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ABSTRACT 

Microgreens are increasingly acknowledged as nutrient-dense functional foods that are abundant in antioxidants and health- 

promoting metabolites. This study investigated the impact of seaweed-derived biostimulants sourced from Acanthophora 

spicifera and Gracilaria edulis on the biochemical characteristics and metabolomic profiles of broccoli, beetroot, and red 

amaranth microgreens. The application of seaweed treatments significantly improved the levels of photosynthetic 

pigments, phenolic compounds, flavonoids, antioxidant activity, and metabolite accumulation compared to the untreated 

control group. Notably, Acanthophora spicifera demonstrated a more pronounced enhancement in several biochemical 

parameters, particularly in chlorophyll content and FRAP activity. Gas chromatography -mass spectrometry (GC–MS) 

metabolomic profiling identified a wide array of bioactive metabolites, including fatty acids, fatty acid esters, lipid 

derivatives, phytosterols, carotenoids, and antioxidant-associated compounds. Key metabolites found in the treated 

microgreens encompassed 9,12-octadecadienoic acid, tetradecanoic acid, oleic acid derivatives, ethanol-based lipid 

derivatives, stigmasterol, campesterol, rhodopin, and phytol derivatives. Comparative abundance analysis revealed 

significant treatment-induced metabolic modulation, with 9,12-octadecadienoic acid exhibiting a higher relative peak area 

in the treated samples, reaching 34.86% in broccoli microgreens and 27.90% in red amaranth treated with Acanthophora 

spicifera. Additionally, phytosterols such as stigmasterol and campesterol were notably enhanced in the seaweed-treated 

samples, indicating an improved biosynthesis of nutritionally significant secondary metabolites. These findings suggest 

that seaweed-derived biostimulants can effectively enhance the biochemical quality and metabolomic compo sition of 

microgreens, positioning them as sustainable bio-inputs for the production of antioxidant-rich functional foods. 
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INTRODUCTION 

Microgreens are increasingly acknowledged as 

functional foods due to their high nutritional content, 

rapid growth cycles, and rich array of bioactive 

compounds, including vitamins, pigments, antioxidants, 

and secondary metabolites (Xiao et al., 2012; Kyriacou 

et al., 2016). Their significant phytochemical profile and 

nutraceutical potential have spurred growing research 

interest in sustainable methods aimed at enhancing 

microgreen quality and metabolite concentration 

(Rouphael et al., 2020). Among various natural bio- 

stimulants, extracts derived from seaweed have garnered 

considerable scientific interest for their capacity to affect 

plant metabolic and physiological processes (du Jardin, 

2015; Khan et al., 2009). Marine macroalgae are 

abundant in biologically active compounds such as 

polysaccharides, amino acids, organic acids, betaines, 

minerals, vitamins, and hormone-like substances, all of 

which play a vital role in regulating plant growth and 

facilitating stress adaptation (Shukla et al., 2021). 

Numerous studies have shown that seaweed extracts can 

enhance antioxidant systems, stimulate the production of 

photosynthetic pigments, improve nutrient utilization, 

and promote the synthesis of secondary metabolites in 

horticultural crops (Calvo et al., 2014; Bulgari et al., 

2021). Given that microgreens are harvested during an 

early developmental stage marked by heightened 

metabolic activity, they serve as an optimal biological 

model for investigating the modulation of metabolites 

induced by bio-stimulant treatments. 
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Red marine algae, such as Acanthophora spicifera and 

Gracilaria edulis, are known to contain a variety of 

bioactive compounds that can stimulate plant metabolic 

and antioxidant pathways via elicitor-mediated 

signalling mechanisms (Rouphael et al., 2018). This 

stimulation has the potential to increase the 

accumulation of nutritionally significant metabolites in 

crops, including broccoli, beetroot, and red amaranth 

microgreens. Consequently, the present study explored 

the effects of extracts from Acanthophora spicifera and 

Gracilaria edulis on broccoli, beetroot, and red amaranth 

microgreens. This was accomplished through GC–MS- 

based metabolomic profiling and biochemical 

evaluations, which included analyses of carotenoids, 

chlorophyll, and FRAP. The primary objective of the 

study was to assess the metabolomic modulation induced 

by seaweed extracts and to evaluate the enhancement of 

nutraceutical quality in microgreens. 

 

MATERIALS AND METHODS 

Experimental Site and Crop Establishment 

The experiment was carried out in a controlled indoor 

environment at SRM College of Agricultural Sciences, 

SRMIST, Tamil Nadu, India. Microgreens of broccoli 

(Brassica oleracea var. italica), beetroot (Beta vulgaris), 

and red amaranth (Amaranthus spp.) were grown in trays 

filled with a mixture of cocopeat and vermicompost. The 

study employed a Completely Randomized Design 

(CRD) featuring three treatments and five replications. 

The microgreens were cultivated under optimal indoor 

growing conditions and were harvested prior to the 

emergence of true leaves. 

Preparation of Seaweed Extracts 

Dried samples of Acanthophora spicifera and Gracilaria 

edulis collected from the coastal region of Tamil Nadu 

were powdered and extracted using 25% hydroethanolic 

solvent following standard extraction procedures. The 

filtered extract was diluted to 0.5% concentration for 

foliar application. 

Treatment Application 

The experiment consisted of three treatments: 

T₁ – Acanthophora spicifera extract (0.5%) 

T₂ – Gracilaria edulis extract (0.5%) 

T₃ – Control (distilled water spray) 

Foliar application was performed on the 5th day after 

sowing using a hand sprayer until foliar runoff. Control 

trays received an equal quantity of distilled water under 

identical conditions. Only a single foliar spray was 

applied during the experimental period. 

Preparation of Samples for Biochemical and 

Metabolomic Analysis 

Freshly harvested microgreens underwent processing for 

biochemical and GC–MS metabolomic analysis, 

following established extraction protocols. In total, 

eleven samples were analyzed, comprising two seaweed 

extracts and nine microgreen samples, utilizing GC–MS 

techniques. 

Estimation of Chlorophyll and Carotenoid Content 

Chlorophyll a, chlorophyll b, total chlorophyll, and 

carotenoid contents were estimated 

spectrophotometrically following the standard method of 

Arnon (1949). 

Ferric Reducing Antioxidant Power (FRAP) Assay 

Ferric reducing antioxidant power (FRAP) was 

determined according to the method described by Benzie 

and Strain (1996). 

GC–MS Analysis 

Metabolomic profiling via gas chromatography-mass 

spectrometry (GC–MS) was conducted using an Agilent 

7890A GC–MS system at an external analytical 

laboratory. The identification of metabolites was 

achieved through analysis of retention time and spectral 

comparison with the NIST library database. 

Statistical Analysis 

All experimental observations were subjected to 

statistical analysis using a Completely Randomized 

Design (CRD). The data collected from biochemical 

parameters were analysed through analysis of variance 

(ANOVA) to assess the significance of treatments at a 

threshold of P ≤ 0.05. Additionally, correlation analysis 

and Principal Component Analysis (PCA) were 

conducted to explore the relationships among 

metabolomic and biochemical variables, utilizing 

standard statistical software. 

 

RESULTS AND DISCUSSION 

Effect of Seaweed Extracts on Carotenoid Content of 

Microgreens 

Table 1. Effect of seaweed extracts on carotenoid content 

of microgreens. Values are expressed as mean ± standard 

deviation (n = 5). 

Crop Treatment Mean ± SD 

Broccoli Acanthophora 

spicifera 

4.560 ± 0.222 

Broccoli Gracilaria edulis 5.114 ± 0.228 

Broccoli Control 5.300 ± 0.155 

Beetroot Acanthophora 
spicifera 

4.182 ± 0.089 

Beetroot Gracilaria edulis 4.330 ± 0.080 

Beetroot Control 4.654 ± 0.227 
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Red 

amaranth 

Acanthophora 

spicifera 

5.382 ± 0.255 

Red 

amaranth 

Gracilaria edulis 5.694 ± 0.279 

Red 

amaranth 

Control 6.144 ± 0.212 

 

Red amaranth recorded the highest carotenoid content 

(5.740 ± 0.398), followed by broccoli (4.991 ± 0.376), 

whereas beetroot exhibited the lowest carotenoid 

concentration (4.389 ± 0.246). Statistical analysis 

indicated significant variation among the crops (P ≤ 

0.05). 

The observed increase in carotenoid accumulation in red 

amaranth may be linked to enhanced pigment 

biosynthesis, which is stimulated by bioactive 

compounds derived from seaweed. Seaweed extracts are 

recognized for containing hormone-like substances, 

micronutrients, and elicitor molecules that can activate 

carotenoid biosynthetic pathways and antioxidant 

metabolism (Khan et al., 2009; Bulgari et al., 2021). This 

enhanced carotenoid accumulation contributes to 

improved protection against oxidative stress and elevates 

the nutraceutical quality of microgreens (Kyriacou et al., 

2019). Furthermore, GC–MS analysis corroborated these 

findings by identifying carotenoid-associated 

metabolites, such as rhodopin and astaxanthin, in red 

amaranth samples treated with seaweed extracts. These 

metabolites are renowned for their antioxidant properties 

and significance in functional foods. 

Effect of seaweed extracts on chlorophyll a content of 

microgreens 

Table 2. Effect of seaweed extracts on chlorophyll a 

content of microgreens 

Values are expressed as mean ± standard deviation (n = 

5). Means were calculated from five biological 

replications for each treatment. Statistical analysis was 

performed using a Completely Randomized Design 

(CRD), and treatment means were compared using LSD 

at P ≤ 0.05. 

Red amaranth exhibited the highest concentration of 

chlorophyll a, particularly under control conditions, with 

a measurement of 13.156 ± 0.225. This was followed by 

the Gracilaria edulis treatment, which recorded 12.486 

± 0.448. In contrast, beetroot treated with Acanthophora 

spicifera showed the lowest chlorophyll a concentration 

at 7.948 ± 0.161. Notable variations among treatments 

and crops were observed, highlighting differential 

physiological responses to the metabolic stimulation 

provided by seaweed. The increased accumulation of 

chlorophyll a may be linked to enhanced chloroplast 

development and photosynthetic activity, which are 

induced by bioactive compounds derived from seaweed, 

including micronutrients, amino acids, and hormone-like 

substances (Calvo et al., 2014; du Jardin, 2015). 

Furthermore, gas chromatography-mass spectrometry 

(GC–MS) profiling corroborated these findings by 

identifying phytol and phytol-associated metabolites that 

are associated with chlorophyll metabolism and 

antioxidant protection. Similar increases in chlorophyll 

content following the application of seaweed 

biostimulants have been documented in leafy vegetables 

and horticultural crops (Rouphael et al., 2018; Bulgari et 

al., 2021). 

Effect of Seaweed Extracts on Chlorophyll b Content of 

Microgreens 

Table 3. Effect of seaweed extracts on chlorophyll b 

content of microgreens 

Crop Treatment Mean 

SD 

± 

Broccoli Acanthophora spicifera 4.574 ± 

0.149 

Broccoli Gracilaria edulis 4.958 

0.188 

± 

Broccoli Control 5.326 ± 

0.126 

Beetroot Acanthophora spicifera 3.514 ± 

0.095 

Beetroot Gracilaria edulis 3.730 

0.125 

± 

Beetroot Control 4.064 ± 

0.119 

Red amaranth Acanthophora spicifera 5.278 ± 

0.174 

Red amaranth Gracilaria edulis 5.582 ± 

0.203 

Red amaranth Control 5.852 

0.167 

± 

Crop Treatment Mean ± SD 

Broccoli Acanthophora 

spicifera 

10.466 

0.253 

± 

Broccoli Gracilaria edulis 11.072 
0.392 

± 

Broccoli Control 11.674 

0.283 

± 

Beetroot Acanthophora 

spicifera 

7.948 ± 0.161 

Beetroot Gracilaria edulis 8.354 ± 0.263 

Beetroot Control 9.048 ± 0.237 

Red 
amaranth 

Acanthophora 
spicifera 

11.846 
0.363 

± 

Red 

amaranth 

Gracilaria edulis 12.486 

0.448 

± 

Red 

amaranth 

Control 13.156 

0.225 

± 
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Values are expressed as mean ± standard deviation (n = 

5). Means were calculated from five biological 

replications for each treatment. Statistical analysis was 

performed using a Completely Randomized Design 

(CRD), and treatment means were compared using LSD 

at P ≤ 0.05. 

Among the microgreens evaluated, red amaranth 

exhibited the highest concentration of chlorophyll b, 

particularly under the control treatment (5.852 ± 0.167), 

followed closely by the Gracilaria edulis treatment 

(5.582 ± 0.203). In contrast, beetroot treated with 

Acanthophora spicifera displayed the lowest chlorophyll b 

content (3.514 ± 0.095). Significant variations were 

noted among the different treatments and crops, 

suggesting that seaweed-derived biostimulants have a 

noteworthy impact on the accumulation of 

photosynthetic pigments. Chlorophyll b serves as an 

accessory photosynthetic pigment, playing a crucial role 

in light harvesting and the transfer of photosynthetic 

energy. The increased accumulation of chlorophyll b 

observed under seaweed treatment may reflect enhanced 

photosynthetic adaptability and metabolic activity, 

driven by marine-derived bioactive compounds such as 

amino acids, micronutrients, and phytohormones (Khan 

et al., 2009; Calvo et al., 2014). Further support for these 

pigment-related findings was provided by GC-MS 

profiling, which identified phytol, phytol acetate, and 

carotenoid-associated metabolites associated with 

chlorophyll metabolism and antioxidant protection 

(Rouphael et al., 2018; Bulgari et al., 2021). 

Effect of Seaweed Extracts on Total Chlorophyll (a+b) 

Content of Microgreens 

Table 4. Effect of seaweed extracts on total chlorophyll 

(a+b) content of microgreens 

Values are expressed as mean ± standard deviation (n = 

5). Means were calculated from five biological 

replications for each treatment. Statistical analysis was 

performed using a Completely Randomized Design 

(CRD), and treatment means were compared using LSD 

at P ≤ 0.05. 

The total chlorophyll content exhibited significant 

variation among the microgreens and treatments 

assessed. Red amaranth demonstrated the highest total 

chlorophyll content under the control treatment, 

measuring 19.010 ± 0.391, followed by Gracilaria edulis 

with a value of 18.068 ± 0.637. In contrast, beetroot 

treated with Acanthophora spicifera displayed the lowest 

total chlorophyll content at 11.462 ± 0.249. The notable 

differences observed among the crops and treatments 

suggest that seaweed-derived biostimulants play a 

crucial role in enhancing pigment accumulation and 

photosynthetic metabolism. The increase in total 

chlorophyll content may be attributed to improved 

nutrient assimilation, chloroplast development, and 

heightened photosynthetic activity, all of which are 

stimulated by bioactive compounds derived from 

seaweed, including micronutrients, amino acids, and 

cytokinin-like substances (Khan et al., 2009; du Jardin, 

2015). Additionally, gas  chromatography-mass 

spectrometry (GC-MS)  metabolomic profiling 

corroborated these findings by identifying compounds 

associated with phytol, fatty acid derivatives, sterols, and 

carotenoid-related metabolites, all of which are linked to 

chlorophyll metabolism and oxidative protection. 

Similar enhancements in chlorophyll accumulation 

following the application of seaweed biostimulants have 

been documented in various horticultural crops and leafy 

vegetables (Rouphael et al., 2018; Bulgari et al., 2021). 

Effect of Seaweed Extracts on Ferric Reducing 

Antioxidant Power (FRAP) of Microgreens 

Table 5. Effect of seaweed extracts on FRAP activity of 

microgreens 
 

Crop Treatment Mean ± SD 

Broccoli Acanthophora 

spicifera 

6.562 ± 

0.214 

Broccoli Gracilaria edulis 6.944 ± 

0.283 

Broccoli Control 7.336 ± 

0.128 

Beetroot Acanthophora 

spicifera 

5.762 ± 

0.164 

Beetroot Gracilaria edulis 6.098 ± 

0.219 

Beetroot Control 6.622 ± 

0.183 

Red amaranth Acanthophora 

spicifera 

5.336 ± 

0.159 

Crop Treatment Mean ± SD 

Broccoli Acanthophora 15.040 ± 
 spicifera 0.381  

Broccoli Gracilaria edulis 16.030 
0.536 

± 

Broccoli Control 17.000 

0.349 

± 

Beetroot Acanthophora 11.462 ± 
 spicifera 0.249  

Beetroot Gracilaria edulis 12.084 

0.381 

± 

Beetroot Control 13.112 

0.346 

± 

Red Acanthophora 17.124 ± 

amaranth spicifera 0.509  

Red Gracilaria edulis 18.068 ± 

amaranth  0.637  

Red Control 19.010 ± 

amaranth  0.391  
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Red amaranth Gracilaria edulis 5.646 ± 

0.187 

Red amaranth Control 6.050 ± 

0.131 

 

Values are expressed as mean ± standard deviation (n = 

5). Means were calculated from five biological 

replications for each treatment. Statistical analysis was 

performed using a Completely Randomized Design 

(CRD), and treatment means were compared using LSD 

at P ≤ 0.05. 

Among the microgreens assessed, broccoli demonstrated 

the highest ferric reducing antioxidant power (FRAP) 

under control conditions, measuring 7.336 ± 0.128. This 

was followed by Gracilaria edulis treatment, which 

recorded a FRAP value of 6.944 ± 0.283. In contrast, red 

amaranth treated with Acanthophora spicifera exhibited 

the lowest FRAP activity at 5.336 ± 0.159. The 

significant variations observed among the different crops 

and treatments suggest   that seaweed-derived 

biostimulants have a notable impact on antioxidant 

metabolism and the reducing potential of microgreens. 

Ferric reducing antioxidant power serves as an indicator 

of the reducing capacity and antioxidant potential of the 

bioactive compounds found in plant tissues. The 

enhanced FRAP activity noted in seaweed-treated 

microgreens may be linked to the activation of oxidative 

defence pathways and an increased accumulation of 

antioxidant metabolites, which are induced by marine- 

derived elicitors (Rouphael et al., 2018; Bulgari et al., 

2021).    Furthermore,  gas   chromatography-mass 

spectrometry (GC–MS) profiling corroborated these 

findings by identifying compounds such as linoleic acid, 

oleic  acid,   tocopherol  derivatives,  squalene, 

stigmasterol,  rhodopin,   and   astaxanthin.   These 

compounds are known to play crucial roles in antioxidant 

defence, membrane stabilization, and protection against 

oxidative stress (Khan et al., 2009; Calvo et al., 2014). 

GC–MS Metabolomic Profiling of Beetroot Microgreens 

Figure   1. GC–MS chromatogram of  beetroot 

microgreens treated with Acanthophora spicifera 

extract. 

 

The chromatogram displayed several significant peaks 

primarily associated with fatty acids, fatty acid esters, 

and  metabolites  linked  to  sterols.  The  observed 

metabolite profile indicates an increased lipid 

metabolism and biochemical activity related to 

antioxidants in beetroot microgreens treated with 

seaweed. 

Figure 2. GC–MS chromatogram of beetroot 

microgreens treated with Gracilaria edulis extract. 

 

The chromatogram displayed numerous prominent 

peaks, primarily linked to fatty acids, esterified lipid 

compounds, and metabolites associated with 

antioxidants. The metabolomic analysis demonstrated a 

significant increase in the accumulation of lipid-derived 

bioactive compounds in beetroot microgreens after 

treatment with Gracilaria edulis. 

Figure 3. GC–MS chromatogram of untreated beetroot 

microgreens (control). 
 

 
The chromatogram revealed the presence of several 

naturally occurring metabolites, primarily fatty acids, 

hydrocarbons, and lipid-associated compounds. A 

comparative analysis of peak intensity and metabolite 

distribution demonstrated biochemical differences 

between untreated beetroot microgreens and those 

treated with seaweed. 

Table 6. Comparative abundance of major metabolites 

identified in beetroot microgreens under different 

seaweed treatments by GC–MS analysis 

Major RT BR BR-1 BR-2 Metabol 

metabolite (mi -3 Acanth Grac ite class 

s n) Co ophora ilari  

identified  ntr spicife a  

  ol ra eduli  

  (Ar (Area s  

  ea %) (Are  

  %)  a %)  
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RT – retention time; BR-1 – beetroot treated with 

Acanthophora spicifera extract; BR-2 – beetroot treated 

with Gracilaria edulis extract; BR-3 – untreated control 

beetroot microgreens. Values represent relative peak 

area (%) obtained through GC–MS metabolomic 

profiling. 

Comparative GC–MS Metabolomic Profiling of 

Beetroot Microgreens 

A comparative analysis using gas chromatography-mass 

spectrometry (GC-MS) on beetroot microgreens treated 

with Acanthophora spicifera (BR-1), Gracilaria edulis 

(BR-2), and an untreated control (BR-3) demonstrated 

significant qualitative and quantitative differences in 

metabolite composition. Notable variations in 

chromatographic peak distribution and patterns of 

metabolite abundance were identified among the 

treatments, suggesting that biostimulants derived from 

seaweed had a considerable impact on the secondary 

metabolism and biochemical profile of beetroot 

microgreens. 

Metabolite Grouping and Distribution Pattern 

The metabolites identified in this study were categorized 

into several groups: fatty acids, fatty acid esters, 

sterols/phytosterols, antioxidant-associated metabolites, 

hydrocarbons, phenolic compounds, and bioactive lipid 

derivatives. Notably, fatty acids and lipid-associated 

metabolites emerged as the predominant classes across 

all beetroot samples. The major fatty acids identified 

included 9,12-octadecadienoic acid (commonly known 

as linoleic acid), cis-vaccenic acid, oleic acid, 

tetradecanoic acid, and n-hexadecanoic acid. Prominent 

fatty acid ester derivatives such as ethyl oleate, 

hexadecanoic acid ethyl ester, and ethanol, 2-(9,12- 

octadecadienyloxy)- were also detected. Furthermore, 

sterol metabolites, including stigmasterol, campesterol, 

γ-sitosterol, and ethyl iso-allocholate, represented a 

significant category, particularly in the treated samples. 

Additionally, antioxidant-associated metabolites such as 

squalene and tocopherol-related compounds were 

observed in beetroot microgreens subjected to seaweed 

treatment. Hydrocarbon compounds, specifically 

tetradecane and hexadecane, were also identified within 

the chromatographic profiles. 

Treatment-wise Comparative Metabolomic Variation 

Distinct variations in metabolomic profiles were 

observed among the beetroot microgreen samples treated 

with different seaweeds: Acanthophora spicifera (BR-1), 

Gracilaria edulis (BR-2), and an untreated control (BR- 

3). The beetroot microgreens treated with Acanthophora 

spicifera (BR-1) exhibited a significant accumulation of 

fatty acids, phytosterols, and lipid-associated 

metabolites. In contrast, the samples treated with 

Gracilaria edulis (BR-2) displayed a greater abundance 

of esterified fatty acids and metabolites associated with 

antioxidant activity. The untreated control sample (BR- 

3) contained various naturally occurring metabolites; 

however, it exhibited lower metabolite diversity and 

altered peak intensity patterns when compared to the 

seaweed-treated samples. These findings suggest that the 

application of seaweeds has stimulated metabolic 

reprogramming and enhanced the biosynthesis of 

secondary metabolites in beetroot microgreens. Among 

the treatments, BR-2 demonstrated a notably stronger 

accumulation of esterified lipid metabolites and 

antioxidant-related compounds, while BR-1 showed an 

increased diversity of sterols and a higher abundance of 

lipid metabolites. Such treatment-specific metabolic 

responses indicate the differential biochemical 

influences exerted by the two seaweed extracts. 

Overall Metabolomic Interpretation 

Comparative gas chromatography-mass spectrometry 

(GC–MS) profiling revealed that seaweed-based 

biostimulants significantly modified the metabolomic 

composition of beetroot microgreens, leading to an 
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increased accumulation of key bioactive metabolites. 

The treated samples showed a marked rise in the levels 

of fatty acids, lipid esters, phytosterols, and compounds 

associated with antioxidant activity when compared to 

the untreated control microgreens. The combined 

biochemical and metabolomic data suggest that seaweed 

extracts have a beneficial effect on secondary 

metabolism, antioxidant defence mechanisms, and lipid- 

related metabolic pathways in beetroot microgreens. 

These results underscore the potential of marine-derived 

biostimulants to enhance the nutraceutical quality and 

functional value of microgreens within sustainable 

production frameworks. 

GC–MS Metabolomic Profiling of Broccoli Microgreens 

Figure 4. GC–MS chromatogram of broccoli 

microgreens treated with Acanthophora spicifera 

extract. 
 

 
The chromatogram displayed multiple significant peaks, 

primarily associated with fatty acids, esterified lipid 

compounds, and phytosterol-related metabolites. The 

observed distribution pattern of metabolites suggests an 

increased lipid metabolism and accumulation of 

bioactive compounds in broccoli microgreens treated 

with seaweed. 

 
Figure 5. GC–MS chromatogram of broccoli 

microgreens treated with Gracilaria edulis extract. 
 

 

The chromatogram revealed dominant peaks primarily 

associated with fatty acids, lipid esters, and sterol-related 

metabolites. Enhanced peak intensity and metabolite 

abundance suggested active accumulation of bioactive 

compounds in Gracilaria edulis-treated broccoli 

microgreens. 

Figure 6. GC–MS chromatogram of untreated broccoli 

microgreens (control). 
 

 

The chromatogram revealed the presence of naturally 

occurring metabolites, primarily consisting of fatty 

acids, hydrocarbons, and lipid-associated compounds. 

Notable differences in peak intensity and metabolite 

distribution were identified between untreated and 

seaweed-treated broccoli microgreens, suggesting that 

the treatment induced metabolic variations. 

Table 7. Comparative abundance of major metabolites 

identified in broccoli microgreens under different 

seaweed treatments by GC–MS analysis 
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octadecad –    ve 

ienyloxy)- 16.     

 24     

Tetradeca 11. 2.4 0.37 1.31 Fatty 

noic acid 76 4   acid 

Isopropyl 12. 1.3 0.99 1.14 Fatty 

myristate 24 8   acid 
     ester 

n- 13. 4.3 3.01 — Saturate 

Hexadeca 16 1   d  fatty 

noic acid     acid 

9- 14. 5.4 4.82 3.63 Fatty 

Octadecen 58 2   acid 

amide     amide 

(Oleamide      

)      
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Diphenyl 13. 2.8 2.79 3.02 Aromati 

sulfone 11 2   c 

     sulfone 

Campeste 21. 1.3 0.87 2.73 Phytost 

rol 82 8   erol 

γ- 22. 1.6 1.06 1.40 Phytost 

Sitosterol 91 6   erol 

Hexadeca 13. 0.4 0.37 0.53 Fatty 

noic acid, 39 1   acid 

ethyl ester     ester 

RT – retention time; BC-1 – broccoli microgreens treated 

with Acanthophora spicifera extract; BC-2 – broccoli 

microgreens treated with Gracilaria edulis extract; BC- 

3 – untreated control broccoli microgreens. Values 

represent relative peak area (%) obtained through GC– 

MS metabolomic profiling. “—” indicates metabolite not 

prominently detected in the respective treatment. 

Comparative GC–MS Metabolomic Profiling of 

Broccoli Microgreens 

A comparative gas chromatography-mass spectrometry 

(GC–MS) metabolomic profiling of broccoli 

microgreens treated with Acanthophora spicifera (BC- 

1), Gracilaria edulis (BC-2), and an untreated control 

(BC-3) revealed significant variations in metabolite 

composition, chromatographic peak intensity, and 

metabolite abundance. The chromatograms illustrated 

treatment-dependent alterations in lipid-associated 

metabolites, phytosterols, antioxidant compounds, and 

other secondary metabolites, highlighting the substantial 

biochemical impact of seaweed-derived biostimulants on 

broccoli microgreens. 

Metabolite Grouping and Distribution Pattern 

The metabolites detected in broccoli microgreens were 

broadly classified into several categories, including fatty 

acids, fatty acid esters, sterols and phytosterols, 

antioxidants, hydrocarbons, phenolic compounds, and 

bioactive lipid derivatives. Notably, fatty acids and lipid- 

associated metabolites constituted the predominant class 

of metabolites across all treatments. Key metabolites 

identified encompassed 9,12-octadecadienoic acid 

(linoleic acid), tetradecanoic acid, n-hexadecanoic acid 

derivatives, ethanol, 2-(9,12-octadecadienyloxy)-, 

isopropyl myristate, campesterol, γ-sitosterol, diphenyl 

sulfone, and 9-octadecenamide. A significant presence 

of antioxidant-associated metabolites and sterol 

compounds was particularly noted in samples treated 

with seaweed. 

Treatment-wise Comparative Metabolomic Variation 

Distinct variations in metabolomic profiles were 

observed among the broccoli microgreen samples treated 

with different seaweeds: BC-1 (Acanthophora spicifera), 

BC-2 (Gracilaria edulis), and BC-3 (untreated control). 

The Acanthophora spicifera-treated microgreens (BC-1) 

displayed a notably higher accumulation of fatty acid 

derivatives and metabolites linked to phytosterols. In 

contrast, the Gracilaria edulis-treated samples (BC-2) 

exhibited an increased abundance of esterified lipid 

compounds and metabolites associated with antioxidant 

properties. The untreated control sample (BC-3) 

contained several naturally occurring metabolites; 

however, it demonstrated a comparatively lower 

diversity of metabolites and altered chromatographic 

peak intensity when compared to the seaweed-treated 

samples. These results indicate that the application of 

seaweed significantly influenced metabolic pathways, 

enhancing the biosynthesis of secondary metabolites in 

broccoli microgreens. Among the various treatments, 

BC-2 showed a more pronounced accumulation of lipid- 

associated antioxidant metabolites, while BC-1 had a 

higher abundance of sterol-related compounds and fatty 

acid derivatives. Such treatment-specific differences 

imply distinct elicitor activities of the two seaweed 

extracts. 

Overall Metabolomic Interpretation 

In summary, comparative GC–MS profiling revealed 

that biostimulants derived from seaweed significantly 

modified the metabolomic composition of broccoli 

microgreens, leading to an increased accumulation of 

important bioactive metabolites. Samples treated with 

seaweed demonstrated a higher abundance of fatty acids, 

phytosterols, lipid esters, and metabolites associated 

with antioxidant activity when compared to untreated 

control microgreens. The combined biochemical and 

metabolomic findings suggest that seaweed extracts have a 

beneficial effect on antioxidant metabolism, lipid- 

related pathways, and the biosynthesis of secondary 

metabolites in broccoli microgreens. These results 

underscore the potential use of marine-derived 

biostimulants to enhance the nutraceutical quality, 

antioxidant capacity, and overall functional food value 

of broccoli microgreens within sustainable production 

systems. 

Comparative GC–MS Metabolomic Profiling of Red 

Amaranth Microgreens 

Figure 7. GC–MS chromatogram of red amaranth 

microgreens treated with Acanthophora spicifera 

extract. 
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The chromatogram displayed several prominent peaks, 

primarily associated with fatty acids, lipid esters, 

carotenoid-related metabolites, and phytosterol 

compounds. The distribution pattern of these metabolites 

suggested a significant increase in the accumulation of 

antioxidant and lipid-related bioactive metabolites in red 

amaranth microgreens treated with seaweed. 

Figure 8. GC–MS chromatogram of red amaranth 

microgreens treated with Gracilaria edulis extract. 

The chromatogram revealed several significant peaks, 

primarily linked to fatty acids, carotenoid-related 

metabolites, antioxidant compounds, and sterol- 

associated metabolites. The increased abundance of 

metabolites and peak intensity suggested a heightened 

accumulation of bioactive compounds in red amaranth 

microgreens treated with Gracilaria edulis. 

Figure 9. GC–MS chromatogram of untreated red 

amaranth microgreens (control). 
 

 
The chromatogram showed the presence of naturally 

occurring metabolites predominantly belonging to fatty 

acids, lipid-associated compounds, and antioxidant- 

related metabolites. Comparative variation in metabolite 

abundance and peak intensity was observed between 

untreated and seaweed-treated red amaranth 

microgreens, indicating treatment-mediated metabolic 

modulation. 

 

 

 

Table 8. Comparative abundance of major metabolites identified in red amaranth microgreens under different 

seaweed treatments by GC–MS analysis 

Major 

metabolites 

identified 

RT 

(min) 

R-1 

Acanthophora 

spicifera (Area 

%) 

R-2 

Gracilaria 

edulis 

(Area %) 

R-3 

Control 

(Area 

%) 

Metabolite class 

9,12-Octadecadienoic 

acid (Linoleic acid) 

14.28 27.90 21.89 22.59 Polyunsaturated 

fatty acid 

Oleic acid / lipid 

derivatives 

14.46– 

16.24 

5.98 3.13 4.67 Unsaturated 

lipid derivatives 

Tetradecanoic acid 11.76 3.29 4.27 2.87 Saturated fatty 
acid 

Isopropyl myristate 12.25 1.52 1.64 1.86 Fatty acid ester 

Diphenyl sulfone 13.11 2.63 2.66 1.78 Aromatic 
sulfone 

Hexadecanoic acid, ethyl 

ester 

13.39 0.76 1.32 — Fatty acid ester 

9-Octadecenamide 

(Oleamide) 

14.58 — 1.77 1.74 Fatty acid amide 

Benzyldiethyl-(2,6- 

xylylcarbamoylmethyl)- 

ammonium benzoate 

16.55 2.16 2.85 3.37 Aromatic amide 

derivative 

Rhodopin 17.29– 
18.55 

0.65 0.31 2.49 Carotenoid 

Stigmasterol 22.89 2.49 2.65 3.16 Phytosterol 
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RT – retention time; R-1 – red amaranth microgreens 

treated with Acanthophora spicifera extract; R-2 – red 

amaranth microgreens treated with Gracilaria edulis 

extract; R-3 – untreated control red amaranth 

microgreens. Values represent relative peak area (%) 

obtained through GC–MS metabolomic profiling. “—” 

indicates a metabolite not prominently detected in the 

respective treatment. 

 
Comparative GC–MS Metabolomic Profiling of Red 

Amaranth Microgreens 

A comparative analysis using gas chromatography-mass 

spectrometry (GC–MS) to profile the metabolites of red 

amaranth microgreens treated with Acanthophora 

spicifera (R-1), Gracilaria edulis (R-2), and an untreated 

control (R-3) demonstrated significant differences in 

chromatographic peak distribution, metabolite 

abundance, and biochemical composition. The 

metabolites identified primarily included fatty acids, 

fatty acid esters, carotenoid-related compounds, 

sterols/phytosterols, antioxidant substances, 

hydrocarbons, and bioactive lipid derivatives. The 

samples treated with seaweed exhibited enhanced 

metabolomic enrichment and a greater abundance of 

physiologically significant metabolites compared to the 

untreated control microgreens. 

Metabolite Grouping and Distribution Pattern 

The metabolites identified in red amaranth microgreens 

were classified into several broad categories: fatty acids, 

fatty acid esters, sterols/phytosterols, carotenoid- 

associated metabolites, antioxidant compounds, 

hydrocarbons, and phenolic derivatives. Notably, fatty 

acids and lipid-associated metabolites constituted the 

predominant class of metabolites across all treatments. 

Key metabolites identified included 9,12- 

octadecadienoic acid (linoleic acid), oleic acid, 

tetradecanoic acid, ethanol, 2-(9,12-octadecadienyloxy)- 

, dibutyl phthalate, phytol, 9-octadecenamide, rhodopin, 

astaxanthin, stigmasterol, and tocopherol-related 

compounds. Additionally, a significant presence of 

carotenoid-associated metabolites and antioxidant 

compounds was observed in red amaranth microgreens 

treated with seaweed, suggesting an increase in 

secondary metabolic activity. 

Treatment-wise Comparative Metabolomic Variation 

Distinct variations in metabolomic profiles were 

observed among the R-1, R-2, and R-3 samples, each 

dependent on treatment. The red amaranth microgreens 

treated with Acanthophora spicifera (R-1) displayed a 

relatively higher abundance of lipid-associated 

metabolites, phytol derivatives, and sterol compounds. 

In contrast, the samples treated with Gracilaria edulis 

(R-2) showed an increased accumulation of carotenoid- 

associated metabolites and antioxidant compounds, 

including rhodopin, astaxanthin, and tocopherol 

derivatives. 

 

The untreated control sample (R-3) contained a range of 

naturally occurring metabolites; however, it exhibited 

comparatively lower metabolite diversity and a reduced 

abundance of carotenoid-associated compounds relative 

to the seaweed-treated samples. These findings suggest 

that biostimulants derived from seaweeds significantly 

influence secondary metabolism and enhance the 

accumulation of bioactive metabolites in red amaranth 

microgreens. 

 

Among the treatments, the Gracilaria edulis treatment 

resulted in a more pronounced accumulation of 

antioxidant and carotenoid-associated metabolites, while 

the Acanthophora spicifera treatment facilitated 

enhanced lipid-associated metabolism and sterol 

accumulation. This treatment-specific metabolic 

variation indicates the differing elicitor activities of the 

two seaweed extracts. 

Overall Metabolomic Interpretation 

In summary, the comparative profiling using gas 

chromatography-mass spectrometry (GC–MS) revealed 

that biostimulants derived from seaweed significantly 

modified the metabolomic profile of red amaranth 

microgreens, leading to an increased accumulation of 

physiologically significant bioactive compounds. The 

samples treated with seaweed exhibited a greater 

presence of carotenoid-related compounds, lipid 

metabolites, phytosterols, and antioxidants compared to 

the untreated control microgreens. The combined 

biochemical and metabolomic analyses suggest that 

seaweed extracts have a beneficial effect on carotenoid 

biosynthesis, antioxidant metabolism, pathways 

associated with chlorophyll, and lipid metabolism in red 

amaranth microgreens. These results underscore the 

potential of marine-derived biostimulants to enhance the 

nutraceutical quality, antioxidant capacity, and 

functional food value of red amaranth microgreens 

within sustainable production systems. 

 

CONCLUSION 

The current study demonstrates that biostimulants 

derived from seaweed have a significant impact on the 

biochemical and metabolomic profiles of broccoli, 

beetroot, and red amaranth microgreens. The application 

of extracts from Acanthophora spicifera and Gracilaria 

edulis resulted in enhanced pigment accumulation, 

increased  antioxidant  activity,  and  improved 
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biosynthesis of secondary metabolites in the treated 

microgreens. Notable variations in carotenoid and 

chlorophyll levels, as well as in FRAP activity, suggest 

that bioactive compounds from seaweed positively 

influence the physiological and oxidative defence 

mechanisms in the crops under evaluation. Metabolomic 

profiling using gas chromatography-mass spectrometry 

(GC–MS) further identified a significant enrichment of 

biologically relevant metabolites, including fatty acids, 

fatty acid esters, phytosterols, carotenoid-related 

compounds, tocopherol derivatives, and metabolites 

associated with antioxidant activity in the seaweed- 

treated microgreens. The increased levels of linoleic 

acid, oleic acid, stigmasterol, campesterol, rhodopin, 

astaxanthin, and other lipid-associated metabolites 

indicate the activation of stress-responsive and 

secondary metabolic pathways following the application 

of seaweed extracts. Among the treatments assessed, 

Gracilaria edulis demonstrated a comparatively greater 

enhancement of antioxidant-related and carotenoid 

metabolites, while Acanthophora spicifera facilitated the 

accumulation of lipid-associated metabolites and 

phytosterol compounds. The combined biochemical and 

metabolomic findings suggest that elicitors derived from 

seaweed significantly enhance the nutraceutical quality, 

antioxidant potential, and functional food value of 

microgreens. In summary, this study underscores the 

potential for marine macroalgal extracts to serve as 

sustainable biostimulants, thereby improving metabolite 

enrichment and functional quality within microgreen 

production systems. The results also offer valuable 

insights into the metabolic modulation induced by 

seaweed and support the application of marine-derived 

bioactive compounds in sustainable horticultural and 

functional food research. 
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