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Seaweed-based biostimulants are sustainable agriculture inputs that are known to have a multitude of beneficial effects on plant growth and productivity. This study demonstrates that Agrogain® (Product code: LBS6), a Kappaphycus alvarezii-derived biostimulant induced the expansion of cucumber cotyledons. Seven days treatment of LBS6-supplementation showed a 29.2% increase in area of expanded cotyledons, as compared to the control. LBS6-treated cotyledons also showed higher amylase activity, suggesting starch to sucrose conversion was used efficiently as an energy source during expansion. To understand the mechanisms of LBS6-induced expansion, real time gene expression analysis was carried out. This revealed that LBS6-treated cotyledons differentially modulated the expression of genes involved in cell division, cell number, cell expansion and cell size. LBS6 treatment also differentially regulated the expression of those genes involved in auxin and cytokinin metabolism. Further, foliar application of LBS6 on cucumber plants being grown under hydroponic conditions showed improved plant growth as compared to the control. The total leaf area of LBS6-sprayed plants increased by 19.1%, as compared to control. LBS6-sprayed plants efficiently regulated photosynthetic quenching by reducing loss via non-photochemical and non-regulatory quenching. LBS6 applications also modulated changes in the steady-state photosynthetic parameters of the cucumber leaves. It was demonstrated that LBS6 treatment modulated the electron and proton transport related pathways which help plants to efficiently utilize the photosynthetic radiation for optimal growth. These results provide clear evidence that bioactive compounds present in LBS6 improved the growth of cucumber plants by regulating the physiological as well as developmental pathways.
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1 Introduction

The human population is predominantly dependent on agriculture for food, fiber, biomass, and green energy (Gomiero et al., 2011). Global urbanization and reduced cultivable land put an immense pressure on agricultural practices to provide food for the ever-increasing population. Environmental factors such as high salinity, extreme temperatures and reduced soil fertility are additional challenges to the agricultural system (Gomiero et al., 2011). To feed the ever-increasing population, global agricultural productivity has to be doubled by 2050 (Qin et al., 2011). To improve this situation current practices mainly rely on the use of excessive chemical fertilizers and pesticides, which in turn threaten agricultural sustainability. Additionally, these chemicals are harmful for the entire ecosystem (Shukla and Prithiviraj, 2021). Advancement in molecular biology has contributed to the development of high yielding and stress tolerant plant varieties, but they have not been widely accepted due to regulatory restrictions in several geographies (Agarwal et al., 2013). Therefore, a sustainable biological-based strategy is required to reduce reliance on synthetic fertilizers.

Plant biostimulants are a category of naturally-derived bioactives that had been widely researched for improving plant growth, abiotic stress tolerance and nutrient-use-efficiency (du Jardin, 2015; Jithesh et al., 2019; Shukla et al., 2018b; Shukla et al., 2019; Shukla and Prithiviraj, 2021; Samuels et al., 2022). Seaweeds are found in most of coastal ecosystems and are exposed to highly variable and extreme environmental conditions (Potin et al., 1999; Shukla et al., 2016). To survive such unfavorable conditions, these seaweeds have adapted to produce unique bioactive compounds such as polysaccharides, polyphenols, polyunsaturated fatty acids, and bioactive peptides (Shukla et al., 2019). Seaweed-derived biostimulants are widely being used in sustainable agriculture (Shukla et al., 2019). Many companies, throughout the world, are involved in commercial production of various types of extracts from several seaweed species (Van Oosten et al., 2017; Shukla et al., 2019). Amongst these are the brown seaweeds, e.g., wild harvested Ascophyllum nodosum, Ecklonia maxima, Sargassum spp., and the sustainably cultivated red seaweed Kappaphycus alvarezii are predominantly used as raw materials for extract production. Most of the commercially available seaweed-derived biostimulants are from the brown algae, but very few reports have been published from red and green algae (Pereira et al., 2020; Khan et al., 2009; Shukla et al., 2021)

Kappaphycus alvarezii, is a cultivated red seaweed largely produced in the Indo-Pacific Ocean and is an industrially important tropical seaweed. It is a carrageenan-bearing (carrageenophyte or euchuematoid) which has been commercially cultivated in Indonesia, India, Philippines, Malaysia, East Africa (Tanazania and Madagascar) and Brazil and areas of the Caribbean (Tan et al., 2012; de Barros-Barreto et al., 2013; Hurtado et al., 2015; Dumilag et al., 2016). K. alvarezii extract (carrageenan) is widely used in the food, beverages, nutraceuticals, pharmaceutical, aquaculture industries and most recently in the agricultural industry. Several companies around the world are now exploiting sustainably cultivated K. alvarezii for the commercial production of specific types of extracts as plant biostimulants for sustainable agriculture. The phytostimulatory roles of K. alvarezii-derived biostimulants is due to the presence of unique oligosaccharides, quaternary ammonium compounds minerals and proteins (Vaghela et al., 2022). Previously published reports confirmed that different types K. alvarezii-derived sap collectively improved yield and stress tolerance in wheat, banana, rice, and maize (Layek et al., 2015; Patel et al., 2018; Ravi et al., 2018; Trivedi et al., 2018; Arun et al., 2019; Kumar et al., 2020). The foliar application of K. alvarezii-derived biostimulant mitigates the fungicidal stress in rice by regulating antioxidative pathways and the expression of stress-responsive genes (Banakar et al., 2022). K. alvarezii-derived biostimulants also improved plant immunity in Arabidopsis and rice by regulating salicylic acid dependent plant defence pathways (Banakar and Kumar, 2020; Roy et al., 2022).

AgroGain® is a commercial formulation prepared from K. alvarezii using a patented technology (US 10,358,391 B2) by Sea6 Energy, Private Limited, Bengaluru, India. The foliar applications of AgroGain® improved the plant growth and yield, however the molecular mechanisms of AgroGain®-mediated growth promotion is largely unknown. Cucumber (Cucumis sativus L.), belongs to family Cucurbitaceae, is an important horticultural crop consumed throughout the world (Shukla et al., 2014). It is used majorly as a common dietary supplement in the form of salad and pickles. In this study, selected molecular mechanisms of AgroGain®-mediated expansion of cucumber cotyledon is reported. In addition to that, the effect of foliar spray on AgroGain® on plant growth was evaluated by studying phenotypic, physiological, and photosynthetic parameters.




2 Materials and methods



2.1 Seaweed extract




2.2 Chemical characterisation of AgroGain®

In this study, AgroGain® (LBS6), a liquid biostimulant was prepared by blending the liquid and acid hydrolysate of solid fractions of Kappaphycus alvarezii extract by following the patented protocols (Nori et al., 2019, US10358391B2). The bioactive ingredients of LBS6 comprises of the sulfated galacto- oligosaccharides of defined molecular weight range (400-10000 Da) (Nori et al., 2019). The chemical composition analysis of LBS6 was performed at Lufa Nord-West (Germany) as an outsourced service and presented as Supplementary Table S1.




2.3 Cotyledon expansion assay



2.3.1 Plant material and treatments

Seeds of cucumber (C. sativa. variety Shiny) were procured from Ascen HyVeg Private Limited (India). The seeds were surface sterilised with 100% ethanol and 2.5% Chlorox® and rinsed with autoclaved distilled water for five times. The sterilized seeds were germinated on tissue paper moistened with 5ml of sterile water. The seeds were incubated in the dark at 25°C. After 5 days, the cotyledons were excised from the etiolated seedlings and placed on filter paper pre-moistened with 5 ml of water (control), or LBS6 solution prepared in water at a concentration of 1 ml/L. This concentration of the LBS6 was selected based on the previously published literature on this product (Ravi et al., 2018; Arun et al., 2019; Nori et al., 2019). The petri dishes containing the cucumber cotyledons were placed in growth chamber (Model No: AR-41L3, Percival, USA) maintained at 24°C with a photoperiod (70% of all spectra using LED panels) of 16/8 h (day/night) and 65% relative humidity (RH). Expansion of the cotyledons was observed over seven days and recorded into a time-lapse video. The time lapse video was recorded by overlapping the pictures clicked at every two minutes by Raspberry pi camera. The expansion of the cotyledon in terms of their total area was recorded at 0, 2, 4 and 7-days after treatment (DAT) by scanning the pictures using EPSON scanner with WinFolia software. The fresh weights of seven-day old cotyledons were recorded. The dry weights of the cotyledons were recorded after drying it in a hot air oven at 70°C for 72 h. The values for the morphological parameters were recorded from three independent experiments. Each experiment consists of six petri dishes with ten cotyledons (60 replicates) and was repeated thrice. For time-lapse video, the expansion of four cotyledons per petri dish were recorded.




2.3.2 Determination of chlorophyll content

Chlorophyll and carotenoid of the seven-DAT cotyledons were determined according to the protocol of Lichtenthaler (1987). Briefly, pigments were extracted from 0.5 gm of cotyledons by instantly grinding with a mortar and pestle in 5 ml of methanol, at 4°C, in 15 ml centrifuge tube. The mixture was centrifuged at 10,000 rpm at 4°C for 10 min, and the pellet was re-extracted with 10 ml of cold methanol until all colour was removed. Two extracts were combined, and the total volume was made up to 15 ml with cold methanol. Absorbance was measured at 470, 652.4, and 665.2 nm using a UV-VIS spectrophotometer (NanoQuant, Tecan, Switzerland). The chlorophyll and carotenoid contents were calculated as described by Lichtenthaler (1987).

	

	

	




2.3.3 Determination of amylase activity

Qualitative assay: Effect of the LBS6 on the amylase activity of the cucumber cotyledons was analysed by measuring the area of a clear zone produced by degradation of starch, in solidified starch medium, after treatment with iodine. Briefly, filter-sterilized (0.22 µm SFCA syringe filter) LBS6 (1 ml/L) was added to autoclaved molten starch medium (0.5% soluble potato starch and 0.5% agar) to a final concentration equivalent to 1 mL/L of LBS6. Fifteen-millilitre aliquots of the warm medium were then transferred to 9-cm petri plates and allowed to cool on a level surface. The cucumber cotyledons were placed on the surface of the solidified medium so that the cut ends were in contact with the surface. All procedures were carried out under aspetic conditions in laminar air flow. Three cotyledons were placed in each petri plate and incubated at room temperature (25 ± 2°C) in the dark for 48 h. Following incubation, the cotyledons were removed, and the plates flooded with iodine solution (6 g KI + 0.6 g I2 dissolved in 1 L of 0.05 N HCl). The iodine reacted with the starch in the medium to give a blue colour. A clear zone, indicating the hydrolysis of starch, appeared around the cotyledons that had secreted amylase. The area of the cleared zone correlated directly with the amount of amylase secreted by the cotyledons (Ho et al., 1980).

Quantitative assay: For the quantification of amylase activity, etiolated cotyledons were kept on petri plates containing autoclaved RO water (Control) and LBS6 (1 ml/L). Samples were collected at 24, 48 and 72 h, after treatment, stored at -80°C. Crude extracts (CE) were prepared according to the method of Juliano and Varner (1969). For the assay of total amylase, 0.1 mL of crude enzyme was added with 0.1 mL of starch solution (150 mg soluble potato starch, 600 mg KH2PO4 and 294 mg CaCl2 in 100 ml distilled water), 0.3 mL of distilled water and incubated at 37°C for 10 min. Another set was prepared as control by adding distilled water instead of starch solution. Immediately after 10 min, the samples were incubated in a boiling water bath for 10 min to stop the reaction. The tubes were cooled, and 0.5 mL of DNS reagent added (1 g NaOH, 1g sodium potassium tartrate and 1 g of dinitro salicylic acid in 100 mL distilled water). The tubes were again incubated at 100°C for 10 min, cooled and absorbance was measured at 540 nm. The glucose content of the sample was measured by comparing it with a glucose standard curve. The conversion of starch, by amylase, to glucose was calculated and expressed as mg of glucose produced/g fresh weight of sample/min.




2.3.4 Gene expression analysis

To understand the role of LBS6-induced expansion of cotyledons, real-time expressions of the genes involved in cell number, division rate, expansion, size, and phytohormonal regulation were carried out using specific primers designed from sequences retrieved from ENSEBL-Plants (Supplementary Table S2). For gene expression analysis, the etiolated, excised cotyledons were placed on filter paper moistened with 1ml/L of LBS6 and sterile double distilled water. The cotyledon samples were harvested after 0, 8, 24, 48 and 72 h. The samples were flash frozen in liquid nitrogen and stored at -80°C. Total RNA was extracted using Trizol (Takara Bio, USA), and quantified with NanoDrop One (ThermoScientific, USA). The cDNA was prepared using 1 µg of RNA with iScript cDNA synthesis kit (Bio-Rad, USA). Real-time qPCR analysis was performed in a Quant Studio5 (ThermoScientific, USA). β-tubulin was used as a reference gene. The specificity of PCR amplification was confirmed at the end of the PCR cycles by melt-curve analysis. Three independent experiments were performed with three replicates each, and the relative gene expression was calculated using the 2-ΔΔCt method (Livak and Schmittgen, 2001).




2.3.5 Determination of fructose, and sucrose content from cucumber cotyledons

The fructose and sucrose content was determined colorimetrically following enzymatic hydrolysis using a kit-based assay (Megazyme, Ireland). The cotyledons were carefully excised and placed in round petri-plates with filter paper soaked with autoclaved distilled water (control) or LBS6 at a dosage of 1 ml/L. Cotyledon samples were harvested in liquid nitrogen at 2, 3 and 5 days after treatment. Briefly, fructose and sucrose from cucumber cotyledons was estimated as previously reported (Todaka et al., 2000). The D-glucose content of the total sugar pool was measured following hydrolysis by hexokinase to glucose-6-phosphate (G-6-P) which, subsequently, in the presence of glucose-6-phosphate dehydrogenase (G-6-P DH) is oxidized by nicotinamide-adenine dinucleotide phosphate (NADP+) to gluconate-6-phosphate. The reduced nicotinamide-adenine dinucleotide phosphate (NADPH) was measured at 340 nm, which is stoichiometric with the amount of glucose present in the total sample. For the measurement of sucrose, the D-glucose concentration of the total sugars present was determined before and after hydrolysis of the sucrose using β-fructosidase. The sucrose content was calculated based on the difference in absorbance measured at 340 nm. The fructose content was estimated following hydrolysis by hexokinase into fructose-6-phosphate (F-6-P), which is subsequently converted to G-6-P by the enzyme phosphoglucose isomerase (PGI). G-6-P reacts with NADP+ to yield gluconate-6-phosphate and NADPH leading to increasing absorbance at 340 nm which was stoichiometric with the amount of fructose present in the sample.





2.4 Plant growth assay

The effects of foliar spray of LBS6 on the growth and morphology of cucumber plants were assayed under hydroponic conditions. Seeds of cucumber were surface sterilised and germinated on the filter paper moistened with sterile double distilled water for 5 days. Uniform seedlings were transferred to the thermocol discs floated over 200 ml of ½ Hoagland salt solution (Himedia, India) in plastic Phyta Jars. After seven days of growth, plants were sprayed with 10 ml of 1ml/L of LBS6 with 0.01% Tween 20, and the second spray was made after 7 DAT. The plants were grown for 14 days after the second foliar spray. Entire plant growth assay was carried out in the growth chamber (Model No: AR-41L3, Percival, USA) maintained at 24°C with a photoperiod (70% of all spectra using LED panels) of 16/8 h (day/night) and 65% RH. Fourteen days after second spray of LBS6, increase in the leaf area of the plants were recorded using WinFOLIA software. Plants sprayed with 10 ml of water with 0.01% Tween 20 served as control and were grown under identical conditions as treated plants. Fresh weight of shoots and roots were recorded by weighing on digital analytical balance (Sartorious, Germany). The shoots and roots were separated and dried in a hot air oven at 70°C for 72 h. The data were generated using ten plants for each experimental conditions, and the experiment was repeated thrice (n=30).



2.4.1 Measuring chlorophyll fluorescence

Chlorophyll fluorescence (ChlF) was measured using a handheld MultispeQ V2.0 (PhotosynQ LLC, East Lansing, MI) linked to PhotosynQ platform, using the protocol Photosynthesis Rides 2.0 (www.photosynQ.org). Measurements were taken on the second and third fully expanded leaves of 28 days-old cucumber plants, sprayed twice with 1 ml/L of LBS6, at an interval of seven days. The following ChlF parameters were monitored: SPAD, Fs (steady state fluorescence), Fv’/Fm’ (efficiency of PSII in the light acclimatized state), Phi2 (quantum yield of PSII electron transport), qL (fraction of PSII open centers), PhiNPQ (the fraction of light dedicated to non-photochemical quenching), NPQ (non-photochemical quenching) and PhiNO (the fraction of energy lost through non-regulated photosynthesis processes).




2.4.2 Determination of electron and proton transport-related processes in light

The effect of the foliar spray on electron transport rate (ETRPSII), electrochromic band-shifts (ECSt), proton conductance of chloroplast ATP synthase (gH+), estimated proton flux through the thylakoid lumen (vH+) which represents rate of ATP synthesis, and photosystem I (PS I) activity were estimated from the second and third leaves of eight plants using MultispeQ V2.0 linked to the PhotosynQ platform following the protocol Photosynthesis Rides 2.0 (www.photosynQ.org). Fluorescence-based electron transport rate (ETRPSII) was estimated as described by Ibrahimova et al. (2021). ETRPSII was calculated using the value of quantum yield of PSII obtained by pulse-amplitude modulation method at photosynthetically active radiation (PAR) of 500 μmol photons m-2.s-1 as follows:

	





2.5 Statistical analyses

Data were analysed using one way ANOVA, to calculate the least significant difference, at a probability of 0.05% using WASP 2.0 statistical package from ICARGOA (https://ccari.icar.gov.in/wasp2.0/index.php). When significant effects of treatments were found, multiple means comparison was carried out using Duncan’s multiple range test with 95% confidence interval. The significantly different mean values were represented by different letters.





3 Results



3.1 Cotyledon expansion assay



3.1.1 LBS6 treated cotyledons induced higher expansion of excised cotyledons

Excised cotyledons were placed on Whatman filter paper moistened with control and 1ml/L of LBS6. The time-lapse video suggests that LBS6 induces the early expansion of the cucumber cotyledons (Video 1). After four days of treatment, both the degree of green (pigments) and leaf expansion were greater in the LBS6-treated cotyledons as compared to control (Figure 1A) and achieved maximum expansion at day 7. The leaf area of those cotyledons treated with LBS6 was significantly higher (29%) than the control (Figure 1B). LBS6-treated cotyledons showed 17.5 and 65.1% higher fresh and dry biomass, respectively, as compared to control (Figures 1C, D).




Figure 1 | Cotyledon expansion assay (A) Effect of LBS6 on expansion of cotyledons. Cotyledons treated with sterile distilled water served as control. (B) Total area of seven-day old cotyledons treated with water (Control) and LBS6. Fresh (C) and dry (D) weight of the seven-day old cotyledons treated with water (Control) and LBS6. The values were presented as mean ± SE of three independent replicates, and significantly different mean values were represented by different letters.






3.1.2 Effect of LBS6 treatment on the pigment content of excised cucumber cotyledons

LBS6-treated cotyledon has an increased chlorophyll a content, as compared to control, however the difference was not statistically significant (at p=0.05; Figure 2A). The chlorophyll b and total chlorophyll contents were significantly higher in LBS6-treated cotyledons, as compared to the water controls (Figures 2B, C). The content of carotenoids was also found to be 31.0% higher in the treated cotyledons, as compared to control (Figure 2D).




Figure 2 | LBS6 improved the pigment content of treated cotyledons. (A) chlorophyll a, (B) chlorophyll b, (C) total chlorophyll, and (D) carotenoid content of seven-day old cotyledons treated with water (Control) and LBS6. The values were presented as mean ± SE of three independent replicates, and significantly different mean values were represented by different letters.






3.1.3 Effect of LBS6-treatment on amylase activity, sucrose and fructose content of cucumber cotyledon

The cotyledons placed on 0.8% agar treated with LBS6 secreted more amylase which converted starch to glucose. This was qualitatively estimated by staining the agar plates grown with cotyledons by Lugol’s staining (Figure 3A). LBS6-amended agar plates showed more solubilization of starch by amylase around the cotyledon, as compared to control. The amylase activity in the treated cotyledons was measured by estimating the amount of glucose produced by the amylase activity, per unit time. At 24 h, the amylase activity was found significantly higher in LBS6-treated cotyledons, while after 48 h of treatment, the amylase activity was slightly reduced in LBS6-treated cotyledons, as compared to control. Treated cotyledons showed 42.6% higher amylase activity than the control after 72 h of incubation (Figure 3B). The sucrose content in treated cotyledon was increased by 164% during the growth from 2 day to 3 day, whilst, in control over same duration, the sucrose content was increased by 10.78% (Figure 3C). At 5 DAT, there is reduction in sucrose content in LBS6 treated cotyledons. Fructose content was found to be significant higher in treated cotyledons at all time points (Figure 3D). These results showed that the bioactive compounds present in LBS6 induced a better conversion of starch to simple sugars, i.e., as an available energy source for the expanding cotyledons (Figure 3).




Figure 3 | LBS6 modulated amylase activity and sucrose content. (A, B) Qualitative and quantitative amylase content in the cotyledon of cucumber. (C) Total sucrose, and (D) fructose content in the water (Control) and LBS6-treated cotyledons. The values were presented as mean ± SE of three independent replicates, and significantly different mean values were represented by different letters.






3.1.4 LBS6 regulated the expression of genes involved in cell division, expansion, total number, and size

The application of LBS6 induced the expansion of the cotyledon. To elucidate the molecular mechanism of induction of cotyledon expansion by LBS6, the expressions of different genes involved were studied. Anaphase-promoting complex (APCs) controls the cell cycle progression resulting in formation of enlarged leaves (Vercruysse et al., 2020). In this study, the cotyledons treated with LBS6 showed that APC6 was differentially expressed at different time points. Initially, after 8 h, APC6 expression was slightly less in LBS6-treated seedlings than the control, but at 24 h it was significantly higher in treated seedlings (Figure 4A). Twenty-four hours after treatment, expression of APC10 was 2.8 times higher in those LBS6-treated cotyledons than the control (Figure 4B). No significant difference in the expression of CDC123 (cell division cycle protein 123 homolog) was observed 24 h after treatment, whilst at 48 h there was a reduction in transcripts of CDC123 in LBS6-treated cotyledons (Figure 4C). Seventy-two hours after treatment, expression of CDC123 was 2.6 times higher in the treated cotyledons (Figure 4C). Gibberellic acid plays a crucial role in cell proliferation and division (Achard et al., 2009). The expression of gibberellin 20-oxidase 1 (GA20OX1), an enzyme involved in gibberellic acid biosynthesis, was significantly induced by LBS6 8 h after treatment (Figure 4D). DELLA proteins negatively regulate plant growth by inhibiting division and expansion of cells (Gonzalez et al., 2010). Till 24 h, LBS6 treatment down-regulated DELLA transcripts in treated cotyledons, as compared to the control (Figure 4E). At 48 and 72 h time-point the expression of DELLA was induced in LBS6 treated cotyledon (Figure 4E).




Figure 4 | LBS6 regulated the expression of (A) APC6, (B) APC10, (C) CDC123, (D) Ga20OX1, and (E) DELLA involved in cell division, and cell number. The value in the graph represents the relative gene expression. The values were presented as mean ± SE of three independent replicates, and significantly different mean values were represented by different letters.



Auxin response factors (ARFs) negatively regulates cell division and expansion and it was differentially regulated by LBS6. An interesting expression pattern was observed for ARF3. At 8 h, its expression increased in the treated cotyledons, as compared to control. In contrast, at 24 and 72 h, significant reduction was observed in the expression of ARF3, in both, control, as well as LBS6-treated cotyledons. Notably, reduction in expression of this gene clearly demonstrated that LBS6 treatment induced cell division and expansion by down-regulating the expression of ARF3 (Figure 5A). Auxin regulated gene involved in organ size (ARGOS) was significantly down-regulated in LBS6-treated cotyledons at 8 h and 72 h, as compared to the control. However, at 24 h and 48 h, no changes in the expression of ARGOS was observed in either LBS6-treated or control cotyledons (Figure 5B). Target of rapamycin (TOR), a serine/threonine protein kinase, is a key regulator of cell growth, proliferation and expansion (Ahmad et al., 2019). At 8 h, LBS6-treated cotyledons showed a significantly higher abundance of transcripts of TOR, as compared to the control (Figure 5C). The expression of Expansin1 (Exp1), involved in cell expansion by activating a non-enzymatic, pH dependent, loosening and softening of cell walls (Marowa et al., 2016), was found to be significantly higher in treated cotyledons, after 72 h, as compared to control (Figure 5D). In control cotyledons, the abundance of Exp5 decreased spontaneously till 72 h, while in LBS6-treated cotyledons, this gene was induced at 8 h, and then its expression was reduced spontaneously until 72 h (Figure 5E). Growth regulating factor 5 (GRF5), promotes the duration of cell proliferation during leaf development and was found to be significantly induced at 24 h in treated cotyledons (Figure 5F). Taken together these results collectively suggest that the application of LBS6 significantly improved cell proliferation and expansion in treated cotyledons, which in turn promoted leaf growth.




Figure 5 | LBS6 regulated the expression of (A) ARF3, (B) ARGOS, (C) TOR, (D) Expansin 1, (E) Expansin 5, and (F) GRF5 involved in cell size, and cell expansion. The values in the graph represents the relative gene expression. The values were presented as mean ± SE of three independent replicates, and significantly different mean values were represented by different letters.






3.1.5 LBS6 application modulated the expression of genes involved in auxin metabolism

Auxins plays major roles in cell expansion and differentiation by regulating gene expression (Tian et al., 2002). At 8, 24, and 48 h of treatment, no change in the expression of indole acetic acid 4 (IAA4) was observed (Figure 6A). At 72 h, the expression of IAA4 was 3-fold higher in LBS6-treated cotyledons, as compared to control (Figure 6A). The abundance of the transcript for IAA5 was 2.3-fold higher in treated cotyledons than respective control after 24 h of treatment. This trend then reduced in both LBS6-tretaed and control, but reduction was greatest in the control samples (Figure 6B). Aux22A (Auxin induced protein 22A) is a negative regulator of auxin-mediated gene responses and was significantly down-regulated in LBS6 treated cotyledons, as compared to respective controls at 8 and 24 h (Figure 6C). There were no significant changes in expression of Aux22B-like-1 up to 48 h of treatment. At 72 h, a distinct increase in the abundance of the transcript of Aux22B-like-1 was observed in the control, whilst the expression of this gene was 6-fold less in the LBS6-treated cotyledons, as compared to control (Figure 6D). These results indicated that LBS6 treatment modulated expression of genes involved in auxin metabolism and thereby regulated expansion of cucumber cotyledons.




Figure 6 | LBS6 modulate the expression of (A) IAA4, (B) IAA5, (C) Aux22A, and (D) Aux22B-like-1 involved in auxin biosynthesis. The values in the graph represents the relative gene expression. The values were presented as mean ± SE of three independent replicates, and significantly different mean values were represented by different letters.






3.1.6 LBS6 modulated expression of genes involved in cytokinin metabolism

Cytokinin plays an important role in cell differentiation. In our study, the effect of LBS6 on cytokinin metabolism during cotyledon growth was analyzed. The isopentenyl transferase 3 gene (IPT3) is important in cytokinin biosynthesis, it was found to be significantly induced in those cotyledons treated with LBS6 after 24 h, while in control cotyledons maximum induction was observed after 48 h. This showed that LBS6 treatment regulated the early induction of IPT3 in treated cotyledons (Figure 7A). The abundance of the CYP735A2 transcript was found to be lower in both the control and LBS6-treated cotyledons at all time-points (Figure 7B). No significant changes were observed in the expression of CYP735A2 in either control or treated cotyledons, at all-time points (Figure 7B). It was observed that the Lonely Guy 1 (LOG1) gene, known to activate adenylate-type pre-cytokinins, was significantly induced in LBS6-treated cotyledons, in a time-dependent manner. At 8 h, treated cotyledons showed a 7.3-fold higher expression of LOG1, however expression of this gene was reduced to 2.1-fold in LBS6-treated cotyledons, as compared to control (Figure 7C). At 48 h, expression of LOG1 increased by 9-fold in the treated cotyledons, as compared to their respective controls (Figure 7C). The highest expression of LOG1 was observed after 72 h, in both control and treated cotyledons, but LBS6-treated plants were 2-fold higher than their control (Figure 7C).




Figure 7 | LBS6 modulated the expression of (A) IPT3, (B) CYP735A2, and (C) LOG1 involved in cytokinin biosynthesis pathways. The values in the graph represents the relative gene expression. The values were presented as mean ± SE of three independent replicates, and significantly different mean values were represented by different letters.



Cytokinin dehydrogenases plays important degrading roles in cytokinin metabolism (Schmülling et al., 2003; Gu et al., 2010). Cytokinin dehydrogenase 3 and Cytokinin dehydrogenase 9 were significantly induced at 24 and 72 h in treated cotyledons, as compared to the controls (Figures 8A, B). The transcript abundance of Cytokinin dehydrogenase 5 was found to be 1.7 times higher in treated cotyledons (Figure 8C). The A-type Arabidopsis Response regulator 5 (ARR5), which acts as the primary cytokinin negative feedback regulator was down-regulated in all treatments and controls, at all the time points. Indubitably reduced expression of this gene was greatest in the control cotyledons (Figure 8D). These results further demonstrated that LBS6 treatments modulated expression of genes involved in cytokinin metabolism in the cucumber.




Figure 8 | LBS6 modulated the expression of (A) Cytokinin dehydrogenase 3, (B) Cytokinin dehydrogenase 9, (C) Cytokinin dehydrogenase 5, and (D) ARR5 involved in cytokinin degradation pathways. The values in the graph represents the relative gene expression. The values were presented as mean ± SE of three independent replicates, and significantly different mean values were represented by different letters.







3.2 Plant growth assay



3.2.1 LBS6 improved plant growth by increasing leaf area and root volume

Foliar spray of 1ml/L of LBS6 enhanced the morphological phenotype of cucumber plants (Figures 9A–D). The treated plants had 20% higher leaf area, as compared to control (Figure 9E). The plants sprayed with LBS6 showed enhanced root architecture, compared to control, i.e., total root length was 8.5% longer in 28 days grown plant under hydroponic conditions (Figure 9F). The surface area and root volume were increased by 6.5% and 18.6%, respectively in the LBS6-treated plants versus control (Figures 9G, H). The fresh biomass of the shoots and roots were statistically higher in the LBS6 sprayed plants (Figures 10A, B). The dry biomass of shoot and root was found statistically higher in the sprayed plants, as compared to control (Figures 10C, D).




Figure 9 | Kappaphycus alvarezii based extract (LBS6) improved the growth of cucumber plants. Twenty eight day old plants sprayed with (A, C) water (Control), and (B, D) LBS6. Here the effects of LBS6 on (E) total leaf area, (F) total root length, (G) root surface area, and (H) root volume of cucumber plants are shown. The values were presented as mean ± SE and means represented by the same letters were not significantly different at p ≤ 0.01. Each experiment was carried out in triplicate, and each experimental unit had ten plants (n = 30).






Figure 10 | Effect of LBS6 on fresh and dry weight of (A, C) shoot, and (B, D) root, respectively. The values were presented as mean ± SE and means represented by the same letters were not significantly different at p ≤ 0.01. Each experiment was carried out in triplicate, and each experimental unit had ten plants (n = 30).






3.2.2 Photosynthetic responses to LBS6 treatments

Soil Plant Analyser Development (SPAD) values can be directly correlated to the chlorophyll content of leaves (Kandel, 2020). SPAD values were found to be significantly higher in LBS6-sprayed plants, as compared to control (Table 1). LBS6-treated plants showed higher active and open PSI centres, but the increment in those values was not statistically significant (Table 1). PSI were more oxidised in the LBS6-treated (1.48) versus control plants (0.92). The control plants had a greater reduction of PSI centres (-0.48) than the LBS6-sprayed plants (-1.85) (Table 1). The data related to chlorophyll fluorescence at steady state (Fs), the efficiency of PSII in the light acclimatized state (Fv’/Fm’), fraction of PSII open center (qL) and quantum yield of PSII electron transport (Phi2) did not show significant changes in LBS6 treated and control plants. However, the values of NPQ (non-photochemical quenching) and PhiNPQ (the fraction of light dedicated to non-photochemical quenching) that represents the loss of the incident photosynthetic light in form of thermal dissipation is significantly less in LBS6-sprayed plants, as compared to control (Table 1). No significant change was observed in the fraction of the energy lost through non-regulated photosynthesis processes in the sprayed plants (Table 1).


Table 1 | Effect of LBS6 on the chlorophyll fluorescence parameters from leaves of the cucumber plants.






3.2.3 Effect of LBS6 application on electron and proton transport-related processes in light-adapted state in leaves of cucumber plants

The rate of linear electron transport was estimated from the quantum yield of PSII in the light adapted state (ETRPSII), and was found to be higher in those LBS6-sprayed plants, as compared to the control (Figure 11A). The effect of treatment on the proton transport, at the thylakoid membrane was measured using electrochemical band shift analysis at 520 nm, applying dark-interval relaxation kinetic analysis. The maximum amplitude of the signal (ECSt) was reduced in the LBS6-sprayed plants, but the change was not statistically significant (Figure 11B). The proton conductance of chloroplast ATP synthase (gH+) was found to be 19.4% higher in the LBS6 sprayed leaves, as compared to the control (Figure 11C). Similarly, the estimated proton flux through the thylakoid lumen (vH+), was used to calculate the relative flux through H+-ATP-ase which was found to be significantly higher in LBS6-treated plants (Figure 11D).




Figure 11 | Effect of LBS6 on (A) linear electron transport, (B) maximum amplitude of ECS signal (ECSt), (C) proton conductance of chloroplast ATP synthase (gH+), and (D) estimated proton flux through thylakoid lumen (vH+). The values were presented as mean ± SE and means represented by the same letters were not significantly different at p ≤ 0.01. Each experiment was carried out in triplicate, and each experimental unit had ten plants (n = 30).








4 Discussion

Climatic challenges and nutrient deprivation of the soils effects the plant growth and yield. Current agricultural practices mainly rely on the usage of chemical fertiliser for improving agricultural productivity. The over usage of these fertilisers poses threats to the entire ecosystem and human health. Seaweed-based, agricultural inputs (phyco-biostimulants, as opposed to other biostimulants) - are gaining interest as a sustainable strategy to improve plant growth and stress tolerance (El Boukhari et al., 2020; Shukla et al., 2021; Deolu-Ajayi et al., 2022). Seaweed-based biostimulants are known to improve plant growth, nutrient use efficiency and abiotic and biotic stress tolerance in several crops (Nair et al., 2012; Shukla et al., 2018a; Di Stasio et al., 2018; Jithesh et al., 2019; Sandepogu et al., 2019; Kumar et al., 2020; Omidbakhshfard et al., 2020; Shukla and Prithiviraj, 2021; Trivedi et al., 2021). This study presents the molecular and physiological effects of foliar spray of unique red seaweed derived biostimulant (LBS6) on plant growth.



4.1 Cotyledon expansion assay

A reliable bioassay plays an important role in development of new formulations. Anwar and Shahida (2009) have previously shown that the cytokinin-producing bacteria exhibit positive roles in expansion of cucumber cotyledons. Similarly, Kataria and Guruprasad (2005) had used cucumber cotyledon bioassay to show the effect UV-B radiation cell expansion by modulating cytokinin biosynthesis. We have used this bioassay to demonstrate the effect of a particular red seaweed, Kappaphycus alvarezii-derived, (phyco)biostimulant on plant cell growth and expansion. The time-lapse video of the cucumber cotyledon elegantly showed that the LBS6 extract induced cotyledon expansion, which was visually presented (Video 1). The total surface area of the expanded cotyledons was significantly larger in the LBS6-treated cotyledons (Figures 1A, B). The fresh and dry biomass of LBS6-treated cotyledons were significantly higher than the control (Figures 1C, D). The cotyledon grown in LBS6 produced higher chlorophyll and carotenoid contents (Figure 2). These results clearly demonstrated that the bioactive compounds present in LBS6 induced cell division, proliferation, and expansion in treated cucumber cotyledons.

Anaphase promoting complex (APC), an E3 ligase, regulates the cell cycle progression (Vercruysse et al., 2020). Eloy et al. (2011) showed that the over-expression of APC10 led to the enhanced division of epidermal cells and enlarged leaves. In another study, down-regulation of APC6 and APC10 showed reduced cell surface area (Marrocco et al., 2009). LBS6-treated cotyledons showed maximum up-regulation of APC10 after 24 h of treatment, whilst APC6 was significantly up-regulated at 24 and 72 h. These results showed that cells divide more quickly in LBS6-treated cotyledons than their respective controls by inducing expression of APC6 and APC10, resulting in expansion of the cotyledon. Similarly, CDC123 - encoding another subunit of the APC complex was induced by LBS6 and increased plant size by regulating the rate of cell division. Gibberellic acid (GA) promotes plant growth by controlling cell proliferation and cell expansion by negatively regulating the expression of DELLA protein (Achard et al., 2004; Vercruysse et al., 2020). Over-expression of GA20OX1, a key enzyme in GA biosynthesis, induces leaves enlargement by reducing the expression of DELLA proteins (Achard et al., 2004; Gonzalez et al., 2010; Vercruysse et al., 2020). LBS6 improved cell proliferation in treated cotyledons by inducing the expression of Ga20OX1, leading to higher active GA which mediates the reduction of DELLA protein (Figures 4D, E). Therefore, these results provide clear evidence that LBS6 regulated the expression of the genes involved in cell division and cell proliferation.

Sugars are the main source of carbon and energy source and play a prominent role in regulating cell proliferation and expansion (Halford et al., 2011; Eveland and Jackson, 2012). In general, cell expands by accumulating sugar and osmolytes which creates a lower osmotic potential to provide a gradient for water influx, generating a turgor pressure, leading to cell expansion (Wang and Ruan, 2013). Starch is the main carbohydrate reserve in plant cotyledons which is converted by amylase to simple sugars, as source of carbon for leaf expansion (Pfeiffer and Kutschera, 1996; Kutschera and Heiderich, 2002). LBS6-treated plants showed a higher amylase activity suggesting higher conversion of starch to simple sugars. Sucrose is converted to the fructose by invertases (Halford et al., 2011). The percentage increase in sucrose content of LBS6-treated cotyledons during the growth was higher than those of the control during early time points, whilst at later time point there was reduction of sucrose content in LBS6 treated plants. This trend can be explained by higher fructose content in LBS6 treated cotyledons as compared to control, suggesting that at later time point of the growth of cotyledon, more sucrose was converted to fructose. Higher fructose in treated cotyledons were more efficiently supplied for glycolysis, respiration and secondary product formation (Halford et al., 2011). These data provide new insights that LBS6 cotyledon efficiently converted starch to simple sugars by regulating amylase activity which, in turn, provided more energy to the cotyledon expansion. Sugars not only serves as energy source, but also acts as a signalling molecule and regulates the expression of the genes involved in phytohormone biosynthesis, cell division and expansion (Wang and Ruan, 2013). The higher levels of sucrose in the LBS6-treated cotyledons would interact with auxin in order to regulate cell division and leaf expansion. Trehalose-6-phosphate (T6P), a downstream signalling component of carbohydrate metabolism, negatively regulates the expression of sucrose non-fermenting1 (Snf1)-related protein kinase (SnRK1) and plays an important role in cell proliferation (Wang and Ruan, 2013). Increased sucrose content in the LBS6-treated cotyledons led to the degradation of Aux22A and Aux22B-like-1 protein, which interacts with ARFs, so as to suppress auxin-regulated gene expression. Increased auxin content in LBS6-treated cotyledons was evidenced by the higher expression of early auxin inducible IAA4/5 (Abel et al., 1995). Additionally, higher reducing sugars in the LBS6-treated cotyledons provided more cellular energy and nutrients to the cotyledons by inducing the expression of target of rapamycin (TOR), which is known to promote cell proliferation and growth by integrating nutrient and energy signaling (Wang and Ruan, 2013; Xiong and Sheen, 2014).

Auxin induces cell expansion by negatively regulating expression of transcriptional regulators, ARFs, which are also known to be regulated by hexose sugars (Wang and Ruan, 2013; Majda and Robert, 2018). Initially, at 8 h LBS6 treatments showed a higher expression of ARF3 than their controls and then, at later time points, a higher reduction in expression of this gene was observed in LBS6-treated cotyledons. This clearly indicated that LBS6 down-regulated ARF3 leading to higher cell proliferation. Similarly, auxin regulated gene involved in organ size (ARGOS) was also found to be down-regulated by the LBS6-treatment, though it is positively regulating the cell expansion and control organ size (Zhao et al., 2017). Auxins are also known to positively regulate expansin proteins involved in non-enzymatic relaxation of the cell wall in a pH dependent manner (McQueen-Mason et al., 1992; Marowa et al., 2016). Cell wall loosening, mediated by expansins led to the expansion of cell wall and growth (Marowa et al., 2016). LBS6 treatments induced the expression of Expansin 1 and Expasin 5 which regulated expansion in the cotyledons by changing cell wall plasticity. Thus, LBS6 applications induced cell proliferation and expansion by maneuvering the expression of genes involved in cell expansion, sugar and auxin signaling.

Cytokinin is synthesized in plants by conversion of 5-phosphate adenosine (AMP, ATP, and ADP) to N6 -(2-isopentenyl Δ) adenine riboside 5′-triphosphate (iPRTP) by adenosine phosphate isopentenyl-transferase (IPT3) (Li et al., 2021). The iPRTP is further phosphorylated to form N6 -(2-isopentenyl Δ) adenine riboside 5′-monophosphate (iPRMP), which is then hydroxylated to form tZ-type cytokinin by CYP735A1/CYP735A2 of the cytochrome P450 monooxygenase (P450) family (Li et al., 2021). LBS6 modulated the cytokinin production in the cotyledons, which was evident based on expression of key genes involved in cytokinin metabolism. IPT3, a cytokinin biosynthetic gene, was induced earlier in the LBS6-treated cotyledons (24 h) than in the control (48 h), suggesting higher cytokinin during the early cell division phase 24 h after the treatment was applied. CYP735A2 was found to be down-regulated in both control and LBS6-treated cotyledons. No significant change was observed between control and LBS6 treated cotyledons. Lonely Guy 1 (LOG1), an additional cytokinin biosynthetic gene converts iPRMP to iP (N6 -(D2 -isopentenyl) adenine (iP)) (Kurakawa et al., 2007), was found to be significantly up-regulated in LBS6 treatments, suggesting that the red seaweed extract induced the conversion of iPRMP to iP via LOG1, rather than iPRMP to tZ-type cytokinin via CYP735A2. LOG1 plays the role of fine coordination between bioactive cytokinin and cell division (Kurakawa et al., 2007). Cytokinin oxidases/dehydrogenases (CKX) are involved in the non-reversible degradation of bioactive cytokinin (iP, tZ) (Schmülling et al., 2003). Cytokinin dehydrogenases and ARR5 were also induced in the LBS6-treated cotyledons, after 72 h, showing that LBS6 negatively regulated cytokinin metabolism. These results showed that application of the LBS6 extract mediated cotyledon expansion by regulating the cytokinin biosynthetic genes. Thus, to conclude, the LBS6-treated cotyledons balance the fine tuning between cell development and proliferation, and phytohormone and sugar metabolism in order to induce expansion in the cotyledon (Figure 12).




Figure 12 | A schematic representation of the mode of action of LBS6 in stimulating cell division, expansion, proliferation in cucumber cotyledons. The green arrow shows the up regulation of the gene expression and enzyme activity, whereas the red arrow shows the downregulation. The blue dot represents no significant change in the expression. Abbreviations listed in the diagram are as follows: Ga20OX1 (gibberellin 20-oxidase 1), ARGOS (auxin regulated gene involved in organ size), IAA (indole acetic A inducible gene), TOR (target of rapamycin), ARF 3(auxin response factors 3), Aux22A (auxin induced protein 22A), APC6 (anaphase promoting complex 6), APC10 (anaphase promoting complex 10), CDC123 (cell division cycle protein 123 homolog), LOG1 (Lonely guy 1), GRF5 (growth regulating factor 5), DMAPP (dimethylallyl diphosphate), iPRTP (N6 -(2-isopentenyl Δ) adenine riboside 5′-triphosphate), iPRMP (N6 -(2-isopentenyl Δ) adenine riboside 5′-monophosphate), iP (N6 -(D2 -isopentenyl)adenine), tZ (trans-zeatin).






4.2 Plant growth assay

The cucumber cotyledon expansion bioassay demonstrates the beneficial effects of LBS6 applications, but ideally it should be translated to a whole plant assay. Foliar application of LBS6 was tested on cucumber plants, grown under hydroponic conditions. LBS6-spray treated plant produced significantly higher leaf area, as compared to control. This phenotype can be correlated with the expansion of the cotyledon. Additionally, sprayed plants showed significant impacts on root architecture. The root length, surface area and volume were significantly higher in those treated plants. Fresh and dry biomass of shoots and roots were also significantly higher than their control counterparts. Similarly, Trivedi et al. (2017) also showed that their particular Kappaphycus-derived phyco-biostimulant prepared (differently than LBS6) improved the leaf area of maize. Potter and Jones (1977) showed that relative leaf area expansion was directly correlated with rates of photosynthesis. Various components of the LBS6 applications therefore played important roles in regulating leaf size, and by extension, enhanced photosynthetic area of the primary leaves which could be directly associated with higher photosynthetic capacity (Hu et al., 2020).

In this study, the effect of the LBS6 extract on photosynthetic parameters was assayed using chlorophyll fluorescence (Maxwell and Johnson, 2000). Chlorophylls are involved in the trapping of light energy, as an excitation energy for fixing atmospheric CO2 (Kandel, 2020). Measurement of SPAD values represents chlorophyll content (Kandel, 2020). The spray application of LBS6 showed significant increases in SPAD values, suggesting a higher chlorophyll content and hence more absorption capacity of light energy. An increase in PSII activity was observed in LBS6-sprayed plants in terms of the relative activity of PSII (Fv’/Fm’), the fraction of PSII open center (qL) and the quantum yield of PSII electron transport (Phi2). However, these incremental values were not statistically significant. These data suggested that little change was observed in excitement of the PSII biochemistry in either treatments or controls. Whilst more active, open, and oxidized PSI were present in LBS6- sprayed plants, as compared to control. The loss of dissipation of energy due to non-photochemical quenching (PhiNPQ) was found to be significantly reduced in LBS6-treated plants, thereby suggesting that the commercial extract was indeed helping treated plants to efficiently use photochemical energy for CO2 fixation.

The photosynthetically active radiation (PAR) absorbed by reaction centers of PSII generates the electron flow through the different electron receptor in the thylakoid membrane for generation of ATP and NADPH, which are used during Calvin cycle for CO2 fixation (Huang et al., 2015; Yamori et al., 2015). This is an important parameter that can be correlated to plant growth and stress tolerance (Ibrahimova et al., 2021). Higher ETRPSII in the LBS6-sprayed plants helps PSII to efficiently extract electron and protons from the water, which eventually leads to higher generation of ATP and NADPH for increased CO2 fixation during the Calvin cycle. The dark interval relaxation kinetics (DIRK) of the electrochromic band shift measured by the MultispeQ was used to determine proton motive force (ECSt), proton conductance of chloroplast ATP synthase (gH+), and estimated proton flux through thylakoid lumen (vH+) which represents rate of ATP synthesis (Avenson et al., 2004; Kanazawa et al., 2017; Ibrahimova et al., 2021). LBS6 treatments showed a reduction in ECSt which was associated with increase of gH+. These results clearly explained the role of LBS6 applications in improving photosynthesis by increasing the ETRPSII, which results in decreased non-photochemical quenching, by increasing the pH of the thylakoid lumen. Increased ETRPSII in LBS6 treatments resulted in higher assimilation, which in turn, increased demand for ATP. To meet the demands of higher ATP, LBS6-sprayed plants produced a higher proton conductance of chloroplast ATP synthase (gH+), and estimated proton flux through the thylakoid lumen (vH+), which was translated to higher rate of ATP synthesis (Kanazawa et al., 2017). These results provide clear evidence that LBS6, derived from K. alvarezii, improved the plant growth by improving photosynthetic efficiency.





5 Conclusion

The bioactive components present in this proprietary extraction of the commercially valuable Kappaphycus alvarezii – a phyco-biostimulant was shown to improve the growth of treated cotyledons of cucumber by regulating cell proliferation and expansion. This study, using the cucumber cotyledon expansion as a bioassay, provides a holistic molecular insight on the mode of action of foliar spray of LBS6 through which it improves growth, expansion and proliferation of cells in plants. The treatment of LBS6 modulated the expression of genes involved in cell division, expansion, proliferation and growth of cucumber cotyledon. The foliar spray of LBS6 on cucumber plants grown under hydroponic conditions showed higher shoot and root biomass. Further, the foliar application of the LBS6 modulated both electron and proton transport-related pathways which helped the treated plants to efficiently utilize the photosynthetic radiation for optimal plant growth. This study provides concurrent evidence that the use of a Kappaphycus-based biostimulant regulated developmental, cellular, physiological, and molecular pathways to promote plant growth. The results presented in this study provide significant additions to knowledge on the varied modes of actions of red seaweed derived unique biostimulant (LBS6)-mediated plant growth. This study provides the basis for usage of LBS6 as a sustainable strategy for improving the productivity of important plant crops. However, further studies are required to decipher role of bioactives of LBS6 in stress tolerance, nutrient- and water-use-efficiencies.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

PS, SKu, SN and SS contributed to conception and design of study. PS and NN designed and performed the experiments. DB contributed to estimation of fructose and sucrose. PS and NN performed data processing, analysis, and interpretation. SKu and SKh develop formulation and created time lapse video, PS wrote the first draft of manuscript. NN wrote section of manuscript. PS, AC, SKu and SS contributed to the final versions of manuscript. All authors contributed to the article and approved the submitted version.





Funding

This project was supported by the Sea6 Energy Private Limited, Bengaluru, Karnataka, India. The funders were involved in study design, collection and analysis of data, interpretation of data, the writing of this article or the decision to submit it for publication. All authors declare no other competing interests.





Conflict of interest

PS, NN, SKu, DB, SN, SKh and SS are employed by Sea6 Energy Private Limited.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be constructed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1136563/full#supplementary-material




References

 Abel, S., Nguyen, M. D., and Theologis, A. (1995). The PS-IAA4/5-like family of early auxin-inducible mRNAs in Arabidopsis thaliana. J. Mol. Biol. 251, 533–549. doi: 10.1006/jmbi.1995.0454

 Achard, P., Gusti, A., Cheminant, S., Alioua, M., Dhondt, S., Coppens, F., et al. (2009). Gibberellin signaling controls cell proliferation rate in Arabidopsis. Curr. Biol. 19, 1188–1193. doi: 10.1016/j.cub.2009.05.059

 Achard, P., Herr, A., Baulcombe, D. C., and Harberd, N. P. (2004). Modulation of floral development by a gibberellin-regulated microRNA. Development 131, 3357–3365. doi: 10.1242/dev.01206

 Agarwal, P. K., Shukla, P. S., Gupta, K., and Jha, B. (2013). Bioengineering for salinity tolerance in plants: State of the art. Mol. Biotechnol. 54, 102–123. doi: 10.1007/s12033-012-9538-3

 Ahmad, Z., Magyar, Z., Bögre, L., and Papdi, C. (2019). Cell cycle control by the target of rapamycin signalling pathway in plants. J. Exp. Bot. 70, 2275–2284. doi: 10.1093/jxb/erz140

 Anwar, H., and Shahida, H. (2009). Cytokinin production by some bacteria: Its impact on cell division in cucumber cotyledons. Afr. J. Microbiol. Res. 3, 704–712. doi: 10.5897/AJMR.9000211

 Arun, M. N., Kumar, M., Nori, S., Singh, A., Tuti, M. D., Srinivas, D., et al. (2019). Effect of seaweed extract as biostimulant on crop growth and yield in rice (Oryza sativa l.) under transplanted condition. J. Rice Res. 12, 45–49.

 Avenson, T. J., Cruz, J. A., and Kramer, D. M. (2004). Modulation of energy-dependent quenching of excitons in antennae of higher plants. Proc. Natl. Acad. Sci. 101, 5530–5535. doi: 10.1073/pnas.0401269101

 Banakar, S. N., and Kumar, M. P. (2020). Foliar application of red seaweed (Kappaphycus alvarezii) bioformulations increased the levels of chlorophyll content in rice. J. Pharmacogn. Phytochem. 9, 408–410.

 Banakar, S. N., PrasannaKumar, M. K., Mahesh, H. B., Parivallal, P. B., Puneeth, M. E., Gautam, C., et al. (2022). Red-seaweed biostimulants differentially alleviate the impact of fungicidal stress in rice (Oryza sativa l.). Sci. Rep. 12, 5993. doi: 10.1038/s41598-022-10010-8

 de Barros-Barreto, M. B. B., Marinho, L. C., Reis, R. P., da Mata, C. S., and Ferreira, P. C. G. (2013). Kappaphycus alvarezii (Gigartinales, rhodophyta) cultivated in Brazil: Is it only one species? J. Appl. Phycol. 25, 1143–1149. doi: 10.1007/s10811-012-9952-8

 Deolu-Ajayi, A. O., van der Meer, I. M., van der Werf, A., and Karlova, R. (2022). The power of seaweeds as plant biostimulants to boost crop production under abiotic stress. Plant Cell Environ. 45, 2537–2553. doi: 10.1111/pce.14391

 Di Stasio, E., Van Oosten, M. J., Silletti, S., Raimondi, G., dell’Aversana, E., Carillo, P., et al. (2018). Ascophyllum nodosum-based algal extracts act as enhancers of growth, fruit quality, and adaptation to stress in salinized tomato plants. J. Appl. Phycol. 30, 2675–2686. doi: 10.1007/s10811-018-1439-9

 du Jardin, P. (2015). Plant biostimulants: Definition, concept, main categories and regulation. Sci. Hortic. (Amsterdam) 196, 3–14. doi: 10.1016/j.scienta.2015.09.021

 Dumilag, R. V., Salvador, R. C., and Halling, C. (2016). Genotype introduction affects population composition of native Philippine Kappaphycus (Gigartinales, rhodophyta). Conserv. Genet. Resour. 8, 439–441. doi: 10.1007/s12686-016-0591-2

 El Boukhari, M. E. M., Barakate, M., Bouhia, Y., and Lyamlouli, K. (2020). Trends in seaweed extract based Biostimulants : Manufacturing process and beneficial effect on soil-plant systems. Plants 9, 359. doi: 10.3390/plants9030359

 Eloy, N. B., de Freitas Lima, M., Van Damme, D., Vanhaeren, H., Gonzalez, N., De Milde, L., et al. (2011). The APC/C subunit 10 plays an essential role in cell proliferation during leaf development. Plant J. 68, 351–363. doi: 10.1111/j.1365-313X.2011.04691.x

 Eveland, A. L., and Jackson, D. P. (2012). Sugars, signalling, and plant development. J. Exp. Bot. 63, 3367–3377. doi: 10.1093/jxb/err379

 Gomiero, T., Pimentel, D., and Paoletti, M. G. (2011). Environmental impact of different agricultural management practices: Conventional vs. organic agriculture. CRC. Crit. Rev. Plant Sci. 30, 95–124. doi: 10.1080/07352689.2011.554355

 Gonzalez, N., De Bodt, S., Sulpice, R., Jikumaru, Y., Chae, E., Dhondt, S., et al. (2010). Increased leaf size: Different means to an end. Plant Physiol. 153, 1261–1279. doi: 10.1104/pp.110.156018

 Gu, R., Fu, J., Guo, S., Duan, F., Wang, Z., Mi, G., et al. (2010). Comparative expression and phylogenetic analysis of maize cytokinin dehydrogenase/oxidase (CKX) gene family. J. Plant Growth Regul. 29, 428–440. doi: 10.1007/s00344-010-9155-y

 Halford, N. G., Curtis, T. Y., Muttucumaru, N., Postles, J., and Mottram, D. S. (2011). Sugars in crop plants. Ann. Appl. Biol. 158, 1–25. doi: 10.1111/j.1744-7348.2010.00443.x

 Ho, T. H. D., Shih, S. C., and Kleinhofs, A. (1980). Screening for barley mutants with altered hormone sensitivity in their aleurone layers. Plant Physiol. 66 (1), 153–157. doi: 10.1104/pp.66.1.153

 Hu, W., Lu, Z., Meng, F., Li, X., Cong, R., Ren, T., et al. (2020). The reduction in leaf area precedes that in photosynthesis under potassium deficiency: The importance of leaf anatomy. New Phytol. 227, 1749–1763. doi: 10.1111/nph.16644

 Huang, W., Yang, Y.-J., Hu, H., and Zhang, S.-B. (2015). Different roles of cyclic electron flow around photosystem I under sub-saturating and saturating light intensities in tobacco leaves. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00923

 Hurtado, A. Q., Neish, I. C., and Critchley, A. T. (2015). Developments in production technology of Kappaphycus in the Philippines: More than four decades of farming. J. Appl. Phycol. 27, 1945–1961. doi: 10.1007/s10811-014-0510-4

 Ibrahimova, U., Zivcak, M., Gasparovic, K., Rastogi, A., Allakhverdiev, S. I., Yang, X., et al. (2021). Electron and proton transport in wheat exposed to salt stress: Is the increase of the thylakoid membrane proton conductivity responsible for decreasing the photosynthetic activity in sensitive genotypes? Photosynth. Res. 150, 195–211. doi: 10.1007/s11120-021-00853-z

 Jithesh, M. N., Shukla, P. S., Kant, P., Joshi, J., Critchley, A. T., and Prithiviraj, B. (2019). Physiological and transcriptomics analyses reveal that Ascophyllum nodosum extracts induce salinity tolerance in arabidopsis by regulating the expression of stress responsive genes. J. Plant Growth Regul. 38, 463–478. doi: 10.1007/s00344-018-9861-4

 Juliano, B. O., and Varner, J. E. (1969). Enzymic degradation of starch granules in the cotyledons of germinating peas. Plant Physiol. 44 (6), 886–892. doi: 10.1104/pp.44.6.886

 Kanazawa, A., Ostendorf, E., Kohzuma, K., Hoh, D., Strand, D. D., Sato-Cruz, M., et al. (2017). Chloroplast ATP synthase modulation of the thylakoid proton motive force: Implications for photosystem I and photosystem II photoprotection. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00719

 Kandel, B. P. (2020). Spad value varies with age and leaf of maize plant and its relationship with grain yield. BMC Res. Notes 13, 475. doi: 10.1186/s13104-020-05324-7

 Kataria, S., and Guruprasad, K. N. (2005). Interaction of cytokinins with UV-b (280 -315nm) on the expansion growth of cucumber cotyledons. Horticult. Int. J. 2, 45–33. doi: 10.15406/hij.2018.02.00025

 Khan, W., Rayirath, U. P., Subramanian, S., Jithesh, M. N., Rayorath, P., Hodges, D. M., et al. (2009). Seaweed extracts as biostimulants of plant growth and development. J. Plant Growth Regul. 28, 386–399. doi: 10.1007/s00344-009-9103-x

 Kumar, R., Trivedi, K., Anand, K. G. V., and Ghosh, A. (2020). Science behind biostimulant action of seaweed extract on growth and crop yield: Insights into transcriptional changes in roots of maize treated with Kappaphycus alvarezii seaweed extract under soil moisture stressed conditions. J. Appl. Phycol. 32, 599–613. doi: 10.1007/S10811-019-01938-Y/FIGURES/20

 Kurakawa, T., Ueda, N., Maekawa, M., Kobayashi, K., Kojima, M., Nagato, Y., et al. (2007). Direct control of shoot meristem activity by a cytokinin-activating enzyme. Nature 445, 652–655. doi: 10.1038/nature05504

 Kutschera, U., and Heiderich, A. (2002). Sucrose metabolism and cellulose biosynthesis in sunflower hypocotyls. Physiologia Plantarum 114, 372–379. doi: 10.1034/j.1399-3054.2002.1140306.x

 Layek, J., Das, A., Ramkrushna, G. I., Trivedi, K., Yesuraj, D., Chandramohan, M., et al. (2015). Seaweed sap: A sustainable way to improve productivity of maize in north-East India. Int. J. Environ. Stud. 72, 305–315. doi: 10.1080/00207233.2015.1010855

 Li, S.-M., Zheng, H.-X., Zhang, X.-S., and Sui, N. (2021). Cytokinins as central regulators during plant growth and stress response. Plant Cell Rep. 40, 271–282. doi: 10.1007/s00299-020-02612-1

 Lichtenthaler, H. K. (1987). Chlorophylls and carotenoids: Pigments of photosynthetic biomembranes. Methods Enzymol. 148, 350–382. doi: 10.1016/0076-6879(87)48036-1

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

 Majda, M., and Robert, S. (2018). The role of auxin in cell wall expansion. Int. J. Mol. Sci. 19, 951. doi: 10.3390/ijms19040951

 Marowa, P., Ding, A., and Kong, Y. (2016). Expansins: roles in plant growth and potential applications in crop improvement. Plant Cell Rep. 35, 949–965. doi: 10.1007/s00299-016-1948-4

 Marrocco, K., Thomann, A., Parmentier, Y., Genschik, P., and Criqui, M. C. (2009). The APC/C E3 ligase remains active in most post-mitotic arabidopsis cells and is required for proper vasculature development and organization. Development 136, 1475–1485. doi: 10.1242/dev.035535

 Maxwell, K., and Johnson, G. N. (2000). Chlorophyll fluorescence-a practical guide. J. Exp. Bot. 51, 659–668. doi: 10.1093/jexbot/51.345.659

 McQueen-Mason, S., Durachko, D. M., and Cosgrove, D. J. (1992). Two endogenous proteins that induce cell wall extension in plants. Plant Cell 4, 1425–1433. doi: 10.1105/tpc.4.11.1425

 Nair, P., Kandasamy, S., Zhang, J., Ji, X., Kirby, C., Benkel, B., et al. (2012). Transcriptional and metabolomic analysis of Ascophyllum nodosum mediated freezing tolerance in Arabidopsis thaliana. BMC Genomics 13, 643. doi: 10.1186/1471-2164-13-643

 Nori, S. S., Kumar, S., Khandelwal, S., and Suryanarayan, S. (2019). Biostimulant formulation for improving plant growth and uses thereof. U.S. Patent 10, 358–391.

 Omidbakhshfard, M. A., Sujeeth, N., Gupta, S., Omranian, N., Guinan, K. J., Brotman, Y., et al. (2020). A biostimulant obtained from the seaweed Ascophyllum nodosum protects Arabidopsis thaliana from severe oxidative stress. Int. J. Mol. Sci. 21, 474. doi: 10.3390/ijms21020474

 Patel, K., Agarwal, P., and Agarwal, P. K. (2018). Kappaphycus alvarezii sap mitigates abiotic-induced stress in Triticum durum by modulating metabolic coordination and improves growth and yield. J. Appl. Phycol. 30, 2659–2673. doi: 10.1007/s10811-018-1423-4

 Pfeiffer, I., and Kutschera, U. (1996). Sucrose metabolism and lipid mobilization during light-induced expansion of sunflower cotyledons. J. Plant Physiol. 147, 553–558. doi: 10.1016/S0176-1617(96)80045-9

 Pereira, L., Morrison, L., Shukla, P. S., and Critchley, A. T. (2020). A concise review of the brown macroalga Ascophyllum nodosum (Linnaeus) Le Jolis. J. Appl. Phycol.  32, 3561–3584. doi: 10.1007/s10811-020-02246-6

 Potin, P., Bouarab, K., Küpper, F., and Kloareg, B. (1999). Oligosaccharide recognition signals and defence reactions in marine plant-microbe interactions. Curr. Opin. Microbiol. 2, 276–283. doi: 10.1016/S1369-5274(99)80048-4

 Potter, J. R., and Jones, J. W. (1977). Leaf area partitioning as an important factor in growth. Plant Physiol. 59, 10–14. doi: 10.1104/pp.59.1.10

 Qin, F., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2011). Achievements and challenges in understanding plant abiotic stress responses and tolerance. Plant Cell Physiol. 52, 1569–1582. doi: 10.1093/pcp/pcr106

 Ravi, I., Kamaraju, K., and Nori, S. K. S. S. (2018). Foliar application of seaweed bio formulation enhances growth and yield of banana cv. grand naine. Ind. J. Nat. Sci. 47, 13482–13488.

 Roy, A., Ghosh, D., Kasera, M., R, G. T., Nori, S., Vemanna, R. S., et al. (2022). Kappaphycus alvarezii-derived formulations enhance salicylic acid-mediated anti-bacterial defenses in Arabidopsis thaliana and rice. J. Appl. Phycol. 34, 679–695. doi: 10.1007/s10811-021-02658-y

 Samuels, L. J., Setati, M. E., and Blancquaert, E. H. (2022). Towards a better understanding of the potential benefits of seaweed based biostimulants in Vitis vinifera l. cultivars. Plants 11, 348. doi: 10.3390/plants11030348

 Sandepogu, M., Shukla, P. S., Asiedu, S., Yurgel, S., and Prithiviraj, B. (2019). Combination of Ascophyllum nodosum extract and humic acid improve early growth and reduces post-harvest loss of lettuce and spinach. Agric. 9, 240. doi: 10.3390/agriculture9110240

 Schmülling, T., Werner, T., Riefler, M., Krupková, E., and Bartrina y Manns, I. (2003). Structure and function of cytokinin oxidase/dehydrogenase genes of maize, rice, arabidopsis and other species. J. Plant Res. 116, 241–252. doi: 10.1007/s10265-003-0096-4

 Shukla, P. S., Borza, T., Critchley, A. T., Hiltz, D., Norrie, J., and Prithiviraj, B. (2018a). Ascophyllum nodosum extract mitigates salinity stress in Arabidopsis thaliana by modulating the expression of miRNA involved in stress tolerance and nutrient acquisition. PloS One 13, e0206221. doi: 10.1371/journal.pone.0206221

 Shukla, P. S., Borza, T., Critchley, A. T., and Prithiviraj, B. (2016). Carrageenans from red seaweeds as promoters of growth and elicitors of defense response in plants. Front. Mar. Sci. 3. doi: 10.3389/fmars.2016.00081

 Shukla, P. S., Borza, T., Critchley, A. T., and Prithiviraj, B. (2021). Seaweed-based compounds and products for sustainable protection against plant pathogens. Mar. Drugs 19, 59. doi: 10.3390/MD19020059

 Shukla, P. S., Das, A. K., Jha, B., and Agarwal, P. K. (2014). High-frequency in vitro shoot regeneration in Cucumis sativus by inhibition of endogenous auxin. Invitr. Cell. Dev. Biol. - Plant 50, 729–737. doi: 10.1007/s11627-014-9649-6

 Shukla, P. S., Mantin, E. G., Adil, M., Bajpai, S., Critchley, A. T., and Prithiviraj, B. (2019). Ascophyllum nodosum-based biostimulants: Sustainable applications in agriculture for the stimulation of plant growth, stress tolerance, and disease management. Front. Plant Sci. 10, 655. doi: 10.3389/fpls.2019.00655

 Shukla, P. S., and Prithiviraj, B. (2021). Ascophyllum nodosum biostimulant improves the growth of Zea mays grown under phosphorus impoverished conditions. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.601843

 Shukla, P. S., Shotton, K., Norman, E., Neily, W., Critchley, A. T., and Prithiviraj, B. (2018b). Seaweed extract improve drought tolerance of soybean by regulating stress-response genes. AoB Plants 10, plx051. doi: 10.1093/aobpla/plx051

 Tan, J., Lim, P.-E., Phang, S.-M., Hong, D. D., Sunarpi, H., and Hurtado, A. Q. (2012). Assessment of four molecular markers as potential dna barcodes for red algae Kappaphycus doty and Eucheuma j. agardh (Solieriaceae, rhodophyta). PloS One 7, e52905. doi: 10.1371/journal.pone.0052905

 Tian, Q., Uhlir, N. J., and Reed, J. W. (2002). Arabidopsis SHY2/IAA3 inhibits auxin-regulated gene expression. Plant Cell 14, 301–319. doi: 10.1105/tpc.010283

 Todaka, D., Matsushima, H., and Morohashi, Y. (2000). Water stress enhances β-amylase activity in cucumber cotyledons. J. Exp. Bot. 51, 739–745. doi: 10.1093/jexbot/51.345.739

 Trivedi, K., Gopalakrishnan, V. A. K., Kumar, R., and Ghosh, A. (2021). Transcriptional analysis of maize leaf tissue treated with seaweed extract under drought stress. Front. Sustain. Food Syst. 5. doi: 10.3389/FSUFS.2021.774978/BIBTEX

 Trivedi, K., Vijay Anand, K. G., Kubavat, D., Kumar, R., Vaghela, P., and Ghosh, A. (2017). Crop stage selection is vital to elicit optimal response of maize to seaweed bio-stimulant application. J. Appl. Phycol. 29, 2135–2144. doi: 10.1007/s10811-017-1118-2

 Trivedi, K., Vijay Anand, K. G., Vaghela, P., and Ghosh, A. (2018). Differential growth, yield and biochemical responses of maize to the exogenous application of Kappaphycus alvarezii seaweed extract, at grain-filling stage under normal and drought conditions. Algal Res. 35, 236–244. doi: 10.1016/j.algal.2018.08.027

 Vaghela, P., Das, A. K., Trivedi, K., Anand, K. G. V., Shinde, P., and Ghosh, A. (2022). Characterization and metabolomics profiling of Kappaphycus alvarezii seaweed extract. Algal Res. 66, 102774. doi: 10.1016/j.algal.2022.102774

 Van Oosten, M. J., Pepe, O., De Pascale, S., Silletti, S., and Maggio, A. (2017). The role of biostimulants and bioeffectors as alleviators of abiotic stress in crop plants. Chem. Biol. Technol. Agric. 4, 5. doi: 10.1186/s40538-017-0089-5

 Vercruysse, J., Baekelandt, A., Gonzalez, N., and Inzé, D. (2020). Molecular networks regulating cell division during arabidopsis leaf growth. J. Exp. Bot. 71, 2365–2378. doi: 10.1093/jxb/erz522

 Wang, L., and Ruan, Y.-L. (2013). Regulation of cell division and expansion by sugar and auxin signaling. Front. Plant Sci. 4. doi: 10.3389/fpls.2013.00163

 Xiong, Y., and Sheen, J. (2014). The role of target of rapamycin signaling networks in plant growth and metabolism. Plant Physiol. 164, 499–512. doi: 10.1104/pp.113.229948

 Yamori, W., Shikanai, T., and Makino, A. (2015). Photosystem I cyclic electron flow via chloroplast NADH dehydrogenase-like complex performs a physiological role for photosynthesis at low light. Sci. Rep. 5, 13908. doi: 10.1038/srep13908

 Zhao, Y., Tian, X., Li, Y., Zhang, L., Guan, P., Kou, X., et al. (2017). Molecular and functional characterization of wheat ARGOS genes influencing plant growth and stress tolerance. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00170




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Shukla, Nivetha, Nori, Bose, Kumar, Khandelwal, Critchley and Suryanarayan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-14-1136563-g009.jpg
o

o+

0 4

41
o
@

=3
I=3

T
=3
S wn
1A

o
S
A -

25

(o) eare adepms 300y

0 4

5

\

o

T
o
S

T
[=3
I=3
@A 3]

400 4

(o) 3ua) joar [erof,

o —

T
o
S
—

o

T T
o =3

S w
a

(;ud) eary yeay [ejor,

T T
=3
S w

o

\

LBS6

Control

LBS6

Control

1.BS6

Control

LBS6

Control





OEBPS/Images/M2.jpg
Chly, = 34.09A45: 4 ~ 15.28Ages -






OEBPS/Images/fpls-14-1136563-g004.jpg
>

Relative gene expression

2:5

15

0.5

Expression of genes involved In cell division, cell number, and expansion rate

B C
APC6 APC10 CDC123
= Control ™ LBSGb 10 7 %
a 2 g =
abe 2 8 2 6
2 2 b
bed & g2
apc
. H 6 4 be
cd © . cd d En 4 ?p 3 cd de ©d
z cde 22 def
4
0 0
0Oh 8h 24h 48h 72h Oh 72h Oh 8h 24h 48h 72h
D E
Ga200X1 DELLA
. 6 a . 1.2
2 s 21
4 £
% 4 %—08
g 3 5 06
&% &
g2 b 204 , c
= C bC -
Ea be & 302 4
i'm ST
0 = - 0

Oh S8h 24h 48h 72 h 7 h





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Understanding the mode of action of AgroGain®, a biostimulant derived from the red seaweed Kappaphycus alvarezii in the stimulation of cotyledon expansion and growth of Cucumis sativa (cucumber)

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Seaweed extract

          



          		

            2.2 Chemical characterisation of AgroGain®

          



          		

            2.3 Cotyledon expansion assay

          

            		

              2.3.1 Plant material and treatments

            



            		

              2.3.2 Determination of chlorophyll content

            



            		

              2.3.3 Determination of amylase activity

            



            		

              2.3.4 Gene expression analysis

            



            		

              2.3.5 Determination of fructose, and sucrose content from cucumber cotyledons

            



          



          



          		

            2.4 Plant growth assay

          

            		

              2.4.1 Measuring chlorophyll fluorescence

            



            		

              2.4.2 Determination of electron and proton transport-related processes in light

            



          



          



          		

            2.5 Statistical analyses

          



        



        



        		

          3 Results

        

          		

            3.1 Cotyledon expansion assay

          

            		

              3.1.1 LBS6 treated cotyledons induced higher expansion of excised cotyledons

            



            		

              3.1.2 Effect of LBS6 treatment on the pigment content of excised cucumber cotyledons

            



            		

              3.1.3 Effect of LBS6-treatment on amylase activity, sucrose and fructose content of cucumber cotyledon

            



            		

              3.1.4 LBS6 regulated the expression of genes involved in cell division, expansion, total number, and size

            



            		

              3.1.5 LBS6 application modulated the expression of genes involved in auxin metabolism

            



            		

              3.1.6 LBS6 modulated expression of genes involved in cytokinin metabolism

            



          



          



          		

            3.2 Plant growth assay

          

            		

              3.2.1 LBS6 improved plant growth by increasing leaf area and root volume

            



            		

              3.2.2 Photosynthetic responses to LBS6 treatments

            



            		

              3.2.3 Effect of LBS6 application on electron and proton transport-related processes in light-adapted state in leaves of cucumber plants

            



          



          



        



        



        		

          4 Discussion

        

          		

            4.1 Cotyledon expansion assay

          



          		

            4.2 Plant growth assay

          



        



        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1136563-g012.jpg
= Expansins 151 —

Non enzymatic
LBS6 o ‘.)\? _ N relaxatio}r;
v
2 o

Glycolysis
TOR1 /‘

Gibberellic
jfld SnR|_K1

TEHP
N
APC6/10 T GRF51
e &2ny) (ot
iR /
o
tZ

iPRMP
CYP735A2 0/' 7

iPRTP
i) a0

DMAPP
+ATP






OEBPS/Images/fpls-14-1136563-g005.jpg
>
5
[ SN

n

gene expression

=

Relative
s

<o

Expression of genes involved In cell number and cell size

o

)

Relative gene expression
Relative gene expression

cde £

O

N W A
S o o & ©

o o

Relative gene expression

a a
a
2 b
T
Oh 8h 24h 48h

m
-

[N

Relative gene expression
Relative gene expression

TOR
a
b
C def
8h 24h
GRF5 2
ab
be

72h

be

ARF3
= Control ™ LBS6
a
b
be be
de cd
de
L i L
Oh 8h 24h 48h 72h
Expansin 1 a
b
b
be L
o g d cd
4 @e il
Oh 8h 24h 48h 72 h

a
aa
b
b
| H
Oh 8h 24h

8fh 24h

72 h





OEBPS/Images/fpls-14-1136563-g008.jpg
C
Cytokinin dehydrogenase 3 Cytokinin dehydrogenase 5

100 u Control ®LBS6 20
= a = a
2 £
: 80 g 15
£ 60 g
2 210 .
& 40 b & b
2 od 2 5
& ¢ Z
£ 20 4o I cde 2 .
] e 2
ii & cc
&z 0 ce - T S S .
Oh 8h 24h 48h 72h Oh 8h 24h 48h 72h
B D
Cytokinin dehydrogenase 9 ARR5
120 a _12
= S
£ 100 b £ 1{ a8
2 g
2 =
& 80 gos
°
60 £ 0. b
§a . §os -
c @
: 40 cd £ 0.4 ¢
S 20 ¢ 302 de ds
g dd  dede a c 2
Bacpis 0 o B
0h Qh 24h 48N 9 h oh {h 24h A8h 79h





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/M1.jpg
16.72Ag52 — 9.16Ags24





OEBPS/Images/M4.jpg
84+0.5+Phi2«PAR






OEBPS/Images/fpls-14-1136563-g002.jpg
P~ q

LBS6

0

S
- -
k=3
o
! T T T T T r T T T T T
=3 =3 =3 =3 =3 = =3 =3 =3 =3 < (=3 =1
= L < o (3 — = el < o N —
a (AAA 8/81) yuajuod proudjore)
o
=
]
: -
=]
o
r T — T ! T T T T
ggssgses8° § g 3 85 % °
(A §/81) e AydotopyD (Avd 3/37)
O Judju0d [[Aydoofyd 10

1.BS6

Control

1. BS6

Control





OEBPS/Images/fpls-14-1136563-g001.jpg
Total Leaf Area (cm?)

Fresh Weight (mg)

1.8 q
1.6 q
1.4 1
1.2 q

0.8 1
0.6 1
0.4
0.2 A

200 -
180 -
160 A
140 -
120
100 1
80 -
60
40 1
20 1

= Control ~ WLBS6
a
c
c
4 d
1 “
0 DAT 2 DAT 4 DAT 7 DAT
D
a 80 -
b 70 4
~ 60 1
=
E 50
_‘Eo b
g 40
s 30 4
2 20 -
10 A
0

Control

1. BS6

Control

LBS6





OEBPS/Images/fpls-14-1136563-g006.jpg
<«

TAAS

TAA4

N o w v T A o

uoissaxdxa duds aApePy

J

u Control = LBS6

P
5
-
24

w o N o W o n o
BB B S R S B ]

uorssardxa duas aanepPy

8h 24h 48h 72h

0h

24h 48h 72h

8h

Oh

O

Aux22B-like-1

Aux22A

©

=

.u
Q

]

©
[5)

T N O 0o T O

uo1ssaxdxd auds dAneY

=
S
bL
-
o
8

oo © < N S

uo1ssaxdxa auad aAnePy

8h 24h 48h 72h

0h

{h 24h 48h 72 h

Oh





OEBPS/Images/fpls-14-1136563-g010.jpg
<

LBS6

2
2
g
o
————— : . - T T
] o = S =
(=3 =3 =3
(3) 1001 Jo JySOM Yysaig [a] (8) 1001 30 JySom A1q
=3
-
°
&
o
o]
Lo N T S T S R ® ™~ O\ + A —~ O
=3 =3 =] =3 =] (=] =3 =]

(8) 100ys Jo JySom ysaIq

1.BS6

Control

1.BS6

Control





OEBPS/Images/M3.jpg
1,000A 5 ~ 1.63Chl, ~ 104.96Chl, )/221





OEBPS/Images/fpls-14-1136563-g003.jpg
A Cc

Control LBS6 045 - u Control WLBS6
0.40 a ¢ 2
2035 2
030 4
g
£0.25 4
8
2 4
$020 . b
£0.15 4
F0.10 4
o
005 4
- ! 0.00
2DAT 3DAT SDAT
B D
81 = Control WLBS6 03 - uControl =LBS6
74 H 7 a
g~ ~025 4
23 6 H be S
g cd =
gz d g 02
2 il g b b
E ) 8
23 44 0 0.15 4
v v 3
« g 3 3
-] 4 <
g £ £ 014 c
E' = 2 4 :'; c
Cl
= 4 [
1 0.05
0 0
24k 48h “7%h 2 DAT 3DAT SDAT





OEBPS/Images/fpls-14-1136563-g007.jpg
o

<

LOG1

CYP735A2

a a
b
be
cd
cd

Oh

IPT3

j

24h

il

48h

H

b
cc cI
1
24h

Oh

l

=] [ls) =) w“
a

0

uo1ssa1dxa duas aanePy

72 h

d
=8

l

— (=] =1
AnePY

0

%
=3 =]
uoissaadxa duas

i

77 h

= Control = LBS6

a
Ii

48h

bb

{h

b b

o N N -

0

worssaadxa auas aanePYy

T2k

8h

24h 48h

{h

Oh





OEBPS/Images/fpls.2023.1136563_cover.jpg
& frontiers | Frontiers in Plant Science

Understanding the mode of action of
AgroGain®, a biostimulant derived from the
red seaweed Kappaphycus alvarezii in the

stimulation of cotyledon expansion and
growth of Cucumis sativa (cucumber)
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