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Abstract
Natural dyes have attracted increasing attention as environmentally friendly alternatives to synthetic chromosome stains because of their low toxicity, biodegradability, and availability from renewable resources. However, comparative quantitative evidence regarding the chromosome staining performance of locally available pigment-rich plants remains limited. This study aimed to evaluate the effectiveness of chromosome dyes extracted from five plant species, namely black glutinous rice (Oryza sativa L.), dried roselle (Hibiscus sabdariffa L.), ripe karanda fruit (Carissa carandas L.), red dragon fruit (Hylocereus polyrhizus), and bougainvillea (Bougainvillea spectabilis). Plant materials were extracted with distilled water at a ratio of 10 g:100 mL by heating at 40–60°C for 20 min. Chromosome preparations were obtained from onion (Allium cepa L.) root tips using the squash technique and stained with each plant extract. Microscopic images were captured under identical conditions at 100× magnification and quantitatively analyzed using ImageJ software. Ripe karanda fruit extract produced the highest chromosome image clarity value (47.770 ± 1.191), followed by black glutinous rice (42.427 ± 4.838), dried roselle (40.762 ± 3.511), bougainvillea (32.349 ± 2.500), and red dragon fruit (20.848 ± 2.934). Anthocyanin-rich extracts generally exhibited superior staining performance compared with betalain-rich extracts. These findings demonstrate that ripe karanda fruit, black glutinous rice, and dried roselle possess considerable potential as inexpensive, environmentally friendly chromosome stains for cytogenetic education and laboratory applications. The integration of natural pigment extraction with ImageJ-based quantitative image analysis also provides an objective and reproducible approach for evaluating the performance of sustainable biological stains.
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Introduction 
Chromosome staining is a fundamental technique in cytogenetics that enables the visualization of chromosome morphology, mitotic stages, and chromosomal abnormalities. It has been widely applied in chromosome identification, karyotype analysis, genetic studies, and biological education. Conventional chromosome staining methods commonly employ synthetic dyes such as aceto-carmine and aceto-orcein because they provide clear and distinct chromosome images. However, the preparation and application of these stains often require hazardous chemicals that may pose risks to human health and the environment. Consequently, the development of environmentally friendly and sustainable alternatives has become increasingly important in biological research and laboratory education.

In addition to health and environmental concerns, conventional chromosome stains are relatively expensive and often produce strong unpleasant odors that reduce their suitability for routine classroom activities, particularly in secondary school laboratories with limited facilities and budgets. These limitations have encouraged the search for inexpensive, safer, and more accessible staining materials that can be prepared from locally available biological resources (Pasdaran, 2023; Masyita et al., 2025). The use of plant-derived chromosome dyes may therefore support Green Laboratory practices by enabling teachers and students to prepare staining reagents independently from renewable natural materials.

Natural pigments derived from plants have attracted considerable attention as sustainable alternatives to synthetic dyes because they are biodegradable, renewable, and generally exhibit low toxicity (Pasdaran, 2023; Masyita et al., 2025). Among these pigments, anthocyanins have received particular interest because of their intense coloration and favorable physicochemical properties. Anthocyanins are water-soluble flavonoid pigments responsible for the red, purple, and blue coloration of numerous flowers, fruits, and grains. Under acidic conditions, they predominantly exist as flavylium cations, producing stable coloration while facilitating interactions with negatively charged biological molecules through hydrogen bonding and electrostatic interactions. These characteristics indicate that anthocyanins possess considerable potential for biological staining applications, particularly for chromosome visualization under light microscopy (Khoo et al., 2021; Wang et al., 2024; Yoshida, 2024).

Recent studies have demonstrated that anthocyanin-rich plant extracts exhibit high color intensity, antioxidant activity, and sufficient stability for various analytical and industrial applications (Smeriglio et al., 2021; Sankaralingam et al., 2023; da Silva et al., 2022). Their biosynthesis and accumulation in plant tissues have also been extensively investigated, highlighting their importance as natural colorants and potential biological dyes (Dong et al., 2022; Kapoor et al., 2022). These findings support the possibility that anthocyanin-containing plants could serve as effective alternatives to conventional synthetic chromosome stains.

Thailand possesses abundant plant resources rich in natural pigments, including black glutinous rice (Oryza sativa L.), dried roselle (Hibiscus sabdariffa L.), ripe karanda fruit (Carissa carandas L.), red dragon fruit (Hylocereus polyrhizus), and bougainvillea (Bougainvillea spectabilis). Previous studies have reported the successful application of black glutinous rice and ripe karanda fruit extracts as biological stains and have highlighted the potential of anthocyanin-rich plant extracts for chromosome and plant tissue staining (Phakpaknam et al., 2021; Suwannakhon et al., 2022; Kongplee & Phangsri, 2021). However, most previous investigations focused on individual plant species and relied primarily on qualitative observations. Comparative studies evaluating multiple Thai plant species under identical extraction, staining, and microscopic conditions remain limited, and quantitative assessments using ImageJ-based image analysis have rarely been reported.

Therefore, there is still insufficient objective evidence regarding the relative chromosome staining efficiency of locally available natural pigments. A systematic comparison using standardized extraction procedures, identical microscopic conditions, and quantitative ImageJ analysis is required to provide reproducible evidence for the development of sustainable chromosome dyes. Furthermore, advances in digital microscopy and image-processing techniques have emphasized the importance of objective image evaluation because quantitative analysis can provide reproducible measurements of image intensity, contrast, and structural visibility. ImageJ has become one of the most widely used open-source platforms for biological image analysis due to its accuracy, flexibility, and reproducibility (Schindelin et al., 2012). Integrating natural dye development with digital image analysis therefore offers a more objective approach for evaluating chromosome staining performance.

Accordingly, this study aimed to extract pigments from five locally available plant species and comparatively evaluate their effectiveness as chromosome dyes for onion (Allium cepa L.) root tip preparations under identical experimental conditions. Chromosome images were quantitatively analyzed using ImageJ software to determine image clarity and staining performance. The findings are expected to contribute to the development of sustainable chromosome dyes and promote the application of environmentally friendly natural pigments, quantitative image analysis, and Green Laboratory practices in cytogenetic education and laboratory activities.
Methodology
This study employed an experimental approach to evaluate the chromosome staining performance of natural pigments extracted from five plant species. All experimental procedures, including plant collection, pigment extraction, chromosome preparation, microscopic observation, image acquisition, and quantitative image analysis, were conducted under standardized conditions to ensure the reliability and reproducibility of the results.
Experimental Design
A completely randomized design (CRD) was employed to compare the chromosome staining performance of five plant-derived extracts. The treatments consisted of dried roselle (Hibiscus sabdariffa L.), black glutinous rice (Oryza sativa L.), ripe karanda fruit (Carissa carandas L.), red dragon fruit (Hylocereus polyrhizus), and bougainvillea flower (Bougainvillea spectabilis). Each treatment was independently prepared and evaluated using five replicates (n = 5). This experimental design enabled an unbiased comparison of chromosome staining efficiency among the different plant extracts under identical laboratory conditions.
Plant Collection
Plant materials, including black glutinous rice (Oryza sativa L.), dried roselle (Hibiscus sabdariffa L.), ripe karanda fruit (Carissa carandas L.), red dragon fruit (Hylocereus polyrhizus), and bougainvillea flower (Bougainvillea spectabilis), were collected from agricultural fields and home gardens in Na Bon and Phra Phrom districts. Additional samples were purchased from local markets in Mueang Nakhon Si Thammarat District, Nakhon Si Thammarat Province, Thailand. Plant materials were selected based on their physical completeness and absence of disease symptoms or insect damage. Ripe karanda fruits and red dragon fruits were harvested at full maturity, dried roselle calyces were selected in a completely dehydrated condition, and bougainvillea flowers were collected when exhibiting deep purplish-pink coloration. Fresh samples were washed thoroughly with distilled water, whereas dried samples were stored in airtight containers at room temperature until extraction.
Preparation of Plant Extracts
Fresh plant materials were thoroughly cleaned under running tap water to remove soil, dust, and other contaminants before being rinsed with distilled water. Dried roselle calyces were inspected to ensure that they were free from mold and foreign materials. Black glutinous rice grains, dried roselle calyces, ripe karanda fruits, ripe red dragon fruit pulp, and fresh bougainvillea flowers were prepared separately for extraction.
Ten grams of each plant material were accurately weighed and mixed with 100 mL of distilled water in separate beakers. The mixtures were heated at 40–60°C for 20 min with occasional stirring to facilitate the extraction of water-soluble pigments while minimizing thermal degradation. After heating, the extracts were cooled to room temperature and filtered through muslin cloth to remove plant debris. The filtered extracts were immediately transferred into clean labeled containers and used on the same day to minimize pigment degradation and maintain staining consistency.
Preparation of Onion Root Tips
Healthy and unblemished red onion bulbs (Allium cepa L.) were selected, and the outer dry scales were gently removed to expose the root primordia. The bulbs were placed on glass containers with their basal plates immersed in approximately 1–2 cm of distilled water. Root germination was carried out in the dark at room temperature (25–35°C) for 3–5 days until roots reached approximately 1–2 cm in length. Distilled water was replaced daily to minimize microbial contamination. Actively growing root tips were harvested by excising approximately 1–2 mm from the meristematic region using a sterile razor blade.
Chromosome Preparation and Staining
Excised onion root tips were placed on clean glass microscope slides and gently squashed under a cover slip to obtain a thin layer of meristematic cells. Each plant extract was separately applied as a chromosome stain and allowed to react for approximately 5–7 min before microscopic observation. Excess stain was carefully removed, and the prepared slides were immediately examined under a compound light microscope. The squash technique facilitated the separation and dispersion of dividing cells, thereby improving chromosome visualization.
Microscopic Observation and Image Acquisition
Chromosome preparations were observed using a compound light microscope at 100× magnification. For each treatment, images were captured from five independent slide preparations using identical microscope settings and illumination conditions. Standardized image acquisition minimized instrumental variation and ensured reliable quantitative comparisons among treatments.
Image Analysis and Evaluation of Staining Performance
Chromosome image clarity was quantitatively evaluated using ImageJ software (National Institutes of Health, USA). Digital microscope images were converted into 8-bit grayscale prior to analysis. Regions of interest (ROIs) containing stained chromosomes were manually selected, and the mean gray value was measured for each image. Five independent images from each treatment were analyzed, and the results were expressed as mean ± standard deviation (Mean ± SD). Staining performance was classified as Excellent (>45), Good (30–45), or Fair (<30) according to the obtained image clarity values.
 Statistical Analysis
All experiments were performed in five independent replicates (n = 5). Chromosome image clarity values obtained from ImageJ analysis were summarized using descriptive statistics and expressed as mean ± standard deviation (Mean ± SD). The mean values were subsequently categorized into three staining performance levels: Excellent (>45), Good (30–45), and Fair (<30), enabling objective comparison among the five plant-derived chromosome dyes.

Results
The chromosome staining performance of five plant-derived extracts was evaluated through qualitative microscopic observation and quantitative image analysis using ImageJ software. Representative chromosome images obtained from onion (Allium cepa L.) root tips stained with each plant extract are presented in Figure 1. Visual examination revealed noticeable differences in staining intensity and chromosome visibility among the tested extracts. Dried roselle, black glutinous rice, and ripe karanda fruit produced relatively intense coloration and clearer chromosome structures, whereas red dragon fruit and bougainvillea exhibited lower staining intensity and less distinct chromosome images. These observations suggest differences in the affinity of natural pigments toward chromosomal components and provide preliminary evidence of variation in chromosome staining performance. 
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Figure 1: Representative chromosome images of Allium cepa root tip cells 
stained with plant-derived extracts.

To quantitatively compare the chromosome staining performance of the five plant-derived extracts, microscopic images were analyzed using ImageJ software. Chromosome image clarity values obtained from five independent replicates were expressed as mean ± standard deviation (Mean ± SD). Based on these measurements, staining performance was classified into three categories: Excellent, Good, and Fair. The quantitative results are summarized in Table 1.

[bookmark: _GoBack]Table 1: Chromosome staining performance of plant extracts
	Plant Extract
	Major Pigment
	Mean ± SD
	Staining Efficiency

	Dried roselle
	Anthocyanin
	40.762 ± 3.511
	Good

	Black glutinous rice
	Anthocyanin
	42.427 ± 4.838
	Good

	Ripe karanda fruit
	Anthocyanin
	47.770 ± 1.191
	Excellent

	Red dragon fruit
	Betalain
	20.848 ± 2.934
	Fair

	Bougainvillea
	Anthocyanin/Betacyanin
	32.349 ± 2.500
	Good



The quantitative ImageJ analysis demonstrated considerable variation in chromosome image clarity among the five plant-derived extracts (Table 1). Ripe karanda fruit extract produced the highest mean image clarity value (47.770 ± 1.191), followed by black glutinous rice (42.427 ± 4.838), dried roselle (40.762 ± 3.511), bougainvillea (32.349 ± 2.500), and red dragon fruit (20.848 ± 2.934). Based on the predefined evaluation criteria, ripe karanda fruit was classified as Excellent, whereas black glutinous rice, dried roselle, and bougainvillea were classified as Good. Red dragon fruit was the only treatment classified as Fair.
Among the anthocyanin-rich extracts, ripe karanda fruit consistently produced the highest chromosome image clarity with the lowest standard deviation, indicating relatively stable staining performance across the five independent replicates. Black glutinous rice and dried roselle also generated comparatively high image clarity values and produced clear chromosome images suitable for microscopic observation. Although bougainvillea was categorized as Good, its mean image clarity value was considerably lower than those of ripe karanda fruit, black glutinous rice, and dried roselle.
In contrast, red dragon fruit extract exhibited the lowest image clarity value among all investigated treatments. Chromosomes stained with this extract appeared less distinguishable from the background, resulting in lower image clarity measurements obtained by ImageJ analysis. Overall, the quantitative data demonstrated substantial differences in chromosome image clarity among the investigated plant-derived extracts.
To facilitate visual comparison of chromosome staining performance, the mean image clarity values obtained from ImageJ analysis are presented in Figure 2. The bar graph illustrates the relative differences in chromosome image clarity among the five plant-derived extracts and complements the quantitative results presented in Table 1.
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Figure 2 shows a clear variation in chromosome image clarity among the investigated treatments. Ripe karanda fruit extract produced the highest mean image clarity value, followed by black glutinous rice and dried roselle. Bougainvillea exhibited intermediate image clarity, whereas red dragon fruit produced the lowest value. The graphical presentation is consistent with the numerical data presented in Table 1 and further illustrates the relative chromosome staining performance of the five plant-derived extracts.

Discussion and Limitations  
The present study demonstrated that plant-derived extracts rich in anthocyanins generally exhibited superior chromosome staining performance compared with extracts containing predominantly betalain pigments. Quantitative image analysis using ImageJ revealed that ripe karanda fruit extract produced the highest chromosome image clarity value, followed by black glutinous rice and dried roselle. These findings were consistent with qualitative microscopic observations, indicating that anthocyanin-rich extracts generated greater staining intensity and clearer chromosome structures than the other evaluated plant extracts.

The superior staining performance of anthocyanin-rich extracts may be explained by the physicochemical properties of anthocyanins. These water-soluble flavonoid pigments contain multiple hydroxyl groups capable of interacting with phosphate groups of nucleic acids and chromosomal proteins through hydrogen bonding and electrostatic interactions. Such interactions may enhance pigment retention on chromosomal materials, resulting in improved image contrast and chromosome visibility under light microscopy. Similar observations have been reported in previous studies, supporting the potential of anthocyanin-rich plant extracts as effective biological stains.

Among the investigated plant species, ripe karanda fruit exhibited the highest staining efficiency, which is likely associated with the greater accumulation of anthocyanins during fruit ripening. Likewise, black glutinous rice and dried roselle are recognized as rich sources of anthocyanins, contributing to their consistently high chromosome image clarity values. In contrast, red dragon fruit extract exhibited the lowest staining efficiency, suggesting that betalain pigments may possess lower affinity toward chromosomal materials under the experimental conditions used in this study. Bougainvillea extract showed intermediate staining performance, indicating that although its pigments provided acceptable chromosome contrast, they were less effective than anthocyanin-rich extracts.

The findings also highlight the potential application of locally available plant materials as sustainable chromosome stains for cytogenetic education and laboratory practice. Compared with conventional synthetic stains, these natural extracts are inexpensive, renewable, and can be prepared using simple laboratory equipment, thereby supporting Green Laboratory principles and reducing dependence on hazardous chemicals.

Nevertheless, several limitations should be acknowledged. The present study evaluated staining performance only in Allium cepa root tip chromosomes and under a single extraction condition using distilled water. Pigment composition and total anthocyanin or betalain contents were not quantitatively determined, and direct comparisons with conventional chromosome stains such as aceto-carmine and aceto-orcein were not performed. Therefore, future studies should investigate pigment composition, optimize extraction conditions, evaluate storage stability, and compare the performance of plant-derived dyes with commercial chromosome stains to further validate their practical applications.

Conclusions and Future Work
This study comparatively evaluated the chromosome staining performance of natural pigments extracted from five locally available plant species, namely black glutinous rice (Oryza sativa L.), dried roselle (Hibiscus sabdariffa L.), ripe karanda fruit (Carissa carandas L.), red dragon fruit (Hylocereus polyrhizus), and bougainvillea (Bougainvillea spectabilis). The results demonstrated that chromosome staining efficiency varied considerably among the investigated plant extracts. Quantitative ImageJ analysis revealed that ripe karanda fruit extract produced the highest chromosome image clarity value, followed by black glutinous rice and dried roselle, whereas red dragon fruit exhibited the lowest staining performance. Overall, anthocyanin-rich extracts consistently provided clearer chromosome visualization than betalain-rich extracts under identical experimental conditions.

The findings indicate that ripe karanda fruit, black glutinous rice, and dried roselle possess considerable potential as inexpensive, environmentally friendly, and locally available alternatives to conventional chromosome stains. In addition to supporting cytogenetic education and laboratory activities, these natural pigments promote Green Laboratory practices by reducing the use of hazardous synthetic chemicals while utilizing renewable plant resources. Furthermore, the application of ImageJ software enabled objective and reproducible quantitative evaluation of chromosome image quality, thereby strengthening the reliability of staining performance assessment.

Future studies should investigate the relationship between pigment composition and chromosome staining efficiency through quantitative determination of anthocyanin and betalain contents. Additional research should optimize extraction parameters, including solvent type, pH, extraction temperature, and extraction time, to improve pigment stability and staining performance. The applicability of these natural dyes should also be evaluated using other plant and animal chromosomes and compared directly with conventional chromosome stains such as aceto-carmine and aceto-orcein under standardized laboratory conditions. Such investigations will further support the development of sustainable, effective, and environmentally friendly biological stains for cytogenetic research, science education, and laboratory practice.
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