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Seaweed is an increasingly recognized source of secondary metabolites with 
a significant role as a plant biostimulant. With the rising popularity of organic 
farming, there is a pressing need to investigate the utilization of organic solvents 
derived from natural sources for seaweed extraction. Understanding the 
composition of these extracts is crucial for elucidating their role as biostimulants 
in plant growth. Hence, the present study aimed to explore the phytochemical 
composition and untargeted metabolomics of four extracts of Caulerpa 
racemosa (SW), prepared organically using vinegar, fermented buttermilk, 
and cow urine, in comparison with the conventionally used solvent, water. 
Approximately 95 volatile metabolites that belong to 22 chemical classes were 
identified through GC–MS analysis. The major classes detected include benzene 
and its substituted derivatives (24%), fatty acyls (17%), phenols (12%), benzofurans 
(8%), organo-oxygen compounds (6%), steroids and steroid derivatives (5%), and 
indole and its derivatives (4%). A significant shift in the composition of volatile 
metabolites was observed among the organic extracts as determined through 
a combination of various statistical analyses. A principal component analysis 
(PCA) highlighted seven principal components (PCs), which accounted for 
99.9% of the total variance. Hierarchical cluster analysis delineated two distinct 
clusters, which signify a clear differentiation among the organic extracts. 
Furthermore, partial least squares discriminant analysis (PLS-DA) highlighted 49 
volatile metabolites of significant importance, evident from variable importance 
in projection (VIP) scores of more than 1. These results underscore the intricate 
and distinct metabolomes inherent in Caulerpa racemosa organic extracts, 
hinting at their potential as biostimulants for plant growth. This study establishes 
a foundation for deeper investigations into seaweed extraction utilizing easily 
accessible organic solvents, presenting potential benefits for farmers.
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1 Introduction

Organic farming is gaining traction globally as a safer and more 
environmentally cautious alternative to conventional farming; 
however, due to the nature of organic food production, it naturally has 
a lesser yield and requires significantly more inputs to achieve the 
same results as conventional farming. In lieu of this, the application of 
biostimulants has been confirmed to be  a part of the answer to 
increasing yields in organic farming. Among the various types of plant 
biostimulants, seaweed extracts are gaining praise for their naturally 
high content of growth-endorsing substances and nutrients, as well as 
their abundance in coastal areas. Studies with different species of 
seaweed along with various extraction methods and their effectiveness 
on application against different crops have reported promising results 
(Khan et al., 2009; Jacomassi et al., 2022).

Examination of relevant literature exposes a marked lacuna in the 
areas where seaweed nutrients and bioactive compounds are extracted 
using organic solvents and physical processes. The advent of science 
in metabolomics has allowed for the study of immediate biological 
information generated by genomic and transcriptomic activity. There 
are two types of metabolomic analysis, viz., target metabolomics and 
untargeted metabolomics (Gorrochategui et al., 2016). The present 
investigation is focused on the phytochemicals and untargeted 
metabolomics, which will provide a list of present volatile metabolites 
and the data acquired can serve to prove our hypothesis and may 
be  further utilized to assess intensive analysis of specific volatile 
metabolites or pathways of interest (Lee et  al., 2017). Triple–
quadrupole mass spectrometry-based gas chromatography (GC–MS/
MS) was performed as GC/MS is the most standardized method in 
metabolomics (Fiehn, 2016).

The extraction process employed for seaweed determines the 
composition of the extracts. There are various studies exploring 
seaweed extraction methods, among which water is the most popular 
solvent followed by other common organic solvents, such as methanol, 
ethanol, and acetone (Godlewska et al., 2016). Extracting seaweed 
using microwave, ultrasound, and application of physical pressure has 
also been explored (Han et al., 2010). However, these processes may 
not always be applicable in field conditions. In present-day agriculture, 
the development of cost-effective biostimulant extraction processes 
suitable for organic farming is highly essential. Hence, the current 
study intends to extract seaweed utilizing vinegar, fermented 
buttermilk, and cow urine and assess their volatile metabolites to 
understand their contribution to the growth and development 
of crops.

2 Materials and methods

2.1 Collection and processing of seaweed

The seaweed species Caulerpa racemosa (SW) was collected from 
the Gulf of Mannar (Mandapam, 9.287′N, 79.178′E, India) in March 
2023. Collected seaweed samples were cleaned with seawater and 
brought to Nammazhvar Organic Farming Research Centre, Tamil 
Nadu Agricultural University. Initially, tap water was used for 
removing dirt and debris from the seaweeds followed by a thorough 
rinse with deionized water. The washed seaweeds were dried at 
60 ± 5°C in a hot air oven. The dried seaweed was powdered using 

Willy Mill and kept in a sealed container for phytochemical and GC–
MS analysis.

2.2 Extraction of seaweeds with organic 
extracts

Locally available solvents such as water, vinegar (V), fermented 
buttermilk (FB), and cow urine (CU) were used for the extraction of 
the seaweeds. Water (WE) and vinegar (VE) extracts were prepared 
by adding 150 mL of solvents in 50 g (1:3 ratio) of powdered seaweed. 
Then, it was left for 24 h and extracted using muslin cloth. The extracts 
were centrifuged and the supernatant was collected by decanting; the 
end product was considered as a 100% seaweed extract.

To create fermented buttermilk, fresh milk from the Dairy Unit, 
TNAU, was allowed to ferment for 24 h with commercial yeast 
(30 g L−1) to make curd. At room temperature, the curd was gently 
churned to obtain a smooth consistency free of lumps before being left 
to further ferment for 48 h. It was then diluted with water in a 1:5 ratio 
and mixed well to make the buttermilk. Fermented buttermilk extract 
(FBE) was prepared by adding 200 mL of fermented buttermilk to 50 g 
of powdered seaweed (1:4 ratio). After this, the same procedure was 
followed as in water and vinegar extraction. Cow urine extraction 
(CUE) was done for 20 days by adding 300 mL of fresh cow urine in 
50 g (1:6 ratio) of powdered seaweed. The liquid part was collected 
using muslin cloth and centrifuged. The supernatant was collected and 
used for characterization and metabolomics analysis.

2.3 Preliminary phytochemical analysis

In the organic extracts of SW, phytochemical composition such as 
saponins, terpenoids, steroids, phytosterols, tannins, flavonoids, 
phenols, alkaloids, phenolic flavonoids, and glycosides was analyzed 
according to the methods given by Sadasivam (1996) and Palaniyappan 
et  al. (2023). The detailed procedure for qualitative analysis of 
phytochemicals is given in Table 1.

2.4 Quantitative analysis of flavonoids, 
phenols, and tannins

The total flavonoid content of the organic extracts was determined 
using the aluminum chloride technique (Hao et al., 2018). In a 0.5 mL 
sample, 2 mL of deionized water and 0.15 mL of NaNO2 (5%) were 
added and allowed to rest for 5 min. After 5 min, 0.15 mL of 10% AlCl3 
was added, followed by 1 mL of 1 M NaOH. The total volume was 
made up to 5 mL with deionized water and incubated for 15 min. At 
510 nm, the orange-yellowish color development was measured. The 
content of total flavonoids was estimated using the catechin standard 
curve and represented as mg catechin per gram (mg catechin/g) 
of extract.

The total phenol content was determined using the Folin–
Ciocalteu (FC) technique, with adjustments suggested by Salar et al. 
(2012). The FC reagent (0.5 mL) was mixed with 0.1 mL of the sample. 
Then, the mixture was incubated at 37°C for 5 min. The volume was 
then raised to 10 mL by adding 1.5 mL of Na2CO3 (7.5%) and 
deionized water. The absorbance at 765 nm was measured with a 
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UV–vis spectrophotometer and compared to a blank. Gallic acid was 
used as standard, and gallic acid equivalents per gram (mg GAE/g) 
were used to express the results.

The total tannin content of various organic extracts of SW was 
measured using the methodology described by Amorim et al. (2008). 
In 0.1 mL of sample, 7.5 mL of deionized water was added, followed 
by 0.5 mL of FC reagent and 1 mL of Na2CO3 (35%). The contents were 
thoroughly mixed and left as such at 25°C for 30 min and absorbance 
was measured at 725 nm. The tannic acid calibration curve was used 
to determine the total tannic acid content. The results were expressed 
as milligrams of tannic acid equivalents per gram (mg TAE/g).

2.5 Extraction of volatile metabolites and 
gas chromatography–mass 
spectrophotometry (GC–MS) analysis

The volatile metabolites in raw seaweed and organic solvents were 
extracted using methanol as a solvent. The raw seaweed powder was 
extracted using a 1:10 ratio of sample: methanol, organic solvents, and 
extracts were extracted at a 1:3 ratio. The raw seaweed:solvent 
suspension was shaken in an orbital shaker for 72 h and filtered 
through a Whatman No.1 filter paper. The organic extracts and 
solvents were partitioned for volatile metabolites by discarding the 
aqueous layer and collecting the organic layer using the separating 
funnel, and this partitioning was repeated 3–4 times. The volume of 
the pooled organic layer was reduced using a rotary evaporator, and a 
known volume of methanol was added and filtered through a 

membrane filter (0.2 μm) before injecting into the GC–MS machine 
for analysis.

The volatile metabolites were analyzed using GC–MS (Agilent and 
Model-GC7890A/MS5975C), and compound separation was done 
using an Agilent DB5MS column with a length of 30 m (0.25 μ internal 
diameter and 0.25 μ thick). The oven temperature was set at 90°C for 
1 min and raised to 280°C for 23 min at a rate of 8°C per min. The gas 
flow rate was maintained at 1.2 mL per minute using helium gas as a 
carrier. The injector temperature was sustained at 250°C. In split 
mode, the sample was injected at the rate of 1 μL for separation by 
operating the mass spectrum at 70 ev.

2.6 Identification of compounds

To express the peak area normalization of the organic extracts, the 
area percentage was employed. Retention indices and mass spectra 
patterns were compared to the National Institute of Standards 
Technology (NIST) library for interpretation. The molecular weight, 
molecular formula, compound nature, and biological activity of 
volatile metabolites were ascertained.

2.7 Micro-plot experiment

A micro-plot study was conducted on black gram var. Vamban 
11 with eight treatments at the Wetland Farm, Tamil Nadu 
Agricultural University, India (11.003′N latitude, 76.92′E 

TABLE 1 Procedure for qualitative analysis of phytochemicals.

Phytochemical Sample 
quantity

Chemicals used Waiting period Result References

Saponins 1 ml 1 mL of deionized water 5–10 min Formation of foam Palaniyappan et al. (2023)

Terpenoids 1 ml
1 mL of concentrated 

sulfuric acid (H2SO4)
–

Appearance of reddish-

brown color
Sadasivam (1996)

Steroids 0.5 ml

0.25 mL of concentrated 

sulfuric acid and 1 mL of 

chloroform

–

Upper layer turns 

yellow and lower layer 

turn into fluorescent 

green color

Sadasivam (1996)

Phytosterols 1 ml

1 mL of chloroform 

followed by few drops of 

H2SO4

2–3 min
Presence of golden 

yellow color
Palaniyappan et al. (2023)

Tannins 1 ml
1 mL of freshly prepared 

5% ferric chloride (FeCl3)
–

Formation of dark 

green or blackish green
Sadasivam (1996)

Flavonoids 1 ml
Few drops of 10% sodium 

hydroxide (NaOH)
–

Brown precipitation 

indicates presence of 

flavonoids

Sadasivam (1996)

Phenols 2 ml
Few drops of alcoholic 

FeCl3

–
Presence of bluish 

color
Sadasivam (1996)

Phenolic flavonoids 1 ml
Few drops of freshly 

prepared lead acetate
–

Presence of brownish 

precipitation
Sadasivam (1996)

Alkaloids 1 ml 1 mL of Mayer’s reagent – White precipitation Sadasivam (1996)

Glycosides 5 ml

2 mL of glacial acetic acid, 

a drop of FeCl3 and 1 mL 

of H2SO4

–
Formation of brown 

ring
Sadasivam (1996)
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longitude) between the 3rd week of July and 1st week of October 
2023. The micro-plot experiment was conducted with a randomized 
block layout with three replications. Treatment includes T1—
control (water only), T2—vinegar only, T3—fermented buttermilk 
only, T4—cow urine only, T5—water extract, T6—vinegar extract, 
T7—fermented buttermilk extract, T8—cow urine extracts. A 
micro-plot of 4 m2 was considered as one micro-plot, while plant 
spacing was maintained at 30 × 10 cm. Treatments were applied at 
30 DAS (vegetative stage) and 50 DAS (pod development stage). 
During the experiment, hand weeding was done twice prior to each 
treatment and three irrigations were given. All the observations 
were taken at the time of harvest.

2.8 Statistical analysis

All the experiments were conducted in three replicates. 
Metabolomic analysis of volatile compounds was performed using 
the online program MetaboAnalyst 6.0.1 The identified volatile 
metabolites were exposed to univariate and multivariate analysis 
using normalized mean data. The data were analyzed using a 
one-way ANOVA, Student’s t-test (p ≤ 0.05), and a post-hoc Tukey’s 
honestly significant difference (HSD) test, with an adjusted p-value 
of 0.05. The inherent variation in the data matrix was initially 
investigated using PCA, which is an unsupervised method of 
pattern identification. Following that, PLS-DA, a supervised 
classification technique, was used to eliminate the dataset’s 
discriminating molecular features.

Abundance value was used to classify data, and most 
characteristic features were selected for further clustering by 
obtaining the greatest possible discriminating features. To 
highlight the variation among different volatile metabolites, 
we  performed a hierarchical clustering analysis (HCA) using 
Euclidean distance and Ward’s method. A heatmap representation 
was also created. This was done to compare and visualize the 
shared characteristics between the sample replicates.

1 https://www.metaboanalyst.ca

3 Results

3.1 Preliminary phytochemical analysis

Seaweeds contain different phytochemicals, which can contribute 
to biological activity and health benefits. Phytochemicals such as 
saponins, terpenoids, steroids, phytosterols, tannins, flavonoids, 
phenols, alkaloids, phenolic flavonoids, and glycosides were analyzed 
on SW and its organic extracts (Table 2). Saponins, tannins, flavonoids, 
phenols, and terpenoids were present in all the organic extracts. 
Steroids, phytosterols, glycosides, and phenolic flavonoids were not 
present in any of the extracts.

3.2 Quantitative analysis of flavonoids, 
phenols, and tannins

Flavonoid is an important dietary supplement and has good 
antioxidant properties (Palaniyappan et al., 2023). Research evidence 
showed the presence of different flavonoids in Caulerpa spp. of 
seaweed (Tanna et  al., 2018). Results of the present investigation 
showed that SW flavonoid content was high (41 ± 4.24 mg catechin/g). 
Among the organic extracts, the FBE had the highest flavonoid 
(19.50 ± 0.71 mg catechin/g) content and the lowest flavonoid content 
in CUE (12.8 ± 2.82 mg catechin/g). Among the organic solvents, 
vinegar showed negative results in qualitative test; thus, quantification 
was not performed. However, cow urine and fermented buttermilk 
contain 6.14 ± 0.57 and 10.32 ± 1.68 mg catechin/g, respectively. The 
levels of flavonoid content are shown in Figure  1 and 
Supplementary Table S1.

The presence of phenols was reported to boost a plant defense 
system against ultraviolet radiation, pests and diseases, and other 
predators (Dai and Mumper, 2010). Generally, phenolic compounds 
generated through seed, root, or plant deposits may prevent pests 
and diseases that infect plant roots (Ndakidemi and Dakora, 2003). 
Phenolic compounds that accumulate in the soil determine the 
plant’s defense system against soil-borne pathogens, nematodes, and 
phytophilous insects (Dakora and Phillips, 1996). However, the 
structural diversity of phenolic compounds determines their activity 
level (Mandal et al., 2010). The results of the phenol content in the 

TABLE 2 Preliminary qualitative analysis of organic extracts of SW.

V FB CU WE VE FBE CUE

Saponins − − + + + +

Terpenoids − − + + + + +

Steroids − + − − − − +

Phytosterols − − − − − − −

Tannins − + − + + + +

Flavonoids − + + + + + +

Phenols − + + + + + +

Alkaloids − − − − + + +

Phenolic flavonoids − − − − − − −

Glycosides − − − − − − −

“+” Indicates presence of phytochemical, “–” indicates absence of phytochemical. V, vinegar; FB, fermented buttermilk; CU, cow urine; WE, water extract; VE, vinegar extract; FBE, fermented 
buttermilk extract; CUE, cow urine extract.
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present study are shown in Figure 1 and Supplementary Table S1. 
Organic solvents such as FB and CU contain low phenols of 
3.18 ± 0.14 and 3.03 ± 0.19 mg GAE/g, respectively. Organic extracts 
such as CUE and FBE exhibited higher phenol content with 
10.41 ± 0.28 and 9.81 ± 0.47 mg GAE/g, respectively. Vinegar extracts 

of C. racemosa showed the lowest phenol content with 
3.77 ± 0.12 mg GAE/g.

Tannins play a crucial role in a plant’s defense system 
(Petchidurai et al., 2019). The total tannin content of the present 
study indicated that it was high in CUE and FBE. The total tannin 
content of the organic extracts is shown in Figure  1 and 
Supplementary Table S1.

3.3 GC–MS analysis

Chromatographic analysis on the Caulerpa racemosa (SW), 
organic solvents used, and organic extracts revealed 95 compounds, 
which were classified into 22 chemical classes using the NIST (National 
Institute of Standards and Technology) library and HMDB (Human 
Metabolome Database). Details of the compounds and GC–MS 
chromatogram are given in Table 3 and Supplementary Figures S1–S8. 
The maximum number of compounds was detected in FB with 27 
compounds and the lowest in vinegar with only 1 compound. Detected 
volatile metabolites such as octadecanoic acid and methyl ester exhibit 
antioxidant, anti-inflammatory, and antibacterial properties (Kumar 
et al., 2011; Othman et al., 2015). Hexadecanoic acid and methyl ester 
also exhibit anti-inflammatory, antibacterial, antioxidant, antifungal, 
anticandidal, nematicide, and pesticide properties (Chandrasekaran 
et al., 2011; Nabi et al., 2022).

FIGURE 1

Quantitative analysis of total flavonoids (mg catechin/g), phenols 
(mg GAE/g), and tannins (mg TAE/g) content in organic extracts 
of SW.

TABLE 3 Major classes of volatile metabolites detected in organic extracts of SW.

Class SW V FB CU WE VE FBE CUE

Fatty acyls 36.62 – 1.34 – 20.59 15.22 7.80 7.59

Organooxygen compounds 3.28 – 1.61 – 3.60 12.36 6.28 2.26

Prenol lipids 16.85 – – – 3.19 – – –

Benzene and substituted derivatives 1.51 – 29.84 12.19 9.86 5.61 9.13 56.54

Indoles and derivatives – – 4.13 4.99 1.34 10.50 0.87 1.37

Organosilicon compounds – – – – 3.22 2.32 6.51 3.35

Ketone and derivatives – – – – 3.54 6.14 – 2.05

Silane compounds – – – – 3.73 1.79 1.08 1.24

Saturated hydrocarbons 1.05 – – – 4.56 3.62 1.36 –

Unsaturated hydrocarbons 2.47 – – – 4.79 1.79 1.88 –

Benzofurans 2.11 – – – 7.17 1.70 29.58 –

Azoles 0.64 – 4.85 – – – – –

Steroid and steroid derivatives 20.99 – 4.32 – – – – –

Heteroaromatic compounds – – – – – – 0.93 –

Phenols – – 1.05 61.41 – 1.07 –

Pyrans – – – – – 1.73 –

Thiols – – – – – 1.15 – –

Glycerolipids – – 1.35 – – – – –

Stilbenes – – 7.52 – – – – –

Linear 1,3-diarylpropanoids – – 0.58 – – – – –

Lactones – – – 2.12 – – – –

Carboxylic acid and derivatives – 37.95 – – – – – –

Total compound yield (%) 85.52 37.95 56.59 80.71 65.59 63.27 67.15 74.40
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FIGURE 2

Total area percentage of identified volatile metabolites.

FIGURE 3

Euler Venn diagram showing common volatile metabolites found in SW, organic solvents, and extracts.

To completely comprehend the variations in the chemical 
configuration of detected volatile metabolites in SW organic extracts, 
a non-targeted metabolomics analysis was performed. Major classes 
were benzene and substituted derivatives, fatty acyls, organo-oxygen-
organooxygen compounds, and hydrocarbons with 31, 24, 14, and 18 
compounds, respectively. Cumulative area percentages of the 
compound classes are given in Figure 2. Details of the compound 
under each class are given in Supplementary Table S2.

Euler Venn diagram in Figure  3 represents the number of 
compounds that were commonly present in the organic extracts of 
SW. Twenty-two compounds were found only in the SW, 1 in V, 11 in 
FB, and 8 in CU. Approximately 10 compounds each were identified 
in WE and VE, 9 compounds in FBE, and 3 compounds in CUE. SW, 
WE, VE, and FBE shared 3 compounds, and FB, WE, VE and FBE 
shared 1 compounds. Details of the common compounds found in the 
organic extracts are given in Supplementary Table S3.
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3.4 Univariate analysis (ANOVA)

The distribution of detected volatile metabolites in the organic 
extracts of SW was determined using a one-way ANOVA. The 
univariate analyses provide an initial assessment of features that may 
be significant in distinguishing the conditions under investigation. 
Out of 95 detected volatile metabolites, 70 showed significant 
differences at a p-value of 0.05 across all organic extracts (Figure 4). 
The change in color from yellow to orange represents an increase in 
the -log10(p) value, while the increase in the size of the bubble 
signifies an increase in the p-log value. Significant volatile metabolites 
and their p-values are given in Supplementary Table S4.

3.5 Principal component analysis (PCA)

To decrease the magnitude of the data and improve interpretability, 
the processed organic extracts of the SW volatile metabolites list were 
evaluated using chemometric statistical methods such as principal 
component analysis (PCA), partial least squares discriminant analysis 
(PLS-DA), and hierarchical clustering analysis (HCA). PCA is an 
unsubstantiated analysis for determining the guidelines that explain 
best the variation in a dataset. All 95 detected volatile metabolites were 
exposed to PCA and condensed to seven principal components (PCs) 
using normalized data to indicate volatile metabolite variances. PCs 
with more than one Eigenvalue were included in the study. Figure 5 
depicts the score plots for PCA. According to PCA, the composition 

of volatile metabolites of the organic extracts of SW considerably 
varies statistically from each other. PCA score plot revealed that only 
SW was on the positive side for PC1, indicating a higher amount of 
volatile metabolites. Solvents such as V, FB, and CU were on the 
negative side for PC1; however, in PC2 FB was on the positive side. 
Moreover, FB and FBE were close to each other indicating similarities 
in volatile metabolites composition. Both CUE and VE were on the 
negative side of the principal component.

Selected PCs explained 99.9% of the variation as given in the scree 
plot. The first PC (PC1) explained 27% of the variance and was 
correlated with some fatty acyls and hydrocarbons. Similarly, PC2 
explained 20.4% in addition to PC1 which was correlated with 
compounds found in SW. The PC3 explained 16.5% that was correlated 
with volatile metabolites of organosilicon compounds, some fatty 
acyls, and indoles and derivatives. PC4 explained 13.5% which was 
related to the benzene and substituted derivatives. PC5 explained 12% 
in addition to the previous principal components. PC6 and PC7 
explained 7.6 and 2.8%, respectively. Details of the volatile metabolites 
score, loading plot, biplot, and scree plot of PCA are given in 
Supplementary Table S5 and Supplementary Figure S9.

3.6 Partial least squares–discriminant 
analysis (PLS-DA)

Subsequent to PCA, PLS-DA was performed to highlight 
dissimilarities among the organic extracts of SW with respect to 

FIGURE 4

ANOVA plot showing significant volatile metabolites (p  <  0.05) of the organic extracts of SW.
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FIGURE 5

PCA score plot.

volatile metabolite composition. The analysis showed a clear 
separation of different organic extracts based on the detected volatile 
metabolites. Additionally, the sturdiness and enactment of the model 
were assessed with cross-validation and transformation tests 
(Supplementary Table S7). Among the 95 volatile metabolites, there 
were 49 volatile metabolites that have VIP score higher than 1, such 
as hexadecanoic acid, methyl ester, 1H-indole, 1-methyl-2-phenyl-, 
methyltris(trimethylsiloxy)silane, 2,4,6-cycloheptatrien-1-one, 3,5-bis 
-trimethylsilyl-, benzamide, silane, 1,4-phenylenebis[trimethyl, 
p-cresol, 1,2-bis(trimethylsilyl)benzene, 1H-indole, 2,3-dihydro-4-
methyl-, 1H-indole-3-ethanol, 2(3H)-furanone, dihydro-3-hydroxy-
4,4-dimethyl-, benzeneacetamide, indole, 2,6-dimethylphenyl 
isocyanate, 2-methoxy-4-vinylphenol, benzoic acid, 2-amino-, methyl 
ester, octacosane, tricosane, 2-methyl-, tetracosane, 3-ethyl-, 
2-tetradecene, (E)-, 1,3-dimethylcyclopentanol, 3-octadecene, (E)-, 
heptadecane, 2,6,10,15-tetramethyl, heptadecanoic acid, 16-methyl-, 
methyl ester, 2-heptadecanone, phenol, 2,6-bis(1,1-dimethylethyl), 
trimethyl [4-(2-methyl-4-oxo-2-pentyl) phenoxy] silane, 
cyclododecane, 7,9-di-tert-butyl-1-oxaspiro(4,5) deca-6,9-diene-2,8-
dione, cyclotrisiloxane, hexamethyl-, benzeneacetic acid, eicosane, 
9-cyclohexyl, benzoic acid, silicic acid, diethyl bis(trimethylsilyl) 
ester, hexatriacontane, octadecanoic acid, methyl ester, 1-methyl-3-
phenylindole, 1,2-benzenediol, 3,5-bis(1,1-dimethylethyl)-, 
formamide, (2-acetylphenyl)-, 1-tridecene, 4-methyl-2-trimethy 
lsilyloxy-acetophenone, undecane, eicosane, benzo[h]quinoline, 

2,4-dimethyl-, benzyl nitrile, benzoic acid, methyl ester, phenol, 
2,4-bis(1,1-dimethylethyl), 1-hexadecanethiol and N-methyl-1-
adamantaneacetamide (Figure 6). WE, VE, and CU exhibit the highest 
number of volatile metabolites with high VIP scores, whereas in SW 
and V, almost all the volatile metabolites showed low VIP scores.

3.7 Hierarchal clustering and heatmap 
analysis

A hierarchical clustering analysis model was constructed using 
the volatile metabolites dataset to evaluate the resemblances in 
detecting variation within the group of organic volatile metabolites 
features. Following the Euclidean distance matrix for each set of 
comparisons quantitative values, the differential volatile metabolites 
were grouped and displayed as thermograms using a complete-
linkage method.

The heatmap (Figure 7) depicts the distribution of the top 45 volatile 
metabolites among the samples. The abundance of volatile metabolites 
was represented in descending order using a color gradation from blue to 
red. A high relative abundance of volatile metabolites comprised more 
than half of the highlighted volatile metabolites. Cluster 1 contained SW, 
V, WE, VE, FBE, and CUE, where variation in volatile metabolite 
composition is relatively higher than in cluster 2. Cluster 2 contained FB 
and CU and were more similar to one another (Figure 7).
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3.8 Pathway analysis and pathway impacts

A pathway topology analysis was performed to determine the 
significant metabolic pathways in SW, and the results were presented as a 
bubble chart depicting the pathways of different volatile metabolites from 
the organic extracts (Figure 8 and Supplementary Table S6).

The Kyoto Encyclopedia of Genes and Genomes (KEGG) database 
revealed five significant metabolic pathways with FDR values ≤0.05. The 
biosynthesis pathway for unsaturated fatty acids had the highest log (p) 
value of 2.5284, followed by the phenylalanine metabolism biosynthesis 
pathway, which had a log(p) value of 1.695. The fatty acid elongation and 
degradation pathways had log (p) values of 1.0199, steroid biosynthesis 
had log(p) value of 0.99903, primary bile acid biosynthesis 0.95114, fatty 
acid biosynthesis 0.94221, and steroid hormone biosynthesis 0.69146.

3.9 Correlation

To understand and comprehend the relationship between the 
volatile metabolites better, Pearson’s correlation coefficient analysis was 

conducted (Figure  9). There were 1,367 significant correlation 
coefficients (p < 0.01, r2 ≥ 0.99) in the study, out of which 426 were 
positive and 904 were negative correlations. The analysis showed that 
compounds such as organosilicon compounds and benzofurans such as 
cyclosiloxane, phthalic anhydride, and benzene siloxane had the highest 
concentration fluctuations. The correlation of the 95 volatile metabolites 
was clustered into five main clusters according to the similarity in 
metabolomics pathways. Cluster 1 contained 25 volatile metabolites, 
and 15 volatile metabolites were found under Cluster 2. Clusters 3, 4, 
and 5 contained 16, 8, and 10 volatile metabolites, respectively.

3.10 Field experiment

From the micro-plot experiment, we confirmed that plants treated 
with CUE gave the highest yield, number of pods per plant, and 
number of branches per plant. However, plant height and dry matter 
production were highest in plants treated with FBE. In all the growth 
and yield attributes, WE- and VE-treated plants were relatively lower 
than CUE and FBE (Figure 10 and Supplementary Table S8).

FIGURE 6

VIP score plot PLS-DA showing scores of the top 49 volatile metabolites.
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4 Discussion

Seaweeds contain numerous kinds of organic compounds that have 
the potential to improve plant growth, development, and stress tolerance 
(Ali et  al., 2021; Tinte et  al., 2022). Phytochemicals improve plant 
defense mechanisms by releasing chemicals in the soil and plants that 
act as a barrier (Ndakidemi and Dakora, 2003; Dai and Mumper, 2010). 
The composition of flavonoids on organic extracts of SW increased in 
FBE might be due to the fermentation process of buttermilk. Sharma 
et al. (2021) also reported that fermented buttermilk increased flavonoid 
content in potato extract. However, an increase in the content of phenols 
and tannins in CUE and the decrease in VE might be attributed to the 
dissociation of phytochemicals at low pH. Dentinho and Bessa (2016) 
also reported that protein-bound and fiber-bound tannins were lower 
at low pH and increased at higher pH.

Among the seaweed compositions, secondary metabolites play an 
important role in its biological activities. Moreover, secondary 
metabolites act as an important weapon against plant defense systems. 
It also promotes the relationship of microbes, plants, insects, and 
higher animals (Demain and Fang, 2000). Secondary metabolites are 
derivatives of metabolism; hence, exploring the secondary metabolites 
at any given moment proposes an accurate picture of their biochemical 
activity (Bentley et al., 2022). A major part of the composition of 
volatile metabolites of biostimulants, as well as their detailed mode of 
action, were largely unidentified, as biostimulants are complicated and 
their impacts on plants are mostly due to combined metabolites 
activity (Bulgari et al., 2019; Ertani et al., 2018). Seaweed contains 
several kinds of secondary metabolites, each with its own set of 
biochemical properties. Consequently, the purpose of this experiment 
was to conduct a thorough investigation into the secondary 

FIGURE 7

Heatmap showing changes top 45 volatile metabolites in organic extracts of SW. Each column represents one organic extract and the volatile 
metabolites were presented in rows.
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metabolites of organic seaweed extracts that are both environmentally 
friendly and sustainable.

Most of the fatty acids found in the SW were extracted by the organic 
solvents. Fatty acids such as erucic acid exhibit antibacterial (Goc et al., 
2019), antiviral (Liang et al., 2020), anti-inflammatory (Melzig and Henke, 
2005), and cytotoxic activity (Altinoz et al., 2018). Compounds such as 
octadecanal were found to have the potential as pheromones that can 
attract both males and females of the Curculionidae family (Santos Neta 
et al., 2021). 15-Methylpalmitate showed strong acaricidal activity (Wang 
et al., 2009); moreover, anti-inflammatory and antioxidant activities were 
also observed when found in medicinal plants (Hamed et al., 2020). 
7Z,10Z-Hexadecadienoic acid has bactericidal activity against gram-
positive bacteria (Yuyama et al., 2020). n-Hexadecanoic acid also showed 
various biological activities such as antioxidants, hypocholesterolemic, 
nematicide, and pesticide (Sheela and Uthayakumari, 2013). cis-Vaccenic 
acid has antibacterial and hypolipidemic effects on rats (Hamazaki et al., 
2016). Linoleic acid methyl ester also possesses properties such as anti-
inflammatory, antiandrogenic, dermatitigenic hypocholesterolemic, 
5-alpha reductase inhibitor, anemiagenic, and insectifuge (Surender et al., 
2008; Krishnamoorthy and Subramaniam, 2014). Octadecanoic acids and 
methyl ester show anti-inflammatory activities (Silva et al., 2014). Among 
the organic extracts, FBE has the most fatty acids with five compounds. 
The commonly identified fatty acid, ginsenoyne K also known as shogaol 
was detected, which was the main compound of ginger exhibiting anti-
inflammatory (Sang et al., 2009) and antioxidant (Aryanti et al., 2018) 
properties. Octadecanoic acid found in FBE has antibacterial and 
antioxidant activity (Sudharsan et al., 2011). Pentadecanoic acid also 
found in FBE has antibacterial and antimicrobial activity (Mujeeb et al., 
2014). In particular, among all the organic extracts of SW, only the FBE 
extract identified specific fatty acids that were not found in other extracts. 
This might be due high fatty acid composition of fermented buttermilk 
which was used as a solvent for extraction. The biological significance of 
some important volatile metabolites is given in Table 4, and the functions 
and biological properties of various volatile metabolites in plants are 
shown in Table 5.

Benzene and benzene derivatives composed the second major share 
after fatty acyls. 2,6-Di-tert-butylhydroquinone identified in VE has 
antioxidant activity (Anonymous, 2014). A maximum of the benzene 
derivatives were identified in FB, CU, and CUE with four compounds 
each. Benzoic acid and methyl ester possess antibacterial properties (Al 
et al., 2020), Benzoic acid has a role as a plant volatile metabolite, an algal 
volatile metabolite, and also has antimicrobial properties (Kim et al., 
2023). Benzene acetic acid is also a plant hormone (auxin), antimicrobial, 
antibiotic, and plant metabolite (Kim et al., 2023). Benzyl nitrile also a 
CUE-identified compound is an insect pheromone and animal metabolite 
(Kim et al., 2023).

Indole and its derivatives possess many biological activities. Generally, 
indole derivatives have antiviral, anti-inflammatory, anticancer, anti-HIV, 
antioxidant, antimicrobial, antitubercular, antidiabetic, antimalarial, and 
anticholinesterase activities (Kumar and Ritika., 2020). Identified indole 
derivatives were 1H-indole, 1-methyl-2-phenyl-, 1-methyl-2-
phenylindole, 3-methyldioxyindole, indolizine, 2-(4-methylphenyl)-. 
Organooxygen compounds such as ethanol, 2-(octadecyloxy)- identified 
in SW exhibit antimicrobial activity (Jaffar et al., 2015). Eicosen-1-ol also 
exudes antifungal and antioxidant activity (Tayade et al., 2013). Acetic 
acid, the only compound identified in vinegar, is a naturally produced 
organic acid, which helps in the growth of plants and also improves plant 
tolerance toward stress while improving the uptake of water and nutrients, 
thus increasing the rate of photosynthesis (Rahman et al., 2024).

4.1 Pathway topology

Metabolites in living organisms have a complex relationship. 
These components work together to create complex pathways and 
networks that intertwine and govern one another’s function (Udhaya 
et al., 2023). As complicated as they are, they are an important link 
between genotype and phenotype (Fiehn, 2002). As a result, this 
interconnected process leads to extensive metabolome modifications 
(Töpfer et al., 2015). In our study, we precisely define and arrange the 

A. Biosynthesis of unsaturated fatty acids
B. Phenylalanine metabolism
C. Fatty acid elongation
D. Fatty acid degradation
E. Steroid biosynthesis
F. Tyrosine metabolism
G. Primary bile acid biosynthesis
H. Fatty acid biosynthesis
I. Steroid hormone biosynthesis

A

B
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FIGURE 8

Metabolomic pathways of the identified volatile metabolites in organic extracts of SW. Each bubble represents one metabolomic pathway.
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pathways used to interpret the variation in volatile metabolite 
expression in SW organic extracts.

4.2 Heatmap clustering and correlation

Based on the volatile metabolites identified, HCA was constructed 
to collect relevant information among the shared and distinct 
characteristics in the volatile metabolite profiles of the SW organic 
extracts. The diversity of volatile metabolite profiles was demonstrated 
using cluster analysis (Figure  7). The top  45 secondary volatile 

metabolites were selected to represent the ability of the analytical 
parameters to distinguish. Similarities among the dataset were created 
using a single linkage and correlation. More than half of the significant 
volatile metabolites found in organic extracts exhibit relative abundance.

The heatmap-based dendrogram shows that cluster 2 (CU and FB) 
is more compact, implying that the volatile metabolites were 
equivalent within the cluster group. Cluster 1 volatile metabolites 
varied more than cluster 2 samples as evidenced by their relative 
spacing. Variations of volatile metabolites in and among clusters might 
be due to the nature of the extraction solvent used. As a result, the 
nature of the solvents may have a direct impact on the HCA results.

FIGURE 9

Heatmap representing the correlation matrix of the identified volatile metabolites.
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4.3 PLS-DA

According to the PLS-DA score plot (Supplementary Figure S10), 
WE was clearly separated from other samples. Moreover, from the 
top 49 volatile metabolites having VIP score more than 1 were 

chosen from organic extracts of SW, we  can see that volatile 
metabolites changes in organic extracts were observed compared 
to SW and the organic solvents (Figure 6). Comparing CU and 
CUE, we can clearly observe that volatile metabolites in CU were 
not found in CUE indicating the reaction of CU compounds with 

FIGURE 10

Growth and yield parameters of black gram treated with organic extracts of SW.

TABLE 4 Biological activities of some important volatile metabolites.

Sl. no Volatile metabolites Biological significance References

1. Phthalic anhydride
Synthesis of primary amines, the agricultural fungicide 

phaltan, and thalidomide
Kim et al. (2023)

2. Phytol
Antinociceptive, antioxidant, cytotoxicity, anti-inflammatory, 

antimicrobial, plant, and algal volatile metabolites

Santos et al. (2013), Islam et al. (2018), and Kim et al. 

(2023)

3. 24alpha-Methyllophenol Plant sterols Nisha Tripathi et al. (2013) and Sundarraj et al. (2012)

4. Ethyl 4-ethoxybenzoate Antimicrobial, antioxidant, and anti-inflammatory
Sheela and Uthayakumari (2013) and Ahmed et al. 

(2017)

5. Methyl palmitate
Acaricidal activity, anti-inflammatory, and antioxidant 

activities
Hamed et al. (2020)

6.
Silicic acid, diethyl 

bis(trimethylsilyl) ester
Antimicrobial and antioxidant Mukesi et al. (2019)

7. 1-Methyl-3-phenylindole
Non-central analgesic, antipyretic, anti-inflammatory and 

antineoplastic activity
Devi et al. (2020)

8. Benzoic acid Plant metabolites Kim et al. (2023)

9. Cyclotrisiloxane, hexamethyl- Antimicrobial, antioxidant, and antibacterial Ismail et al. (2019)

10. Benzeneacetic acid
Plant hormone (auxin), antimicrobial, antibiotic, and plant 

metabolites
Kim et al. (2023)

11. Ginsenoyne K
Steroidal, anti-mineralocorticoid, anti-androgen, antioxidant 

activity, and acetylcholinesterase inhibitory potential.
Rukhsana et al. (2015) and Osama et al. (2017)

12. Erucic acid
Antibacterial, antiviral, anti-inflammatory, and cytotoxic 

activity

Goc et al. (2019), Liang et al. (2020), Melzig and 

Henke (2005), and Altinoz et al. (2018)

13. Maltol Antimicrobial Ziklo et al. (2021)
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SW compounds and the transformation into new compounds. For 
example, the compounds of CU viz., Benzeneacetamide, Benzoic 
acid, 2-amino-, methyl ester, and SW hexatriacontane, 
Octadecanoic acid, methyl ester, and cyclododecane were not 
found in CUE; however, the new compounds/volatile metabolites 
found were benzeneacetic acid, benzoic acid, benzyl nitrile, and 
formamide (2-acetyl phenyl).

Those volatile metabolites found in CUE due to transformation 
upon extraction were found to have a beneficial impact on the 
growth of plants. Volatile metabolites such as benzene acetic acid, 
a precursor for plant hormone auxin, and benzoic acid, a plant 
volatile metabolite (Kim et al., 2023), found in CUE might be the 
transformation product of benzene acetamide and benzoic acid, 
2-amino-, methyl ester of CU. Similarly, the WE obtained using 
deionized water from SW did not have most of the volatile 
metabolites identified in SW. Such volatile metabolites were 
phthalic anhydride, octacosane, heptadecanoic acid, 16-methyl-, 
methyl ester, etc. These volatile metabolites also have a positive 
impact on plant growth by improving antibacterial and antioxidant 
activities and act as a pesticide when applied to plants (Suseem and 
Saral, 2013; Kim et al., 2023). Similarly, in VE of SW, due to the 
acidity of the solvents, many volatile metabolites might have 
transformed into new volatile metabolites resulting in a variation 
of the metabolites composition of VE compared to SW. Volatile 
metabolites such as 1-tridecene, undecane, and methyl palmitate 
might be  the transformed volatile metabolites of SW volatile 
metabolites such as 2-methyldecane, hexadecane, and 
15-methylpalmitate, respectively. However, in FBE, the volatile 
metabolites identified were mostly observed in both FB and SW, 
indicating less transformation of volatile metabolites 
during extraction.

4.4 Micro-plot experiment

The increase in yield when black gram plants were treated with 
CUE might be due to the presence of benzene and benzene derivative 

volatile metabolites such as benzene acetic acid, which act as an auxin 
precursor and plant volatile metabolites (Kim et al., 2023). Benzoic 
acid has a role as a plant volatile metabolite, and benzyl nitrile was 
reported to be an insect pheromone (Kim et al., 2023). However, the 
increase in plant foliage when treated with FBE might be attributed 
to the high composition of fatty acids in FBE, which was contributed 
largely by the fermented buttermilk when used as a solvent for 
extracting the seaweed. Major fatty acids in FBE such as 
pentadecanoic acid and octadecanoic acid are plant volatile 
metabolites (Kim et al., 2023). Moreover, phthalic anhydride, which 
is the major volatile metabolite in FBE, acts as a precursor for amines 
and is used as a component of agricultural pesticides such as phaltan 
(Kim et al., 2023). A foliar spray of vinegar and vinegar-extracted 
seaweed resulted in the reduction and growth of black gram. This 
might be due to the presence of acetic acid, which has herbicidal 
properties and inhibits the growth of plants (Pujisiswanto et  al., 
2013). This reduction in plant growth might have affected the 
yield consequently.

5 Conclusion

The present study provides insight into changes in the 
metabolites of seaweed when extracted with organic solvents. So far, 
organic solvents such as vinegar, fermented buttermilk, and cow 
urine have not been used for extracting seaweeds. With organic 
agriculture and organic foods gaining popularity, our study will help 
in understanding the benefits of using organic solvents. Untargeted 
metabolomics of organic extracts of SW showed 95 volatile 
metabolites under 22 chemical classes exhibited different therapeutic 
and health benefits. Moreover, some volatile metabolites also showed 
beneficial effects for agricultural sectors as these volatile metabolites 
include plant benefiting metabolites and precursors of growth 
hormones, which are known to improve stress tolerance; this was 
proved in the micro-plot experiment of black gram. The biological 
activity of some volatile metabolites also showed insecticidal 
properties. Having biostimulants as the aim of the use of the organic 

TABLE 5 Function of some biological properties in plants.

Sl no Biological 
significance

Function in plants References

1. Amines Important for plant growth and development Bouchereau et al. (2000)

2. Antioxidant Fight against free radicals and protects from several diseases Saeed et al. (2012)

3. Antimicrobial Improve plant defense mechanisms against predation by microorganisms Cowan (1999)

4. Antiviral Inhibits growth cycle of viruses, improves the plant defense mechanism Pal and Lal (2023)

5. Antibacterial Improve the plant defense mechanism Cowan (1999)

6. Acetylcholinesterase

An enzyme that decomposes acetylene and exhibits properties similar to animal 

acetylcholinesterase. Acetylcholine is involved in the regulation of water resorption and 

photosynthesis of plants.

Tretyn and Kendrick (1991) 

and Wessler et al. (2001)

7. Antibiotic Controls bacterial diseases of plants Stockwell and Duffy (2012)

8. Sterols
Regulate the growth and development of plants and also involved in the plant response to 

abiotic stress.
Du et al. (2022)

9. Nematicide Reduce nematode invasion and in some cases slow nematode development. Renčo et al. (2014)

10. Insectifuge Improve the plant defense mechanism Renčo et al. (2014)
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extracts of SW, identification of such compounds can help contribute 
to the agricultural sector. Moreover, it was observed through this 
study that organic extracts of seaweed have benefits over traditional/
conventional solvents as most of the volatile metabolites observed in 
conventional solvents were also observed, and on top of that, some 
volatile metabolites that have significant contributions in plant 
growth and development were also identified. Hence, this study 
recommends the extraction of seaweeds using organic solvents such 
as fermented buttermilk and cow urine.
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