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Abstract


Pepper (Capsicum frutescens L.) is a globally important vegetable crop whose fruit glossiness serves as a key quality trait influencing consumer preference and market value. This review summarizes the measurement methods, influencing factors, and molecular regulatory mechanisms of pepper fruit surface glossiness, as well as the correlation between post-harvest changes in carotenoid content and fruit surface glossiness, aiming to provide references for the molecular breeding of high-gloss pepper cultivars. Pepper fruit glossiness is primarily determined by cuticle structure and composition. The content and arrangement of cuticular crystals significantly affect the specular reflection and diffuse reflection on the fruit surface. The ordered arrangement of long-chain alkanes enhances the anisotropy of specular highlights, reduces the contrast of diffuse reflection, and forms a high-gloss surface. In contrast, the imbalance of wax components or disordered accumulation of crystals leads to increased light scattering, resulting in a matte phenotype. Furthermore, carotenoid content strongly correlates with L*, a*, and b*, critically influencing fruit color intensity and hue. Currently, there are still several issues in the research on pepper glossiness, including the lack of standardized measurement methods, unclear gene regulatory networks, and unknown pathways related to post-harvest gloss maintenance and environmental responses. In the future, we should promote the combination of multiple technologies to establish unified measurement standards; integrate multi-omics to identify key genes; develop targeted preservation technologies based on the law of fruit gloss degradation; and breed pepper cultivars with high glossiness and good storage performance.
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1. Introduction


Pepper (Capsicum frutescens L.), a vegetable crop within the Solanaceae family, is a globally significant economic crop. Over 40 pepper species were recognized as of 2022, though most remain wild or semi-wild. The genus comprises five principal cultivated species: Capsicum annuum L., C. frutescens L., Capsicum chinense Jacq., Capsicum baccatum L., Capsicum pubescens Ruiz & Pav. Among these, the first three species are cultivated worldwide, while the latter two are primarily grown in Central and South America [1,2]. The most commonly cultivated species in production is Capsicum annuum L. In recent years, pepper cultivation in China has exceeded 2 million hectares, representing 8–10% of the total vegetable planting area. Its output value and economic benefits rank highest among vegetable crops in China [3].



Fruit appearance, encompassing shape standardization, uniform coloration, and skin glossiness, constitutes the primary visual quality trait in peppers. Varieties with standard shapes, glossy skins, and vibrant colors, such as bell peppers and fruit-type peppers, are highly favored by consumers and offer significant economic benefits [4]. Bright red peppers command higher prices than dark red, orange, or yellow varieties, dark red fruits retain their color longer during storage compared to lighter-colored varieties [5]. Critically, pepper fruit gloss profoundly influences perceived freshness, ripeness, and texture, thereby determining overall quality perception and consumer preference through both sensory and psychological pathways, which ultimately governs fruit marketability.



Recent research has elucidated the fundamental mechanisms governing fruit gloss formation. Advanced imaging techniques, including confocal microscopy and scanning electron microscopy, have delineated the critical roles of epidermal wax crystals and cuticular wrinkles in determining fruit gloss appearance. Molecular investigations have identified key genes and enzymes responsible for wax and cutin biosynthesis and deposition, thereby clarifying the genetic basis of gloss development in diverse fruit species including cucumber, tomato, eggplant, and citrus [6,7,8,9,10,11]. Multiple studies demonstrate that dull fruit epidermis in cucumber constitutes a dominant trait governed by a single locus, whereas the glossy phenotype exhibits recessive inheritance [12,13]. The gene controlling fruit glossiness modulates epicuticular wax and cutin deposition on the extracellular surface of epidermal cell walls [14].



Compared to model crops like tomato and cucumber, research on pepper fruit glossiness remains substantially understudied. Key regulatory genes and pathways mediating environmental responses are largely unidentified. This review summarizes the research progress on the influencing factors, measurement methods, molecular regulatory mechanisms, and post-harvest glossiness of pepper fruit glossiness. It aims to further enhance the market economic value of pepper varieties with high-gloss phenotypes, and provide references for research on the freshness of peppers during transportation and storage, as well as subsequent breeding applications.




2. Pepper Fruit Surface Glossiness


2.1. Definition of Glossiness


Glossiness denotes the capacity of fruit surfaces to reflect incident light, with higher reflectance corresponding to increased gloss intensity. This optical property influences not only visual appearance but also correlates with fruit quality attributes including flavor and nutritional composition [15,16]. High gloss pepper fruit exhibit intense coloration and serve as visual indicators of freshness, adequate moisture content, and optimal nutritional status. Conversely, low gloss pepper fruit frequently develop a dull appearance with surface shriveling, typically resulting from physiological senescence, desiccation, or incipient spoilage.



Recently, the Guangxi Academy of Agricultural Sciences has proposed a group standard for the determination method of pepper surface glossiness (Figure 1). The standard specifies that glossiness is defined as the quantified value of the specular reflection ability of the fruit surface to incident light, which is measured by a standard glossmeter at a 60° incident angle, and the results are expressed in Gloss Unit (GU) [17]. A GU range of 25.0–30.0 corresponds to Grade 1 (high gloss) for pepper fruit glossiness; a GU range of 20.0–24.9 is designated as Grade 2 (medium-high gloss); a GU range of 15.0–19.9 is classified as Grade 3 (medium gloss); a GU range of 10.0–14.9 refers to Grade 4 (medium-low gloss); and a GU range of 3.0–9.9 is defined as Grade 5 (low gloss).




2.2. Methods for Measuring Glossiness


Current assessment of early-stage fruit glossiness primarily relies on sensory analysis [18]. While this approach enables qualitative evaluation through experiential judgment, measurement repeatability suffers substantially from variable ambient lighting, viewing angle inconsistencies, and inter-observer variability.



In recent years, standardized gloss measurement instruments have been developed for agricultural products. Mendoza et al. developed a Gloss Imaging System (Figure 2) specifically for quantitative surface gloss analysis of fruits and vegetables [19]. Althaus and Blanke [20] designed a custom apparatus integrating a colorimeter, spectrometer, and VR-5200 profilometer to measure pepper fruit glossiness, with simultaneous acquisition of RGB image outputs (Figure 3). The Guangxi Academy of Agricultural Sciences performed multi-point measurements on pepper fruit samples using a gloss meter. The fruit surface types included smooth type, shallow-ridged type, and deep-ridged/wrinkled type (Figure 4). The surface glossiness was calculated via a data correction model, followed by repeatability verification and outlier data determination to obtain the GU values.



Furthermore, characterization of pepper fruit color has transitioned from qualitative sensory descriptions toward quantitative colorimetric analysis. Kasampalis et al. employed digital imaging to monitor bell pepper surface color evolution through CIE-Lab parameters for maturity assessment [21]. Wang et al. quantified color attributes using colorimetry, establishing that higher L* correspond to increased surface brightness [22]. Non-contact image recognition systems integrated with artificial intelligence vision technologies demonstrate significant potential. Convolutional neural network-based deep learning achieved 86.67% accuracy in simultaneous color and morphology identification of chili peppers [23]. Table 1 summarizes various testing methods, along with their advantages, disadvantages, and application scenarios.



In summary, current research emphasizes fruit color parameters, while standardized methodologies for surface gloss measurement remain underdeveloped. Future efforts should prioritize overcoming limitations in non-destructive detection technologies, developing specific gloss instrumentation for pepper fruit, and establishing evaluation standards based on optical properties or image analysis to advance sensory quality breeding programs.




2.3. Factors Affecting Glossiness


2.3.1. Surface Appendages


Fruit surface appendages primarily comprise bloom [14], epicuticular wax [24] and trichomes [25]. Fruit bloom, a white powdery secretion, consists of silicate compounds synthesized by epidermal trichomes. Epicuticular wax and bloom destroy the smoothness of the fruit surface, generating a rough surface [26,27]. Incident light undergoes enhanced scattering and refraction across this irregular surface, diminishing specular reflection and consequently reducing gloss intensity [28]. Pepper trichomes development is governed by an incompletely dominant locus on chromosome 10 [29]. Among the five cultivated species, only C. pubescens Ruiz & Pav. exhibits epidermal trichomes, representing a unique germplasm resource. These trichomes increase surface contact points for atmospheric particulate adhesion, generating roughness and ultimately diminishing surface glossiness.



Trichome presence is a qualitative trait governed by a single nuclear gene that is inherited in a dominant-to-recessive ratio of approximately 3:1 [30]. This conclusion is highly similar to the inheritance pattern of the fuzz gene in cucumber [31]. Through bacterial artificial chromosome library construction and map-based cloning, Kim et al. Localized the key gene locus Ptl1 on chromosome 10 that controls trichome formation [32]. Further studies have shown that the gibberellin receptor gene GID1B up-regulates MYB and AP2/ERF transcription factors, thereby orchestrating epidermal cell differentiation into trichome structures [29].




2.3.2. Wax and Cuticle


The cuticle (Figure 5) is a unique hydrophobic lipid layer covering the outer surface of plant epidermal cells, composed of cutin and wax [33,34]. Wax is divided into intraculticular wax embedded within the cuticle matrix and epiculticular wax deposited as crystalline or amorphous films on the fruit surface. It is mainly composed of very-long-chain fatty acids (VLCFAs) and their derivatives (hydrocarbons, aldehydes, alcohols, esters, etc.), and also contains a small amount of non-VLCFA derivatives, such as terpenoids, flavonoids, sterols, etc. Wax confers diverse surface properties to fruits and is responsible for glossy appearance in many fruit species [35].



The cuticular layer, situated externally to the polysaccharide cell wall of epidermal cells, serves as the primary deposition site for wax. Cutin, a cross-linked polyester polymer derived from hydroxy and epoxy fatty acids, forms the structural framework of cuticle layer [36]. It is mainly responsible for viscoelastic properties characterized by low elastic modulus and high extensibility, collectively determining its mechanical rigidity [37].



Epicuticular wax crystals form amorphous films or diverse crystalline microstructures (e.g., flakes, rods, tubes, filaments, blocks), encompassing up to 23 distinct morphological types [38]. These structures range in size from submicrometer to micrometer scales [39]. These microstructures influence light reflection from the cuticle surface, directly determining fruit surface glossiness.



Pepper epicuticular wax consists primarily of long-chain n-alkanes, VLCFAs, silicic acid compounds, triterpenes, and minor sterols and flavonoids [40,41]. Long-chain n-alkanes, such as C31, typically assemble into ordered crystalline structures [42]. Vertically aligned epicuticular wax crystals can reduce light scattering, thereby enhancing surface glossiness. A moderate wax layer thickness can optimize the balance between light transmission and reflection. Excessive thickness induces turbidity through internal light scattering, while insufficient thickness fails to form an effective reflective layer [43]. The smooth genotype PI 257145 exhibited 6 times higher cutin content than its matte counterpart PI 224448, with 12 different cutin monomers accumulating at higher levels in PI 257145 [44].



In summary, wax content may not be the key factor directly affecting glossiness, rather, the composition, proportion, and crystal structure of wax exert greater influence on epidermal glossiness. The cuticle content governs the contrast and anisotropy of diffuse reflectance, thereby significantly contributing to the visual perception of fruit glossiness.




2.3.3. Fruit Pigment Accumulation


Pepper fruit coloration is primarily governed by the composition and concentration of chlorophyll, anthocyanins, and carotenoids [45]. In fresh pepper fruit, quantification methods include pigment analysis via liquid chromatography and direct colorimetric measurement of fruit color value index (L*, a*, b*) [46,47]. In the pepper fruit color mutant E55, carotenoid accumulation peaked during color transition and ripening, coinciding with complete chlorophyll absence. This pigment profile correlated with maximal L values [48].



The red coloration of processed peppers is primarily attributed to capsanthin accumulation. Increased capsanthin content in ripened fruit enhances both color vibrancy and processing quality metrics [49]. Furthermore, capsanthin content determines red color intensity in mature pepper fruit [50]. He et al. [51] quantified peel color in 26 pepper cultivars using CIELAB color space parameters, demonstrating significant positive correlations between red color intensity and carotenoid accumulation.



Pigments in pepper fruits undergo deposition within cytoplasm. Their crystallization state and accumulation intensity directly influence epidermal light absorption and reflection efficiency. Enhanced pigment accumulation typically attenuates surface glossiness, attributed to reduced light-scattering capacity. Notably, carotenoid accumulation intensity exhibits an inverse correlation with L* [52,53], with high-carotenoid red and orange cultivars frequently displaying matte epidermal textures.






3. Molecular Regulatory Mechanism of Pepper Fruit Glossiness


Existing studies on fruit glossiness primarily focus on model species like cucumber [14] and tomato [54]. Due to the absence of systematic investigations in pepper fruit, core regulatory genes for gloss phenotypes remain undefined. Consequently, underlying genetic mechanisms must currently be inferred through indirect morphological proxies, including epidermal trichomes, wax deposition, cutin composition, and pigment accumulation patterns.



3.1. Biosynthesis and Transport of Wax and Cutin


Alterations in the wax biosynthesis pathway, due either to mutations in genes encoding wax synthases or to changes in their expression levels, can affect fruit glossiness. Numerous enzymes involved in the synthesis of cuticular components have been identified and characterized in the model plant Arabidopsis thaliana. To date, more than 190 genes have been implicated in the biosynthesis and transport of cuticular wax in Arabidopsis [55,56,57].



Fatty acids serve as the precursors for both cutin and wax biosynthesis. Specifically, C16:0 and C18:x hydroxy fatty acids act as the main precursors for cutin synthesis, whereas C16 and C18 fatty acids are utilized for wax production. During synthesis, these precursors are first generated through the action of various enzymes and are subsequently transported extracellularly, where they undergo polymerization and are deposited into the cuticular membrane [34] (Figure 6).



3.1.1. Biosynthesis and Transport of Cutin


Cutin synthesis involves the formation of C16 and C18 fatty acids, their modification into C16:0 and C18:x hydroxy fatty acids, and the subsequent assembly of cutin monomers [58,59,60,61]. These monomers are then transported extracellularly and polymerized into the cuticular membrane.



	(1)

	
Under the catalysis of fatty acid synthase (FAS), acetyl-CoA and malonyl-acyl carrier protein (malonyl-ACP) undergo repeated condensation and elongation to form C16 or C18 fatty acyl-ACPs. These are subsequently hydrolyzed by fatty acyl-ACP thioesterase (FAT) to yield free C16 or C18 fatty acids [62].




	(2)

	
Fatty acids are initially activated by long-chain acyl-CoA synthetases (LACSs) to form fatty acyl-CoAs. These activated intermediates can then be oxidized by cytochrome P450 monooxygenases, specifically CYP86A and CYP77A. CYP86A catalyzes hydroxylation at the terminal carbon, whereas CYP77A mediates mid-chain hydroxylation [63].




	(3)

	
Glycerol-3-phosphate acyltransferases (GPATs) catalyze the transfer of an acyl group from acyl-CoA to glycerol-3-phosphate, yielding monoacylglycerol. The typical end product of cutin biosynthesis is 2-monoacylglycerol; however, in the presence of 10,16-dihydroxyhexadecanoic acid, the end product is 2-hydroxy-hexadecanoic monoacylglycerol (2-MHG) [64]. Among cutin monomers in pepper fruit, 10,16-dihydroxyhexadecanoic acid is the most abundant and is likely a fundamental unit for the assembly of cutin polyesters [40].








3.1.2. Biosynthesis and Transport of Wax


During wax synthesis (Figure 7) [56], C16–C18 fatty acids are initially released from acyl-ACPs and exported to the cytoplasm as free fatty acids. Long-chain acyl-CoA synthetases (LACS) located on the outer plastid membrane subsequently convert these fatty acids into C16 or C18 acyl-CoAs [65]. Further processing occurs in the endoplasmic reticulum (ER), where LACS1 and LACS2 participate in the biosynthesis of waxes and cutin. Within the ER membrane, the synthesized C16 and C18-CoAs undergo elongation to VLCFAs under the catalysis of LACS1 and LACS2. Subsequently, ER-associated fatty acid elongases (FAEs) sequentially add C2 units to malonyl-CoA, generating VLCFAs with carbon chain lengths of C20-C34 [66].



VLCFAs are modified into various wax components via two major biosynthetic pathways [67]. The acyl-reduction pathway generates primary alcohols and lipids with even carbon numbers, whereas the decarbonylation pathway yields fatty aldehydes, alkanes, secondary alcohols, and ketones. Studies on Arabidopsis stems indicate that nearly 90% of wax is synthesized through the decarbonylation pathway [68].



In epidermal cells, cuticular waxes are synthesized on the ER and must be transported to the plasma membrane, traverse it, and subsequently cross the cell wall to be assembled into the cuticle [56]. The export from the plasma membrane to the apoplast is mediated by ATP-binding cassette (ABC) transporters and lipid transfer proteins (LTPs).





3.2. Regulatory Genes of Wax and Cutin


Research in the classic model plant Arabidopsis thaliana has led to milestone progress in deciphering the genetic regulatory networks of wax and cutin biosynthesis. Numerous reported mutants with altered glossiness, including cer [69], ltp [70], wax [71], fdh [72], lacs2 [73]. These genes govern gloss phenotypes by modulating diverse processes, including the trafficking and secretion of wax components, the inhibition of very-long-chain fatty acid (e.g., C28) elongation, and the transfer of lipid precursors.



Using transcriptome sequencing technology, a study of the pepper cuticle defective mutant “Pcd1” identified 3781 differentially expressed genes, of which approximately 1500 DEGs were significantly enriched in the cuticle synthesis pathway [74]. Further studies showed that the recessive gene CaFCD1 located on chromosome 12 causes base substitutions during the development of pepper fruit, leading to premature termination of transcription, thereby affecting the biosynthesis of cutin and wax in pepper fruit [75].




3.3. Carotenoids Biosynthesis and Transport


The carotenoid biosynthetic pathway in pepper fruit is well-established (Figure 8) [50]. The carotenoid precursor compound isopentenyl diphosphate (IPP) is catalyzed by a series of enzymes to produce geranyl pyrophosphate (GPP). GPP is then condensed by geranylgeranyl pyrophosphate synthase (GGPS) to form geranylgeranyl pyrophosphate (GGPP) [76]. GGPP is a direct precursor for carotenoid biosynthesis, catalyzed by phytoene synthase (PSY) to form phytoene. Phytoene is the first carotenoid in the carotenoid biosynthesis pathway. Phytoene desaturase (PDS) catalyzes the formation of phytofluene, ζ-carotene, and finally ζ-carotene desaturase (ZDS) to produce lycopene.



Lycopene serves as a branch point for two key pathways. One branch leads to α-carotene through the sequential catalysis of lycopene-β-cyclase (LCYb) and lycopene-ε-cyclase (LCYe). The other branch yields β-carotene via the action of LCYb [77]. Subsequently, α-carotene is converted to lutein (ε branch) by carotene ε-hydroxylase (CYP97C) and β-carotene hydroxylase (CHYB).



β-Carotene is hydroxylated by CHYB to yield β-cryptoxanthin and zeaxanthin. Zeaxanthin is subsequently converted to violaxanthin via two sequential epoxidation reactions catalyzed by zeaxanthin epoxidase (ZEP), with antheraxanthin as an intermediate. Violaxanthin is then transformed into neoxanthin by neoxanthin synthase, completing the β branch. The interconversions between zeaxanthin, antheraxanthin, and violaxanthin are reversible and are mediated by violaxanthin de-epoxidase [78]. In red pepper fruit, capsanthin synthase (CCS) catalyzes the conversion of antheraxanthin to capsanthin and violaxanthin to capsorubin [79].




3.4. Regulatory Genes of Carotenoids


Current studies on carotenoid regulation in pepper fruit primarily focus on the transcriptional regulation and protein-level modulation of carotenoid biosynthetic genes across the metabolic pathway. Key enzymatic components under investigation include GGPS, PSY, PDS, ZDS, LCYb, LCYe, Crtz-2, CCS, etc [80,81]. These studies aim to elucidate the regulatory genetics underlying chromatic transitions during fruit maturation. Key genes, such as PSY, LCYB, and CCS, have been cloned and functionally validated by gene silencing in pepper color mutants [82]. Allelic variation, particularly loss-of-function mutations, produces distinct characteristics of carotenoid accumulation (Table 2) [83]. The regulatory roles of specific transcription factors in the carotenoid biosynthetic pathway have been characterized, including MYB306 [84], DIVARICATA1 [85], BBX20 [86]. In addition, CaERF82, CaERF97, CaERF66, CaERF107a and CaERF101 have been functionally linked to the regulation of carotenoid metabolism [85].



The color of mature pepper fruit is governed by three independent loci, C1, C2, and Y [87], which encode PRR2, PSY1, and CCS genes, respectively. Red (Y) is dominant to yellow or orange (y), and its expression level governs red color intensity. 1-deoxy-d-xylulose-5-phosphate synthase (DXS), a rate-limiting enzyme in the methylerythritol phosphate (MEP) pathway, likewise modulates the intensity of fruit red [50]. At the orange and red stages of pepper development, Wang et al. [88] observed a significant increase in carotenoid accumulation, accompanied by the upregulation of genes involved in carotenoid biosynthesis, such as CaPSY, CaPDS, CaZISO, CaZDS, CaLCYB, CaCHYB, CaZEP, and CaCCS.



A functional C1 allele confers enhanced chromatic intensity and surface gloss to pepper fruits compared to loss-of-function allele [89]. The chromatic parameter L* correlated exclusively with the expression of LYC-B and GGPS. In contrast, the a* value exhibited stronger associations with the expression of key carotenogenic genes, most notably CCS, than either L* or b* [90].





4. Pepper Fruit Glossiness After Harvest


Pepper fruit, being non-climacteric vegetables, undergo complex physiological and biochemical deterioration post-harvest. This process primarily involves oxidative reactions between reactive oxygen species (ROS) and cellular membranes, resulting in structural and functional membrane damage. Macroscopically, these changes manifest as fruit softening, pericarp pitting, surface discoloration, and eventual decay [91,92].



Lipoxygenases (LOXs) are pivotal enzymes in plant lipid metabolism that modulate fruit color transition and softening. Studies demonstrate that LOX-mediated peroxidative degradation of membrane lipids compromises cellular compartmentalization, leading to membrane integrity loss and subsequent release of phenolic compounds. This cascade consequently drives quality deterioration in horticultural crops, manifesting as senescence, chromatic alterations, and moisture deficit [93]. During early post-harvest deterioration of pepper fruit, increased LOXs activity oxidatively degrades carotenoids, resulting in approximately 30% loss within 24 h and significant chromatic degradation [94]. Concurrently, elevated LOXs levels accelerate free linoleic acid metabolism, compromising membrane integrity and driving rapid water loss [95].



During extended storage, green pepper fruits exhibited progressive pericarp darkening and significantly increased chromatic indices. By day 12, specimens displayed obvious water loss and shrinkage [96]. Holden et al. analyzed 13 pepper cultivars and revealed a correlation between carotenoid retention capacity and fruit surface morphology: genotypes with low retention showed pericarp wrinkling and cracking upon desiccation, whereas high-retention genotypes maintained smooth surfaces [97]. Furthermore, enhanced carotenoid retention correlated with elevated cutin monomer content and increased exocarp thickness, suggesting the cuticle preserves postharvest pigmentation by protecting carotenoids from degradation.




5. Conclusions and Perspectives


Pepper fruit glossiness constitutes a multifactorial phenotypic trait emerging from the structure of cutin, epicuticular wax optical properties, and pigment deposition density. Crystalline ordering of long-chain alkanes (e.g., C31) enhances specular highlight anisotropy while reducing diffuse scattering contrast, thereby creating a high-gloss surface. Meanwhile, an imbalance in wax composition or disordered crystalline arrangements amplify light scattering, resulting in a matte phenotype. Throughout fruit maturation, changes in the ratio of wax components to cutin monomers directly influence the fruit’s refractive index. Carotenoid concentration governs chromatic coordinates (L*, a*, b*), serving as the primary factor of pepper fruit hue and color value. This review synthesizes regulatory mechanisms underlying fruit glossiness, focusing on cuticular structure, wax biosynthesis pathways, and carotenoid metabolism with their associated genetic determinants.



Future research on pepper fruit glossiness should focus on: (1) Based on precision phenotyping, using GWAS to identify significant SNP loci and candidate genes controlling pepper pericarp glossiness, and systematically elucidating the genetic mechanisms underlying pepper fruit glossiness; (2) Developing glossiness models based on machine vision, establishing multimodal data fusion models, and achieving correlative prediction between glossiness phenotypes and genotypes. These advances will establish a mechanistic framework for molecular breeding of high-gloss pepper varieties, accelerating development of cultivars with enhanced surface optics and physiological performance for improved commercial value.
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Figure 1. Schematic diagram of glossiness classification for different varieties of pepper in different regions of China: (a) Capsicum annuum L. var. longum Sendt. (sheep born shaped); (b) Capsicum annuum L. var. longum Sendt. (cattle born shaped); (c) Capsicum annuum L. var. grossum (L.) Sendt. 
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Figure 2. Design of gloss imaging system [18]. 
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Figure 3. (a) Gloss measurements using designed machined holder; (b) marked spots/areas for repeated non-invasive measurements at the same positions [19]. 
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Figure 4. (a) Schematic diagram of test position locations for shallow rib groove-type pepper; (b) schematic diagram of test position locations for deep rib groove/wrinkled-type pepper. Note: Red dots indicate the locations of the test positions; Point A is located at the edge of the rib groove, and Point B is located at the ridge line. 
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Figure 5. Plant cuticle structure [34]. 
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Figure 6. Cutin and wax biosynthetic pathways [34]. 
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Figure 7. The model of cuticle wax export from epidermal cell to the cuticle [56]. 
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Figure 8. Carotenoid biosynthesis pathway. 
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Table 1. Comparative Summary of Glossiness Measurement Methods.
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	Methods
	Advantages
	Disadvantages
	Applicable Scenarios





	Gloss Meter
	High standardization level, easy operation, non-destructive testing
	Only reflects macroscopic gloss, fruit shape limitation
	Breeding screening, market grading



	Optical Imaging and Machine Learning
	High-throughput detection, strong real-time performance
	Dependence on data annotation, environmental sensitivity
	Industrial automation



	Optical Coherence Tomography
	non-invasive detection, 3D imaging
	resolution limitation, high equipment cost
	Storage and preservation research, variety improvement,



	Colorimeter
	Compact size for field operation, cost-effective
	Low spectral resolution, relies on manual positioning of measurement areas
	screening of color diversity in pepper germplasm resources; rapid on-site detection during fresh pepper procurement



	Computer Vision System
	Non-contact high-throughput analysis, multi-parameter fusion
	High equipment cost, requires professional algorithm development and large amounts of training data
	Pepper phenomics research, real-time detection in intelligent sorting production lines










 





Table 2. Genetic and molecular findings for key carotenoid and chlorophyll biosynthesis pathway genes [83].
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	Locus
	Chr
	Protein
	Trait/Function





	PSY1/c2
	4
	Phytoene synthase 1
	Orange fruit color



	CCS/y
	6
	Capsanthin

capsorubin synthase
	Yellow fruit color



	PRR2/c1
	1
	Pseudo-response

regulator 2
	Lighter fruit color (red, yellow, orange)



	PSY2
	2
	Phytoene synthase 2
	Yellow fruit color



	LCYB
	5
	Phytoene synthase 2
	Fruit color variation (pink to orange)



	CrtZ-2/

BCH/

CHY2
	3
	β-Carotene

hydroxylase 2
	Orange fruit color



	ZEP/Or
	2
	β-Carotene

hydroxylase 2
	Orange/yellow mature fruit color



	BBX20
	6
	B-box (BBX)

C-zinc-finger transcription factor (TF)
	Regulates a carotenoid synthesis pathway gene (CCS); BBX20 silencing

results in orange fruits



	PP2C35
	10
	Type 2 C protein phosphatases
	Green stripes on fruit surface



	LOL1

(pc1)
	1
	LOL1 (LSD ONE LIKE1) zinc-finger TF
	Null mutation in LOL1

determines light-green fruit color, chloroplast size, and chlorophyll content



	SGR1 (c)
	1
	Stay-green (SGR)

gene, encodes a Magnesium dechelatase
	Responsible for the stay-green phenotype



	GLK2

(pc10)
	10
	GOLDEN2-LIKE TF
	Determines light- and dark-green fruit color, chloroplast size, and chlorophyll content
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