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Research articleCharacterization of Simmondsia chinensis seeds: radiographic, digital morphometric, and ultrastructural analyses
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Abstract

The identification of morphometric characteristics in seeds is an important tool in the characterization and differentiation of seed lots, used in quality monitoring and control, as well as in the design and selection of equipment in the processing line. Jojoba (Simmondsia chinensis) is an oilseed species considered promising for its high-quality oil, good thermal stability, and diverse industrial uses. The objective of this study was to characterize different lots of jojoba seeds using radiographic images and microscopy, identifying parameters that assist in seed classification and contribute to the development of rapid, accurate, and non-destructive methods for evaluating seed quality in this crop. Radiographic analyses allowed the observation of internal seed structures, which, when complemented with image analyses, revealed polymorphism in size, shape, and gray intensity, highlighting lot 5 with superior performance in structural integrity and physiological quality. These findings were consistent with groupings obtained by the UPGMA method, which also demonstrated clear separation between lots based on morphological characteristics. Scanning electron microscopy supplemented radiographic analysis, providing a morphological basis for the internal attributes visualized. Non-destructive seed analysis techniques, such as X-rays, can be used in the characterization and discrimination of seed lots based on morphological characteristics observed in radiographic images.

Résumé

L’identification des caractéristiques morphométriques des graines constitue un outil important pour la caractérisation et la différenciation des lots de graines. Elle est utilisée pour le suivi et le contrôle de la qualité, ainsi que pour la conception et la sélection des équipements des lignes de traitement. Le jojoba (Simmondsia chinensis) est une espèce oléagineuse considérée comme prometteuse en raison de la haute qualité de son huile, de sa bonne stabilité thermique et de la diversité de ses applications industrielles. L’objectif de cette étude était de caractériser différents lots de graines de jojoba à l’aide d’images radiographiques et de techniques de microscopie, afin d’identifier des paramètres utiles à la classification des semences et de contribuer au développement de méthodes rapides, précises et non destructives pour l’évaluation de la qualité des semences de cette culture. Les analyses radiographiques ont permis l’observation des structures internes des graines. Complétées par des analyses d’images, elles ont mis en évidence un polymorphisme de taille, de forme et d’intensité de gris, le lot 5 se distinguant par de meilleures performances en termes d’intégrité structurelle et de qualité physiologique. Ces résultats sont cohérents avec les regroupements obtenus par la méthode UPGMA, qui ont également montré une séparation nette des lots sur la base de leurs caractéristiques morphologiques.

La microscopie électronique à balayage est venue compléter les analyses radiographiques en apportant une base morphologique aux attributs internes observés. Les techniques d’analyse non destructives des graines, telles que la radiographie par rayons X, peuvent ainsi être utilisées pour la caractérisation et la discrimination de lots de semences à partir de caractéristiques morphologiques observées sur les images radiographiques.
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Highlights

	X-ray testing complemented by digital image analysis allows for a rapid and non-destructive evaluation of the internal structure and quality of jojoba seeds.


	Morphometric and grayscale differences were observed in the radiographic images of seeds, which allowed for the distinction and grouping of seed lots with similar or contrasting characteristics, as in the case of lot 5.


	Differences in physiological potential between jojoba seed lots reflected the influence of initial quality, handling, processing, and storage of the seeds. Lots 1 and 2 were unviable, while lot 5 stood out with 91% germination.


	SEM revealed a conical radicle with longitudinal organization, a firm seed coat with trichomes associated with protection, and cotyledons formed by compact cells, indicative of efficient storage of reserves for germination.




1 Introduction
Jojoba (Simmondsia chinensis (Link) Scheiner) is known as desert gold and wild hazel. The species originates from the desert regions of the southwestern United States and northwestern Mexico and belongs to the main group of angiosperms, taxonomically classified as the only member of the Simmondsiaceae family, which consists of a single genus, Simmondsia Nutt (Köhler, 2003). Jojoba is a dioecious, bushy, perennial plant with slow growth and a dense canopy that can reach up to three meters in height under natural conditions (Al-Obaidi et al., 2017a; Khairi, 2019).
In 2022, the global jojoba market reached a volume of 18,211.4 metric tons, with an estimated value of US$130.8 million, and is projected to grow to 27,025.3 metric tons by 2028 (IMARC GROUP, 2022). The exponential growth in the use of the crop is due to its high-quality oil content, which accounts for between 45 to 55% of its dry weight (Bala, 2020). Jojoba oil behaves like a liquid wax, maintaining stable viscosity even under low temperature conditions, primarily due to its composition of long-chain monoesters, giving it industrial properties such as good lubrication, resistance to high temperatures, and oxidative degradation (Lei and Li, 2015), For this reason, jojoba oil has been converted into a natural-based alternative for use in different industries (Uppar et al., 2024), such as the leather tanning industry (Nashy et al., 2024), as a blend in biodiesel production (El-Seesy et al., 2020).
For pharmaceutical purposes, different uses have been reported (Al-Obaidi, 2019). Jojoba oil is used for coating medicinal preparations and treating acne (Alcaraz et al., 2011), and it exhibits anti-inflammatory, analgesic, and antimicrobial activities (Abdel-Magged et al., 2014; Gad et al., 2021; Khairy et al., 2025). In the cosmetic industry, its application includes the production of hair oil, shampoo, soaps, facial creams, and tanning products, due to its conditioning and emollient properties (Gad et al., 2021). Furthermore, its use as an antimicrobial coating in food packaging has been successfully reported (Mohamed et al., 2025). Additionally, a solid byproduct obtained after oil protection, known as jojoba flour, which is rich in protein, has been shown to be a promising supplementary food in the preparation blends for fish and rabbit diets (Bakr et al., 2025; Mohammady et al., 2025).
In agronomy, studies have been reported aiming at its adaptation to different soil and climatic conditions from its place of origin (Castellanos and Molina, 1990), agronomic management practices (Ash and Cother, 2005) tolerance to salinity, drought, and heat conditions (Hamerlynck and Huxman, 2009), oil production, quality, and composition (Ayerza, 2020), and studies of sexual differentiation between male and female jojoba plants (Al-Obaidi et al., 2017b).
Given its adaptability to water-restricted conditions, jojoba is a promising species that can provide good economic returns in arid regions (Sadek and El-Batran, 2020; Abobatta et al., 2024). However, in the field of seed production and technology, aimed at obtaining and evaluating high-quality propagative plant material, few studies have been reported.
The quality of seeds directly influences germination, seedling vigor, and crop performance in the field, contributing to more efficient and sustainable production (Marcos-Filho, 2020). Seed quality results from the sum of genetic, sanitary, physiological, and physical attributes and is closely related to agricultural production success. In this context, morphometric characteristics such as size, shape, and integrity, which constitute the physical attribute of quality, play an important role and are often associated with seed viability and physiological potential (Medeiros et al., 2020a).
Morphometric characteristics of seeds can be obtained manually or digitally; however, manual or traditional methods tend to be limited, particularly in terms of the number of samples that can be sized and their destructive nature. In addition, data processing is subject to evaluator subjectivity, which can lead to changes in measurement quality and precision (Cervantes et al., 2016).
Computational methods utilizing digital image capture, processing, and analysis technology have emerged as alternatives for automatically quantifying a variety of parameters such as shape and size across a wide range of seeds (Loddo et al., 2023). However, photographic assessments are limited when analyzing internal seed structures. In this context, image processing techniques and X-ray testing have emerged as viable alternatives for analyzing and characterizing oilseed seeds (Medeiros et al., 2020a, Trujillo et al., 2021).
Additionally, scanning electron microscopy (SEM) is an essential tool in ultrastructural studies that seek to understand internal relationships of plant tissues and their interaction with ecological and environmental relevance (Castro et al., 2024). This technique is also applied in identifying various plant taxa based on detailed anatomical analyses, especially of seed coat structures (Ameen et al., 2023).
The observation of micromorphological characteristics enables the distinction between related genera and species. Furthermore, the investigation of the external morphology of seeds through SEM has significantly contributed to tracing phylogenetic relationships (Li et al., 2024), becoming an indispensable tool in studying both widely cultivated species and emerging and expanding cultivation, such as jojoba.
Recent advances in X-ray phenotyping applied to oilseed crops such as castor bean, crambe, sesame, and soybean have primarily focused on the morphological assessment of seed lots or sample means (Carvalho et al., 2010; Nogueira et al., 2017; Ribeiro et al., 2021; Trujillo et al., 2021),This study distinguishes itself by employing an expanded set of morphometric and radiographic descriptors, combined with Otsu-based segmentation, quantitative feature extraction, and direct traceability of gray-level statistics to the individual seed germination outcome, an approach not previously reported for jojoba. In addition, the analytical workflow proposed enables the definition of practical thresholds and a stepwise procedure for lot acceptance or rejection in industrial seed quality control, advancing beyond conventional PCA and clustering pipelines. These aspects position our work as a methodological reference for digital seed phenotyping in jojoba and other emerging oilseed crops, supporting direct traceability of gray scale statistics to individual seed germination outcomes. Thus, the objective of the present research was to characterize different lots of jojoba seeds using radiographic images and microscopy to identify parameters that assist in seed classification and contribute to the development of rapid, accurate, and non-destructive methods for evaluating seed quality in this crop.
2 Material and methods
The experiment was conducted at the Central Laboratory for Seed Research of the Federal University of Lavras (LCPS/UFLA), Lavras, Minas Gerais. For this purpose, five lots of jojoba seeds supplied by Jojoba do Brasil Ltda were evaluated to determine physiological quality through the following tests:
Five commercial seed lots of Simmondsia chinensis were supplied by a single company (Jojoba do Brasil, LTDA., [Belo Horizonte, Minas Gerais, Brazil]). According to the supplier, the lots were produced in the 2023/2024 season and were cleaned and processed following the company’s standard industrial protocol. After processing, the lots were stored in paper bags at 10 °C and 50% (relative humidity) for approximately 30 days until the beginning of the experiment, a timeframe associated with equipment availability and experimental design. No additional chemical treatments were applied by the authors; the seeds were received already cleaned by the company.
For each lot, 100 seeds were initially selected for X-ray imaging (four replicates of 25 seeds). All seeds were visually inspected before imaging. Seeds that were visually cracked, broken, or accidentally damaged during handling were immediately replaced with visually intact seeds from the same lot. Thus, a total of 100 seeds per lot were retained for radiographic analysis. The same radiographed seeds (n = 100 per lot) were then used in the germination test, and a subset of 10 randomly chosen seeds, pooled across lots, was used for SEM. Consequently, SEM results should be interpreted as representative of the genotype-level structural pattern, and not as a basis for quantitative comparisons among seed lots. Throughout image analysis and germination scoring, assessors worked with anonymized lot codes and were blinded to lot identity in order to minimize expectation bias.
Seed moisture content: determined by the oven method as described in the Rules for Seed Analysis (Brasil, 2025). In total, 20 seeds from each lot, divided into four replicates of five seeds each, were weighed in stainless steel capsules and placed in a 105 °C oven for 24 h. Afterward, they were re-weighed to determine the moisture content.
2.1 X-ray test and image processing
To observe seed tissue integrity and characterize jojoba seeds, four replicates of 25 seeds each were separated for each lot. These seeds were affixed to transparent acetate sheets with double-sided tape, evenly spaced and numbered according to their position on the sheet for subsequent identification.
Radiographic images were obtained using the FAXITRON HP MX-20 X-Ray equipment (Faxitron X-ray Corp., Wheeling, IL, USA), operating at 35 kV, 19 s exposure, 47 cm focus-object distance, and 0.3 mA direct current. The detector used by the system is a Hamamatsu digital camera, CMOS technology, with a field of view of 120 × 120 mm. These settings were selected after exploratory pre-tests to provide adequate contrast for sensations, minimize noise, and ensure consistent sharpness of the radiographic images.
Radiographic images obtained in TIFF format were analyzed using ImageJ software (Schneider et al., 2012), employing a scale of 20.4453 pixels/mm. Spatial calibration was performed using a metallic object of known dimensions (20 mm × 8 mm), radiographed under the same experimental parameters as the seeds. The resulting image was imported into ImageJ®, and the “Set Scale” tool was used to determine the spatial relationship based on the pixels corresponding to the actual length of the object: ≈408,906 pixels for 20 mm and ≈163,562 pixels for 8 mm. From this calibration, the scale was defined and applied consistently to all analyzed images.
The RGB images in.TIFF format were converted to 8-bit grayscale (256 tones) (Figs. 1A, and 1B). Then, each image was duplicated and one copy was segmented using Otsu's automatic thresholding method (Otsu, 1979) (Fig. 1C), following the instructions of the software provided by the ImageJ's "Auto Threshold" command. This thresholding was based on the bimodal assumption of the gray histogram for each radiographic image (Supplementary image Fig. 1S, 2S, 3S, 4S and 5S), with manual corrections 1.6% of the total seeds used. The binarized image was used to separate the seeds from the image background. Subsequently, shape and size/feature values were extracted and analyzed (Fig. 1D), as well as mean, median and modal values for grayscale (gray.pixel−1) and integrated density, were extracted and analyzed (Ferreira and Rasband, 2012):
Area: Area of seed selection in square pixels defined by perimeter, expressed in calibrated units (mm2).
Perimeter: Defined as the length of the outer boundary of each seed selection (mm).
Width and height: Smallest and largest distance between points of the rectangle covering the seed selection (mm).
Circularity (Circ): indicates how closely the seed shape resembles a perfect circle, with a maximum value of 1.0 indicating a perfect circle, and approaching 0.0 indicating an elongated shape (scalar value). Calculated by the formula (1):
[image: Mathematical equation](1)
Aspect ratio (AR): Adjusted ratio of the major and minor axes (2).
[image: Mathematical equation](2)
Roundness (Round.): indicates how closely the shape resembles a circle when considering its main axis (3). Scalar value from 0.0 to 1.0.
[image: Mathematical equation](3)
Solidity: Ratio between the actual area of the seed and its convex area (4). Scalar value ranging from 0.0 to 1.0, where values close to 1.0 indicate regular and convex contours, while lower values indicate greater irregularity and concavity in the seed contour.
[image: Mathematical equation](4)
Mean, minimum (Min), maximum (Max), mode, and median gray values were extracted from the selection, representing the distribution of pixel intensities (gray value range: 0–255 for 8-bit images).
Integrated density (IntDen): Product of the area of the seed or embryo with the mean gray in the seed, belonging to the seed mask (gray. mm2.pixel−1).
Using the width and height variables of the seeds from each lot, the form index (IF) was calculated by the formula: IF = (height / width). Thus, Thus, IF < 1.0 indicates elongated seeds (wider than they are long), IF = 1.0 corresponds to a seed with an approximately spherical shape, and IF > 1.0 indicates seeds with oval/elliptical shapes (Azpeitia et al., 2022).
For seed quality traceability, following the exposure of the seeds to the X-ray equipment, a germination test was performed. For this, seeds from each lot, in 4 replicates of 25 previously numbered and identified seeds, were placed equidistant from each other on two sheets of ‘Germitest’ paper towel, positioned in the upper third of the substrate to allow individual seedling development, then rolled and covered with an additional sheet of paper towel. The germitest paper rolls were moistened with distilled water at 2.5 times their dry weight (Brasil, 2025). The rolls were kept in a BOD-type chamber at 25 °C ± 2 °C, with a photoperiod of 12 h of light and 12 h of darkness for seven days.
Ten days after the germination test was set up, seeds that showed root protrusion > 2.00 mm were classified as germinated. This period is considered sufficient for the development of the primary root and the beginning of the formation of secondary roots, as described by Rost et al. (1977) and Figueiredo (1989). Subsequently, the germinated seeds were photographed with a Nikon D1 digital camera. For improved traceability of the development and quality of the radiographed seeds, the authors of the present study captured images of normal and abnormal seedlings (Fig. 2) at the end of 30 days; however, the data were not quantified.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Processing of radiographic images of jojoba seeds. A) RGB image in.tiff format; B) 8-bit grayscale image; C) Otsu thresholded image and histogram; D) extraction of morphometric characteristics. Circ: circularity, AR: aspect ratio, Sold: solidity.



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Radiographic images of jojoba seeds. A) Healthy seed with identification of the basic structures that make up the seed, a 3D representation of the gray levels of each pixel, and a normal seedling. Seeds with internal alterations and abnormal seedlings: B) broken seed; C) fruit with two malformed seeds; D) infested seed; E) deteriorated seed. F) spherical, elliptical, and elongated seed shapes.



2.2 Scanning electron microscopy
For scanning electron microscopy (SEM), ten seeds were randomly selected from the pooled material of the five lots. Because the aim of this analysis was not to compare lots, but to describe the general ultrastructural characteristics of the species/genotype, the selected seeds represent the overall population rather than individual lot identities. Thus, SEM observations are intended to illustrate general seed morphology and internal organization of jojoba, rather than to support lot-wise discrimination.
Each seed was sectioned longitudinally, fixed in Karnovsky’s solution for 24 h, and subsequently transferred to a 30% glycerol solution for 30 min to stabilize tissues. Longitudinal and transverse cuts were then made using a scalpel in the presence of liquid nitrogen to preserve structural integrity and reduce preparation artifacts such as collapse and shrinkage. After cutting, samples were triple-rinsed in distilled water and dehydrated through a graded acetone series (25%, 50%, 75%, and 90% for 10 min each, followed by 100% acetone three times for 10 min).
Samples were dried using a critical-point dryer (Blazers CPD 030), mounted on 12–13 mm stubs with carbon tape over aluminum foil, and metallized with gold in a sputter coater (BALZERS SCD 050). Imaging was performed using a LEO Evo 40XVP operating at 20 kV and a working distance of 10–13 mm. For each seed, multiple micrographs were acquired at variable magnifications to document the morphological structures characteristic of jojoba seeds.
2.3 Statistical analysis and experimental design
The experimental design used was completely randomized, with five treatments (lots) and four replicates each. An analysis of variance was performed for each characteristic, provided that the assumptions of normality (Shapiro-Wilk, p > 0.05) and homogeneity of variances (Bartlett's test) were met. When significant, the data were subjected to one-way mean comparison analysis using Tukey’s test at a 5% significance level. When the assumptions of normality and homoscedasticity were not met, the comparison was performed using the non-parametric Kruskal-Wallis test, and the Bonferroni adjustment method was used for post-hoc multiple comparisons, maintaining an overall error rate (alpha) of 0.05.
To assess whether the morphometric descriptor data obtained from the radiographic images exhibited clustering patterns and variation trends that allow for the differentiation of lots, a principal component analysis (PCA) was performed. For this purpose, a matrix (500×15) was created, corresponding to the standardized data observations for each seed per lot and the respective variables, by z-scores dividing the (centered) columns by their standard deviations.
The independence of the variables was verified using Bartlett's test of sphericity. Meanwhile, the suitability of the data for Principal Component Analysis was assessed using the Kaiser-Meyer-Olkin (KMO) test (Hair et al., 2019)
Hierarchical cluster analysis was performed using the standardized Euclidean distance, and group formation was carried out using the UPGMA method (Unweighted Pair Group Method with Arithmetic Mean), with the results represented in a dendrogram to evaluate the similarity among lots based on radiographic image-derived characteristics. Prior to clustering, the variables were standardized to eliminate scale effects. The number of clusters was initially determined using the Mojena stopping rule applied to the dendrogram. Subsequently, alternative clustering solutions were evaluated using internal validity indices, including the average silhouette width and the Dunn index, in order to assess the robustness and consistency of the selected grouping. The goodness of fit between the dissimilarity matrix and the dendrogram generated by the UPGMA method was validated using the cophenetic correlation coefficient (Sokal and Rohlf, 1962). All analyses were performed using R software (R CORE TEAM, 2021).
3 Results
Initially, the seeds showed an average moisture content of 5.2%, with a maximum variation of 0.6% among the lots, indicating stability of this parameter across the evaluated lots.
Radiographic analyses of seeds from the five jojoba lots revealed details of the internal seed structures (Fig. 2). In addition, a pseudocolor surface representation was generated from the grayscale images to qualitatively visualize variations in X-ray absorbance, where high-contrast color maps were associated with higher grayscale intensity values (red), while low-contrast colors (blue) indicate lower grayscale intensity
Furthermore, the seed coat, cotyledons, and embryonic axis region were identified in the jojoba seeds (Fig. 2A). Various alterations in internal seed tissues were also observed across lots, such as broken seeds (Fig. 2B), jojoba fruit containing two seeds with irregular development (Fig. 2C), seeds with the presence of insect pest larvae consuming the internal tissues and forming galleries as the cotyledonary tissue is consumed (Fig. 2D), and deteriorated seeds with low integrated X-ray density, as indicated in the radiographic image by darker tissues (Fig. 2E). Polymorphism was also observed in the jojoba seeds (Fig. 2F), highlighting spherical, elliptical, and elongated seed shapes.
By applying digital image analysis techniques, attributes were extracted for each seed lot (Tab. 1), which were used to differentiate among the lots (Tab. S1). For size-related characteristics, seeds from lot 5 showed the largest area (121.00±0.70 mm2) and perimeter (48.78±0.69 mm), along with lot 3 (48.52±0.58 mm). As for width, the highest values were observed in lots 3 and 5 (10.00±0.09; and 10.15±0.35 mm, respectively). Meanwhile, seeds from lot 1 exhibited the lowest values for area (106.30±5.27 mm2) and perimeter (47.04±1.39 mm), and, together with lot 1, for width (9.36±0.24 and 9.30±0.24 mm, respectively). Significant differences in seed height were found among the evaluated lots. The lot 5 showed the highest values ​​for seed height, differing significantly from Lot 4 (p = 0.0009), Lot 1 (p = 0.0049) and Lot 2 (p = 0.0057) (Tab. S2).
Regarding shape characteristics, circularity showed significant differences between lots (p < 0.05), with average values ranging from 0.60 to 0.64. These results indicate that the seeds predominantly have a non-circular shape, with subtle variations between the evaluated batch. lot 5 presented the highest average circularity value (0.64), differing significantly from lot 1, which presented the lowest value (0.60), while the other lots presented intermediate values, not differing statistically from each other. Although the form index showed statistically significant differences, it is worth noting that the average shape for seeds in all lots was elliptical. This information was also confirmed by the aspect ratio variable, which indicated the relationship between seed width and height (Tab. 1).
The solidity characteristic describes how compact the seeds are in relation to their contour. The analyses showed significant differences among the lots, with the formation of three statistically similar groups. The first group included lot 5, with a solidity value closer to 1 (0.98±0.0003), indicating more regular and compact edges. Lots 1, 2, and 3 formed the second group. The third group, consisting of lot 4, presented the lowest solidity value (0.975±0.0011), indicating a more irregular surface compared to the other lots. However, it is worth noting that all lots had values above 0.90, suggesting that, overall, the seeds tend to have more compact surfaces with few irregularities or gaps.
Gray intensity was evaluated based on X-ray absorbance values extracted from radiographic images of jojoba seeds, allowing the identification of differences between the analyzed lots. Seeds from lot 5 presented the highest average, maximum, median, and integrated gray intensity values (Tab. 1). These results indicate greater projected attenuation of X-rays, reflected by lighter regions in the image, associated with greater presence and tissue integrity, as well as a greater distribution of pixels with high values compared to the other lots.
The data distribution for length and width was graphically represented using box plot diagrams (Fig. 3), which allowed for the observation of dispersion, central tendency, and outliers in each lot. It was observed that approximately 75% (region below the third quartile) of the length data ranged from 9.73 to 16.141 mm. For the width variable, the observed values ranged from 5.87 to 10.86 mm.
The KMO value obtained (0.703) indicated good sample adequacy. Additionally, Bartlett's test was significant (χ2 = 14336.2; df = 105; p < 0.001), rejecting the identity matrix hypothesis and confirming the existence of significant correlations between the variables, which justifies the application of principal component analysis. The scree plot (Fig. 4A) showed the 15 components extracted in this study. Initially, the figure showed a steep downward slope, until it became an approximately horizontal line, where the inflection point, the elbow, is formed. The cutoff line was established according to Kaiser's criterion, where eigenvalues >1 are considered significant. According to this criterion, four principal components will be retained, and according to the scree plot of the percentages of variance explained (Fig. 4B), the first four components of the model explain 87.1% of the total variability in the original dataset (Fig. 4). Table 2 presents the factor loadings for each principal component, showing the degree of contribution of each original variable to each component.
The first component (PC1) explained the greatest variability in the data, accounting for 38.27% of the total variation. The variables integrated density, median, mean, and mode of gray values, as well as area, were the most important in this first component, as they accounted for most of the variability. However, they contributed negatively to PC1, meaning that high negative values for these variables result in a lower PC1 score, while lower values result in a higher PC1 score.
In the second component (PC2), form index, roundness, and aspect ratio were the most important variables in explaining this component. However, roundness had a negative contribution, indicating that as the value of this characteristic increases, the principal component score decreases.
In the third principal component (PC3), the variables perimeter and width contributed most to the variability, although perimeter contributed positively to the value of this principal component. In the fourth component (PC4), the solidity and circularity variables were the largest contributors to this component.
In addition, the graph allowed the visualization of the distribution of seed lots based on the first two principal components (PC1 and PC2) (Fig. 4C). Each sample from each lot was represented by a specific color, and the ellipses represent the clustering trend for each lot. A concentrated distribution of samples was observed for lot five, allowing for the identification of a clustering pattern for this lot, whereas the samples from the other lots were dispersed throughout the plane.
Principal component analysis performed with individual seeds revealed high intra-lot variability and wide overlap between lots (Fig. 4C), indicating a lack of clear separation at the individual level. This behavior suggests that morphological differences between lots are gradual and better represented by average trends than by individual patterns. Given the high overlap observed in the PCA at the individual level, morphological variables were summarized by lot averages, allowing for the assessment of overall similarity between lots and reducing the influence of intra-lot variability.
The clustering results were evaluated using a dendrogram generated from the standardized Euclidean distance and the UPGMA method. Based on the Mojena stopping rule, the dendrogram revealed two main branches, with two distinct groups at the 6.91 level (Fig. 5), suggesting differentiation among the evaluated lots. The first group consisted exclusively of lot 5, suggesting a distinct morphometric pattern in relation to the other lots. The second group comprised lots 1, 2, 3, and 4, which exhibited greater similarity based on the evaluated radiographic image characteristics.
The internal validity of the clustering solution was assessed using quantitative metrics. The average silhouette width was 0.32, indicating a moderate clustering structure, with most lots presenting positive silhouette values and one lot exhibiting an intermediate pattern between the two groups (Tab. S3). The Dunn index was 1.09, indicating adequate separation between clusters relative to their internal dispersion, thereby reinforcing the structural consistency of the two-cluster solution.
Table 1 
Mean values ± standard deviation for size, shape, and grayscale intensity characteristics extracted from radiographic images of five jojoba seed lots.

	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 Box plot of height and width distribution in millimeters for jojoba seeds from each evaluated lot. Each box indicates the range between quartiles, the inner line represents the median, and the outer limits correspond to the minimum and maxim um values. The individual points in each box plot represent the outliers. The colors differentiate the two variables analyzed: width (green) and height (blue).



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 A) Scree plot of the eigenvalues for each extracted component, the red dashed line represents the Kaiser criterion (eigenvalue >1). B) Scree plot of the percentages of variance explained for the first 10 principal components. C) Principal Component Analysis obtained for morphometric data from jojoba seeds (n = 500), showing the distribution of the five lots evaluated. Each point represents an individual seed, colored according to the original lot, and the ellipses indicate the dispersion of the data with a 95% confidence interval for each lot.



Table 2 
Factor loadings for each variable in the first three components of the PCA.

	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Dendrogram for the classification of five jojoba seed lots based on the UPGMA method. The red dashed line indicates the cutting level defined by Mojena’s rule. The cophenetic correlation coefficient was 0.88.



3.1 Germination test
The physiological quality of the seeds was evaluated for the five lots using the germination test. After ten days of testing, seeds with radicle protrusion > 2.00 mm were considered germinated. Lots one and two showed no radicle protrusion; therefore, the results for these two lots were not included in the analyses.
Thus, statistically significant differences were observed in the germination test among the three evaluated lots (Fig. 6). Lot five (L5) showed the highest germination percentage at 91%, being grouped into group ‘a’ according to Tukey’s test. Lots three and four (L3 and L4), with averages of 64% and 42%, respectively, were grouped into group ‘b’, indicating lower germination capacity.
	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Germination percentage for different lots of jojoba seeds. L3: Lot three, L4: Lot four, L5: Lot five. Different lowercase letters in the bar chart indicate significant differences according to Tukey’s test at the 5% level. Error bars represent the standard error.



3.2 Scanning electron microscopy
Through scanning electron microscopy (SEM), it was possible to observe that the radicle has a conical morphology, with tissue organized in longitudinal bands (Figs. 7A and 7B). The seed coat of jojoba is firm, with a well-defined structure and the presence of trichomes, structures that may be associated with mechanical protection and interaction with the environment (Figs. 7C–7E). In Figure 7F, the cotyledons are visible, composed of rounded and voluminous cells, compactly organized and compatible with the storage of essential compounds for germination.
	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Scanning electron micrograph. A and B) radicle tip; C and D) inner surface of the seed coat; E) outer surface of the seed coat and presence of trichomes; F) cotyledon.



4 Discussion
In seed quality preservation, determining moisture content is one of the most important factors and is related to the selection of appropriate procedures for evaluating seed quality (Trujillo et al., 2021), such as in conducting radiographic and physiological tests, where uniform moisture content across seed lots is essential to standardize assessments and ensure reliable and promising results (Marcos-Filho, 2020).
The X-ray test has been established as a rapid and non-destructive tool for analyzing oilseeds such as Jatropha curcas (Bianchini et al., 2021), castor bean (Ricinus communis) (Carvalho et al., 2010), crambe (Crambe abyssinica) (Ribeiro et al., 2021), and sesame (Sesamum indicum) (Nogueira et al., 2017). However, its use in evaluating the morphological characteristics of jojoba seeds has not been reported.
The results presented in this study demonstrate the effectiveness of the radiographic test in identifying seeds with internal defects, deterioration, breakage, and insect infestation. The visualization of internal seed structures is based on brightness variations in radiographic images, produced by differences in X-ray absorption by the seed tissues, such as cotyledons, embryo, and seed coat (Brasil, 2025).
Morphometric characteristics of jojoba seeds were quantified through radiographic image analysis, enabling the identification of significant differences across variables among the five evaluated seed lots, allowing them to be grouped into different clusters. Measuring seed dimensions is considered an important step in understanding a species, linked to its identification, propagation, and conservation, both in natural environments and in productive systems (Sánchez et al.,2024). Additionally, it serves as an important agronomic tool, associated with phenotypic traits of the species, yield patterns, productivity, quality, market prices (Cervantes et al., 2016), as well as seed processing and industrial use (El-Emam et al., 2023), especially when aiming to obtain high physical quality seeds, which involves the separation and removal of impurities such as plant debris, clods, weed seeds, and ensures lot standardization (Nogueira and Medeiros, 2007).
Previous studies with jojoba seeds have confirmed their morphometric heterogeneity (Ismail, 1988; Figueiredo, 1989; El-Eman et al., 2023). Measurements of seed length and width (Fig. 3) confirmed the high polymorphism observed in the radiographic images among the different jojoba seed lots. El-Emam et al. (2023) reported width variations between 5.60 and 10.60 mm and length variations between 13.70 and 20.00 mm for jojoba seeds. The ratio between two dimensions is widely used to determine seed shape (Cervantes et al.,2016), as in crops such as Jatropha curcas (Saadaoui et al., 2015), sunflower (Soroka et al., 2017), soybean (Duc et al., 2023), snap bean (Balkaya and Odabas, 2002), and Prosopis laevigata (Azpeitia et al., 2022).
The results of this research made it possible to determine the elliptical shape of the seeds, which can be considered predominant in jojoba. However, other studies have reported distinct morphological patterns, such as oval, spherical, elliptical, or elongated shapes (Figueiredo, 1989; El-Eman et al., 2023). The polymorphism of jojoba seeds has been associated with interactions between genetic traits and production environments, resulting in the formation of ecotypically distinct populations, particularly due to the fact that jojoba develops in semi-arid, desert, and coastal regions (Al-Ani et al., 1972; Meyer, 2008).
In addition, adequate water supply has been found to favor the development of more oval-shaped seeds and to increase their weight compared to elongated seeds (Ayerza, 1993). Another factor reported is the presence of more than one seed per fruit, where capsules containing two or three seeds tend to present flatter and more elongated shapes (Yermanos and Duncan, 1976; Ayerza, 1982).
Seed image analysis, particularly the evaluation of color, shape, and size variables, has been widely applied in the classification of species diversity (Loddo et al., 2023, Felix et al., 2018). The grayscale intensity values extracted from the radiographic images showed statistical differences among the seeds of the evaluated jojoba lots. The values of integrated density, mean, minimum, maximum, median, and mode of gray levels have been associated with tissue integrity in radiographic image analyses (Medeiros et al., 2020b; Silva et al., 2020; Trujillo et al., 2021). The grayscale intensity observed in radiographic images is determined by the thickness, density, and composition of the seed tissues (Medeiros et al., 2020a, 2020b), in addition to the size and moisture content of the seed (Trujillo et al., 2021). Thus, darker regions in radiographic images reflect lower gray intensity and lower integrated absorbance of X-rays, often associated with tissue loss or the presence of empty areas. On the other hand, seeds with greater tissue filling exhibit lighter regions, with higher gray intensity and integrated density values (Carvalho et al., 2010). These contrast differences are directly related to the attenuation coefficient, which depends on the density, thickness, and chemical composition of the seed tissues (Kotwaliwale et al., 2011).
Multivariate analysis made it possible to explore the variability among the evaluated lots using variables associated with shape, size, and grayscale intensity characteristics. The PCA showed that the first three components explained most of the variance, which led to the separation of lot 5 from the other evaluated lots. Additionally, the dendrogram generated by hierarchical cluster analysis confirmed the distinction of lot 5 from the other lots, reflecting differences in seed production systems or in the environmental conditions in which the seeds were obtained (Meza et al., 2017).
The clustering of cultivars based on the hierarchical analysis of traits allows for the identification of close or distant relationships between the evaluated characteristics, leading to the formation of related or unrelated groups, which are graphically represented by the dendrogram (Cruz et al., 2020).
Studies based on hierarchical cluster analysis in jojoba have demonstrated a wide range of genetic variability among the evaluated materials. They also observed that leaf and canopy size, as well as seed size and shape, significantly contribute to this variability, indicating that these components play a major role in the differentiation among the formed groups (Meza et al., 2017). This high genetic diversity can be explained by the fact that jojoba is a dioecious species with a high rate of cross-pollination, resulting in extensive genetic recombination and potentially impacting seed production uniformity and oil quality (Al-Obaidi et al., 2017a).
Moreover, hierarchical clustering based on morphometric seed properties—such as size, shape, length, width, and axis ratio—has proven useful in the separation of cultivars in carob (Ceratonia siliqua) (Barracosa et al., 2007), Silene spp. (Fawzai et al., 2010), mustard (Brassica spp.) (Geetha et al., 2011), Leucaena leucocephala (Feliz et al., 2024), and Vitis spp. (Martín-Gómez et al., 2024). These results reinforce the usefulness of morphometric approaches based on digital images for the characterization of seed lots and as a tool for monitoring and quality control, assisting in the detection of possible mixtures of plant or inert material.
Seeds with high physiological quality exhibit good germination, uniformity, and vigor, which are essential not only for successful crop establishment but also for achieving high productivity and economic return throughout the production chain. In the present study, the evaluation of the physiological quality of jojoba seeds revealed significant differences in germination among the lots.
Lots 1 and 2 did not germinate after ten days, indicating complete inviability under the tested conditions. This suggests issues with the initial quality of these seeds, which may be related to internal damage, aging, or inadequate storage conditions (Marcos-Filho, 2020). Lot 5, on the other hand, showed superior performance, with 91% germination, while lots 3 and 4 exhibited intermediate germination rates of 64% and 42%, respectively (Fig. 6). This result may be attributed to various factors that affect seed vigor and viability, including environmental conditions during field production, harvesting practices, processing, and storage conditions (Carvalho and Nakagawa, 2012).
Rost et al. (1977), in their study on jojoba seed anatomy, reported the presence of trichomes on the seed coat surface, particularly in regions near the micropyle and chalaza. These trichomes, also observed in Figure 7, may serve functions related to physical protection and regulation of interactions with the external environment, especially under low humidity conditions.
As described by Rost et al. (1977), the seed coat is composed of elongated sclerenchymatic cells (macrosclereids) in the outermost layer, followed by collapsed parenchymal tissues in the inner regions, which were also visualized in the present study (Figs. 7C–7E). The adaptive morphology of the jojoba plant is not limited to its seeds: the root system (Fig. 7A and 7B) can reach depths of up to 9 meters, as described by Gentry (1958). According to Ash et al. (2012), this deep root architecture is one of the factors contributing to the species’ tolerance to arid environments, such as the Sonoran Desert, the native region of jojoba.
The morphometric differences identified in this study among the different lots indicate the interaction between genetic and environmental factors that affect seed viability from formation onward. The relationship between structural characteristics and physiological performance supports the applicability of this approach in monitoring the quality of commercial seed lots. Furthermore, the use of modern, non-destructive, rapid, and effective technologies for seed quality control can contribute to the expansion of jojoba cultivation and the strengthening of its production chain.
Although this study shows that radiographic and morphometric analyses can be very informative for assessing jojoba seed quality, some limitations need to be acknowledged. All images were obtained with a single X-ray system under fixed settings, which restricts direct extrapolation to other devices and laboratories. The work was also conducted with a limited number of lots from a single supplier. There was no external validation with independent material from other crops or companies, no formal seed-based predictive model for germination or vigor, and seedling performance at later stages (such as 30 days) was not measured. Even so, the clear differences between lots, especially the distinct behavior of lot 5, indicate that the method is capable of capturing significant variations in seed condition. A next step in future work is to define practical cutoff values, for example, based on ash level intensity, to support real-time lot screening and then test these criteria prospectively in different years, environments, and suppliers, following the principles used to establish decision limits in seed quality control and processing workflows (Tausch, 2024). This would help consolidate the use of fast, non-destructive imaging as a routine tool in quality control, conservation, and propagation of jojoba seeds.
5 Conclusions
X-ray imaging and digital image processing are effective tools for evaluating the quality and providing a detailed characterization of the internal structure of jojoba seeds. Scanning electron microscopy complemented the radiographic analysis by providing a morphological basis for the internal attributes visualized.
The information obtained from the images made it possible to infer the morphometric characteristics of the seeds, allowing for the characterization of jojoba seed lots. Lot 5, in particular, stood out by presenting the largest area, perimeter, and width, as well as the highest grayscale intensity values, reflecting brighter regions in the radiographic images associated with greater tissue presence and integrity, and the highest germination rate (91%).
Principal component analysis (PCA) and hierarchical clustering (dendrogram) supported the distinction of Lot 5 from the other lots, suggesting that the attributes of grayscale intensity (mean, median, mode, and integrated density of gray values) and size (area), which were the most important in PC1, are strongly associated with its superior quality.
Radiography and digital image analysis show strong potential as auxiliary tools for the rapid and non-destructive evaluation of the internal and external quality of jojoba seed lots, allowing the distinction of lots with greater vigor and physical purity for commercial and conservation purposes.
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Fig. S1. Histogram plots for radiographic images of jojoba seeds, lot 1. The red line indicates the threshold determined by the Auto Threshold command in ImageJ software. Each image was composed of 25 seeds.

Fig. S2. Histogram plots for radiographic images of jojoba seeds, lot 2. The red line indicates the threshold determined by the Auto Threshold command in ImageJ software. Each image was composed of 25 seeds.

Fig. S3. Histogram plots for radiographic images of jojoba seeds, lot 3. The red line indicates the threshold determined by the Auto Threshold command in ImageJ software. Each image was composed of 25 seeds.

Fig. S4. Histogram plots for radiographic images of jojoba seeds, lot 4. The red line indicates the threshold determined by the Auto Threshold command in ImageJ software. Each image was composed of 25 seeds.

Fig. S5. Histogram plots for radiographic images of jojoba seeds, lot 5. The red line indicates the threshold determined by the Auto Threshold command in ImageJ software. Each image was composed of 25 seeds.

Table S1. p-value for the Shapiro-Wilk and Bartlett tests for the features extracted from the radiographic images.

Table S2. Multiple comparisons between jojoba seed lots using Tukey's HSD test (adjusted p) and effect sizes (Hedges' g) with 95% confidence intervals.

Table S3. Silhouette width values for seed lots obtained from hierarchical cluster analysis based on standardized Euclidean distance and the UPGMA method.
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        [image: Fig. 1 Refer to the following caption and surrounding text.]
      

      
        Processing of radiographic images of jojoba seeds. A) RGB image in.tiff format; B) 8-bit grayscale image; C) Otsu thresholded image and histogram; D) extraction of morphometric characteristics. Circ: circularity, AR: aspect ratio, Sold: solidity.

      

    

  
    
      Fig. 2 
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        Radiographic images of jojoba seeds. A) Healthy seed with identification of the basic structures that make up the seed, a 3D representation of the gray levels of each pixel, and a normal seedling. Seeds with internal alterations and abnormal seedlings: B) broken seed; C) fruit with two malformed seeds; D) infested seed; E) deteriorated seed. F) spherical, elliptical, and elongated seed shapes.

      

    

  
    
      Table 1 

      Mean values ± standard deviation for size, shape, and grayscale intensity characteristics extracted from radiographic images of five jojoba seed lots.

      
        


	Features
	Lots



	
	




	
	Lot 1
	Lot 2
	Lot 3
	Lot 4
	Lot 5





	Area (mm2)
	106.30±5.27b
	105.12±1.50b
	116.57±3.45a
	108.19±3.43b
	121.00±0.70a



	Perimeter (mm)
	47.04±1.39ab
	45.95±0.86b
	48.52±0.58a
	47.09±0.85ab
	48.78±0.69a



	Width (mm)
	9.30±0.24bc
	9.36±0.24bc
	10.00±0.09a
	9.83±0.17ab
	10.15±0.35a



	Height (mm)
	14.50±0.37b
	14.52±0.22b
	14.95±0.26ab
	14.32±0.22b
	15.39±0.36a



	Circ
	0.60±0.011b
	0.62±0.013ab
	0.62±0.007ab
	0.61±0.016ab
	0.64±0.019a



	Round*
	0.632±0.021b
	0.621±0.004bc
	0.652±0.011ab
	0.661±0.005a
	0.603±0.004c



	Solidity
	0.977±0.0006b
	0.977±0.0006b
	0.977±0.0011b
	0.975±0.0011c
	0.981±0.0003a



	AR
	1.61±0.01ab
	1.64±0.02a
	1.56±0.02b
	1.54±0.01b
	1.66±0.01a



	IF
	1.52±0.004d
	1.54±0.014cd
	1.55±0.007bc
	1.56±0.013b
	1.58±0.005a



	Mean(gray.pixel−1)
	119.11±2.69ab
	120.41±1.80ab
	122.21±3.87ab
	116.83±5.86b
	126.92±2.51a



	IntDen(gray.mm2.pixel −1)
	12747.10±924.13b
	12747.62±190.83b
	1463.77±784.04a
	12729.94±406.85b
	15387.90±204.26a



	Mode(gray.pixel−1)
	135.51±3.78b
	137.94±1.57ab
	139.56±4.71ab
	132.93±6.60b
	146.59±2.00a



	Min(gray.pixel−1)
	61.53±2.08ns
	61.72±1.98ns
	62.12±2.44ns
	58.50±5.61ns
	66.2±2.63ns



	Max(gray.pixel−1)
	152.93±3.52b
	156.52±3.90ab
	156.48±4.27ab
	156.01±5.82b
	166.14±4.40a



	Median(gray.pixel−1)
	124.55±2.98ab
	125.71±1.78ab
	127.96±4.35ab
	122.12±6.05b
	132.76±2.44a





      

      

Different lowercase letters in the same row indicate statistically significant differences between lots p < 0.05, by the Tukey HSD test. ns: not significant. *The data were analyzed using the Kruskal-Wallis test.Different lowercase letters on the same line indicate a statistically significant difference (p < 0.05) according to the Kruskal-Wallis test with Bonferroni adjustment.





    

  
    
      Fig. 3 
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        Box plot of height and width distribution in millimeters for jojoba seeds from each evaluated lot. Each box indicates the range between quartiles, the inner line represents the median, and the outer limits correspond to the minimum and maxim um values. The individual points in each box plot represent the outliers. The colors differentiate the two variables analyzed: width (green) and height (blue).

      

    

  
    
      Fig. 4 
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        A) Scree plot of the eigenvalues for each extracted component, the red dashed line represents the Kaiser criterion (eigenvalue >1). B) Scree plot of the percentages of variance explained for the first 10 principal components. C) Principal Component Analysis obtained for morphometric data from jojoba seeds (n = 500), showing the distribution of the five lots evaluated. Each point represents an individual seed, colored according to the original lot, and the ellipses indicate the dispersion of the data with a 95% confidence interval for each lot.

      

    

  
    
      Table 2 

      Factor loadings for each variable in the first three components of the PCA.

      
        


	Features
	PC 1
	PC 2
	PC3
	PC4





	Area (mm2)
	−0.335
	0.068
	0.325
	0.163



	Perimeter (mm)
	−0.205
	0.185
	0.476
	−0.153



	Width (mm)
	−0.280
	−0.217
	0.337
	0.049



	Height (mm)
	−0.274
	0.328
	0.239
	0.142



	Circ
	−0.172
	−0.234
	−0.302
	0.484



	Round
	−0.032
	−0.499
	0.132
	−0.106



	Solidity
	−0.213
	−0.054
	−0.145
	0.650



	AR
	0.039
	0.503
	−0.134
	0.086



	Mean
	−0.353
	−0.003
	−0.278
	−0.189



	IntDen
	−0.396
	0.049
	0.162
	0.057



	Mode
	−0.339
	−0.006
	−0.268
	−0.218



	Min
	−0.175
	0.028
	−0.252
	−0.096



	Max
	−0.250
	0.002
	−0.135
	−0.340



	Median
	−0.350
	−0.003
	−0.276
	−0.193



	IF
	0.0459
	0.494
	−0.129
	0.064



	Eigenvalues
	5.74
	3.42
	2.55
	1.35



	% of variance
	38.27
	22.77
	17.03
	8.98



	% cumulative variance
	38.27
	61.04
	78.07
	87.01





      

    

  
    
      Fig. 5 

      
        [image: Fig. 5 Refer to the following caption and surrounding text.]
      

      
        Dendrogram for the classification of five jojoba seed lots based on the UPGMA method. The red dashed line indicates the cutting level defined by Mojena’s rule. The cophenetic correlation coefficient was 0.88.

      

    

  
    
      Fig. 6 

      
        [image: Fig. 6 Refer to the following caption and surrounding text.]
      

      
        Germination percentage for different lots of jojoba seeds. L3: Lot three, L4: Lot four, L5: Lot five. Different lowercase letters in the bar chart indicate significant differences according to Tukey’s test at the 5% level. Error bars represent the standard error.

      

    

  
    
      Fig. 7 
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        Scanning electron micrograph. A and B) radicle tip; C and D) inner surface of the seed coat; E) outer surface of the seed coat and presence of trichomes; F) cotyledon.
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