from low butachlor alone to high butachlor and
UV-B combination. The response of both cyanobacteria with
regard to ascorbate content differed under applied stress
conditions. The amount of ascorbate in N. muscorum
decreased with increasing degree of stress applied whereas in
P. foveolarum it was significantly (P < 0.05) high under low
dose of butachlor and UV-B either alone or in combination.

Discussion
The growth of N. muscorum and P. foveolarum declined
significantly (P < 0.05) following butachlor and UV-B

exposure and with their combined treatments the inhibitory
effects on growth was enhanced (Fig. 1). The differential
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effects of both the stresses on growth suggested that P.
foveolarum exhibited greater tolerance to tested stresses
than N. muscorum. Our findings are in agreement with
several other studies where butachlor induced diminished
growth of Nostoc sp and cyanobacterium Aulosira fer-
tilissima was reported (Chen et al. 2007; Kumari et al.
2009). Singh and Datta (2006) studied impact of butachlor
(0-100 mg L") on five diazotrophic cyanobacteria domi-
nant in rice field viz. Nostoc punctiforme, Nostoc calcicola,
Anabaena variabilis, Gloeocapsa sp. and Aphanocapsa sp.
and one standard laboratory strain Nostoc muscorum ISU
and found that butachlor declined chlorophyll, photosyn-
thetic oxygen evolution and nitrogen fixation in all the
forms. However, in Anabaena variabilis was less affected.
Recently, fluorescence measurements revealed that buta-
chlor (80 mg L") declined growth of Nostoc sp. by
inhibiting photosynthetic pigments synthesis (He et al.
2013). Dowidar et al. (2010) have reported that butachlor
(8—20 mgL ") declined the growth by inhibiting activities
of glutamine synthetase, glutamic oxaloacetic acid
transaminase and glutamic pyruvic transaminase in Nostoc
muscorum and suppressed glutamine synthetase activity in
wild type Anabaena vaiabilis (Singh et al
2012a, b, c, d, e). In plants, the effect of butachlor on red
kidney beans (Phaseolus vulgaris L.) was tested and lipid
synthesis of isolated leaf cells along with glutathione was
affected (Alla et al. 2007). Among all the plant parts, root
was found to be more sensitive to butachlor followed by
the shoot. Significant cell damage might be closely related
to the hydrogen peroxide-induced oxidative stress than the
superoxide-induced oxidative stress (Wang et al. 2013a, b).
Chen et al. (2012) reported that UV-B radiation decreased
growth and photosynthesis in bloom forming cyanobacteria
viz. Anabaena sp. and Microcystis viridis by enhancing
generation of ROS which caused serious damage to DNA.
In Scytonema javanicum, it has been demonstrated that
UV-B radiation directly affects photosynthetic apparatus,
and enhanced formation of ROS which cause damage to
DNA (Wang et al. 2012). Rastogi et al. (2011) have
observed that UV-B radiation induces breaks in double
stranded DNA and assigned it is one of the consequences
of UV-B-mediated decline in growth of Anabaena vari-
abilis PCC 7937. Prasad and Zeeshan (2004) and Singh
et al. (2012a, b) have also demonstrated that UV-B sup-
pressed the growth of cyanobacteria, Plectonema bor-
yanum, Phormidium foveolarum and Nostoc muscorum by
decreasing light harvesting pigments and photosynthesis
due to enhanced generation of ROS, which cause severe
damage to lipids and proteins. In agreement to these find-
ings, reduction in growth of the tested cyanobacteria due to
butachlor and UV-B exposure could be assigned to
decreased light harvesting pigments and photosynthetic
activities, and increased level of ROS which resulted into
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Table 2 Effect of butachlor and UV-B radiation alone as well as together on levels of enzymatic antioxidants in N. muscorum and P. foveolarum after 72 h of experiment

Enzymatic activity [units (mg protein) ']

Treatments

P. foveolarum

N. muscorum

POD

CAT

SOD

POD

CAT

SOD

Butachlor (pg mL™")

0.182 % 0.008

5.1 £0.22

8.4+ 0.44
12.3 £ 0.57 (4 46)*

13.4 £ 0.72 (+ 60)*

0.286 + 0.01

7.5+ 035

11.7 £ 0.54

0.215 + 0.01 (4 18)*
0.221 + 0.01 (4 21)*

5.3 £ 0.24 (4 4)**
5.5 £ 0.26 (+ 8)*

0.372 £ 0.02 (+ 30)*

8.6 + 0.39 (+ 15)*
5.9 £ 0.31 (— 21)*

17.6 £ 0.79 (+ 50)*
8.28 + 0.41 (— 29)*

Butachlor (ug mL™") + UV-B

0.198 £ 0.01 (— 31)b*

10

0.188 £+ 0.01 (+ 3)ns

5.6 + 0.29 (+ 10)*
5.8 + 031 (+ 14)*
6.0 + 0.29 (+ 18)*

13.0 £ 0.60 (4 55)*
112 4 0.60 (4 33)*
102 4 0.47 (4 21)*

0.324 £ 0.02 (4 13)*
0.180 £ 0.01 (= 37)*

9.6 £ 0.43 (4 28)*

5.8 + 0.30 (— 23)*

15.8 & 0.85 (4 35)*
6.4 + 0.26 (— 45)*

0.221 4 0.009 (4 21)*

0.152 £+ 0.007 (— 16)*

45 + 021 (= 40)* 0.150 & 0.01 (— 48)*

52 4 0.28 (— 56)*

10

All the values are mean £ SE of six replicates. Asterisk marks indicate significant level of different concentrations of butachlor, UV-B and their interactions with control at P < 0.005(*) and

P < 0.001(**) level while ns represents ‘not significant’ with control. Values in parentheses indicate percent decrease (—) or increase (+4) over control value

oxidative damage (Figs. 1, 2, 3,4, 5, 6 7; Tables 1, 2, 3).
Lesser sensitivity of P. foveolarum against UV-B stress
may be explained on the basis of UV protective com-
pounds such as mycosporine like amino acids (MAAs)
which act as sunscreens and check penetration of UV-B
inside the cell. Garcia-Pichel et al. (1993) have reported
that Gloeocapsa sp. with high concentrations of MAAs are
approximately 20% more resistant to UV radiation than
those which have no or low concentrations, hence indi-
cating their important role in imparting UV-B tolerance.
Furthermore, Sinha et al. (2001) demonstrated that UV-B
induces synthesis of MMAs (shinorine) in Anabaena sp.,
Nostoc commune and Scytonema sp. that help to protect
them against damaging UV-B radiation. Therefore, rela-
tively lesser or no induction of MMAs makes N. musco-
rum more prone towards UV-B induced damages.

Butachlor and UV-B alone and in combination declined
(P < 0.05) photosynthetic pigments content in both
cyanobacteria thereby affecting the growth; however, the
effect was greater in N. muscroum than P. foveolarum
(Fig. 2). Among photosynthetic pigments, there was
greater damaging (P < 0.05) effect on phycocyanin fol-
lowed by chlorophyll a, and carotenoids were least affec-
ted under butachlor and UV-B stress (Fig. 2). It has been
reported that phycocyanin also possesses certain thera-
peutic properties, such as antioxidant (including the scav-
enging of peroxynitrite and peroxyl radicals), anti-
inflammatory, and hepaprotective properties are involved
in protecting membrane from damage. The localization of
phycocyanin on exterior surface of thylakoid membrane
and also the proteinacious nature of it could be one of the
reasons for greater sensitivity to dual stress as compared to
chlorophyll a and carotenoids which are integrated in the
thylakoid membrane (Gantt and Conti 1966; Wilson et al.
2006). The essential function of carotenoids is to protect
the photosynthetic system from photo-oxidative damage
through the xanthophyll cycle, a process involved in dis-
sipating excess excitation energy under stress conditions
(Carletti et al. 2003). Though, the exact mechanism of
chlorophyll degradation is not yet clear, however, this
might have occurred due to the damage of thylakoid
membrane by UV-B radiation (Renger et al. 1989). Besides
the direct damaging effects on pigments, butachlor and
UV-B stress might have caused degradation or inhibitory
effect on biosynthetic processes of pigments as reported in
earlier studies (Xie et al. 2009; Sheeba et al. 2011). The
data related to lower reduction in carotenoids compared to
other pigments in response to butachlor and UV-B stress
can be interpreted in the light of their role in a general
defense against photodynamic damage in photosynthetic
apparatus of cyanobacteria under stress condition (Le-
moine and Schoefs 2010; Zhu et al. 2010; Zhou et al.
2012).
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Table 3 Effect of butachlor

. Treatments
and UV-B radiation alone as

Non-enzymatic antioxidants [nmol (mg dry mass) ']

well as together on levels of N. muscorum

P. foveolarum

non-enzymatic antioxidants N.

muscorum and P. foveolarum Ascorbate Proline Ascorbate Proline
after 72 h of experiment )
Butachlor (g mL™ ")
0 466 + 25.2 59+ 0.27 608 + 28.0c 6.6 £ 0.34a
5 351 £ 15.1 (— 25)* 6.9+ 032 (+ 17)* 704 £ 33.8 (+ 16)* 8.0 £ 0.41 (+ 2D)*
10 236 £ 109 (— 49)* 8.1 £0.45 (+ 37)* 459 £ 22.5 (— 25)* 9.4 &+ 0.50 (+ 42)*
Butachlor (ug mL™!) + UV-B
0 351 £ 16.5 (— 25)* 6.4 £ 0.33 (+ 8)** 683 £ 31.4 (+ 12)* 8.0 £ 0.43 (+ 2)*
5 304 £ 14.0 (— 35* 7.5 £ 0.35 (+ 27)* 726 £ 30.5 (+ 19)* 8.4 + 0.47 (+ 27)*
10 210 £ 10.1 (— 55)* 8.4 4+ 047 (+ 42)* 427 £209 (— 30)* 11.0 £ 0.50 (4 67)*

All the values are mean £ SE of six replicates. Asterisk marks indicate significant level of different
concentrations of butachlor, UV-B and their interactions with control at P < 0.005(*) and P < 0.001(**)
level with control. Values in parentheses indicate percent decrease (—) or increase (+4) over control value

Whole cell photosynthesis (O,-evolution) and photo-
synthetic electron transport activities (PS II, PSI and whole
photosynthetic reaction chain) of N. muscorum and P.
foveolarum were studied to explain the damaging effects
on growth. Results pointed out that photosynthetic pro-
cesses were inhibited significantly (P < 0.05) after expos-
ing both the cyanobacteria to butachlor and UV-B stress
(except PS 1 under 5 pgmL~' butachlor in both
cyanobacteria and under UV-B alone for P. foveolarum)
(Fig. 3; Table 1). Photosynthetic activities of N. muscorum
declined at faster rate as compared to the P. foveolarum.
Studies reported decline of photosynthetic O,-evolution in
the cyanobacterium Microcystis aeruginosa and diatom
Thalassiosira pseudonana and several cynobacteria fol-
lowing UV-B exposure (Jiang and Qiu 2011; Singh and
Datta 2006; Singh et al. 2012a, b, c, d, e). Photosynthetic
O,-evolution and whole photosynthetic reaction chain
activity in both the cyanobacteria was inhibited more than
PS II and the least effect was noticed in PS I activity under
butachlor and UV-B stress (Table 1). Renger et al. (1989)
have observed that UV-B affects photosynthetic electron
transport activities by interrupting thylakoid membrane
integrity leading to the perturbations in the electron
transport across the membrane. Photosystem II being more
sensitive becomes further labile to UV-B due to association
with oxygen evolving complex (OEC) which is known as
electron as well as oxygen generator (Kamiya and Shen
2003; Prasad and Zeeshan 2004). UV-B radiation can
damage the reaction center proteins D1 and D2 of PS II
(Olsson et al. 2000). It has been reported that UV-B affects
growth of Anabaena sp., Microcystis viridis and Scytonema
javanicum by affecting either photosynthesis (electron
transport chain) or by ROS-mediated process (oxidative
stress) (Chen et al. 2012; Wang et al. 2012). Like UV-B,
butachlor [150 pM (equivalent to 46.6 ug mL~")] has been
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reported to significantly inhibit PS II activity and also the
maximum quantum yield (Fv/Fm) of PS II (Chen et al.
2007; He et al. 2013). Similarly, Kumari et al. (2009) have
reported that butachlor [65 uM  (equivalent to
20 ug mL™")] inhibited PS II, PS T and whole chain elec-
tron transport activities, and 14COz-ﬁxation which resulted
into decline of growth in Aulosira fertilissima. Like buta-
chlor, metolachlor, another chloroacetanilide herbicide has
also been shown to adversely affect growth, pigments and
PS 1II activity in Dunaliella tertiolecta and Aureococcus
anophagefferens (Thakkar et al. 2013). Butachlor must be
inhibiting photosystems of both cyanobacteria as butachlor
has been shown to inhibit lipid biosynthesis (Gotz and
Boger 2004; Ma et al. 2006) and thylakoid membrane
encompasses PS II and PS I is mainly composed of lipids.

In order to locate possible sites of damage due to
butachlor and UV-B on PS II activity, the PS II mediated
DCPIP photoreduction was determined in the presence of
exogenous electron donor- diphenyl carbazide (DPC)
(Fig. 4). PS 1I together with oxygen evolving complex
(OEC) was severely damaged by butachlor and UV-B
stress therefore, oxidation side of PSII. Since DPC releases
electrons in between oxygen evolving complex (OEC) and
PS II. So in the case of high stress condition i.e.
10 ug mL~'of butachlor and UV-B combination, partial
improvement in PSII activity by DPC symbolizes that this
amount of stress must have damaged the reaction center
and reducing side of PSIIL

Respiration rate shows increased (P < 0.05) values in
both the cyanobacteria under butachlor and UV-B treat-
ments (Fig. 5). Our results are in agreement with earlier
findings where butachlor and UV-B enhanced respiratory
activity in cyanobacteria (Kumari et al. 2009; Singh et al.
2012b). Our results indicated that butachlor and UV-B
considerably inhibited the photosynthetic electron transport
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activities (Table 1), hence reduced the supply of ATP for
normal physiological activity of treated cells. Thus, under
butachlor and UV-B stress the increased respiratory rate
was probably needed to partially restore the supply of ATP
to carry out the basal metabolism of treated cyanobacterial
cells.

The damaging effect due to butachlor and UV-B was
further analyzed by assessing oxidative stress induced by
both stressors in test cyanobacteria. Under stress, the levels
of superoxide radical and hydrogen peroxide (H,O,)
increased over the values of untreated controls and their
contents were further enhanced significantly (P < 0.05)
under combined exposure of both the stressors (Fig. 6).
Herbicides may generate reactive oxygen species (ROS) by
inhibiting photosynthetic pathway (Galhano et al. 2011b;
Sheeba et al. 2011; He et al. 2013; Wang et al. 2013a, b). In
the present study, the decrease in photosynthetic contents
and growth rates with increased level of ROS can be
related with butachlor and UV-B induced inhibition in
photosynthetic  electron transport activities (Fig. 6;
Table 1), and under this condition enhanced generation of
ROS may occur due to spilling of electrons from over
reduced photosynthetic electron transport chain to O, as
reported in earlier studies (Sheeba et al. 2011; Singh et al.
2012a, c). Studies by He and Héder (2002), Singh et al.
(2012a, c), Wang et al. (2012) and He et al. (2013) have
revealed that if there were excess ROS formed inside the
cells, impairment of several metabolic processes like
photosynthesis and chlorophyll biosynthesis could be
expected that would eventually lead to cell death. Reactive
oxygen species at higher amounts may cause severe dam-
age, since they attack on lipids, proteins/enzymes and
DNA, hence membrane damage, protein modification and
DNA damage take place (He and Héder 2002; Kumari
et al. 2009; Galhano et al. 2011a; Rastogi et al. 2011). The
increased rate of lipid peroxidation i.e. MDA formation,
and electrolyte leakage were resulted due to excess ROS
formation under butachlor and UV-B treatments (Figs. 6,
7). Compared to P. foveolarum, the greater susceptibility of
N. muscorum to both stresses was further indicated by
higher rate of ROS formation, lipid peroxidation and
electrolyte leakage.

The ability of organisms to metabolize O, and H,O,
against stress conditions largely depends on the coordina-
tion of the interrelated antioxidant enzymes such as
superoxide dismutase (SOD), catalase (CAT) and peroxi-
dase (POD) (Chen et al. 2012; He et al. 2013; Wang et al.
2013a, b). The H,O, formed by SOD is removed by CAT
and POD (Bernroitner et al. 2009; Galhano et al.
2010, 2011a). Significant (P < 0.05) inhibition in the
activity of SOD, CAT and POD is due to high dose of
butachlor as well as under the combined treatment of UV-B
and butachlor (low and high doses). Unlike the response

noticed in N. muscorum, P. foveolarum under alone and
combined treatment of butachlor and UV-B showed
increase (P < 0.05) in the activity of tested enzymes (ex-
cept in case of POD at high dose of butachlor + UV-B)
compared to the controls. Decrease in POD activity at high
dose of butachlor and UV-B combination might be due to
its inactivation as a result of increased oxidative stress
(Zhao et al. 2012). Under stress conditions e.g. herbicides
and UV-B, differential responses of SOD, CAT and POD
have also been reported (Galhano et al. 2010, 2011a; Chen
et al. 2012; Singh et al. 2012a, c¢; Wang et al. 2012; He
et al. 2013; Singh et al. 2013), and increase and/or decrease
in antioxidant enzyme(s) have been related with the
enhanced or suppressed stress tolerance ability of stressed
organisms. Better antioxidant capacity (SOD, CAT and
POD activity) in P. foveolarum leads us to conclude that
this organism is well equipped with enzymatic antioxidants
to counteract the adverse effects of ROS and thus, pro-
viding greater tolerance against tested stressors as com-
pared to N. muscorum.

The non-enzymatic antioxidants ascorbate and proline
were also analyzed in both the cyanobacteria exposed to
butachlor and UV-B alone and in combination. Ascorbate
is one of the most powerful antioxidants, directly scav-
enges hydroxyl radicals (OH) and reduce H,0, via
ascorbate peroxidase reaction (Noctor and Foyer 1998).
Ascorbate regenerates tocopherol from tocopheroxyl radi-
cal hence provides membrane protection (Noctor and Foyer
1998). The results reveal that the level of ascorbate con-
tinuously decreased (P < 0.05) in N. muscorum (Table 3).
However, in P. foveolarum ascorbate content increased by
butachlor and UV-B treatments either alone or in combi-
nation (except at high dose of butachlor alone and in
combination with UV-B) (Table 3). Studies show that UV-
B and other herbicide— oxyfluorfen, declined ascorbate
content in cyanobacteria and algae (Estevez et al. 2001;
Singh et al. 2012¢). UV-B is known to cause significant
decline in growth of the cyanobacterium Scytonema
javanicum and cyanobacterium Anabaena torulosa by
damaging DNA, however, exogenous addition of ascorbate
protected the organism against UV-B damage (Singh et al.
2012a, b, c, d, e; Wang et al. 2012). The importance of
ascorbate in protecting against oxidative stress has been
confirmed in Arabidopsis ascorbate-deficient (vtcl) (Miil-
ler-Moulé et al. 2003). Taking into account the importance
of ascorbate in mitigating oxidative stress, higher ascorbate
level and further rise in its level under applied stress can be
correlated with greater tolerance ability of P. foveolarum.

The accumulation of compounds such as proline in cells
in response to environmental stress is well documented
(Galhano et al. 2010, 2011b; Sheeba et al. 2011). Proline
provides less than 5% of the total pool of free amino acids
under stress free condition, whereas the concentration
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increases up to 80% of the amino acid pool during stress
(Matysik et al. 2002). The function of proline in stressed
cyanobacteria is often explained by its property as a pro-
tectant, hence able to quench excess ROS (Galhano et al.
2010; Sheeba et al. 2011; Galhano et al. 2011b). Therefore,
under butachlor and UV-B stress, increased accumulation
of proline in both cyanobacteria compared to control, with
maximum increase in P. foveolarum, suggesting its pro-
tective role during stress.

Conclusion

Herbicides and UV-B are notorious for causing oxidative
stress, which is also evident from our study which shows
the inhibitory effect of butachlor and UV-B on both the
cyanobacteria and effect of one stress is aggravated by
other stress and vice versa. Damaging effects on pigments
and photosynthetic activity caused significant reduction in
the biomass of the tested cyanobacteria. Enhanced lipid
peroxidation and electrolytes leakage was due to increased
superoxide radical and hydrogen peroxide and one of the
reasons for butachlor and UV-B-induced damage to pho-
tosynthetic process which leads reduced biomass accumu-
lation in both the cyanobacteria. Phormidium foveolarum
exhibited comparatively higher resistance against butachlor
and UV-B than Nostoc muscorum probably due to its
strong antioxidant defence system. Thus our study estab-
lishes that P. foveolarum may be preferred in paddy field
under sustainable agriculture programs. However, further
research is required at molecular level to gain deeper
insight in understanding the interaction of the twin stres-
ses—butachlor and UV-B.
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