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					ABSTRACT  

					ARTICLE INFO  

					Amaranthus tricolor L. is a nutrient-rich plant with significant health-promoting properties,  

					making it a valuable candidate for functional foods and therapeutic applications. This study  

					investigated the effect of the cultivation environment on the metabolite composition of A. tricolor  

					L. by comparing soil- and hydroponically grown samples. Spectral analysis using ultraviolet-  

					visible (UV-Vis) and Fourier transform infrared (FTIR) spectroscopy, combined with  

					chemometric data fusion, was conducted to assess the metabolic profiles. Principal component  

					analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA) were  

					performed to evaluate the data, facilitating robust classification and accurate identification of the  

					key metabolites. Volcano plot analysis indicated that the soil-grown plants accumulated higher  

					levels of phenolics and flavonoids, whereas hydroponic cultivation favored the synthesis of  

					photosynthetic pigments and membrane lipids. The PCA revealed distinct separation between the  

					groups, with PC1 explaining 84.8% and 69.2% of the FTIR and UV-Vis variance, respectively.  

					OPLS-DA models exhibited the highest classification accuracy (100%) with R²Y > 0.99 and Q² >  

					0.98. Notably, low-level data fusion further enhanced discrimination, increasing predictive  

					variance to 76.0% and capturing subtle metabolic differences that single techniques cannot detect.  

					These results suggested that soil cultivation promotes a defensive metabolic strategy that enhances  

					the antioxidant capacity, whereas hydroponic systems support growth-oriented metabolism. The  

					integrative chemometric and data fusion approach provided a comprehensive metabolomic  

					fingerprint, offering valuable insights into the optimization of cultivation practices to enhance the  

					nutritional and functional values of A. tricolor L.  
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					The adoption of hydroponic cultivation as an alternative to conventional  

					Introduction  

					soil-based farming presents a unique opportunity to investigate its  

					effects on plant bioactive properties. Hydroponic systems offer precise  

					control over environmental factors such as nutrient supply, pH,  

					temperature, and light, which can enhance plant growth and elevate the  

					levels of primary metabolites.19 In contrast, soil-based cultivation is  

					affected by the natural soil composition, water availability, and other  

					external factors, which may trigger adaptive responses that influence  

					the accumulation of specific metabolites, often acting as protective  

					mechanisms against environmental stress or herbivory.20 These  

					contrasting cultivation systems likely result in substantial differences in  

					the metabolite profiles of plants; however, the effects of these systems  

					on A. tricolor L. have not been adequately investigated.  

					This study aimed to fill this knowledge gap by conducting a  

					comparative analysis of the metabolite profiles of A. tricolor L.  

					cultivated in hydroponic and soil-based systems. Through ultraviolet-  

					visible (UV-Vis) and Fourier transform infrared (FTIR) spectroscopy,  

					this study identified and compared the key bioactive compounds by  

					categorizing samples based on their cultivation environment. UV-Vis  

					spectroscopy is particularly effective for the quantitative analysis of  

					specific metabolites, whereas FTIR spectroscopy provides insights into  

					structural characteristics and allows functional group identification.21,22  

					By integrating both techniques, this study enhances the  

					comprehensiveness and reliability of metabolite profiling, offering a  

					more holistic view of the influence of the cultivation environment on  

					the bioactive properties of the plant. These findings provide a valuable  

					reference for optimizing the cultivation practices of A. tricolor L.,  

					potentially enhancing its therapeutic potential and overall quality as a  

					functional food.  

					Amaranthus tricolor L., commonly recognized for its  

					nutritional richness and bioactive compounds, has garnered increasing  

					attention as a functional food.1 It is known for its abundant vitamins,  

					minerals,2,3 and various bioactive elements,4–8 including  

					antioxidants,9,10 antimicrobials,11 neuroprotective,12 hepatoprotective,13  

					and anti-inflammatory agents,14 all of which are associated with a range  

					of health benefits. These bioactive compounds have spurred growing  

					interest for their potential therapeutic applications in various diseases.  

					Despite extensive studies on its nutrient profile, there is a significant  

					gap in our understanding of the effects of environmental conditions,  

					particularly the choice of growth media, on its metabolite composition.  

					Previous research has explored how different cultivation systems, such  

					as hydroponic and soil-based methods, affect the metabolite profiles of  

					other plants, e.g., lettuce,15 sweet potato,16 Rheum tibeticum,17 and  

					Helichrysum odoratissimum.18 However, the effects of these cultivation  

					systems on the bioactive compound profiles of A. tricolor L. remain  

					largely unknown.  
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					2025.05.0) using the basic prospectr and stats packages. Following the  

					modified Cavdaroglu and Ozen (2023) method,24 the spectral data were  

					preprocessed using the Savitzky–Golay smoothing method with a third-  

					order polynomial and a window size of 31. Numerical variables were  

					standardized using the standard normal-variate (SNV) technique.  

					Volcano plots were used to evaluate the statistical significance using  

					the t-test, followed by Log₂ Fold Change (log2 FC). The results were  

					considered statistically significant at a p-value < 0.05 and log2 FC > 1.  

					Principal component analysis (PCA) and orthogonal partial least  

					squares discriminant analysis (OPLS-DA) were performed using the  

					ropls package. Both low- and mid-level data fusion approaches were  

					applied to examine whether the integration of datasets could improve  

					model classification.25  

					Materials and Methods  

					Cultivation and preparation of samples  

					A. tricolor L. (Mira var., Panah Merah, Indonesia) was cultivated on a  

					farm from July to August 2024 in Padang (0°56'57.26" N 100°21'15.37"  

					E), Indonesia. In soil-based cultivation, plants were grown in 200 × 20  

					cm plots enriched with humus and manure, watered twice daily, and  

					supplemented with a ZA/KCl/NPK fertilizer mix (1:1:1) in the first  

					week after planting. In the hydroponic system, seedlings were initially  

					placed on rockwool for five days before being transferred to a nutrient  

					solution, AB mix (Infarm, Indonesia), with a total dissolved solid (TDS)  

					concentration of 500–800 ppm (mg/L). All plants were harvested after  

					a 24-day growth period. The specimen was deposited in the Herbarium  

					of Universitas Andalas under voucher number ANDA00052507. The  

					collected samples were lyophilized, homogenized in liquid nitrogen,  

					and stored at −4 °C until further analysis.  

					Results and Discussion  

					Ultraviolet-visible and Fourier transform infrared spectra  

					Spectral data acquisition  

					UV-Vis and FTIR spectroscopic analyses were conducted to evaluate  

					the metabolic profiles of A. tricolor L. grown in hydroponic (HW) and  

					soil (CW) systems. The UV-Vis spectra (Figure 1a, Table 1) revealed  

					several distinct absorption peaks indicative of various plant metabolites.  

					In the UV region, absorption maxima were observed at 260, 267.5, and  

					318 nm, corresponding to the conjugated aromatic ring and heterocyclic  

					chromophores that are characteristic of phenolics, flavonoids, and  

					alkaloids, respectively.26,27 Absorption bands in the visible region were  

					identified at approximately 430 and 660 nm, corresponding to  

					chlorophyll, and between 450 and 500 nm, indicating the presence of  

					carotenoids.28 The peak in the red-purple region at approximately 600–  

					650 nm was attributed to anthocyanins, which was consistent with the  

					known metabolite profile of the Amaranthus genus.26 Notably, the HW  

					samples exhibited higher absorption intensities at 409.5, 469, and 664.5  

					nm, suggesting elevated accumulation of chlorophyll and carotenoids.29  

					Conversely, the CW samples exhibited higher absorption in the  

					ultraviolet (200–350 nm) and visible (505.5–606 nm) ranges, indicating  

					a higher concentration of phenolics, flavonoids, and anthocyanins.  

					A homogeneous powder (10 mg) was dissolved in 10 mL of methanol  

					(Merck, 99.9%, analysis grade, Germany) for UV-Vis spectroscopy.  

					The solution was sonicated for 30 min and filtered. The spectra were  

					recorded over a wavelength range of 200–800 nm every 0.5 nm, with  

					methanol as the blank, using a UV-1800 series spectrophotometer  

					(Shimadzu, Japan).21 FTIR spectroscopy was conducted using the  

					potassium bromide method with several modifications.23 A 5 mg  

					portion of the sample powder was mixed with potassium bromide  

					(Sigma-Aldrich, USA) at a 1:3 (w/w) ratio, finely ground, and pressed  

					into pellets for analysis. FTIR spectra were recorded using an IRTracer-  

					100 spectrometer (Shimadzu, Japan) over the range of 4000–400 cm−¹.  

					All procedures were repeated five times to ensure reliability and  

					reproducibility. The hydroponic samples were designated as HW,  

					whereas the soil-grown samples were labeled as CW.  

					Data pre-processing and statistical analysis  

					The collected spectral data were preprocessed and analyzed applying  

					chemometric techniques with the R statistical software (version  

					Table 1: UV-Vis peak value and possible A. tricolor L. compound  

					Peak value (nm) Functional group Representative compound  

					Electronic transition  

					Volcano plot direction  

					UV region (200–350 nm)  

					π→π*  

					260  

					267.5  

					318.5  

					Aromatic ring  

					Polyphenols, phenolics, flavonoids, alkaloids  

					HW (288 nm)  

					CW (245 nm)  

					CW (367 nm)  

					n → π*  

					Carbonyl  

					Visible region (400–700 nm)  

					π → π* (extended) 409.5–535.5  

					606–664.5  

					Conjugated double bond  

					Chlorophylls and carotenoids  

					Anthocyanins  

					HW (415 nm)  

					CW (428.5 nm)  

					Note: HW (hydroponic); CW (soil-grown)  

					The FTIR spectra provided additional insights into the molecular  

					composition of A. tricolor L. grown under different conditions. Figure  

					2a and Table 2 present the FTIR absorption bands associated with the  

					key functional groups, including the hydroxyl (O–H), carbonyl (C=O),  

					aromatic (C=C), and ether (C-O-C) groups, which are characteristic of  

					cellulose, hemicellulose, and lignin.30 Although some bands overlapped  

					with primary metabolites, distinct peaks were observed in specific  

					regions, providing clear markers for secondary metabolites such as  

					phenolics, flavonoids, and alkaloids. The peaks observed at 3399–3352  

					and 1639 cm−¹ correspond to O–H and aromatic C=C groups, signaling  

					the presence of phenolic compounds.31 Additionally, the absorption  

					bands at 1736 cm−¹ (C=O stretch) and 1248 cm−¹ (C–O stretch) were  

					indicative of esterified flavonoids or saponins.32 Alkaloid-related N–H  

					and C–N bands at approximately 1550 and 1320 cm−¹ further supported  

					the presence of alkaloids, such as berberine-type compounds reported  

					in the Amaranthus genus,33 in the samples.  

					Table 2: FTIR peak values and functional groups of A. tricolor L.  

					Functional group Representative compound  

					Hydroxyl/NH Polysaccharides, protein,  

					flavonoids, alkaloids  

					Peak value (cm−¹)  

					3399.59  

					3352.34  

					2927.99  

					2857.59  

					Vibrations  

					O-H/N-H stretch  

					Volcano plot direction  

					-

					phenolics,  

					C-H stretch  

					Alkyl  

					Lipids, lignin, terpenoids, steroids, HW (2792.01 cm−¹)  

					alkaloids  

					CW (2832.51 cm−¹)  

					-

					1735.96  

					C=O stretch  

					Carbonyl, ester  

					Hemicellulose,  

					lignin,  

					phenolics,  

					flavonoids, terpenoids  

					1639.82  

					1546.93  

					1376.23  

					C=C stretch  

					N-H bend/C-N stretch  

					C-H bend  

					Aromatic, amide I  

					Amide II  

					Methyl  

					Proteins, phenolics, flavonoids, alkaloids  

					Proteins, alkaloids  

					Polysaccharides, proteins, terpenoids,  

					phenolics  

					-

					-

					-

					4934  

					© 2025 the authors. This work is licensed under the Creative Commons Attribution 4.0 International License  

				

			

		

		
			
				
					
				
			

			
				
					Trop J Nat Prod Res, October 2025; 9(10): 4933 - 4938  

					ISSN 2616-0684 (Print)  

					ISSN 2616-0692 (Electronic)  

					1327.05  

					1247.96  

					O-H bend/C-N stretch  

					Polysaccharides, proteins, alkaloids,  

					saponins  

					Hemicellulose, flavonoid glucosides,  

					saponins  

					Carbohydrates, flavonoid glycosides,  

					saponins, tannins  

					-

					-

					-

					C-O stretch  

					Ether, ester  

					1157.31  

					1107.16  

					1070.51  

					829.40  

					C-O/C-O-C stretch  

					Alcohol, ether  

					C=C out-of-plane bend Aromatic rings  

					Phenolics, flavonoids,  

					CW (850.62 cm−¹)  

					783.11  

					Note: HW (hydroponic); CW (soil-grown)  

					with the UV-Vis results depicting the elevated levels of secondary  

					metabolites in soil-grown A. tricolor L. The HW samples exhibited  

					higher absorption at 2792.97 cm−¹ (C−H stretching of aromatic  

					aldehydes), suggesting an enhancement of phenolic aldehydes, likely  

					due to altered carbon fluxes under hydroponic conditions.35 These  

					spectral analyses indicate that hydroponic cultivation leads to increased  

					synthesis of photosynthetic pigments and membrane lipids, along with  

					an altered profile of secondary metabolites, which may favor precursor  

					amino acids and intermediate phenolic aldehydes.29 Soil-based systems  

					promote the production of metabolites, such as phenolics and  

					flavonoids, which strengthen plant defense mechanisms.36  

					Figure 1: (a) Overlay visualization and (b) volcano plot of A.  

					tricolor L. UV-Vis spectra  

					The FTIR results revealed that the HW samples accumulated phenolics,  

					lignin, and nitrogen-containing compounds, with higher absorption of  

					hydroxyls and amines at approximately 3300 and 1300 cm−¹,  

					respectively. By contrast, the CW samples exhibited stronger  

					absorption in the fingerprint region (<1000 cm⁻¹), indicating a higher  

					concentration of complex metabolites. These results confirmed that  

					hydroponically grown A. tricolor L. exhibited a higher accumulation of  

					phenolic and nitrogen-containing compounds, whereas the soil-grown  

					plants had elevated levels of complex compounds, including  

					glycosylated phenolics and anthocyanins. These findings underscore  

					the influence of the cultivation environment on metabolite  

					accumulation, reflecting an adaptive response to environmental  

					conditions.15  

					Figure 2: (a) Overlay visualization and (b) volcano plot of A.  

					tricolor L. FTIR spectra  

					PCA and OPLS-DA were performed to explore multivariate differences  

					in the chemical composition of the samples. The PCA score plots  

					(Figure 3) separated the HW and CW samples along principal  

					components 1 (PC1) and 2 (PC2), which explained the major variance  

					in the data. For the FTIR spectra, PC1 accounted for 84.8% of the  

					variance, whereas for the UV-Vis spectra, it accounted for 69.2%. This  

					demonstrates that both techniques can differentiate the two cultivation  

					methods. The application of data fusion at a low-level integration  

					further improved the separation, retaining the full spectral resolution of  

					both FTIR and UV-Vis data while enhancing the classification power.  

					In this case, PC1 explained 78.6% of the variance, approaching the  

					discriminatory capacity of the FTIR data alone, while incorporating  

					complementary pigments and phenolic features from the UV-Vis  

					spectra. Mid-level fusion, which combines higher-order components,  

					resulted in a lower PC1 contribution (49.9%), suggesting that this  

					approach captured more balanced and subtle interactions between the  

					techniques.37  

					OPLS-DA further refined the separation of the samples by emphasizing  

					the components that maximized group separation and orthogonalized  

					unrelated spectral variations. The OPLS-DA score plots revealed  

					sharper distinctions between the HW and CW samples, particularly in  

					FTIR and low-level fusion analyses. The performance of the OPLS-DA  

					(Table 3) models was assessed using the goodness of fit (R²Y) and  

					goodness of prediction (Q²). Both metrics exceeded 0.90, indicating  

					excellent model performance.38  

					Chemometric analysis  

					Volcano plots were constructed using spectral data preprocessed by  

					Savitzky–Golay smoothing and SNV normalization to statistically  

					evaluate the chemical differences between the two cultivation systems.  

					The volcano plot analysis, applying a significance threshold of -log(p)  

					> 1.5 (p < 0.0316) and |Log Fold Change| > 1, highlighted three  

					significant wavelengths in the UV-Vis spectra that distinguished the  

					CW and HW samples (Figure 1b), which were located at 245 nm  

					(aromatic rings), 367 nm (flavonol B-ring excitations), and 428.5 nm  

					(carotenoids and anthocyanins). The higher absorption at these  

					wavelengths in the CW samples reflected the elevated accumulation of  

					defensive phenolic compounds and pigment precursors, likely induced  

					by abiotic stress that activates phenylpropanoid biosynthesis.34 In  

					contrast, the HW samples exhibited enhanced absorption at 288 nm  

					(phenolic acid carbonyl) and 415 nm (chlorophyll-related porphyrin),  

					suggesting an increase in photosynthetic pigments and simpler phenolic  

					compounds, which aid in light-capturing efficiency.29  

					The FTIR volcano plot (Figure 2b) further corroborates these  

					observations. The peaks for the CW samples exhibited higher intensities  

					at 850.62 cm−¹ (C−H bending of aromatics) and 2832.51 cm−¹ (C−H  

					stretching of fatty acid chains), which are the markers of phenolic  

					polymers and lipid-derived components. These results are consistent  
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					matrix); Q2 by CV (prediction ability of the model by cross-validation);  

					RMSEE (root mean square error of estimation).  

					The root mean squared error of the estimation (RMSEE) ranged from  

					0.038 to 0.044, demonstrating minimal prediction errors.39 Notably, the  

					predictive variance (t₁P) was the highest for the FTIR (0.828) and low-  

					level fusion (0.760) datasets, highlighting the superior discriminatory  

					ability of these strategies. The OPLS-DA models achieved near-perfect  

					classification metrics with 100% accuracy, sensitivity, and specificity.24  

					Cross-validation and permutation testing further validated the models  

					with p-value < 0.05, confirming their robustness and minimizing the  

					risk of overfitting.  

					Our results align with the findings of previous studies on the effects of  

					cultivation methods on plant secondary metabolites. In a study  

					analyzing polyphenols in mature seeds of 18 Amaranthus genotypes,  

					PCA showed that environmental conditions had a significant effect on  

					the levels of flavonoids such as rutin and nicotiflorin.40 Nekesa et al.  

					(2025) showed that hydroponically grown tomatoes and spinach  

					possessed higher levels of α-tocopherol and β-carotene.41 Another study  

					reported a higher accumulation of lignin in hydroponic lettuce (22.5%)  

					than in that grown in soil.34 However, soil-grown plants had elevated  

					levels of phenolics, flavonoids, and anthocyanins, especially trans-p-  

					coumarin, isorhamnetin-3-O-glucoside, and nicotiflorin from wild  

					Amaranthus viridis.42 A previous study on herbal aromatics and lettuce  

					consistently revealed higher total phenolic and flavonoid contents in  

					soil-grown plants than in hydroponically grown plants.43 This finding  

					confirms that hydroponic systems enhance growth-related metabolites,  

					whereas soil systems promote defense-related compounds.  

					Additionally, the integration of UV-Vis and FTIR spectroscopy in our  

					study allowed the comprehensive analysis of both primary and  

					secondary metabolites, similar to the combination of these techniques  

					in other studies to explore plant metabolic profiles.44–46 Previous studies  

					have shown that data fusion strategies are superior in authenticating  

					Dendrobium species although they are dominated by data with more  

					variables (FTIR data).47 However, the integration of UV-Vis and FTIR  

					data does not always result in a significant increase in efficiency. This  

					is because information from a single spectral dataset is sufficient for  

					classification, as reported in the quality analysis of mint.48 Data fusion  

					methods improve the resolution of spectral analyses and enhance the  

					differentiation between plant samples grown under different conditions.  

					Conclusion  

					This study highlighted the significant effect of cultivation methods on  

					the metabolite profile of A. tricolor L. Notably, hydroponic cultivation  

					was linked to a higher accumulation of photosynthetic pigments and  

					membrane lipids, whereas soil-based cultivation favored the production  

					of secondary metabolites, including phenolics and flavonoids, which  

					are critical for plant defense. The integration of UV-Vis and FTIR  

					spectroscopy through chemometric data fusion enhanced the  

					discrimination between the samples from these two cultivation systems.  

					Multivariate analyses, such as PCA and OPLS-DA, revealed substantial  

					metabolite variations that might have been overlooked by traditional  

					methods, with FTIR alone explaining 82.8% of the variance. The high  

					predictive performance of the models, evidenced by R²Y and Q² values  

					exceeding 0.99 and 0.98, respectively, confirms the robustness and  

					utility of these techniques for assessing metabolite profiles. These  

					results suggest that cultivation systems can be strategically selected to  

					optimize bioactive compound accumulation based on specific  

					functional properties. Future research should focus on expanding the  

					environmental conditions under which A. tricolor L. is cultivated using  

					controlled settings to validate these findings. Additionally, the  

					exploration of long-term cultivation effects and other potential factors,  

					such as light intensity and nutrient availability, would provide valuable  

					insights into the optimization of plant metabolite profiles for therapeutic  

					applications.  

					Figure 3: Principal component analysis (PCA) and orthogonal  

					partial least squares discriminant analysis (OPLS-DA) for  

					FTIR, UV-Vis, low-level, and mid-level data fusion spectra of  

					A. tricolor L.  

					Table 3: Summary of the OPLS-DA validation model  

					performance  

					OPLS-DA Metric  

					Performances  

					R2Y  

					FTIR  

					UV-Vis  

					Low-  

					Level  

					0.996  

					0.987  

					0.039  

					0.760  

					Mid-  

					Level  

					0.995  

					0.989  

					0.044  

					0.498  

					0.996  

					0.988  

					0.038  

					0.828  

					0.995  

					0.993  

					0.042  

					0.503  

					Q2 (by CV)  

					RMSEE  

					Predictive Variance  

					(t1P)  

					Accuracy  

					1

					1

					1

					1

					(Training)  

					Sensitivity (HW)  

					Specificity (CW)  

					p-value (R2Y)  

					p-value (Q2)  

					1

					1

					1

					1

					1

					1

					1

					1

					0.010  

					0.010  

					0.020  

					0.020  

					0.015  

					0.015  

					0.020  

					0.020  
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