The quality of LED light alters the biometrics, bioactive compounds, mineral composition, and anatomy of in vitro micropropagated pitaya
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ABSTRACT
Light quality is a key environmental factor regulating plant physiology, acting both as an energy source for photosynthesis and as a signal controlling growth and development through photoreceptors. This study evaluated the effects of different LED light qualities (white, blue, purple, and red) on the biometric, physiological, biochemical, elemental, and anatomical characteristics of cladodes of Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer (Cactaceae) micropropagated in vitro and cultured on MS medium for 65 days. Growth parameters, photosynthetic pigments, bioactive compounds, mineral composition, and anatomical traits were assessed. Selenicereus undatus showed greater biometric performance, with higher cladode diameter, shoot length, and biomass accumulation, particularly under purple and red light. In contrast, H. polyrhizus exhibited higher accumulation of photosynthetic pigments, especially under white light. Raman spectral analysis indicated treatment-dependent variation in carotenoid-related profiles in S. undatus, whereas H. polyrhizus showed stronger responses under purple and white light. Elemental analysis identified potassium as the predominant element in both species; however, S. undatus showed higher relative accumulation of Mg, P, Cl, and Zn, while H. polyrhizus exhibited higher levels of K, Ca, S, Fe, and Na. Principal component analysis revealed treatment-dependent variation in elemental profiles, with red light associated with higher relative Na and Cl, and blue light associated with higher relative Fe and Mn. Overall, purple and red light were associated with stronger growth responses in S. undatus, whereas white and blue light were more favorable for H. polyrhizus. These findings highlight species-specific responses to LED light environments and provide a basis for optimizing in vitro cultivation strategies for pitaya. Because light intensity was estimated using lux-based measurements and literature-derived conversion factors, PPFD values among treatments should be interpreted as approximate, and observed responses may reflect combined effects of spectral composition and estimated photon flux density.
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Key Message: LED light quality differentially modulates Selenicereus undatus and Hylocereus polyrhizus physiology and anatomy, optimizing micropropagation according to species-specific responses for growth and pigmentation.  

Abbreviations: PPFD: Photosynthetic   Photon Flux Density; LQ: Light Qualities; WL: White Light; BL: Blue Light; PL: Purple Light; RL: Red Light; CR: Central Rib; RM: Rib Margins; CE: Chemical Elements;  Dm: Mean Diameter; SL: Shoot Length; FMS: Fresh Mass of Shoot; SDM: Shoot Dry Mass; RFM: Root Fresh Mass; RDM: Root Dry Mass; PP: Photosynthetic Pigments; Chl a: Chlorophyll a; Chl b: Chlorophyll b; Chl a+b: Total Chlorophylls; Car: Carotenoids; spp.: Species; PCA: Principal Component Analysis. 

INTRODUCTION
	The current scenario of large-scale plant production faces significant limitations imposed by regional and environmental constraints, hindering the commercial availability of high-value medicinal species (Anuruddi et al., 2023). Traditional cultivation, characterized by long development periods that can exceed three years, represents an additional barrier to the commercial availability of plants (Tian et al., 2021). In this context, in vitro cultivation techniques emerge as viable technological alternatives, providing rapid and consistent production of plant biomass, a particularly relevant aspect considering that more than 60% of anticancer drugs are derived from plants (Garcia-Oliveira et al., 2021; Wawrosch & Zotchev, 2021; Sarropoulou et al., 2023).
Among the species of high nutraceutical and pharmacological value, the pitaya species Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer (Cactaceae), both threatened with extinction, possess important specific qualities that make them plants of global interest (Nishikito et al., 2023; Chen et al., 2024). S. undatus is recognized for its high nutritional value and rich composition of bioactive phytochemicals with nutraceutical properties, whereas H. polyrhizus stands out for its therapeutic potential in the prevention of diabetes, obesity, and cancer (Ravichandran et al., 2021; Yang et al., 2024). Considering that the traditional cultivation of these species from seeds requires up to three years to reach commercial maturity (Oo et al., 2023), their in vitro multiplication may represent an efficient biotechnological solution, with optimization potential through strategies based on light quality (Suman et al., 2017; Fan et al., 2022).
Light radiation, or light quality, is one of the most decisive environmental factors in regulating plant physiology, performing complementary functions throughout the plant life cycle. Light acts as an energy source for carbon assimilation processes during photosynthesis and, simultaneously, plays a crucial signaling role in regulating growth and developmental mechanisms through the activation of specific photoreceptors (Paradiso & Proietti, 2022). This functional duality establishes light as a central modulator of both primary and secondary metabolism, directly influencing immediate morphogenic responses and the biosynthesis of specialized metabolites (Hashim et al., 2021).
The implementation of Light-Emitting Diode (LED) technologies has revolutionized spectral quality control in cultivation systems. This technology enables the emission of wavelength ranges tailored to the specific physiological needs of plants, making it possible to induce targeted morphogenic responses (Dou et al., 2019; Hashim et al., 2021). In in vitro cultivation environments, the modulation of light quality assumes great importance, since different spectra trigger specific metabolic activities, optimizing both vegetative growth and the production of bioactive compounds (Manivannan et al., 2021). Scientific evidence indicates that strategic spectral combinations significantly enhance the in vitro development of multiple plant species (Ali et al., 2019; Chen et al., 2020; Silva et al., 2020).
The physiological characterization of light qualities reveals distinct functional specificities. White light, characterized by its broad and balanced spectrum, is effective in root development, shoot proliferation, aerial biomass accumulation, and carotenoid pigment synthesis in species such as Vanilla planifolia and Saccharum officinarum (Bello-Bello et al., 2016; De Araújo Silva et al., 2016; Cavallaro et al., 2022). Red light, recognized as the light quality with the highest photosynthetic efficiency, is widely used to optimize in vitro survival and enhance the production of secondary metabolites, acting as an efficient elicitor in the biosynthesis of pharmacologically active compounds (Hogewoning et al., 2010). Blue light plays regulatory roles in stomatal opening and transpiration and helps prevent morphological disorders associated with the “red light syndrome” (Lee et al., 2007; Davis & Burns, 2016). Combined light spectra, particularly purple light, resulting from the combination of blue and red wavelengths, have shown superior effectiveness in the cultivation of plants with pharmacological properties (Cuong et al., 2019; Nadeem et al., 2019). This combination of different LED light qualities contributes to an increase in net photosynthetic rate and dry biomass accumulation and is widely applied in the controlled cultivation of species such as potato (Solanum tuberosum), Brazilian ginseng (Pfaffia glomerata), and Brassica chinensis (Hogewoning et al., 2010; Ani et al., 2015; Luz et al., 2015).
Despite the established advances in light quality modulation to enhance growth efficiency and phytochemical production, significant gaps still, remain in the understanding of aspects related to cladodes of in vitro cultivated pitaya species. This study evaluated the effects of different LED light qualities (white, blue, purple, and red) on the biometric, physiological, biochemical, elemental, and anatomical characteristics of cladodes from Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer (Cactaceae) micropropagated in vitro and cultured in MS medium for 65 days.

MATERIALS AND METHODS
	The experiment was conducted at the Laboratório de Cultura de Tecidos of the Departamento de Agricultura, Universidade Federal de Lavras (UFLA), in Lavras, Minas Gerais State, Brazil.

Plant material and in vitro culture
	Plants (2.5 ± 0.5 cm) of Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer, previously established in MS medium (Murashige and Skoog, 1962) without plant growth regulators, were used as a source of explants. Cladodes (~1.5 cm in length) were inoculated into 250 mL glass flasks containing 50 mL of MS medium supplemented with 30 g L⁻¹ sucrose and 5.6 g L⁻¹ agar (Agargel Indústria e Comércio Ltda). The medium pH was adjusted to 6.0 ± 0.2 prior to autoclaving at 121 °C and 1.2 atm for 20 min. Five cladodes were inoculated per flask under sterile conditions in a laminar flow chamber (VECO®, HLFS-12).
	Cultures were maintained in a growth room at 25 ± 2 °C for 65 days under a 16 h photoperiod. LED lamps (Empalux® FT8 HO, 36 W / 6400 K) with different spectral compositions provided illumination: white (WL), blue (BL), purple (PL), and red (RL).
	Light intensity at shelf level was measured using a digital lux meter (Politerm®, POL-10B). Measurements were taken at three positions (left, center, and right) across the culture shelves (1.29 m²), positioned 21 cm below the LED sources and approximately 3 cm above the top of the culture flasks. Mean illuminance (lux) values were converted to estimated photosynthetic photon flux density (PPFD, μmol m⁻² s⁻¹) using spectrum-dependent conversion factors derived from established relationships between photometric (lux) and quantum (PAR) measurements in controlled environment lighting systems (Yeh & Chung, 2009; Hernández & Kubota, 2016; Bugbee, 2014). Because the conversion depends strongly on spectral composition, specific factors were applied for each LED treatment (white, blue, red, and purple), resulting in estimated PPFD values of approximately 40, 31, 34, and 32 μmol m⁻² s⁻¹, respectively.
	Given the inherent limitations of lux-based measurements and their dependence on spectral distribution, particularly in narrow-band LED systems, PPFD values are presented as estimates. Nevertheless, lighting conditions were standardized to ensure comparable photosynthetically active radiation levels across treatments, allowing treatment effects to be primarily attributed to spectral quality rather than major differences in photon flux density.
Biometric characteristics
	Biometric parameters, including cladode diameter (mm), shoot length (cm), and fresh and dry masses (g) of the shoot and root of the cladodes, were measured in ten randomly selected plants from each treatment, 65 days after inoculation. Cladode diameter and shoot length were measured using a millimeter ruler. Fresh masses of the shoot and root were determined immediately after sample collection using an analytical balance (OHAUS, model PR224BR) with four decimal places. Subsequently, the plant material was dried in a forced-air oven at 65 °C for 72 hours until constant weight was achieved. After drying, the samples were allowed to reach thermal stabilization in a styrofoam box, and then the dry masses of the shoot and root were measured using the same analytical balance.

Photosynthetic pigments
	The analysis of photosynthetic pigments was performed using cladodes (± 0.050 g) from five plants of Selenicereus undatus and Hylocereus polyrhizus, randomly selected from each treatment after 65 days of in vitro cultivation. The cladodes were transferred to test tubes containing 5 mL of 80% acetone for the extraction of chlorophylls and carotenoids. The tubes were wrapped in aluminum foil to prevent chlorophyll degradation. Twenty-four hours after storage in a refrigerator at ± 4 °C, the absorbance of the samples was measured using a Multiskan GO spectrophotometer (Thermo Fisher Scientific) at wavelengths of 470 nm (Abs₄₇₀), 647 nm (Abs₆₄₇), and 663 nm (Abs₆₆₃) (Scopel et al., 2011). The contents of chlorophyll ‘a’, chlorophyll ‘b’, total chlorophylls, and carotenoids were calculated based on equations (Lichtenthaler & Wellburn, 1983 and Lichtenthaler & Babani, 2021). Absorbance measurements were performed in five replicates per treatment, with each replicate evaluated in hexaplicate. The analysis was performed using SkanIt Software 5.0 for Microplate Readers, version 5.0.0.42.

Raman spectroscopic analysis
	Raman microscopy (RM) was used to evaluate the presence of bioactive compounds, particularly spectral bands associated with betacyanins (1000–1200 cm⁻¹), phenolic compounds (1400–1600 cm⁻¹), and other antioxidant-related metabolites (1000–1600 cm⁻¹) in fresh cladodes of Selenicereus undatus and Hylocereus polyrhizus cultured under different LED light qualities. For this analysis, three plants per treatment were randomly selected and considered as biological replicates. From each plant, cladode samples were collected 65 days after inoculation and analyzed using a Confocal Raman Microscopy system (Alpha300, Witec) equipped with a 785 nm laser and 10× and 50× objectives. Multiple spectra were acquired per sample to ensure representativeness of the chemical profile. This analysis was performed as a comparative and exploratory assessment of metabolite-related spectral patterns among treatments.

Energy-dispersive X-ray spectroscopy (EDX)
	Energy-dispersive X-ray spectroscopy (EDX) analyses were performed using a scanning electron microscope (TESCAN-CLARA) equipped with a Bruker Quantax EDX detector (XFlash 6|60). Three plants per treatment were randomly selected and used as biological replicates. From each plant, cladode samples were collected 65 days after inoculation and prepared for elemental analysis. Samples were mounted on aluminum stubs using double-sided carbon tape (HOGOTEK, model 7321) and dried at 70 °C for 12 hours, followed by storage in a desiccator with silica gel for at least 24 hours prior to analysis. EDX analyses were conducted at 20 keV with magnifications of 200× and 400×, and were used to determine the relative atomic percentages of selected elements (K, Ca, S, Mg, P, Cl, Fe, Mn, Na, and Zn) in the central ribs and along the rib margins of the cladodes. This analysis was performed as a comparative assessment of elemental distribution patterns among treatments. 

Anatomical analyses
	The anatomical analyses were performed on cladodes and roots from five plants per treatment, randomly collected after 65 days of in vitro cultivation. The cladodes and roots were fixed in FAA solution (formalin, acetic acid, and 50% ethanol in a 0.05:0.05:0.90 ratio) for 72 hours. Subsequently, dehydration was performed using alcohol at increasing concentrations (70%, 80%, 90%, and 100%), with 2-hour intervals between each step (Johansen, 1940). The samples were immersed in a solution composed of 50% alcohol and 50% pure resin for 72 hours, fixed with pure resin, and hardened in a solution containing 15% pure resin and 1% hardener to facilitate the sectioning process (Clairvil et al., 2025; Clairvil et al., 2026). Anatomical analysis was performed on five transverse sections per plant; with cuts of nine μm thickness obtained using a semi-automatic rotary microtome (MRS 3500). The sections were stained with 0.05% Toluidine Blue solution and mounted on permanent slides using glycerinated gelatin. 
	The analyses included counting the number of vascular bundles and measuring the cross-sectional area (mm²) of the cladodes, root area (mm²) and total root diameter (µm) measured from one outer edge of the epidermis to the opposite side. The sections were observed under a light microscope (Nikon, Eclipse E100) equipped with a digital camera (Infinity) for image capture. The photomicrographs obtained were used to measure the anatomical characteristics.
	The cross-sectional area of the cladodes was measured using a 4× objective lens; the number of vascular bundles, root area, and total root diameter were measured using a 20× objective lens. All measurements were performed using the calibrated UTHSCSA-ImageTool® software.  Due to the image size relative to the field of view of the microscope-mounted camera, each cladode cross-section was photographed in two parts (upper and lower) to facilitate measurement of the total area.  

Statistical analysis
	The experiment was conducted in a completely randomized design with two plant species (Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer) and four LED light qualities (white, blue, purple, and red), arranged in a 2 × 4 factorial scheme. Data were analyzed using R Studio software (version 4.2.2). Analysis of variance (ANOVA) was performed to evaluate the effects of treatments and their interactions. When significant differences were detected (p ≤ 0.05), means were compared using Tukey’s honestly significant difference (HSD) post hoc test at a 5% probability level. Results are presented as mean ± standard error, and significant differences among treatments are indicated by different letters in figures and tables.


RESULTS AND DISCUSSION
Different LED light spectra influenced the initial growth of Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer (Figure 1).
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Figure 1. Specimens of Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer after 65 days of in vitro cultivation under different LED light qualities [White (A–B), Blue (C–D), Purple (E–F), and Red (G–H)]. Scale bar = 2 cm.

 After 65 days of exposing S. undatus and H. polyrhizus plants to different LED light qualities [White (WL), Blue (BL), Purple (PL), Red (RL)], no significant interactions were observed with respect to cladode diameter (Table 1). In contrast, significant interactions were observed for biometric variables (shoot length, and fresh and dry mass of the shoot and root), photosynthetic pigment content, and anatomical parameters (number of vascular bundles and cross-sectional area of the cladodes, root area and total root diameter) (Tables 2 and 3; Figures 4 and 5).  

Table 1. Mean cladode diameter (Dm; mm) of pitaya species Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer after 65 days of in vitro cultivation under different light qualities (LQ) [White: WL; Blue: BL; Purple: PL; Red: RL]. 
	spp.
	Dm 
	LQ
	Dm 

	S. undatus
	0.728±0.013a
	WL
	0.694±0.017B

	H. polyrhizus
	0.690±0.009b
	BL
	0.703±0.019B

	
	
	PL
	0.723±0.023A

	C.V. = 6.45%
	
	RL
	0.715±0.024A


Means (± standard error) followed by different lowercase letters (species) and uppercase letters (light quality) within the same column differ significantly according to Tukey's honestly significant difference (HSD) test at the 5% significance level (p ≤ 0.05). Values represent factor means due to the absence of a significant interaction between species and light quality. C.V. = coefficient of variation (%). 
The mean cladode diameter of S. undatus, considering all evaluated light qualities, was greater than that of H. polyrhizus. The highest mean cladode diameters were observed under purple (0.723 mm) and red (0.715 mm) light, which did not differ significantly from each other, but were higher than those recorded under blue and white light (Table 1).
The greater cladode diameter observed under red and purple LED treatments is consistent with previous studies reporting improved growth of pitaya under light environments enriched in red wavelengths (Huang et al., 2022). Similarly, the response observed under the combined red and blue spectrum (purple light) agrees with reports indicating that mixed wavelengths may be more suitable for in vitro plant development than monochromatic light conditions. In the present study, red and purple LED treatments were associated with greater cladode expansion than blue light, suggesting that spectral composition contributed to the observed morphological differences.
However, because slight differences in estimated PPFD among treatments could not be completely eliminated, the responses should be interpreted as resulting from the combined influence of light spectrum and photon flux density rather than spectral quality alone. Previous studies have suggested that red wavelengths may influence photomorphogenic responses through phytochrome-related processes (Huang et al., 2022); however, these mechanisms were not directly assessed in the present study and are therefore considered only as potential explanations for the observed growth patterns.

The biometric characteristics of S. undatus and H. polyrhizus propagules did not differ significantly under white light. However, under blue, purple, and red light, S. undatus exhibited greater shoot length (1.410, 1.613, and 1.694 cm, respectively), shoot fresh mass (1.029, 1.256, and 1.218 g, respectively), and shoot dry mass (0.362, 0.408, and 0.401 g, respectively), as well as higher root fresh mass (0.698, 0.904, and 0.816 g, respectively) and root dry mass (0.017, 0.023, and 0.026 g, respectively) (Table 2).
Table 2. Shoot length (LAP, cm), shoot fresh mass (FMAP, g plant⁻¹) and root fresh mass (DMAP, g plant⁻¹), and shoot dry mass (FMR, g plant⁻¹) and root dry mass (DMR, g plant⁻¹) of cladodes of pitaya species Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer after 65 days of in vitro cultivation under different light qualities (LQ) [White (WL); Blue (BL); Purple (PL); Red (RL)].  
	   
	spp.
	LQ
	C.V.

	
	
	WL
	BL
	PL
	RL
	

	LAP
	S. undatus
	1.3610.132Ba
	1.4100.165Ba
	1.6130.321Aa
	1.6940.344Aa
	8.97

	
	H. polyrhizus
	1.3540.176Ba
	1.2530.116Cb
	1.3720.143Bb
	1.5020.118Ab
	

	FMAP
	S. undatus
	0.9080.074Ca
	1.0290.133Ba
	1.2560.276Aa
	1.2180.330Aa
	8.99

	
	H. polyrhizus
	0.8860.097Aa
	0.8760.020Ab
	0.8700.046Ab
	0.8470.043Ab
	

	DMAP
	S. undatus
	0.3030.003Ba
	0.3620.006Aa
	0.4080.007Aa
	0.4010.014Aa
	10.17

	
	H. polyrhizus
	0.3040.005Aa
	0.2880.003Ab
	0.2950.002Ab
	0.3000.001Ab
	

	FMR
	S. undatus
	0.4770.037Ba
	0.6980.078Aa
	0.9040.163Aa
	0.8160.339Aa
	24.57

	
	H. polyrhizus
	0.5640.082Aa
	0.4620.002Ab
	0.5970.072Ab
	0.4150.021Ab
	

	DMR
	S. undatus
	0.0110.002Ba
	0.0170.002Aa
	0.0230.003Aa
	0.0260.008Aa
	14.39

	
	H. polyrhizus
	0.0060.001Aa
	0.0040.001Ab
	0.0100.001Ab
	0.0060.001Ab
	


Means (± standard error) followed by the same uppercase letter within rows (light quality) and the same lowercase letter within columns (species) are not significantly different according to Tukey's honestly significant difference (HSD) test (p ≤ 0.05). C.V. = coefficient of variation (%). 

The cladodes of S. undatus exhibited the greatest shoot length under purple (1.613 cm) and red (1.694 cm) light, whereas in H. polyrhizus, the highest value was observed under red light (1.502 cm). Similarly, the shoot fresh mass of S. undatus cladodes was highest under purple (1.256 g) and red (1.218 g) light. 
Shoot dry mass, as well as root fresh and dry mass, were also greater under purple (0.408, 0.904, and 0.023 g, respectively), red (0.401, 0.816, and 0.026 g, respectively), and blue (0.362, 0.698, and 0.017 g, respectively) light. In contrast, no significant differences in fresh or dry mass were observed among light qualities for H. polyrhizus cladodes (Table 2).
The superior biometric performance of Selenicereus undatus compared with Hylocereus polyrhizus suggests interspecific differences in growth responses under the evaluated LED treatments, reflecting distinct developmental characteristics between the two species. In this study, phenotypic plasticity is interpreted in a trait-specific context, referring to the capacity of each species to modify distinct phenotypic traits in response to LED light treatments. Accordingly, we distinguish between morphological plasticity (growth and anatomical traits) and mineral plasticity (variation in elemental composition), rather than treating plasticity as a single integrated response. These findings are consistent with previous reports demonstrating greater morphological plasticity in S. undatus under controlled environmental conditions (Cavallaro et al., 2022) and support the need to optimize LED lighting according to species-specific requirements during pitaya micropropagation (De Vasconcelos Dias et al., 2025). Under the experimental conditions of the present study, red and purple LED treatments were associated with greater vegetative development in S. undatus. Previous studies have suggested that red and blue wavelengths may influence plant growth through photoreceptor-related processes (Huang et al., 2022; Yun et al., 2023); however, since these processes were not directly investigated, they are considered here only as possible explanations for the observed responses. In contrast, H. polyrhizus exhibited greater mineral plasticity, as indicated by stronger modulation of tissue mineral composition under the LED treatments. These results indicate that phenotypic plasticity is expressed at different biological levels in the two species, with S. undatus showing stronger morphological responsiveness and H. polyrhizus showing stronger variation in mineral composition.
Greater biomass accumulation in S. undatus indicates higher vegetative growth performance under the evaluated in vitro conditions. Although S. undatus is a Crassulacean Acid Metabolism (CAM) species, CAM activity was not assessed in the present study; therefore, the results should be interpreted as differences in growth performance rather than as evidence of changes in carbon assimilation pathways. Previous studies have likewise reported that LED light quality influences biomass accumulation and morphogenesis in pitaya under controlled conditions (Nhut et al., 2003; Cavallaro et al., 2022; Shang et al., 2023).
In contrast, Hylocereus polyrhizus exhibited lower overall biometric performance, with the greatest growth observed under white light, suggesting that broader-spectrum illumination may provide more favorable conditions for its development under the experimental conditions. The reduced growth observed under red light indicates species-specific differences in responses to LED treatments, reflecting distinct growth patterns among pitaya species during in vitro culture (Sarropoulou et al., 2023; Cossa et al., 2024; Kim et al., 2025).
Because slight differences in estimated PPFD among LED treatments could not be completely eliminated, the observed responses likely reflect the combined influence of spectral composition and photon flux density.

Photosynthetic pigment contents varied between the pitaya species S. undatus and H. polyrhizus, as well as in response to light quality during in vitro cultivation. In S. undatus, cladodes showed higher accumulation of chlorophyll a and total chlorophyll under blue light (0.615 and 0.687 μg g⁻¹, respectively). Chlorophyll b and carotenoids reached their highest levels under blue (0.452 and 0.416 μg g⁻¹, respectively), white (0.425 and 0.378 μg g⁻¹, respectively), and purple light (0.412 and 0.376 μg g⁻¹, respectively), with no significant differences among these treatments. In contrast, H. polyrhizus exhibited higher concentrations of photosynthetic pigments under white light, with chlorophyll a at 0.709 μg g⁻¹, chlorophyll b at 0.532 μg g⁻¹, total chlorophyll at 0.798 μg g⁻¹, and carotenoids at 0.488 μg g⁻¹. In both species, the lowest pigment concentrations were observed under red light; however, in H. polyrhizus, no significant differences were detected among red, blue, and purple light for chlorophyll b and total chlorophyll (Table 3). 

Table 3. Photosynthetic pigment contents (PP) – chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophylls (Chl a+b), and carotenoids (Car), in μg g⁻¹ of fresh mass of cladodes from pitaya species Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer after 65 days of in vitro cultivation under different light qualities (LQ) [White (WL); Blue (BL); Purple (PL); Red (RL)].  
	PP
	
spp.
	LQ
	C.V.

	
	
	WL
	BL
	PL
	RL
	

	Chl a
	S. undatus
	0.5420.028Bb
	0.6150.016Aa
	0.5020.014Ba
	0.3440.003Cb
	7.99

	
	H. polyrhizus
	0.7090.035Aa
	0.5790.027Ba
	0.5610.020Ba
	0.5060.017Ca
	

	Chl b
	S. undatus
	0.4250.017Ab
	0.4520.010Aa
	0.4120.010Aa
	0.2820.003Bb
	8.60

	
	H. polyrhizus
	0.5320.012Aa
	0.4420.009Ba
	0.4150.008Ba
	0.3830.006Ba
	

	Chl a+b
	S. undatus
	0.6180.045Bb
	0.6870.025Aa
	0.5820.023Ba
	0.3990.006Cb
	8.05

	
	H. polyrhizus
	0.7980.047Aa
	0.6550.036Ba
	0.6290.028Ba
	0.5710.022Ba
	

	Car
	S. undatus
	0.3780.010Ab
	0.4160.005Aa
	0.3760.005Aa
	0.2380.002Bb
	7.86

	
	H. polyrhizus
	0.4880.010Aa
	0.4210.008Ba
	0.3860.008Ba
	0.3500.005Ca
	


Means (± standard error) followed by the same uppercase letter within rows (light quality) and the same lowercase letter within columns (species) are not significantly different according to Tukey's honestly significant difference (HSD) test (p ≤ 0.05). C.V. = coefficient of variation (%). 

Between the species, H. polyrhizus exhibited higher pigment contents than S. undatus under white and red light. Under blue and purple light, no significant differences in pigment contents were observed between the two species (Table 3).
The higher pigment contents recorded in Hylocereus polyrhizus under white light, compared with the other LED treatments, indicate species-specific differences in pigment accumulation relative to Selenicereus undatus (Yaoyuan et al., 2025). This pattern is supported by differences in total chlorophyll content, suggesting that the two species respond differently to the evaluated lighting conditions (Sumi et al., 2025; Yaoyuan et al., 2025). White light, characterized by a broader spectral distribution than monochromatic LEDs, was associated with greater pigment accumulation in H. polyrhizus. Previous studies have reported that the simultaneous presence of blue and red wavelengths supports chlorophyll biosynthesis, photomorphogenic responses, and balanced excitation of photosystems I and II, contributing to more efficient light utilization (Baidya et al., 2021; Liu & Van Iersel, 2021; Yaoyuan et al., 2025). Although these physiological processes were not directly investigated in the present study, they provide plausible explanations for the observed responses.
Similarly, the greater pigment accumulation observed in Selenicereus undatus under blue light is consistent with previous reports describing positive effects of blue wavelengths on pigment accumulation under controlled conditions. Blue light has been associated with regulation of photoreceptor-related processes involved in chlorophyll biosynthesis and chloroplast development in several species (Raqiba & Sibi, 2019; Liu & Van Iersel, 2021; Wu et al., 2024; Yaoyuan et al., 2025). However, since photoreceptor activity and gene expression were not assessed in the present study, these mechanisms should be considered as possible explanations rather than direct evidence.
In contrast, both pitaya species exhibited lower pigment accumulation under red light compared with broader-spectrum treatments. This suggests that monochromatic red light alone may be less effective in maintaining chlorophyll and carotenoid levels under the experimental conditions. Previous studies have likewise reported that the absence of blue wavelengths may reduce pigment accumulation by limiting physiological processes associated with chlorophyll biosynthesis (Sumi et al., 2025; Yaoyuan et al., 2025).
Because slight differences in estimated PPFD among LED treatments could not be completely eliminated, pigment responses should be interpreted as resulting from the combined influence of spectral composition and photon flux density.

[image: ]The synthesis of bioactive compounds in the cladodes of S. undatus and H. polyrhizus varied under different LED light qualities, as reflected by differences in Raman spectral features associated with betalains (1000–1200 cm⁻¹), phenolic compounds (1400–1600 cm⁻¹), and antioxidant-related regions (1000–1600 cm⁻¹) (Figure 2). 

Figure 2. Raman spectra of Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer after 65 days of in vitro cultivation, under different light qualities [Purple, Blue, Red, and White]: comparative analysis of biochemical profiles. Data represent the mean of three replicates per treatment.  

These spectral regions have been previously identified as relevant for the detection of secondary metabolite-related compounds in plant tissues (Vershinina et al., 2025; De Angelis et al., 2025). In the present study, differences among treatments were expressed as variations in Raman signal intensity and spectral profiles rather than quantitative metabolite concentrations.
Hylocereus polyrhizus showed more pronounced Raman signal intensities across several spectral regions under white, blue, and purple light, whereas S. undatus exhibited relatively stronger signals under red light. The most evident spectral features were observed in H. polyrhizus under purple light and in S. undatus under red light, particularly in the 1400–1500 cm⁻¹ region (Figure 2), indicating treatment-dependent variation in biochemical composition.
In S. undatus, spectral variations indicated changes in the relative intensity of bands associated with betalains, phenolic compounds, and antioxidant-related molecules under different light qualities (Figure 2). White and red light were associated with more pronounced spectral signals, whereas purple light showed comparatively lower signal intensity. Blue light induced intermediate responses. Previous studies have reported that red and blue wavelengths can influence secondary metabolism through photoreceptor-mediated signaling pathways involved in plant metabolic regulation (Griffin & Toledo-Ortiz, 2022; Pierik & Ballaré, 2021). However, since gene expression and photoreceptor activity were not assessed, these mechanisms should be considered as potential explanatory frameworks rather than direct evidence.
Similarly, H. polyrhizus exhibited marked spectral variations across treatments, with white light associated with more complex Raman spectral profiles, followed by purple and red light, whereas blue light showed comparatively lower spectral intensity in the analyzed regions (Figure 2). The association between spectral features and antioxidant-related compounds is consistent with previous reports describing the antioxidant potential of pitaya betacyanins (Chen et al., 2021; Paśko et al., 2021). In addition, the observed differences between species are consistent with previous studies reporting interspecific variation in betalain accumulation within the genus Hylocereus (Choo et al., 2019; Chen et al., 2021; Khoo et al., 2022).
Overall, white light was associated with more complex Raman spectral profiles in both species, suggesting greater diversity of detectable bioactive compounds under this treatment. H. polyrhizus showed greater variation in spectral responses across treatments, whereas S. undatus exhibited a more moderate spectral response under the evaluated conditions (Figure 2).
These contrasting patterns indicate species-specific differences in biochemical composition as reflected by Raman spectral profiles under different light qualities. Previous studies have suggested that photoreceptor-mediated signaling may influence secondary metabolism in plants (Griffin & Toledo-Ortiz, 2022; Xie et al., 2025). However, since these regulatory processes were not experimentally assessed in the present study, they are discussed here only as a general biological context rather than as mechanistic explanations.

The elemental composition of S. undatus cladodes varied significantly between the central ribs (CR) and rib margins (RM), as well as among different light qualities (white, blue, purple, and red) (Table 4).

Table 4. Percentage distribution (atomic %) of chemical elements (CE) in cladodes of pitaya species Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer after 65 days of in vitro cultivation under different light qualities (LQ) [White (WL); Blue (BL); Purple (PL); Red (RL)].  
	
	
	LQ

	CE
	
	WL
	BL
	PL
	RL

	(%)
	spp.
	CR
	RM
	CR
	RM
	CR
	RM
	CR
	RM

	K
	S. undatus
	57.491.88 
	43.081.55
	48.141.68
	74.452.47
	49.461.76
	69.532.35
	70.352.44
	59.072.05

	
	H. polyrhizus
	69.692.92
	58.112.12
	57.011.89
	66.430.89
	43.611.48
	54.881.95
	33.371.21
	44.741.54

	Ca
	S. undatus
	6.390.38
	25.731.03
	27.881.08
	11.170.63
	17.440.83
	13.280.71
	23.371.09
	18.890.87

	
	H. polyrhizus
	20.511.64
	19.361.01  
	17.240.37
	17.770.08
	35.511.22
	27.561.15
	21.670.86
	5.500.42

	S
	S. undatus
	7.370.44
	6.060.53
	3.010.41
	0.640.03
	3.070.47
	1.780.41
	0.000.00
	0.170.01

	
	H. polyrhizus
	0.000.00
	1.350.02
	7.740.10
	5.990.01
	4.670.10
	4.410.55 
	26.911.19
	25.861.14

	Mg
	S. undatus
	10.800.85
	13.621.20
	6.180.79
	0.000.00
	16.251.37
	0.280.03
	0.000.00
	9.071.02

	
	H. polyrhizus
	0.000.00
	0.000.00
	4.360.06
	0.000.00
	5.780.07
	2.800.06
	9.410.88
	12.051.00

	P
	S. undatus
	8.170.50
	6.450.58
	6.540.55
	2.560.43
	8.670.69
	5.220.55
	0.000.00
	3.870.53

	
	H. polyrhizus
	0.000.00
	0.000.00
	5.030.07
	1.690.01
	2.620.05
	1.150.05
	5.640.48
	8.050.55

	Cl
	S. undatus
	8.670.45
	3.610.42
	6.940.49
	8.480.54
	4.910.48
	8.540.57
	4.120.51
	4.710.48

	
	H. polyrhizus
	0.000.00
	1.100.06
	7.550.14
	6.100.03
	5.740.38
	7.460.60
	1.460.02
	3.130.34

	Fe
	S. undatus
	0.550.18
	0.780.29
	0.910.27
	1.410.31
	0.130.01
	0.720.30
	0.910.37
	1.400.35

	
	H. polyrhizus
	8.520.96
	19.840.91
	1.050.02
	1.450.00
	1.140.02
	1.150.06
	1.250.00
	0.290.22

	Mn
	S. undatus
	0.270.16
	0.610.28
	0.330.15
	0.910.28
	0.070.01
	0.470.03
	1.250.37
	2.400.36

	
	H. polyrhizus
	0.440.03
	0.240.00
	0.000.00
	0.560.00
	0.920.02
	0.340.01
	0.300.02
	0.230.00

	Na
	S. undatus
	0.000.00
	0.000.00
	0.000.00
	0.000.00
	0.000.00
	0.000.00
	0.000.00
	0.000.00

	
	H. polyrhizus
	0.000.00
	0.000.00
	0.000.00
	0.000.00
	0.000.00
	0.000.00
	0.190.04
	0.000.00

	Zn
	S. undatus
	0.290.19
	0.080.04
	0.070.02
	0.370.03
	0.000.00
	0.170.04
	0.000.00
	0.420.04

	
	H. polyrhizus
	0.840.07
	0.000.00
	0.020.00
	0.000.00
	0.000.00
	0.000.00
	0.000.00
	0.150.00


Percentage distribution (atomic %) of chemical elements (CE) in cladodes of Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer. Values are expressed as mean ± standard error (n = 3). CR = central ribs; RM = rib margins. 

	Potassium (K) was the predominant mineral under all evaluated conditions, particularly under blue light, where S. undatus reached 74.55% in the rib margins (RM) and 70.35% in the central ribs (CR). In H. polyrhizus, K concentrations were also high, reaching 69.69% under white light in the CR and 66.43% under blue light in the RM (Table 4).
	The elevated K values highlight its importance as a major mineral constituent involved in plant cellular functions and osmotic regulation (Pinho et al., 2017). In Selenicereus undatus, higher K levels were observed under red light, while in Hylocereus polyrhizus the highest concentration occurred under white light, indicating species and treatment-dependent variation in elemental composition (Lima et al., 2021; Soufi et al., 2023).
	The highest calcium (Ca) contents were observed in H. polyrhizus under purple light, in both the central ribs (CR) and rib margins (RM). In S. undatus, maximum Ca content occurred under blue light in the CR (27.88%) and under white light in the RM (25.73%) (Table 4). These results indicate differences in Ca distribution between species and LED treatments. Previous studies have reported that light conditions may influence Ca accumulation in plant tissues (Soufi et al., 2023; Ahmed et al., 2023); however, no physiological measurements were conducted in the present study to further explain these patterns.
	Sulfur (S) content was highest in H. polyrhizus under red light (26.91% in the central ribs [CR] and 25.86% in the rib margins [RM]), whereas in S. undatus it was highest under white light (7.37% in the CR and 6.06% in the RM) (Table 4). These results further demonstrate variation in elemental composition between species under different LED treatments. Sulfur levels are known to vary under different environmental conditions (Soufi et al., 2023), although no functional analyses were performed in the present study.
	Magnesium (Mg), phosphorus (P), and chlorine (Cl) contents were higher in S. undatus under purple light in the central ribs (CR) and under white light in the rib margins (RM). In H. polyrhizus, Mg and P contents were highest under red light (12.05% and 8.05% in the CR; 9.41% and 5.64% in the RM, respectively). Chlorine (Cl) content was highest under white light in the CR (7.55%) and under red light in the RM (7.46%) (Table 4). The observed differences indicate treatment-dependent variation in mineral distribution between species.
	Regarding micronutrients, Fe showed the highest levels in H. polyrhizus under white light in both the CR and RM. Mn content peaked in S. undatus under red light (2.40% in the RM and 1.25% in the CR). Sodium (Na) was not detected in S. undatus, while very low levels were observed in H. polyrhizus under red light in the CR (0.19%). Zn content in S. undatus was highest under red light in the RM (0.42%) and under white light in the CR (0.29%), whereas in H. polyrhizus it reached its highest values under white light in the CR (0.84%) and red light in the RM (0.15%) (Table 4).
	The higher Fe levels observed in H. polyrhizus under white light reflect differences in micronutrient distribution among treatments and species. Similarly, variation in Mn and Zn contents indicates differential elemental accumulation patterns under the evaluated LED conditions. The relatively low Zn concentrations observed in both species agree with previous reports describing limited Zn accumulation in pitaya tissues (Yasmin et al., 2024). The absence or very low levels of Na in both species indicate low sodium accumulation under the experimental conditions.

	Principal component analysis (PCA) of the mineral composition of the vascular tissues of S. undatus and H. polyrhizus after 65 days of in vitro cultivation under different light qualities [white (WL), blue (BL), purple (PL), and red (RL)] explained 55.8% of the total variance across the first two principal components, indicating a strong contribution of variables associated with nutrient uptake under the different treatments (Figure 3A–B).
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Figure 3A–B. Principal component analysis (PCA) of the mineral composition of vascular tissues of cladodes (central ribs and rib margins) of pitaya species (Sp.) Selenicereus undatus (Haw.) D.R. Hunt (orange symbols) and Hylocereus polyrhizus (Salm-Dyck) R. Bauer (blue symbols), after 65 days of in vitro cultivation, under different light qualities [White (WL); Blue (BL), Purple (PL), and Red (RL)]. (A) Distribution of individuals along the first two principal axes (Dim1 = 35.5%; Dim2 = 20.3%). (B) Biplot showing the correlation between the variables (mineral elements) and the evaluated treatments. The numbered points (1–16) represent the combinations of species, cladode regions, and light qualities, as follows: 1 (BLCR) = H. polyrhizus under blue light; 2 (BLRM) = S. undatus under blue light; 3 (PLCR) = H. polyrhizus under purple light; 4 (PLRM) = S. undatus under purple light; 5 (RLCR) = H. polyrhizus under red light; 6 (RLRM) = S. undatus under red light; 7 (WLCR) = H. polyrhizus under white light (control); 8 (WLRM) = S. undatus under white light (control); 9 (BLCR) = H. polyrhizus under blue light (control); 10 (BLRM) = S. undatus under blue light (control); 11 (PLCR) = H. polyrhizus under purple light; 12 (PLRM) = S. undatus under purple light; 13 (RLCR) = H. polyrhizus under red light; 14 (RLRM) = S. undatus under red light; 15 (WLCR) = H. polyrhizus under white light (control); and 16 (WLRM) = S. undatus under white light (control).

	Dim1 explained 35.5% of the total variability, primarily separating H. polyrhizus and S. undatus according to spectral light conditions. Dim2 explained 20.3% of the variability and was associated with differences between cladode regions (central ribs [CR] and rib margins [RM]) within each species (Figure 3A–B). 
	The first principal component describes a spectral gradient in which red light was associated with higher relative accumulation of sodium and chlorine in the analyzed tissues. This pattern reflects treatment-dependent variation in elemental composition as determined by EDX analysis. Previous studies have reported that light conditions can influence mineral composition and ion distribution in plants (Ramezani et al., 2023). In contrast, blue light was associated with higher relative abundance of iron and manganese, elements involved in plant metabolic and photosynthetic processes (Soufi et al., 2023). However, since ion transport and physiological mechanisms were not investigated in the present study, these associations should be interpreted as descriptive patterns rather than evidence of specific regulatory processes.
	The second principal component, which discriminated between tissue types, indicates differences in mineral distribution between the central ribs (CR) and rib margins (RM). The central ribs (CR) showed relatively higher accumulation of P, S, and Mg, whereas the rib margins (RM) were characterized by higher relative contents of K and Ca. This distribution is consistent with previous studies describing tissue-dependent patterns of mineral allocation in succulent plants (Nganko et al., 2024; Peng et al., 2025).
	Among the two species, Selenicereus undatus exhibited a more stable mineral profile across the evaluated LED treatments, particularly under purple light, whereas Hylocereus polyrhizus showed greater variability in elemental composition. These differences indicate species-specific responses to the evaluated lighting conditions and suggest that mineral accumulation is influenced by genotype environment interactions. Although previous studies have linked mineral homeostasis with ion transport regulation and stress-related metabolic processes (Zhu et al., 2025; Peng et al., 2025), these mechanisms were not assessed in the present study and therefore cannot be inferred from the results. Further studies integrating physiological and molecular analyses are required to clarify the mechanisms underlying these interspecific differences.

	Analysis of vascular bundle number and cladode cross-sectional area revealed significant differences between S. undatus and H. polyrhizus cultivated in vitro under different light qualities (Figures 4 and 5). 
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Figure 4. (A) Number of vascular bundles and (B) cross-sectional area of cladodes of the pitaya species Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer after 65 days of in vitro cultivation under different light qualities [white (WL), blue (BL), purple (PL), and red (RL)]. Anatomical traits are presented as means ± standard error (n = 5). Means followed by the same lowercase letter within each light quality (species comparison) and the same uppercase letter within each species (light quality comparison) are not significantly different according to Tukey's honestly significant difference (HSD) test at the 5% significance level (p ≤ 0.05).
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Figure 5. Cross-sectional area of cladodes of pitaya species, Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer, after 65 days of in vitro cultivation, under different light qualities [White (A–B), Blue (C–D), Purple (E–F), and Red (G–H)]. Legend: c = cuticle; ep = epidermis; pr = storage parenchyma; pm = medullary parenchyma; cx = cortex; w = wing; ab = axillary bud (areole); vb = vascular bundle. Scale bar = 100 µm. 

The number of vascular bundles was higher in S. undatus than in H. polyrhizus under white (10.6 vs. 7.2), purple (9.2 vs. 7.8), and red light (7.0 vs. 4.0), whereas under blue light, H. polyrhizus exhibited a higher number (5.8 vs. 4.6) (Figures 4A and 5). In S. undatus, the number of vascular bundles was highest under white light, followed by purple and red light, and lowest under blue light. In H. polyrhizus, the highest values were observed under purple (7.8) and white light (7.2), which did not differ significantly, followed by blue light (5.8), with the lowest values under red light (4.0) (Figures 4A and 5).
The cladode cross-sectional area was greater in S. undatus than in H. polyrhizus under blue (0.93 vs. 0.59 mm²) and white light (0.79 vs. 0.51 mm²), whereas H. polyrhizus exhibited larger areas under purple (0.88 vs. 0.81 mm²) and red light (0.79 vs. 0.28 mm²) (Figures 4B and 5). In S. undatus, cross-sectional area was highest under blue light, followed by purple and white light, which did not differ significantly, and lowest under red light. In contrast, H. polyrhizus showed the highest cross-sectional area under purple light, followed by red and blue light, and the lowest under white light (Figures 4B and 5).

These anatomical patterns are consistent with previous studies reporting that LED spectral quality influences vascular development and tissue differentiation in plants (Ahsan et al., 2024; Chen et al., 2025). In Selenicereus undatus, the greater number of vascular bundles observed under white and blue light suggests that these conditions were associated with higher vascular development during in vitro culture. Previous studies have reported that blue light is involved in vascular development and tissue differentiation processes in plants (Yang et al., 2017; Bantis et al., 2020; Mani et al., 2024). However, since molecular and signaling processes were not assessed in the present study, these mechanisms should be considered only as possible explanations for the observed anatomical differences.
Blue light has also been reported to promote vascular reconnection in grafted watermelon, whereas red light may delay early stages of vascular development (Bantis et al., 2020; Wu et al., 2024). In the present study, the lower number of vascular bundles under red light in both species suggests reduced vascular development under this spectral condition.
The increased cross-sectional area observed under blue and purple light in S. undatus was associated with enhanced tissue expansion and structural development.
The comparatively lower responsiveness of Hylocereus polyrhizus indicates species-specific differences in anatomical plasticity under the evaluated LED treatments, reflecting distinct developmental responses between the two pitaya species during in vitro culture. This observation is consistent with previous studies on cacti showing that anatomical responses vary among species depending on environmental and culture conditions (Soto Acosta et al., 2023; Hong & Huang, 2024).
Root anatomical analysis of S. undatus and H. polyrhizus under different light conditions revealed significant differences in total diameter and cross-sectional area (Figure 6).
The total root diameter was greater in S. undatus than in H. polyrhizus under red, purple, and white light, whereas the opposite trend was observed under blue light (Figures 6A and 7).
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Figure 6. (A) Total root diameter and (B) root area of cladodes of the pitaya species Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer after 65 days of in vitro cultivation under different light qualities [white (WL), blue (BL), purple (PL), and red (RL)]. Anatomical traits are presented as means ± standard error (n = 5). Means followed by the same lowercase letter within each light quality (species comparison) and the same uppercase letter within each species (light quality comparison) are not significantly different according to Tukey's honestly significant difference (HSD) test at the 5% significance level (p ≤ 0.05). 
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Figure 7. Photomicrographs of transverse sections of roots of pitaya species, Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer, after 65 days of in vitro cultivation, under different light qualities [White (A–B), Blue (C–D), Purple (E–F), and Red (G–H)]. Legend: ep = epidermis; cx = cortex; cv = vascular cylinder; ex = exodermis; rh = root hairs. Scale bar = 100 µm. 

The total root diameter of Selenicereus undatus was highest under red light (339.54 µm), followed by purple light (305.37 µm), while lower values were observed under white and blue light (267.63 and 257.40 µm, respectively), with no significant differences between the latter two treatments. In Hylocereus polyrhizus, the highest total root diameter was recorded under blue light, whereas no significant differences were observed among purple, red, and white light (Figures 6A and 7).
Root area was greater in S. undatus than in H. polyrhizus under red (0.34 vs. 0.14 mm²), purple (0.29 vs. 0.14 mm²), and white light (0.22 vs. 0.12 mm²), whereas under blue light, H. polyrhizus showed a higher value than S. undatus (0.27 vs. 0.21 mm²) (Figures 6B and 7). In S. undatus, root area was highest under red light, followed by purple light, with no significant differences under white and blue light. In contrast, H. polyrhizus showed the highest root area under blue light, with no significant differences among red, purple, and white light (Figures 6B and 7).
These results are consistent with previous studies reporting that LED light quality influences root system development in Selenicereus undatus and Hylocereus polyrhizus (Hua et al., 2016; Pauls et al., 2023; Li et al., 2024). In S. undatus, the greater root diameter and root area observed under red and purple light suggest that these spectral conditions were associated with enhanced root development under the experimental conditions.
Previous studies have reported that red and far-red wavelengths can influence plant growth through phytochrome-related processes and associated physiological regulation (Kiss et al., 2003; De Wit et al., 2016; Samalova et al., 2024). However, since hormonal regulation and photoreceptor activity were not evaluated in the present study, these mechanisms should be considered only as possible explanations for the observed responses rather than causal interpretations.
The relatively consistent root response of S. undatus across treatments, compared with the more variable response observed in H. polyrhizus, suggests species-specific differences in root development under the evaluated LED conditions. This pattern reflects distinct genotypic responses to the growth environment rather than uniform sensitivity across species. Previous studies have also reported that light quality can influence plant anatomical and morphological traits (Zheng & Van Labeke, 2017), which may contribute to differences in overall growth responses between species.
It should be noted that lux-based estimations were used to approximate PPFD under LED treatments using literature-derived conversion factors. However, lux is a photometric unit weighted by human visual sensitivity and is not fully appropriate for narrow-spectrum LED light sources, particularly in red and blue wavelengths. Although this approach allows comparative evaluation among treatments, the resulting PPFD values remain approximate and should be interpreted with caution. Therefore, observed responses may reflect a combination of spectral composition and estimated photon flux density.

CONCLUSIONS
LED light quality was associated with in vitro growth and morphophysiological responses of Selenicereus undatus (Haw.) D.R. Hunt and Hylocereus polyrhizus (Salm-Dyck) R. Bauer, with variation depending on the evaluated trait. A significant interaction between species and light quality was observed for most variables, except cladode diameter, which was independently influenced by both factors.
Selenicereus undatus showed greater vegetative growth, biomass accumulation, and vascular development, particularly under purple and red light, indicating higher morphoanatomical plasticity. In contrast, Hylocereus polyrhizus exhibited higher pigment accumulation under white light, suggesting differences in light utilization strategies between species.
Light quality was also associated with changes in mineral composition and secondary metabolism. Red light was associated with higher potassium accumulation, while blue light was associated with higher levels of redox-related elements. In addition, spectral treatments influenced pigment and antioxidant profiles differently between species.
Overall, purple and red light were associated with stronger growth responses in S. undatus, whereas white and blue light were more favorable for H. polyrhizus. These findings highlight species-specific responses to LED light environments and provide guidance for pitaya micropropagation.
It should be noted that PPFD values were estimated using lux-based measurements and literature-derived conversion factors; therefore, light intensity differences among treatments should be interpreted with caution, and responses may reflect combined effects of spectral composition and estimated photon flux density.
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