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Red-seaweed biostimulants
differentially alleviate the impact
of fungicidal stress in rice (Oryza
sativa L.)

Sahana N. Banakar?, M. K. PrasannaKumar'*, H. B. Mahesh?, P. Buela Parivallal*,
M. E. Puneeth?, Chirag Gautam?, D. Pramesh*, T. N. Shiva Kumara?, T. R. Girish®,
Sailaja Nori® & Shrikumar Surya Narayan®

Red seaweed-derived biostimulants facilitate plant health and impart protection against abiotic
stress conditions by their bioactive compounds and plant nutrients. The potency of red seaweed
biostimulants (LBS6 and LBD1) on rice cv. IR-64 in response to fungicides induced stress was
investigated in this study. Foliar application of LBS6 maintained the stomatal opening and leaf
temperature under the fungicidal stress condition. Reactive Oxygen Species (ROS) such as hydrogen
peroxide and superoxide radicals were significantly reduced in LBS6-treated stressed plants. After
applying seaweed biostimulants, ROS production was stabilized by antioxidants viz., CAT, APX,
SOD, POD, and GR. LBS-6 application increased the Ca* and K* levels in the stressed plants, which
perhaps interacted with ROS and stomatal opening signalling systems, respectively. In the rice plants,
fungicidal stress elevated the expression of stress-responsive transcriptional factors (E2F, HSFA2A,
HSFB2B, HSFB4C, HSFC1A, and ZIP12). A decline in the transcript levels of stress-responsive genes
was recorded in seaweed treated plants. For the first time, we present an integrative investigation
of physicochemical and molecular components to describe the mechanism by which seaweed
biostimulants in rice improve plant health under fungicidal stress conditions.

Rice (Oryza sativa L.) is an important cereal crop and a staple food for a large population of the world, especially
in South and Southeast Asia. The major constraints in rice production are biotic and abiotic stresses'. Each year,
these stresses cause large-scale crop losses, which are expected to escalate as climate change is projected. Fungi-
cides are crucial strategies for managing fungal diseases in rice since they are the most destructive worldwide.
The excessive use of fungicides causes fungicidal stress. Besides, fungicide application also has more significant
impact on the residual levels in the crop. Reducing pesticides in agriculture is essential to minimize the envi-
ronmental impact and improve the sustainability of agricultural systems?. As a result, agricultural practices have
evolved towards organic, sustainable, or environmentally friendly practices. Organic molecules such as seaweeds
may be used as one of the strategies to minimize pesticide use. Unlike pesticides, these organic compounds are
non-toxic and non-polluting®. Seaweed extracts have been shown to promote plant growth, minimize abiotic
stresses by regulating molecular, physiological, and biochemical processes®. In general, abiotic stress responses
involve the production of Reactive Oxygen Species (ROS), ionic imbalance, altered Ca?*, K* signalling, stomatal
behaviour and leaf temperature as well as the induction of heat stress factor genes (HSFs) and other transcription
factors (TFs) which limit the growth and productivity of plants*. Seaweed extracts are emerging as commer-
cial formulations to boost tolerance by targeting multiple stress pathways. Seaweeds are red, green and brown
macroalgae representing 10% of marine productivity®. The red and brown algae make up the vast majority of
seaweed formulations. Tropical red seaweeds are macroalgae that can accelerate plant metabolism and boost
plant efficiency. The presence of phytohormones and several organic molecules acting as compatible solutes
has been attributed to the beneficial effects of seaweed extracts”®. High concentrations of phenolic compounds
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Figure 1. Effect of fungicidal stress on stomatal closure (A) stomatal response to different treatments at

4 h after the spray (T: Tricyclazole, T,: Carbendazim, T5: LBS6 and T,: LBD1). (B) Bar graph showing

the percent stomatal closure in different treatments across the intervals (Legends: T|: Tricyclazole, T:
Carbendazim, T5: LBS6, T,: LBD1, Ts: Tricyclazole + LBS6, T,: Tricyclazole + LBD1, T,: Carbendazim + LBS6, Ty:
Carbendazim + LBD1, Ty: Control).

with antioxidant properties that protect against stress-induced ROS can be used to improve stress tolerance’.
Previously, red seaweed was also shown to enhance the expression of MAP kinase genes, stress-responsive tran-
scription factor WRKY, antioxidative catalase and Superoxide dismutase (SOD) under abiotic stress conditions
in wheat'?. Though plant stress is often viewed at the level of whole plant, initial responses to stress occur at
the leaf level. Higher leaf temperatures and stomatal closure may affect plant processes directly by injuring the
photosynthetic apparatus'!. Calcium and potassium are essential nutrients that affect several physiological and
biochemical processes, thereby influencing growth and metabolism in plants during abiotic stress condition'?.
Foliar application of seaweeds shown to ameliorate the effect of abiotic stress with associated changes in several
physiological processes, antioxidant defense system, and production of ROS". Auxins, cytokinins, gibberellins,
abscisic acid, and brassinosteroids are some phytohormones found in seaweeds'*. These can act individually or
in combinations that contribute to plant growth, development and stress adaptation'>'®. In the recent gazette
notification by the Ministry of Agriculture and Farmers Welfare, the Government of India recognized the impor-
tance of biostimulant products as stress alleviating agents and formally approved their inclusion under clause
20C of the Fertilizer Control Order. Inappropriate application of pesticides often triggers a variety of mechanisms
viz., inhibition of biological processes such as photosynthesis, cell division, enzyme function, leaf formation
or root growth; interference with the synthesis of pigments, proteins or DNA; destruction of cell membranes;
alteration in biochemical, physiological'” and molecular parameters that ultimately affect the yield and crop
quality’®. All the aforementioned adverse effects are analogous to abiotic stress responses in plants. Hence an
attempt was made to investigate the role of red seaweed biostimulants in mitigating fungicidal stress. Research
on red seaweed extracts and their formulated products for rice crop is limited in India and mainly done in the
plain land rice ecosystem'**. However, the effect of red seaweed on rice concerning fungicidal stress has not
been studied. Therefore, in the present study, we aimed to know the biological and molecular effects of two
biostimulants (LBD1 and LBS6) obtained from tropical red seaweeds (Kappaphycus sp and Eucheuma sp) in
relieving the fungicidal stress in rice.

Results

Evaluation of physiological parameters under fungicidal stress. Stomatal behaviour. Stomata,
the most important physiological structures, were affected by fungicidal stress. Foliar application of tricyclazole
and carbendazim increased the stomatal closure by 95% at 4 h after spray (HAS) in the T, and T, (Fig. 1A). How-
ever, at 0 h (before the spray), all the stomata were open. At 8 HAS, tricyclazole-treated leaves had a maximum
stomatal closure of 100%. Interestingly, foliar application of seaweed biostimulants combined with fungicides
decreased stomatal closure by 70 to 75% at 4 HAS (Fig. 1B). However, in tricyclazole and carbendazim-stressed
plants, stomatal closure was decreased (40-47.62%) after 24 h of exposure. Plants treated with LBS6 and LBD1
alone witnessed 50, 33.33, 25%, and 52.63, 45, 31.53% stomatal closure at 4, 8, and 24 HAS, respectively. On the
other hand, water-sprayed plants showed 25, 10, and 9.52% stomatal closure at 4, 8 and 24 HAS, respectively.

Scientific Reports |

(2022) 12:5993 | https://doi.org/10.1038/s41598-022-10010-8 nature portfolio



www.nature.com/scientificreports/

344
(B) mm 0Oh 3 2h &= 4h == 6h =M 24h

324

Temperature (°C)
8

284

N
o

T T2 T3 T4 T5 T6 17 T8 T9
Treatments

Figure 2. Influence of fungicidal stress on leaf temperature (A) Thermographic images of fungicide stressed
and control rice plants with different treatments at 0, 2, 4, 6 and 24 HAS. Colour code of measured temperature
is included (a) T: tricyclazole, (b) T,: carbendazim, (c) Ts: tricyclazole + LBS6, (d) Tg: tricyclazole + LBD1, (e)
T,: carbendazim + LBS6, (f) Ty: carbendazim + LBD1, (g) Tq: control. (B) Estimation of leaf temperature in
different treatments (Legends: T : Tricyclazole, T,: Carbendazim, T;: LBS6, T,: LBD1, Ts: Tricyclazole + LBS6,
T¢: Tricyclazole + LBD1, T,: Carbendazim + LBS6, Ty: Carbendazim + LBD1, T,: Control).

In brief, at 0 h all the stomata were open, however after 4 h of fungicide application, the stomatal closure was
significantly increased (F =65.86, p <0.05) and declining trend was recorded at 8 and 24 h when fungicides were
combined with seaweed extracts (Supplementary Fig. S1). Hence, the foliar application of fungicides combined
with seaweeds significantly decreased stomatal closure.

Leaf temperature. 'The temperature of fungicide-treated and untreated leaves differed significantly (F=1.84,
P <0.05); the temperature of fungicide-stressed leaves was higher than that of unstressed leaves. The leaves of rice
plants displayed typical colours in IR images which were compared to scales given (Fig. 2A). Foliar application of
fungicide alone (T, and T,) increased the leaf temperature to 32.20, 32.50, 30.50 °C at 2, 4, and 6 HAS. However,
in the LBS6 treated plants (T5), the temperature increased from 29.20 to 29.30 °C at 2 and 4 HAS, respectively
(Fig. 2B). Rice leaves sprayed with LBD1 alone showed a decrease in the temperature over time. While there
were no major differences after 24 HAS. In comparison to fungicide treatment alone, the experiment revealed
that spraying tricyclazole and seaweed biostimulants together reduced leaf temperature. When tricyclazole was
combined with LBS6 and LBD1, the temperature ranged from 28.78 to 31.90 °C at different time intervals than
the fungicide alone (29.61 to 32.50 °C). Seaweed biostimulants reduced the temperature by 28.60 (T,) and 29.30
(Ts) in carbendazim-stressed rice plants at 2 HAS. In all the treatments temperature ranged from 28.74 to 28.93
at 0 h, gradually increased at 2 h and trend was peak at 4 HAS. Reduction in the leaf temperature was observed
at 6 HAS and after 24 h temperature was normalised (Supplementary Fig. S1).

Improved biochemical status of rice confers tolerance to fungicidal stress. In vivo quantifica-
tion of reactive oxygen species (ROS). In vivo localization of H,0, and O, showed no discernible difference in
the accumulation of these radicals with biostimulants and water spray, whereas, fungicides and biostimulants
exhibited a significant difference. As compared to fungicides, the area and severity of brown spots (an indicator
of H,0,) and blue spots (an indicator of O%") on leaves sprayed with biostimulants (LBS-6 and LBD-1) were less
(Figs. 3 and 4).

Hydrogen peroxide (H,0,). The application of fungicides on rice plants induced stress and resulted in the
accumulation of H,0O,. Plants sprayed with tricyclazole (5.85 fold) and carbendazim (5.87 fold) accumulated
substantially more H,O, than untreated rice plant leaves at 8 HAS. H,0, accumulation increased significantly
from 0 to 8 HAS, decreased at 12 HAS, but remained significantly higher than 0 and 4 HAS (F=7.34, p<0.05),
and was normalized at 24 HAS (Fig. 3A and B). There was no distinguishable rise in H,O, levels in the sole
application of biostimulants and water over different time intervals. There was a significant difference in H,0,
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Figure 3. Effect of fungicides on production of hydrogen peroxide (A) In vivo localisation of hydrogen
peroxide at different interval in response to fungicidal stress (a) T,: tricyclazole, (b) T,: carbendazim, (c) Ts:
tricyclazole + LBS6, (d) T,: tricyclazole + LBD1, (e) T,: carbendazim + LBS6, (f) Ty: carbendazim + LBD1,

(g) Ty: control. (B) Estimation of hydrogen peroxide at different intervals (Legends: T : Tricyclazole, T):
Carbendazim, T;: LBS6, T,: LBD1, Ts: Tricyclazole + LBS6, T: Tricyclazole + LBD1, T,: Carbendazim +LBS6, T§:
Carbendazim + LBD1, Ty: Control).

accumulation with respect to time intervals (0, 8 and 12 HAS) in T, and T, compared to T; and T,. A decreasing
trend was recorded over the time intervals studied (Supplementary Fig. S2).

Superoxide radicals (O,7). When O* were quantified at different spray intervals, foliar application of tricycla-
zole alone increased O* accumulation by 2.57 fold at 4 HAS and up to 4.76 fold at 8 HAS compared to 0 h and
normalized after 12 HAS (Fig. 4A, B). Application of seaweed bioformulations along with tricyclazole in T5 and
T, reduced the accumulation of free radicals by 3.06 and 3.05 folds respectively at 8 HAS, which was signifi-
cantly lower than tricyclazole alone (F=31.02, p <0.05). In another treatment, carbendazim alone increased free
radicals in rice plants by 3.76 times at 4 HAS and up to 4.71 times at 8 HAS. Carbendazim in combination with
seaweed biostimulant reduced the free radical accumulation (T, and Tj) by 2.77 and 2.38 folds, respectively at
8 HAS. There was a significant difference between fungicide alone and combination treatments. The statistical
trend was exponential at 8 h and gradually declining trend was recorded at 24 HAS (Supplementary Fig. S2).
The use of seaweed biostimulant alone caused stress and free radicals, albeit at a far lower level than fungicides.
Compared to fungicides alone, the combination of LBD1 and LBS6 significantly decreased the accumulation of
free radicals.

Seaweed biostimulants on activation of antioxidants. To determine the mechanism of ROS main-
tenance in seaweed combined fungicidal treatments, we examined various enzymatic antioxidants such as cata-
lase, ascorbate peroxidase, superoxide dismutase, peroxidase and glutathione oxidase to determine their role in
combating the excessive ROS production. The trend was exponential in fungicide treatments (T, and T,) and
peak was recorded at 24 HAS. However, declining trend was observed in combination treatments across the time
period (Supplementary Fig. S2).

Catalase (CAT). Tricyclazole and carbendazim increased catalase activity by 1.30, 1.80, 5.41, 9.20 and 1.25,
1.92, 4.39, 6.87 folds at 4, 8, 12 and 24 HAS respectively (Fig. 5A). Catalase activity was increased by 1.80 and
1.92 fold in the presence of tricyclazole and carbendazim, respectively at 8 HAS, which was lower than seaweed
biostimulants. Also, after 24 h, fungicide application alone increased CAT activity. On the other hand, rice leaves
treated with fungicides, and seaweed biostimulants showed a decreased CAT activity at 12 and 24 HAS. At 8
HAS, LBS6 and LBD1 alone had a fold shift of 4.03 and 3.90, respectively, which was higher (F=2677, p<0.05)
than the fungicide-treated leaves.
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Figure 4. Effect of fungicides on production of super oxide radicals (A) In vivo localisation of super oxide
radicals at different interval in response to fungicidal stress (a) T : tricyclazole, (b) T,: carbendazim, (c) Ts:
tricyclazole + LBS6, (d) T: tricyclazole+ LBD1, (e) T,: carbendazim + LBS6, (f) Ty: carbendazim + LBDI,

(g) Ty: control. (B) Estimation of super oxide radicals at different intervals (Legends: T': Tricyclazole, T,:
Carbendazim, T5: LBS6, T,: LBD1, Ts: Tricyclazole + LBS6, T,: Tricyclazole + LBD1, T,: Carbendazim + LBS6, Ty:
Carbendazim + LBD1, Ty: Control).
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Figure 5. Effect of fungicides and seaweed biostimulants on activity of (A) CAT (B) APX (C) SOD (D)
POD and (E) GR (T: Tricyclazole, T,: Carbendazim, T5: LBS6, T,: LBD1, Ts: Tricyclazole + LBS6, T¢:
Tricyclazole + LBD1, T,: Carbendazim +LBS6, Ty: Carbendazim + LBD1, T,: Control).
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Figure 6. Effect of different treatments on (A) calcium and (B) potassium content in rice leaves (T :
Tricyclazole, T,: Carbendazim, T5: LBS6, T: LBD1, Ts: Tricyclazole + LBS6, T: Tricyclazole + LBD1, T;:
Carbendazim + LBS6, Tg: Carbendazim + LBD1, Ty: Control).

Ascorbate peroxidase (APX). The activity of the APX enzyme was significantly increased in various treatments.
Fungicide application alone resulted in increased APX activation even after 24 HAS. In addition, seaweed
biostimulants alone did not display much variation in APX activity over time intervals. However, the activity of
APX began to increase at 8 HAS in rice leaves treated with fungicides and biostimulants, and it remained stable
even after 24 HAS. Tricyclazole and carbendazim increased the APX activity by 1.26 and 1.65 folds at 8 HAS,
respectively (Fig. 5B). However, the combined application of fungicide-seaweed biostimulants increased the
APX activity from 2.52 to 2.86 fold in different treatments (T;-Tg) at 8 HAS.

Superoxide dismutase (SOD). Fungicide application alone on rice plants increased SOD activity up to 12 h and
decreased at 24 HAS. However, seaweed biostimulants alone increased SOD activity at 8 HAS, and it remained
stable even after 24 HAS. The rice plants treated with tricyclazole and carbendazim along with seaweed biostim-
ulants (T5 and T,) intensified the SOD activity by 2.58 and 2.79 folds at 8 HAS. In contrast, SOD activity was
reduced in leaves at 12 HAS, evident from Fig. 5C.

Peroxidase (POD). POD activity was increased by foliar application of fungicides at various time intervals,
reaching a peak at 24 HAS. Tricyclazole alone increased POD activity from 4.53 to 15.12 fold at 24 HAS (Fig. 5D).
However, rice leaves treated with fungicides in combination with seaweed biostimulants significantly increased
POD activity at 8 HAS (F=2550, p<0.0001). At 24 HAS, carbendazim-treated leaves exhibit increased POD
activity ranging from 3.40 to 10.63 fold. Carbendazim with seaweed biostimulant, on the other hand, signifi-
cantly increased POD activity at 8 HAS.

Glutathione reductase (GR). In fungicide-stressed rice plants, GR activity varied with time intervals, with an
increasing trend from 8 to 24 h. At 8 HAS, tricyclazole increased GR activity by 1.69 folds; however, at 12 and
24 h, the enzyme activity increased by 2.38 and 2.84 folds, respectively (Fig. 5E). At 24 h, carbendazim-stressed
rice plants had increased GR activity from 1.67 to 2.60 folds, slightly lower than tricyclazole-stressed plants.
Seaweed bioformulations enhanced the GR activity at 8 HAS when combined with fungicides from 2.30 to 2.65
fold in different treatments (T5-Tg) and declined after 12 h.

Effect of seaweed biostimulants on an accumulation of plant minerals. Plant minerals, particu-
larly potassium and calcium, are critical in coping with abiotic stress. We also quantified K* and Ca* in different
treatments to determine their roles in Stomatal behaviour and ROS formation, respectively.

The amount of K* ions in rice plants after foliar application of fungicides did not change significantly over
time intervals (F=1.821, p<0.0315). However, after 12 h of spraying, seaweed biostimulant significantly increased
the levels of K* ions in fungicide-stressed rice plants (Fig. 6A). There was no significant difference in potassium
levels between the two combinations. When rice plants were sprayed with fungicide and seaweed biostimulant,
the K* ion level was significantly higher than when rice plants were sprayed with fungicide alone. The trend was
exponential in fungicide and combination treatments, however a sudden increase in the potassium level was
recorded in T, T and T, (Supplementary Fig. S1).

When compared to water control, applying fungicide alone to rice plants increased the Ca* content. Except
for the tricyclazole stress (F=1.82, p <0.05), there was no significant difference in the Ca* quality of the leaves
across the treatments at various intervals. The Ca* content was substantially reduced by foliar application of
fungicide combined with seaweed biostimulant. At 8 HAS tricyclazole alone increased the Ca* content to 0.76%;
but, when LBS6 and LBD1 were combined with tricyclazole, the Ca* content was reduced by 0.50 and 0.53%,
respectively (Fig. 6B).
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Figure 7. Response of (A) APX, (B) E2E (C) HSFA2A, (D) HSFB2B, (E) HSFB4C, (F) HSFCIA and (G)
OsZIP-12 to fungicidal stress in different treatments (T,: Tricyclazole, T,:Carbendazim, T5:Tricyclazole + LBS6,
T,:Carbendazim + LBS6 and T5:LBS6, Ts: Water Control).

Enhanced expression of stress-responsive genes. Transcript analysis of APX, a ROS scavenging
gene, E2F, elongation factor, Heat Shock Factors HSFA2A, HSFB2B, HSFB4C, HSFCI1A, and ZIP12 at 0, 4, 8,
and 12 h of different treatments were carried out to determine the molecular mechanism of seaweed biostimu-
lants in relieving fungicide stress (Fig. 7A-G). Regression analysis showed gradual increase in stress responsive
transcripts at 4 and 12 HAS across the treatments. Declining trend was observed at 12 h with respect to APX,
HSFA2A, HSFB2B and ZIP12 (Supplementary Fig. S3).

Foliar application of fungicides combined with seaweed biostimulants (T; and T,) resulted in a slightly
observable induction of APX at 4 h of stress with a fold shift of 6.36, which steadily decreased at 12 h, indicat-
ing the existence of a strong defense mechanism. However, APX in the fungicide-treated leaves decreased after
8 h (Fig. 7A). Fungicide application increased the transcript level of E2F by 3.24 and 1.28 folds, respectively, in
tricyclazole and carbendazim stressed rice leaves at 4 HAS (Fig. 7B). However, when the same fungicide concen-
tration was sprayed alongside LBS-6, the expression level of E2F was reduced to 1.28 and 0.58, respectively (T
and T,). The level of E2F steadily decreased at 8 and 12 h, suggesting short-term stress (Fig. 7B). The response
of HSF (Heat shock factors) transcripts was studied over time. At various points in time, HSFA2A, HSFB2B,
HSFB4C, and HSFC1A were upregulated. At 8 h after tricyclazole and carbendazim sprays, HSFA2A and HSFB4C
expression levels were high, with 2.17, 2.15, and 3.82, 3.53, respectively (Fig. 7C, E). At 12 h, the transcript level
of HSFCIA increased significantly, with a relative expression of 3.94 and 4.66 in tricyclazole and carbendazim
stressed plants, respectively (Fig. 7F). When combined with fungicides, LBS6 significantly decreased the expres-
sion level of HSFCI1A by 1.43, 1.92. ZIP12 transcript was an early responsive gene in fungicide stressed plants,
with a fold increase of 3.85 and 3.15 at 4 h and then decreasing at 8 and 12 h (Fig. 7G). However, the expression
level was less in case of combination treatments of both the fungicides, which is evidence for the stress-relieving
capacity of seaweed bioformulation.

Discussion

Plants, being sessile, are relentlessly challenged by various environmental stresses that limit their growth and
productivity*"?2. Due to the complex metabolic pathways involved in stress tolerance, limited success has been
achieved in generating stress-tolerant crops through genetic engineering®"?’. Another sustainable approach to
improve stress tolerance in plants is seaweed biostimulants®®. Abiotic stresses such as fungicidal stress largely
influence plant development. To cope with stress, plants initiate several molecular, cellular and physiological
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changes to respond and adapt to such stresses®. In this study, the effect of fungicide application in inducing
the abiotic-like stress in the rice plant was studied. An attempt was made to analyse the effects of two seaweed
biostimulants in alleviating the fungicide induced stress. The results from the stomatal aperture study indicated
that the fungicide application led to the higher stomatal closure. However, it was drastically reduced when
fungicides were applied in combination with the seaweed biostimulants. This effect is attributed to many phy-
tohormones in the seaweeds i.e., gibberellic acid and cytokinins, which influence the stomatal opening during
the fungicidal stressed condition as reported previously for other abiotic stresses®. Seaweed biostimulants were
reported as capable of maintaining a strong stomatal control during the phase of abiotic stress?.

Since higher temperature is negatively correlated to plant vitality®, IR thermography was used to establish
differences in the plant stress in different treatments represented as the surface temperature of leaves. A direct
correlation was reported between leaf temperature and stress®. There was an increase in leaf temperature when
plants were treated with fungicides alone. Seaweed biostimulants acted as anti-stress agents in reducing the leaf
temperature across the period studied. Abiotic stress reduces transpirational cooling, therefore increasing leaf
temperature®. In the previous studies, seaweed extract from Ascophyllum nodosum was shown to help soybean
plants withstand severe drought conditions by regulating leaf temperature, turgor, and several stress-responsive
genes®2,

Plants under stress conditions tend to produce ROS that includes superoxide and hydroxyl radicals**->>. In
the present study, ROS quantification suggested that fungicide application led to the higher production of ROS
mimicking the abiotic stress like condition in the plant. Seaweed biostimulants alleviate the excessively produced
ROS by inducing antioxidants defense during stress conditions®. Therefore, we tested different combinations of
seaweed extracts and fungicides to study the suppression of ROS production. We estimated the different enzy-
matic antioxidants activity, which suggested that seaweed biostimulants used in the study effectively alleviated
the stress induced by fungicides in terms of reducing ROS production. In a nutshell, superoxide radicals were
recorded to be higher at 4 h after the spray, whereas H,0, was at its peak at 8 h (T, and T,). When the enzymatic
antioxidants were considered, CAT, APX and SOD were drastically increased at 8 h. However, POD and GR
activities were more at 12 h and 24 h of spray respectively. The dismutation of superoxide radicals into H,0,
and oxygen protects the cells from various stresses and is catalyzed by SOD. Hence at 8 h after the spray, H,0,
was higher, which was dismuted from O, through SOD. ROS was stabilized at 12 h due to the activity of POD,
APX, CAT and GR. The present study shows that seaweed biostimulant (LBS6) reduced the stress induced by
fungicides and normalized the cells within 8 h of the spray. It has been reported previously that plants have their
own innate defense mechanism to cope with the stresses. The application of seaweed biostimulant will increase
the efficiency of the plants to activate such defense rapidly. The effect of seaweed extracts was studied on many
crops during abiotic stress conditions and shown to reduce the accumulations of ROS, which was attributed to
enhanced activity of enzymatic antioxidants such as SOD, CAT, and APX'%¥7-%,

Ionic (K* and Ca**) imbalance is a major abiotic stress consequence. Calcium signalling pathways interact
with other cellular signalling systems suchs as ROS and leads to the production of ROS during stress®. Increased
Ca?" levels activated ROS-generating enzymes and the development of free radicals as a stress-related defense
mechanism*!. The present study showcased that, calcium plays a crucial role in the production of ROS during
fungicidal stress. Potassium plays an essential role in enzyme activation, osmoregulation, stomatal movement,
energy transfer, cation-anion balance and stress resistance*’. In the current study, potassium concentration
elevated at 12 and 24 HAS with fungicide and biostimulant resulting in stomatal opening. In the previous stud-
ies, a higher K* level has been reported to alter the activity of SOD, CAT, POD against H,0, production during
oxidative stress'®*!. The application of A. nodosum-based extracts reportedly alleviated the salinity stress by
improving nutrient uptake (Ca** and K*) in avocado plants*’. This report, perhaps correlated to the present
study, which showed the role of seaweed biostimulants in alleviating fungicidal stress.

Expression of stress-sensitive genes was less in fungicide + seaweed treatments (T5 and T,) compared to
fungicides alone (T, and T,), which provides evidence for the stress-relieving capacity of seaweed biostimulants.
Many reports indicated the role of seaweeds in abiotic stress management, but none of the reports describe
fungicidal stress, and therefore, this is the first report on fungicidal stress focusing on gene expression studies.
The application of seaweed extracts significantly influenced the expression of genes involved in the biosynthesis
and transport of flavonoids, which protect plants from ROS-induced oxidative damage during stress*. qPCR
analysis showed enhanced expression of stress-responsive wheat MAP kinase, WRKY transcription factor, and
antioxidative genes with seaweed treatment during stress'’. From the present study, it can be summarized that the
seaweed biostimulants activity is due to the coordination of molecular and biochemical changes which improved
better physiology, ROS scavenging, ionic balance and normalization of plants under fungicidal stress (Fig. 8).

Materials and methods

Sources of biostimulants and fungicides. The seaweed biostimulants (LBD-1 and LBS-6, 20% solid
extract) used in the study were provided by Sea6Energy Pvt Ltd, Bengaluru, India. Briefly, the tropically grown
red seaweed biomass of Kappaphycus sp and Eucheuma sp were processed by following two patented technolo-
gies (US10358391B2 and PCT/IN2019/050831) to obtain solid and liquid fractions. LBS-6 product was prepared
by blending the extracts of liquid and solid fractions while LBD-1 was prepared from the extracts of the solid
fraction. The liquid extracts are rich in natural minerals present in the seaweed while the solid fractions are rich
in bioactive sulphated galacto oligosaccharides***. The total Sodium (% w/w) content of LBS6 and LBD1 is
1.18+0.13 and 0.51 £0.05 respectively. It was estimated by ICP-OES (Inductively Coupled Plasma Optical Emis-
sion spectroscopy) technique. Commonly used fungicides viz., tricyclazole 75% WP (Corteva Agriscience) and
carbendazim 50% WP (BASE India) were used in the study.
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Figure 8. Schematic representation depicting the mechanism of red seaweed biostimulants in imparting
fungicidal stress tolerance.

Plant growth and stress induction in the glasshouse. In this study, we have used a cultivated popular
rice variety i.e., cv. IR-64 which was grown under glasshouse conditions at the Glass House Facility, Depart-
ment of Plant Pathology, University of Agricultural Sciences (UASB), Gandhi Krishi Vignan Kendra (GKVK),
Bangalore, India. The glasshouse studies and experimental research including the collection of plant material,
complied with institutional, national and international guidelines and legislation. This plant species has not been
listed as endangered and the collection sites of this study were not inside the national park or other restricted
forest areas. The experiments were carried out in controlled conditions. Thirty days old plants were subjected to
different treatment viz., T, : tricyclazole 75%WP (0.6 g L'!), T, : carbendazim 50%WP (1.0 g L!), T, : LBS6 20%
(1 mLL1), T,: LBD120% (2 mL L), T5 : tricyclazole 75% WP + LBS6 20% (0.6 g+ 1.0 mL L"), T : tricyclazole
75%WP +LBD120% (0.4 g+2 mL L"), T;: carbendazim 50%WP + LBS6 20% (1.0 g+ 1 mL L"), T : carbendazim
50%WP +LBD1 20% (0.6 g+2 mL L"), T,: untreated check (Water spray). All the treatments in the experiment
were replicated twice. A total of fifteen plants in each replications were sprayed with 250 mL of mixture until the
plants were completely drenched.

Analysis of physiological parameters. At various time intervals, physiological parameters related to
abiotic stress, such as stomatal behaviour and leaf temperature, were examined. Stomatal behaviour was deter-
mined by counting closed and opened stomata using the xylene impression method at 0 (before spray), 4, 8, and
24 HAS, and the percentage of stomatal closure was calculated. At 0, 2, 4, 6, and 24 h, digital thermographic
images of the leaf were taken. The temperature of the leaf was measured using a thermal imager (VARIOCAM,
Jenoptik-Germany) and analysed with the software package IRBIS 3 (Infratec, Germany).

Analysis of biochemical parameters. Fresh leaf samples were collected from stressed and unstressed
(control) rice plants at 0, 4, 8, 12, and 24 HAS to assess the levels of ROS, antioxidants, and plant minerals.

In vivo quantification of Reactive Oxygen Species (ROS). Determination of hydrogen peroxide (H,0,) by diam-
inobenzidine (DAB) Staining.  To quantify H,O,, freshly collected leaves were immersed in a staining solution
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containing 1 mg mL"! DAB solution at pH 3.8. The development of colour due to H,0, was determined accord-
ing to Ramanjulu*® protocol, accompanied by the photography of stained leaves.

Determination of superoxide anion (O,’) radicals by histochemical detection technique. Collected leaf sam-
ples were immersed with the abaxial side up in 100 mL of staining solution containing 0.1% (w/v) Nitro Blue
Tetrazolium (NBT), 10 mM sodium azide, and 50 mM potassium phosphate at pH 6.4. The leaves were vacuum
infiltrated (~100- 150 mbar for 1 min) and then released gently. The same procedure was repeated 2-3 times
until the leaves were completely infiltrated. Then the leaves were incubated in 10 mL of staining solution (0.1%
NBT) for 15 min followed by cool fluorescent light for 20 min. The reaction was stopped with 95% ethanol.
Chlorophyll was removed by a succession of washes with fresh ethanol. Superoxide ions reacted with NBT and
appeared as a blue stain. The stained leaves were photographed and superoxide radicals were quantified accord-
ing to the protocol described by*®.

Estimation of antioxidants. About 200 mg of leaf tissue was ground into a fine powder using liquid nitrogen
to estimate antioxidants. Every powdered sample was precisely weighed before being thoroughly homogenized
in 1.2 mL of 0.2 M potassium phosphate buffer (pH 7.8 with 0.1 mM Ethylene Diamine Tetra Acetic acid). The
homogenized samples were centrifuged at 15,000 x g for 20 min at 4 °C, the supernatant was discarded, and the
pellet was resuspended in 0.8 mL of potassium phosphate buffer. The suspension was centrifuged for another
15 min at 15,000x g at 4 °C, and the supernatant was collected. The combined supernatants were kept on ice
and were used to test the activities of various antioxidant enzymes. Catalase (CAT: EC 1.11.1.6) and ascorbate
peroxidase (APX: EC 1.11.1.11) were measured using the Aebi*’ method and a modified *® method, respectively.
Superoxide dismutase (SOD: EC 1.15.1.1), peroxidase (POD: EC 1.11.1.7) and glutathione reductase (GR: EC
1.6.4.2) were calculated as defined by Rao et al.*.

Estimation of plant minerals. Collected leaf samples were dried for digestion in an oven at 70 °C for 48 h to
assess plant minerals (calcium and potassium). One gram of dried and ground leaf samples were digested in
25 mL of the wet di-acid mixture (Di-acid mixture was prepared by mixing nine parts of HNO; with four parts
of HCIO,). After moistening the leaf sample with the mixture, it was put in an electric sand bath. The contents
were heated to 180-200 °C before white fumes appeared and the solution became colorless. When the flask con-
tents were dried or yellowish at the end of digestion, 5 mL of the di-acid mixture were added. Twenty millilitres
of distilled water was added and thoroughly stirred before being filtered through filter paper (Whatman No. 1)
into a volumetric flask and filled up to 100 mL with distilled water. The potassium and calcium content of leaf
samples was calculated using the methods defined by Jackson®® (Flame photometry) and Baruah®!, respectively.

Molecular changes induced by the seaweed biostimulants in response to fungicidal
stress. RNA extraction and cDNA synthesis. RNeasy plant mini kit (QIAGEN, Germany) was used to ex-
tract total RNA from rice leaves, which was then converted to cDNA using the PrimeScript™ RT reagent Kit
(Takara, Japan) according to the manufacturer’s instructions.

Quantitative real-time PCR analysis. The transcript abundance of APX, E2F, HSFA2A, HSFB2B, HSFB4C,
HSFCIA and ZIP12 genes was studied in the leaf tissue of selected treatments viz., T : tricyclazole 75%WP
(0.6 g/L), T, : carbendazim 50%WP (1.0 g/L), Tj : tricyclazole 75%WP +LBS6 (0.4 g+ 1.0 mL/L), T, : carben-
dazim 50%WP +LBS6 (1.0 g+1 mL /L), T5 : LBS6 (1 mL/L), T, : control (water spray). The effective treatments
from other physiological and biochemical parameters were selected and subjected to the analysis. Leaf samples
were collected at 0, 4, 8 and 12 HAS. Real-time PCR amplifications were performed using SYBR Green (Takara)
with gene-specific primers, and rice specific ubiquitin gene was used as a reference gene. Relative expression was
calculated using the comparative cycle threshold method described by Livak and Schmittgen®.

Statistical analysis. The mean values, standard deviations, and standard error were determined for each
experiment after replicating it twice. To assess the importance of the discrepancy between the means of regula-
tion and various stress treatments, two-way analysis of variance was conducted using GraphPad Prism 5 soft-
ware and Fisher’s least significant difference (LSD) at P<0.05. The data shown in figures are means of replicates
and error bars are based on standard deviation (SD). Duncan’s Multiple Range Test (DMRT) and quadratic
regression analysis was carried out. Graphical representation of the regression analysis is furnished in supple-
mentary information.

Conclusion

Natural, sustainable, or environmentally friendly agriculture growth approaches are becoming increasingly popu-
lar. Modern agriculture aims to reduce fungicidal use and the antagonistic effects of fungicides while maintain-
ing production and quality. The current findings show that seaweed biostimulants could relieve abiotic stress
via physiological, biochemical, and molecular mechanisms. When seaweed biostimulants were applied to rice
plants, it was found that all of the physio-biochemical parameters that were triggered worked synergistically to
increase plant health under stress conditions. Overall, the fungicide-induced ROS production may have been
minimized by the sulphated oligosaccharides present in the seaweed biostimulants. This was evident in the sea-
weed treated plants which showed reduced ROS accumulation, increased antioxidants, reduced leaf temperature
and expression of stress related genes. The possible mechanism underpins the stimulation of stress-responsive
genes and Transcription factors (TF’s) for regulating various physiological and biochemical pathways, leading
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to fungicidal stress. Hence, these seaweed biostimulants can be included in organic farming since they reduce
pesticide use and maintain plant health.
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