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Abstract

Paddy field farming remains the dominant form of growing rice in modern times as the rice is the staple food for over half the
world’s population and is closely associated with food security and political stability of many countries. Record increase in rice
production have been observed since the start of the Green Revolution. India is one of the largest paddy producer and exporter in the
world. However, constant use of chemical herbicide like paraquat had shown adverse impact on the rice yield. Non-target organisms
of the habitat including cyanobacterial paddy biofertilizer face the herbicide toxicity and are unable to perform efficiently their role
as biofertilizer. Therefore, in the present study, an attempt has been made to enhance the paraquat resistance in rice biofertilizer
(Microchaete sp. NCCU-342) by exogenous addition of salicylic acid. Paraquat showed toxicity in Microchaete sp. NCCU-342 in a
dose-dependent manner. Concentration of paraquat >1.0 uM exhibited lethal effect since the beginning. Through successive narrow
range experiment, LD50 value of paraquat was obtained as 0.6 M. Biomass exposed to paraquat (LD50 value) and salicylic acid
(0.3 mM) showed mitigation in free radical production (2.20 % MDA and 1.69 % H,0,) and enhancement in the activity of the
antioxidant enzymes activity, i.e. SOD, CAT, APX (137.76 %, 87.45 %, 118 %, respectively) and osmolytes (3.8 % proline and
21.51% sucrose). Thus, for sustainable agricultural practice, especially for paddy field cyanobacterial biofertilizer, application of
salicylic acid or organism with higher salicylic acid production ability may be an alternative to overcome the paraquat toxicity.

Keywords Chemical herbicide - Heterocystous biofertilizers - Cyanobacterial pigments - Phytohormone - Oxidative
stress-resistant compound

Introduction

In the age of industrial development, the use of pesticides
and metals are the most challenging pressure on the sus-
tainable agricultural system. Herbicides, pesticides and
chemical fertilizers are being frequently used to increase
crop yield without paying much attention to the problem of
residual toxicity. Paraquat dichloride (1, 1’-dimethyl-4, 4°-
bipyridinium dichloride), or paraquat (PQ), is a quaternary
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ammonium salt. It is a water-soluble, broad-spectrum and
non-selective contact herbicide of the methyl viologen
group. It has been characterized as the class II moderately
hazardous pesticide by the World Health Organization
(WHO) which has been commonly used in the rice field
to increase productivity. Central Insecticide Board and
Registration Committee (CIBRC, India) has approved its
use only for nine crops in India, viz. tea, cotton, grapes,
rubber, rice, apple, maize, wheat and potato (Watts 2011).
However, a high dose of PQ decreases nitrogen fixation
and photosynthesis in cyanobacterial biofertilizers (non-
target organism) that ultimately reduces paddy yield
(Sood et al. 2011). Free radicals including superoxide an-
ions, singlet oxygen, hydrogen peroxide, hydroxyl and
peroxyl radicals were found to be induced in the presence
of PQ in plants. It interferes with the photosynthetic elec-
tron transport system, stability of protein and DNA ulti-
mately leading to cell death (Ananieva et al. 2004).
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Salicylic acid (SA) is a lipophilic derivative of benzoic
acid. It is considered as a phytohormone and a prominent
signalling molecule whose expression is induced under stress
in both prokaryotic and eukaryotic organisms. It reduces the
toxic effect by modifying the physiological and biological
processes of the organism (Ananieva et al. 2002).
Exogenous supplementation of salicylic acid has been ob-
served to reduce the toxic effect of herbicide, insecticide and
fungicide in crops like Brassica napus (Cui et al. 2010),
Triticum aestivum (Ananieva et al. 2002), Zea mays (Deef
2013), Arabidopsis thaliana (Kim et al. 2003) and Vigna
radiata (Fatma et al. 2018). SA is reported to reduce the elec-
trolyte leakage, hydrogen peroxide and malondialdehyde
(MDA) level in PQ-exposed barley by increasing antioxidant
(Ananieva et al. 2004). To the best of our knowledge, so far,
there is no report on the effect of salicylic acid on PQ toxicity
in cyanobacterial biofertilizer.

Microchaete is reported as a component of cyanobacterial
natural biofertilizer of rice field that is also facing PQ toxicity
(Thajamanbi et al. 2016). In the present study, an attempt has
been made to work on the hypothesis that SA act as a PQ
toxicity ameliorating agent in non-target cyanobacterial
biofertilizer. Further, the present investigation was also
planned to evaluate the effect of exogenous SA supplementa-
tion on bio-constituents of PQ exposed cyanobacterial
biofertilizer that helps in coping with the herbicide toxicity.

Materials and methods
Chemicals and culture

All analytical grade chemicals used in experiments were pro-
cured from Hi-Media, Mumbai (India), and Merck & Co., New
York (USA). The growth media, reagents and buffers were pre-
pared in double-distilled water. The test organism, Microchaete
sp. NCCU-342, was procured from IARI, New Delhi, India. It
was maintained in BG-11 medium (without nitrogen source) at
28 +1 °C, 12:12 light and dark cycle and shaken manually after
frequent intervals to avoid clumping of cells.

Determination of growth and endogenous salicylic
acid induction in Microchaete sp. NCCU-342 exposed
to paraquat

Paraquat (PQ) stock solution (ImM) was prepared by dissolv-
ing 2.6 mg paraquat dichloride in 10 ml of distilled water. The
stock solution was further diluted with distilled water to obtain
working concentrations of PQ [(a) wide range 1.0, 1.2, 1.4,
1.6, 1.8 and 2.0 uM and (b) narrow range 0.1, 0.2, 0.4, 0.6, 0.8
and 1.0 uM] and added to the growth medium. The growth
conditions for cultures were same as mentioned above. To
analyse PQ toxicity, growth of cyanobacteria was monitored
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in its presence after every 24 h for 96 h. Biomass was harvest-
ed by centrifugation, and growth was evaluated by analysing
dry biomass weight.

LDsg of PQ was determined through linear regression
(probit analysis) (Singh and Zahra 2017). Specific growth rate
was calculated by using the formula as given by De Oliveira
et al. 1999:

InX = pt + InX
w= (InX—InX,) =+t

where X is the initial dry biomass weight (in mg), X is the
final dry biomass weight (in mg) at time # (in hours) and p is
the specific growth rate.

Endogenous salicylic acid production was checked in the
cultures exposed at 0.6 uM PQ (LDs). Salicylic acid extrac-
tion was done according to the protocol of Raskin et al.
(1989), and quantification was done by following spectropho-
tometry protocol of Warrier et al. (2013). For extraction of
endogenous salicylic acid, 50 mg biomass was homogenized
with 10 ml methanol (90%) and centrifuged at 5000 rpm.
Pellet was dissolved in 10 ml methanol (100%) and centri-
fuged at 8000 rpm for 15 min. The supernatant was evaporat-
ed at 60 °C, and the residue was re-suspended in Sml trichlo-
roacetic acid (5%) and centrifuged at 5000 rpm. The superna-
tant was partitioned twice with double the volume of ethyl
acetate (Raskin et al. 1989). The production of salicylic acid
was confirmed by simple colorimetric test. To the ethyl extract
(1 ml), alcoholic ferric chloride (1 ml) was added. Formation
of purple-violet colour indicated the presence of salicylic acid
that was measured at 540 nm. For quantifying the amount of
salicylic acid, the standard curve of salicylic acid was prepared
(Warrier et al. 2013). The concentration of the stock solution
was Img/ml. It was further diluted with distilled water to
obtain different working concentrations (0.01-5 pg/ml).
Absorbance was taken at 540 nm. The calibration curve was
described by the equation given below with regression coef-
ficient (+*) being 0.9812. The following equation was used to
calculate the amount of standard salicylic acid.

Y =0.2385 x X + 0.0286

where Y is absorbance at 540 nm and X is the concentration of
salicylic acid in pg/ml.

Determination of exogenous salicylic acid role in
mitigating PQ toxicity

The stock solution of salicylic acid was diluted with distilled
water to obtain different working concentrations (0.1, 0.3 and
0.5 mM). Culture exposed to PQ (LDsy) was exogenously
supplemented with salicylic acid (0.1, 0.3 and 0.5 mM) to
finalize the effective dose of SA for further experiments.
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The experiment was done in triplicates and consisted of
four culture sets including Microchaete sp. NCCU-342 cul-
ture (control), PQ-exposed culture (PQ), SA-exposed culture
(SA) and both SA and PQ exposed culture (SA+PQ). All the
four culture sets were allowed to grow under the above-
mentioned culture conditions. Pigments (chlorophyll, caroten-
oid and phycobilin), biochemical constituents (protein con-
tent, carbohydrate content), malondialdehyde (MDA) content,
H,0, content, superoxide dismutase (SOD) activity, catalase
(CAT) activity, ascorbate peroxidase (APX) activity, amount
of proline and sucrose were evaluated as test parameters.

The content of chlorophyll was determined by the modified
protocol of Mackinney (1941). Ten milliliter of 95 % metha-
nol was added to 5 mg dried biomass in a test tube. After
vortexing, it was incubated at 65 °C for 30 min in a water bath
which was then cooled to room temperature. Loss of solvent
by evaporation was maintained by adding methanol and then
centrifuging at 5000 rpm for 10 min. Pellets were discarded,
and supernatant was collected whose absorbance was taken at
650 nm and 660 nm against 95 % methanol as blank. Total
chlorophyll was calculated by using the following formula.

Chlorophyll content (mg/g)

= (2.55 X ODgsonm + 0.4 X ODjggspm) x 1072

Carotenoid content was estimated according to the method
given by Herborne (1973). Fifty milligrams of biomass was
taken in the test tube to which 5 ml of 80 % acetone was
added. The content was then homogenized and centrifuged
at 3000 rpm for 10 min. Supernatant was collected whose
absorbance was recorded at 450 nm against 80 % acetone as
blank. The amount of total carotenoid was calculated by using
the following formula:

Carotenoid content (mg/g)

= (Dilution factor X ODysppm X V) = W

where dilution factor is 4, V'is the volume of extract (in ml)
and W is the weight of biomass (in mg).

Phycobilins extraction was carried out by freezing and
thawing in extraction buffer (0.1 M phosphate buffer, pH
6.8) (Siegelman and Kycia 1978), after which centrifugation
was done at 5000 rpm for 10 min and the absorbance was
taken at 562 nm, 615 nm and 652 nm. Phycocyanin,
allophycocyanin and phycoerythrin contents were calculated
by using the following formula:

Phycocyanin (PC) = [ODg5nm—(0.474 x ODgsanm)] + 5.34
Allophycocyanin (APC) = [ODgs2nm—(0.208 x ODgsum)]
+5.09

Phycoerythrin (PE) = {ODsﬁznmf (2.41 x (PC)70.849}

X 5.34 (APC)} 9.6
Phycobilin (mg/g) = (PC) 4+ (APC) + (PE)

Protein content was determined according to the method
given by Lowry et al. (1951). Biomass (50 mg) was homog-
enized in 5 ml of extraction buffer and centrifuged at
8000 rpm for 20 min. Freshly prepared reagent A (1 ml 1%
Na-K tartrate solution containing 0.5 % CuSO, was added
into 50 ml 2 % Na,COj solution) was added to the supernatant
obtained from previous step and incubated for 10 min.
Simultaneously, reagent B, i.e. Folin’s reagent (0.5 ml), was
added and kept in dark for 30 min to allow the development of
purple-blue colour that indicated the presence of proteins.
Standard solution of bovine serum albumin (BSA) was pre-
pared in different concentration for quantification of total pro-
tein and absorbance was taken at 650 nm. The concentration
of this stock solution was 1 g/l. It was diluted with distilled
water to obtain different BSA concentrations (20-250 mg/ml).
The calibration curve was described by the equation given
below with regression coefficient (+%) being 0.9892. This
equation was used to calculate the amount of BSA.

Y =0.0024 x X + 0.0371

where Y is absorbance at 650 nm and X is concentration of
BSA in mg/ml.

Anthrone reagent method was used to estimate total carbohy-
drate (Spiro and Spiro 1966). Sample was prepared by taking
1 mg biomass, to which 1.25 ml of double distilled water and
4 ml of anthrone reagent was added and mixed properly. Then,
the prepared sample was incubated in water bath at 95 °C for
8 min and then cooled under running water. Standard solution of
glucose i.e. the stock solution (1 g/l) was prepared, which was
further diluted with distilled water to obtain different glucose
concentrations (10—150 mg/ml). Absorbance was recorded at
620 nm. The calibration curve was described by the equation
given below with regression coefficient (+*) being 0.9795. This
equation was used to calculate the amount of glucose.

Y =0.0026 x X—0.0565

where Y the is absorbance at 620 nm and X is the concentra-
tion of glucose in mg/ml.

For estimation of MDA, cells were homogenized in 1% TCA
and centrifuged at 10,000 rpm for 15 min (Heath and Packer
1968). The supernatant was re-suspended in 0.5 % thiobarbituric
acid (TBA) in 20 % TCA solution and then incubated in water
bath at 95 °C for 30 min and cooled under running water.
Absorbance was taken at 532 nm and 600 nm. MDA was esti-
mated using extinction coefficient (155 mM ' em ).
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For estimation of hydrogen peroxide, fresh biomass (50
mg) was homogenized in 1.5 ml sodium phosphate buffer
(50 mM, pH 6.5) and centrifuged at 10,000 rpm for 15 min
(Jana and Choudhuri 1982). 1 ml of supernatant was mixed
with 4 ml of 0.1% titanium sulphate containing 20% sulphuric
acid. After the development of yellow colour, absorbance was
taken at 410 nm. Hydrogen peroxide was estimated using
extinction coefficient (0.28 pmol cmfl).

SOD activity was determined by monitoring the 50 % in-
hibition of photo-reduction of nitro blue tetrazonium chloride
(NBT) (Beauchamp and Fridovich 1971). Fresh biomass
(0.05 gm) was homogenized in 2 ml of phosphate buffer
(0.5 M, pH 7.5) and centrifuged at 15,000 rpm at 4 °C for
15 min. The reaction mixture (3 ml) contained 2.9 ml potas-
sium phosphate (50 mM, pH 7.8) containing 0.025% Triton-X
100, 1.17 uM riboflavin, 168 uM NBT, 10 mM methionine
and 100 pl extract. Blank contained everything except the
enzyme extract. Both the reaction mixture and blank were
incubated for 15 min. The photo-reduction of NBT resulted
in the formation of purple formazan that was measured at 560
nm. 1U of SOD activity is the amount of enzyme that causes
50% inhibition of the photo-reduction of NBT, i.e. formazan
formation. SOD activity was calculated by using the given
formula:

SOD activity (U/ml) = [(Ac—At) + Ac] x 0.5
x dilution factor

where Ac is the amount of formazan formed in the absence of
enzyme, At is the amount of methionine-mediated formazan
formed and dilution factor is 30.

For measuring the catalase (CAT) activity, fresh biomass
(0.05 gm) was homogenized in 2 ml of phosphate buffer (0.5
M, pH 7.5) and centrifuged at 10,000 rpm at 4 °C for 15 min.
Reaction mixture (2.0 ml) contained 0.1 ml of enzyme extract,
1.6 ml phosphate buffer (pH 7.3), 0.1 ml of EDTA (3 mM)
and 0.2 ml of H,O, (0.3%) which was incubated for 3 min and
absorbance was taken at 240 nm (Aebi 1984). Catalase activ-
ity was calculated by taking € »49 as 43.6 M 'cm™ " against a
blank of same reaction mixture except hydrogen peroxide.

CAT activity (U/ml)
= (ODg4pnm X total volume X incubation time) -+ sample

x 43.6

1U of the catalase activity is the amount of enzyme that
decomposes 1 pl of hydrogen peroxide per minute at 25 °C.

For determination of ascorbate peroxidase (APX) activity,
fresh biomass (0.05 gm) was homogenized in 2 ml of phos-
phate buffer (0.5 M, pH 7.5) and centrifuged at 10,000 rpm at
4 °C for 15 min. Reaction mixture was prepared by mixing
1 ml phosphate buffer (pH 7.3), 1 ml ascorbate (5 mM), 0.1 ml
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EDTA, 0.2 ml hydrogen peroxide (0.3%) and 1 ml enzyme
extract. Absorbance was taken at 290 nm against blank (Asada
1997). The activity of APX was calculated by using an extinc-

tion coefficient of 2.8 mM 'cm™

APX activity (U/ml)
= (OD3gpnm X total volume x incubation time) -+ sample

x 2.8

1U of the enzyme is the amount necessary to decompose
1 pl of hydrogen peroxide per minute at 25 °C. The optical
density was measured at 290 nm, and ascorbate peroxidase
activity was calculated by taking & 90 as 2.8 M 'cm ' against
a blank of same reaction mixture except hydrogen peroxide.

For determination of proline, 50 mg biomass was crushed
in 10 ml of sulphosalicylic acid (3%) and centrifuged for
10 min at 8123 rpm. Supernatant was collected, to which
2 ml glacial acetic acid and 2 ml acid ninhydrin solution were
added and heated at 100 °C for 60 min. Thereafter, 4 ml tol-
uene was added and properly mixed by vortexing. The sample
was then kept in an ice bath for 1 min for the partitioning of
organic and inorganic layer. The absorbance of chromophore
containing toluene solution was taken at 520 nm. Standard
curve of proline was also plotted (Bates et al. 1973). The
concentration of this stock solution was 1 mg/ml. It was dilut-
ed with distilled water to obtain different proline concentra-
tions (10—150 pg/ml). The calibration curve was described by
the equation given below with regression coefficient () be-
ing 0.9754. This equation was used to calculate the amount of
standard proline.

Y =0.0016 x X +0.1004

where Y is the absorbance at 520 nm and X'is the concentration
of proline in pg/ml

For sucrose determination, 0.01 g dried biomass was dis-
solved in 10 ml of ethanol (80%) and placed in a water bath at
boiling temperature to degrade the hexoses. The solution was
then cooled, and 100 pl potassium hydroxide (30% aqueous)
was added to it and kept in the boiling water bath. After
cooling the samples to room temperature, anthrone reagent (3
ml) was added and then incubated at 38 °C for 20 min. By
taking sucrose as standard, samples were quantified at 620 nm
(Van Handel 1968). The concentration of this stock solution
was 2 mg/ml. It was diluted with distilled water to obtain
different sucrose concentrations (10-1000 pg/ml). The cali-
bration curve was described by the equation given below with
regression coefficient (+%) being 0.9754. This equation was
used to calculate the amount of standard sucrose.

Y =0.0002 x X + 0.0847
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where Y is the absorbance at 620 nm and X is the concen-
tration of sucrose in pg/ml.

Statistical analysis

All data were evaluated statistically and represented as mean +
standard deviation (SD) of three independent replicates.
Means were compared by #-test and one-way ANOVA follow-
ed by least significant differences (LSD) test at levels P <
0.05. All statistical analysis was carried out by using
GraphPad Prism Version 8.0.1 (244).

Results and discussion

According to the WHO, the world’s population is expected
to increase from the current 7.7 billion to 9.7 billion by
2050 (Leridon 2020). To feed such a large population,
there is a need to increase the crop yield, that too, using
sustainable agricultural practices. Pesticide, herbicide and
chemical fertilizer-based agriculture practices are not ad-
visable due to their adverse effect on soil as well as on crop
quality. It has forced the scientific community to find out
alternate ways for increasing food and feed production.
The present investigation is an effort towards sustainable
agriculture in rice fields, using salicylic acid as a paraquat
toxicity mitigator.

Relationship between Microchaete sp. NCCU-342
growth and paraquat

Indiscriminate application of herbicide for weed control is
known to affect the physiological pathways and induces
oxidative stress in non-target organisms as well. To under-
stand the effect of PQ on Microchaete sp. NCCU-342, cul-
tures were exposed to different PQ concentrations [(a) 1.0,
1.2,1.4,1.6, 1.8 and 2.0 of wide range and (b) 0.1, 0.2, 0.4,
0.6, 0.8 and 1.0 uM of narrow range] for 96 h. PQ showed
the toxic effect on the growth of the test organism in a dose-
dependent manner (Fig. 1 a and b). Visually, the colour of
the culture changed from greenish-brown to yellowish-
white. At higher PQ concentrations (>1.0 uM), cells started
to die. The cultures were grown for 96 h, and specific
growth rate, as well as LDso, were determined. These
values reflect the tolerance or sensitivity of the test organ-
ism against paraquat. The specific growth rate of the control
culture (0.3662 h™') was higher than the PQ exposed cul-
ture (0.1988 h™") (Fig. lc). The LDs, value of paraquat was
obtained to be 0.6 uM that indicated the death of half of the
population of culture at this concentration (Fig. 1d).
Further, experiments to study the effect of PQ on biochem-
ical constituents of Microchaete were erformed at this con-
centration (LDs).

Similar results have also been reported in other
cyanobacterial species including Nostoc sp. N1 and
Anabaena sp. Al (Tansai etal. 2018) and Anabaena variabilis
and Plectonema boryanum (Dragolova et al. 2002). A de-
crease in specific growth has been also observed in malathion
exposed Anabaena variabilis (Ningthoujam et al. 2013).
Chlorella vulgaris have been reported to show a similar
LDsq of 0.67 uM (Qian et al. 2009). The higher the LDs,
value, the more the tolerance against any pollutant.
Scenedesmus dimorphus has been reported to be more sensi-
tive with LDsq of 0.29 uM, whereas Selenastrum
capricornutum showed more tolerance with an LDsq value
of 7 uM (Ibrahim 1990). PQ has been observed to reduce
the growth of Chlorella vulgaris and Chlorella pyrenoidosa
by inhibiting the synthesis of chlorophyll and increasing ROS
generation (Qian et al. 2009; Zhang et al. 2014). PQ accepts
the electrons from PS-I, interferes with the intracellular elec-
tron transport system (ETS) and blocks NADPH formation
that disrupts NADPH requiring biochemical process. Lack
of NADPH could further lead to the formation of ROS, ham-
pering the growth even more (Sood et al. 2011).

Paraquat induces endogenous salicylic acid in
Microchaete sp. NCCU-342

Salicylic acid is a key endogenous secondary signalling mol-
ecule that induces defence response. PQ (0.6uM, LDsq)-treat-
ed Microchaete cultures showed increased production of SA
(185.78 % (significant at P < 0.05)) after 96 h (Fig. 2a). This
may be attributed to the cell’s efforts to overcome the PQ-
imposed stress. Previous studies in higher plants have also
shown that endogenous salicylic acid induced protection
against abiotic and biotic stress (Mauch et al. 2001; Yang
et al. 2004).

Effect of exogenously supplemented salicylic acid on
PQ toxicity

To understand the role of exogenous salicylic acid in reducing
PQ toxicity, cyanobacterial culture with PQ was supplement-
ed with 0.1, 0.3 and 0.5 mM of salicylic acid and allowed to
grow for 96 h. The cultures supplemented with exogenous
salicylic acid showed growth patterns similar to control. The
extent of protection increased from 0.1 to 0.3 mM of SA (Fig.
2b). The stimulatory effect of salicylic acid on growth has also
been reported in Chlorella vulgaris (Czerpak et al. 2002).
However, higher concentration of SA (0.5 mM) showed de-
creased growth. According to Mateo et al. (2006), the de-
crease in growth at higher SA concentration occurs due to
increased ROS production under abiotic stress.

From growth observations, the moderate concentration of
SA (0.3 mM) was selected for further studies. For understand-
ing the interaction of SA in reducing PQ toxicity, different
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LDsg (as dry biomass at 96 h) of paraquat (PQ). All the values are the
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wards was used for biochemical analysis for pigment, protein,
carbohydrate, free radicals, antioxidant enzymes and
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Pigment content

PQ-induced reduction in pigment content was observed in the
present study (68 %chlorophyll, 69.34 % carotenoid, 30 %
phycobilin; Fig. 3 a, b and c). Similar instances of PQ-
imposed toxicity and associated reduction in chlorophyll
was also reported in Chlorella vulgaris (Qian et al. 2009),
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Fig.2 a Effect of paraquat (PQ) (0.6 uM, LDs() on production of endog-
enous salicylic acid in Microchaete sp. NCCU-342. Values are means of
three replicates with standard deviation and asterisks (*) indicate level of
significant at P < 0.05. b Effect of exogenous salicylic acid (SA) dose on
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Time (h)

the growth (as dried biomass) of Microchaete sp. NCCU-342 exposed to
paraquat (PQ) (0.6 pM, LD 50). Values are means of three replicates with
standard deviation, and asterisks (*) indicate level of significant at P <
0.05.
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Microchaete sp. NCCU-342 exposed to paraquat (PQ) (0.6 uM, LDs). a
chlorophyll content, b carotenoid content, ¢ phycobilin content, d protein

Azolla microphylla (Sood et al. 2011) and Hordeum vulgare
(Popova et al. 2003). Reduction in carotenoid content due to
PQ toxicity has been also noticed in the pea plant in previous
studies (Szafranska et al. 2016). Other pesticides like glypho-
sate (herbicide) have been reported to show the carotenoid
breakdown in Chlorella pyrenoidosa (Hernando et al. 1989).
The reduction in phycobilin pigment have been also deter-
mined in Nostoc sp. N1 and Anabaena sp. Al under PQ tox-
icity (Tansai et al. 2018) and in Plectonema boryanum under
endosulfan stress (Prasad et al. 2005).

However, SA supplementation in PQ-exposed culture exhib-
ited higher pigment content (108 % chlorophyll, 93.19 % carot-
enoid and 22 % phycobilin) as compared to PQ-treated culture,
(significant at P <0.05). The results obtained in the present study
were also in line with the previous studies. SA has been shown to
mediate higher chlorophyll content under PQ stress in barley
(Ananieva et al. 2002); under isoproturon stress in Pisum sativium
(Singh et al. 2016); under mancozeb (fungicide), chlorpyrifos
(insecticide) and metribuzin (herbicide) stress in Vigna radiate
(Fatma et al. 2018); and under clethodim (herbicide) stress in Zea
mays (Radwan and Soltan 2012).

Treatment of salicylic acid is also reported to improve ca-
rotenoid content in Pisum sativum under isoproturon stress
(Singh et al. 2016); in Vicia faba under alphamethrin and
endosulfan exposure (Singh et al. 2013); in peanut under
Basagran® (Radwan et al. 2019); and in Vigna radiate under
mancozeb (fungicide), chlorpyrifos (insecticide) and
metribuzin (herbicide) (Fatma et al. 2018).
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and e carbohydrate. Values are means of three replicates with standard
deviation, and asterisks (*) indicate level of significant at P < 0.05.

Protein and carbohydrate

The PQ-treated cultures, after 96 h, exhibited a 79.84 % de-
crease in protein content than control (Fig. 3d). In
Chlamydomonas moewusii (Prado et al. 2009) and barley
seedlings (Ananieva et al. 2002), PQ-induced decrease in the
protein content were also reported. Similar observation has
been recorded with other herbicides/pesticides in other organ-
isms, e.g. in Zea mays under clethodim stress (Radwan and
Soltan 2012), in Vigna radiata under metribuzin stress (Fatma
et al. 2018), in Pisum sativum under isoproturon stress (Singh
etal. 2016), in Anabaena sp. under Lindane stress (Babu et al.
2001) and in Lingulodinium polyedrum under polychlorinated
biphenyl (PCB) stress (Leitao et al. 2003).

Supplementation of salicylic acid in PQ-exposed culture
showed protective effects against PQ toxicity by enhancing
the protein content by 47.82 % (significant at P < 0.05) in
experimental cyanobacteria compared to PQ-treated culture.
SA supplementation in Zea mays under clethodim stress
(Radwan and Soltan 2012) and in Salvia officinalis L. under
salt stress (Sahar et al. 2011) exhibited similar results in pre-
vious studies. The increase in protein content in the presence
of salicylic acid may be due to the induction of antioxidant
proteins, heat shock proteins and other stress signalling pro-
teins that aid in the defence of organism to combat stress
(Ananieva et al. 2004; Radwan and Soltan 2012).

Carbohydrate content was also observed to increase
[171.72 % (significant at P < 0.05)] after 96 h in PQ-treated
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cultures as compared to control (Fig. 3e). According to
Averamova and Rossler (1975), decreased protein content
triggers the carbohydrate synthesis for the protection of cellu-
lar integrity. Similar results have been also observed in Nostoc
kihlmani and Anabaena oscillariodes under thiobencarb tox-
icity (Mansour et al. 1994) and in Nostoc muscorum,
Anabaena variabilis and Aulosira fertilissima under endosul-
fan toxicity (Kumar et al. 2008). The supplementation of SA
in PQ-treated culture resulted in an almost 33.6 % decrease in
carbohydrate as compared to only PQ-treated cultures (signif-
icant at P < 0.05). It is believed that salicylic acid accelerates
the carbohydrate and sugar metabolism and its polymerization
to polysaccharides to maintain the osmolarity of cell and other
cellular constituents for the protection of cells against PQ tox-
icity (Khodary 2004).

Oxidative damage

After 96 h, MDA and hydrogen peroxide were observed to
increase significantly (4.46 % and 3.78 % respectively) in
Microchaete sp. NCCU-342 under PQ stress as compared to
control (significant at P < 0.05) (Fig. 4 a and b), suggesting
induction of oxidative stress. Previous studies have also re-
ported an increase in MDA and hydrogen peroxide on expo-
sure to PQ, as reported in case of Chlorella vulgaris (Qian
et al. 2009), Azolla microphylla (Sood et al. 2011) and Barley
(Ananieva et al. 2002). The increased level of free radical may
be due to the PS-I-mediated conversion of PQ di-cation into
mono-cation radical which then interacts with oxygen mole-
cules to produce hydrogen peroxide and other reactive species
that induces a cascade of toxic effects like generation of oxi-
dative ions in ETS, protein degradation, and other alterations
in cellular environment (Fuerst and Norman 1991). Moreover,
pesticides other than PQ have also shown MDA and hydrogen
peroxide generation and associated toxicity. For instance, it is
reported that endosulfan (insecticide) toxicity in Anabaena
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variabilis, Aulosira fertilissima and Nostoc muscorum
(Kumar et al. 2008) has shown similar results.

Cultures supplemented with both SA and PQ exhibited a
decrease in MDA (2.20 %) and hydrogen peroxide (1.69 %)
content. Such observations have also been noticed in barley
(Ananieva et al. 2002), peanut (Radwan et al. 2019) and
Brassica napus (Hasanuzzaman et al. 2014) under PQ,
Basagran® and salt stress, respectively.

Antioxidant enzymes

For counteracting the toxic effects of ROS, the antioxidant
system of Microchaete sp. NCCU-342 played a remarkable
role. After 96 h, in PQ-exposed cultures, a significant increase
in activity of SOD (78.84%), CAT (40.92 %) and APX (96 %)
were recorded as compared to control (Fig. 5 a, b and ¢). In
previous studies as well, an increase in antioxidant enzyme
activity has been observed in Chlorella vulgaris (Qian et al.
2009), in Chlorella pyrenoidosa (Zhang et al. 2014), in Azolla
microphylla under PQ stress (Sood et al. 2011) and in
Aulosira fertilissima, Plectonema boryanum, and Anabaena
variabilis (Kumar et al. 2008) and Plectonema boryanum
(Prasad et al. 2005) under endosulfan toxicity.
Supplementation of SA to PQ-exposed cultures further en-
hanced antioxidant enzyme activities [SOD (137.76%), CAT
(87.45 %), and APX (118 %) (significant at P < 0.05)] as com-
pared to PQ-treated culture. It has also been reported that exoge-
nous SA plays protective role in the scavenging of ROS and H,0,
by augmenting the activities of SOD, CAT and APX in Oryza
sativa under quinclorac and copper stress (Wang et al. 2016;
Mostofa and Fujita 2013), in tomato under salt stress and in
Phaseolus vulgaris L. under cadmium toxicity (Wael et al. 2015).

Osmolytes

All living cells accumulate osmolytes under stress conditions
to maintain cellular osmolality and cell volume (Burg and
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Fig. 4 Effect of 0.3 mM exogenous salicylic acid (SA) on oxidative damage of Microchaete sp. NCCU-342 exposed to paraquat (PQ) (0.6 uM, LDs). a
MDA and b H,0,. Values are means of three replicates with standard deviation, and asterisks (*) indicate level of significant at P < 0.05.
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Fig. 5 Effect of 0.3 mM exogenous salicylic acid (SA) on antioxidant
enzyme system of Microchaete sp. NCCU-342 exposed paraquat (PQ)
(0.6 uM, LDs(). a SOD activity, b CAT activity and ¢ APX activity.

Ferraris 2008). It is suggested that proline plays a protective
role under herbicide stress by adjusting the osmotic pressure
of the cell and also by scavenging the free radicals (Radwan
etal. 2007). In the present study, osmolyte proline increased in
PQ-treated cultures (139 %) as compared to control (signifi-
cant at P < 0.05). SA supplementation further increased (3.8
%) the proline content than the PQ-treated cultures after 96 h
(Fig. 6a), probably to protect the cellular enzymes. According
to previous reports, salicylic acid enhances the accumulation
of proline under many abiotic stresses, e.g. in faba bean plant
(Ahmad et al. 2018) and Gossypium hirsutum L. under salt
stress (Dong et al. 2015) and in Amaranth and tomato plants
under water deficit stress (Umebese et al. 2009).

Sucrose acts as a storage compound, signalling, metabolic
and development molecule that plays a crucial role in defence
mechanisms (Burg and Ferraris 2008). It is a major photosyn-
thetic product in all oxygenic organisms, including microalgae
(Hagemann et al. 1999). Microchaete sp. NCCU-342 total
sucrose content increased in PQ-treated culture (426 %) as
compared to the control (Fig. 6b). Similar trend has also been
observed in Anabaena variabilis under malathion toxicity
(Ningthoujam et al. 2013). In the present study, after 96 h, a
21.51 % increment in sucrose content was observed in SA+
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Values are means of three replicates with standard deviation, and asterisks
(*) indicate level of significant at P < 0.05.

PQ cultures than the PQ-treated culture (significant at P <
0.05) (Fig. 6b). SA treatment in Brassica napus under drought
stress has also shown sucrose accumulation (Lee et al. 2019).
The elevated sucrose activation is believed to enhance the
synthesis of metabolites needed for antioxidant defence mech-
anism (Hagemann et al. 1999).

Conclusion and future perspectives

PQ showed an adverse effect in the cyanobacterial biofertilizer
Microchaete sp. NCCU-342 that, in turn, affects the production
of rice crop (see supplementary file). Application of exogenous
salicylic acid promoted the growth, pigment, protein and car-
bohydrate synthesis in the test organism under PQ stress by
reducing ROS (MDA and H,0,), and inducing antioxidants
enzymes (SOD, CAT and APX) and osmolytes. The findings
of the present study suggest that in sustainable agriculture, the
application of salicylic acid or the use of cyanobacteria that
possess the ability to produce high salicylic acid may be used
as an alternative to overcome the pesticide/herbicide-induced
toxicity so that the crop yield may be enhanced.

Sucrose content (ug/mg) &

24

48
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72 96

Fig.6 Effect of 0.3 mM exogenous salicylic acid (SA) on osmolytes of Microchaete sp. NCCU-342 exposed to paraquat (PQ) (0.6 uM, LDsy). a Proline
content and b sucrose content. Values are means of three replicates with standard deviation, and asterisks (*) indicate level of significant at P < 0.05.
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