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ABSTRACT

	The objective of this study was to characterize the morphological variability of chile de árbol collections from the regions of Chihuahua and Sinaloa and to evaluate their potential for use in breeding programs. Fourteen quantitative morphological traits were analyzed, including plant height (AP), plant width (ANP), first bifurcation height (APB), stem diameter (DT), mature leaf width and length (AHM and LHM), corolla length (LC), fruit length and width (LF and AF), fruit pedicel length (LP), fruit wall thickness (EPF), number of fruits per plant (NF), total fresh weight (PF), and average fruit weight (PPF), following IPGRI descriptors. Morphological data were examined through ANOVA, principal component analysis, and hierarchical clustering using R software. The ANOVA results revealed highly significant differences for most variables, evidencing substantial phenotypic variation among the collections. The principal component analysis explained 64.7% of the total variation through three components associated with plant growth and reproductive structure (PC1), fruit characteristics (PC2), and leaf traits (PC3). The biplot further distinguished three functional groups of collections aligned with fruit number, vegetative vigor, and fruit size attributes. Consistently, the clustering method separated the 20 collections into four morphologically distinct groups. Overall, these findings demonstrate considerable variability within the germplasm and underscore the value of local materials as strategic resources for chile de árbol breeding.
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1. INTRODUCTION 
The origin of Capsicum annuum L. peppers is in the tropical and subtropical regions of the Americas, particularly in Mesoamerica (Luna-Ruiz et al., 2018). Their domestication occurred in pre-Columbian times, with archaeological evidence indicating selection processes in Mexico and parts of Central America more than 6,000 years ago (Perry et al., 2007; Chiou et al., 2024). Within the genus Capsicum, five domesticated species are recognized: C. annuum, C. baccatum, C. chinense, C. frutescens, and C. pubescens (Walsh & Hoot, 2001; McCoy et al., 2023), with C. annuum being the most widely cultivated worldwide (Bobadilla-Larios et al., 2017).

In Mexico, chile peppers are an emblematic agricultural product of great cultural and economic importance (Aguilar-Meléndez et al., 2021). Their consumption is diverse; they can be eaten fresh, cooked, or used as a condiment, and their agro-industrial value lies in the production of a wide range of products such as frozen, dehydrated, pickled, and canned chiles (Colque et al., 2021). In the specific case of chile de árbol, the main producing states are Jalisco, San Luis Potosí, Hidalgo, Zacatecas, and Chihuahua (SIAP, 2024).

In these regions, wide morphological variations in the fruit have been documented, expressed as differences in shape, color, size, texture, aroma, and pungency. Such variations reflect the different natural and artificial selection pressures to which local populations have been exposed (Walsh & Hoot, 2001; Rêgo et al., 2011). Morphological characterization is a fundamental tool in breeding programs, as it allows the selection and grouping of outstanding genotypes in terms of quality, disease resistance, and yield (Quevedo & Laurentin, 2020).

The improvement of chile de árbol has been driven largely by empirical selection carried out by farmers themselves, generating materials with high genetic variability. However, this variability has not been fully characterized, which represents an important opportunity to establish formal breeding strategies in the medium and long term. Therefore, the objective of this study was to characterize the morphological variability of chile de árbol collections from the regions of Chihuahua and Sinaloa and to evaluate their potential for use in breeding programs.

2. materialS and methods 

Plant material

The chile de árbol seeds were obtained from a selection derived from a collection made in the regions of Villa López and Valle de Allende in Chihuahua and Escuinapa in Sinaloa (Table 1). Fruits were selected from vigorous plants with uniform, fully ripe fruits. Sowing was carried out on February 15, 2023, in 200-cell trays using a peat moss and vermiculite substrate. Transplanting was performed under greenhouse conditions on April 20, 2023, following a randomized complete block design with four replications.

Table 1. Chile de árbol collections from different regions of Chihuahua and Sinaloa.
	Collection ID
	Collection site
	Municipality/Locality

	UA1
	Rancho Blanco
	Valle de Allende, Chihuahua

	UA2
	Rancho Blanco
	Valle de Allende, Chihuahua

	UA4
	Rancho Blanco
	Valle de Allende, Chihuahua

	UA5
	Campana
	Villa López, Chihuahua

	UA6
	Campana
	Villa López, Chihuahua

	UA7
	Campana
	Villa López, Chihuahua

	UA8
	Cairo
	Villa López, Chihuahua

	UA9
	Cairo
	Villa López, Chihuahua

	UA10
	Moro
	Villa López, Chihuahua

	UA11
	Moro
	Villa López, Chihuahua

	UA12
	Moro
	Villa López, Chihuahua

	UA13
	Moro
	Villa López, Chihuahua

	UA14
	Moro
	Villa López, Chihuahua

	UA15
	Moro
	Villa López, Chihuahua

	UA16
	Moro
	Villa López, Chihuahua

	UA17
	Moro
	Villa López, Chihuahua

	UA18
	Moro
	Villa López, Chihuahua

	UA19
	Moro
	Villa López, Chihuahua

	UA20
	Isla del Bosque
	Escuinapa, Sinaloa

	UA21
	Isla del Bosque 
	Escuinapa, Sinaloa



Descriptors evaluated

Twenty genotypes derived from a selection were used. Five plants and ten fruits were evaluated according to the Capsicum descriptors of IPGRI (1995). The descriptors evaluated under greenhouse conditions were plant height (AP, m); plant width (ANP, cm); first bifurcation height (APB, cm); stem diameter (DT, cm); mature leaf width (AHM, cm); mature leaf length (LHM, cm); corolla length (LC, mm); fruit length (LF, cm); fruit width (AF, cm); fruit pedicel length (LP, mm); fruit wall thickness (EPF, cm); number of fruits per plant (NF); total fresh weight (PF, g); and average fruit weight (PPF, g).

Statistical analysis

The quantitative data on morpho-agronomic characteristics were analyzed using analysis of variance (ANOVA), and the means were calculated along with their standard errors and coefficient of variation (CV).

Principal component analysis (PCA) was performed to determine the variables that most influenced group formation, and a hierarchical cluster analysis was conducted to group the collections based on Euclidean distances using Ward’s minimum variance method (Ward, 1963).

Statistical analyses were performed using R software, employing the “Agricolae” and “Factoextra” packages for the analysis of variance and multivariate analyses (R Core Team, 2024).

3. results and discussion

The 14 morpho-agronomic traits evaluated in the 20 chile de árbol collections showed broad phenotypic variation, encompassing plant, leaf, fruit, and yield characteristics, with the corresponding values presented in Table 2. This variation has been previously reported in populations of Capsicum annuum L. and is attributed to both genetic differences and processes of domestication and local adaptation (Rodríguez-Campos, 2019).

Plant height (AP) showed average values ranging from 1.46 to 1.83 m. Collection UA11 (1.83 m) was the tallest, followed by UA13 (1.78 m), while UA20 and UA21 (1.46 and 1.47 m, respectively) had the shortest plants. This type of variation is similar to what has been observed in wild and landrace chili pepper materials, where plant vigor and height depend on the level of domestication and selection (Hernández-Verdugo et al., 1999). Plant width (ANP) ranged from 74.33 to 95.33 cm, with UA9 (95.33 cm) being the widest collection, in contrast to UA14 (74.33 cm), which had the smallest width.

The height of the first bifurcation (APB) ranged from 15.33 to 28.33 cm, with UA19 (28.33 cm) having the highest bifurcation and UA1 (15.33 cm) the lowest. Stem diameter (DT) ranged from 0.76 to 1.18 cm, with UA11 showing the thickest stem (1.18 cm), while UA14 and UA15 had the smallest values (0.76 cm). These differences reflect variation in the strength of the plant’s main stem, a trait related to mechanical support and stress tolerance (Taiz & Zeiger, 2006).

For leaf characteristics, mature leaf width (AHM) ranged from 3.52 to 4.61 cm, with UA19 (4.61 cm) having the widest leaves and UA15 (3.52 cm) the narrowest. Mature leaf length (LHM) ranged from 8.87 to 11.38 cm, with UA12 (11.38 cm) showing the longest leaves, while UA16 (8.87 cm) had the smallest value. Variation in leaf size can affect the plant’s exchange of carbon, water, and energy with its environment, influencing plant photosynthetic rates (Li et al., 2020). Corolla length (LC) ranged from 2.05 to 2.85 mm, with UA7 (2.85 mm) having the longest flowers and UA14 (2.05 mm) the smallest.

For fruit characteristics, fruit length (LF) ranged from 8.45 to 11.71 cm, with UA10 (11.71 cm) having the longest fruits and UA20 (8.45 cm) the shortest. Fruit width (AF) varied from 0.87 to 1.24 cm, with UA2 (1.24 cm) having the widest fruits and UA21 (0.87 cm) the narrowest. Fruit pedicel length (LP) ranged from 37.48 to 53.99 mm, with UA7 (53.99 mm) showing the longest pedicels and UA20 (37.48 mm) the shortest. Fruit wall thickness (EPF) ranged from 0.29 to 1.14 cm, with UA4 (1.14 cm) having the thickest fruit walls and UA15 (0.29 cm) the thinnest.

The yield characteristics showed the greatest differences among collections. The number of fruits per plant (NF) ranged from 18.00 (UA4) to 63.25 (UA15), indicating that UA15 had the highest fruit load. Total fresh weight (PF) ranged from 50.75 to 152.25 g, with UA6 (152.25 g) showing the highest yield, while UA19 presented the lowest value (50.75 g). Average fruit weight (PPF) ranged from 1.47 to 3.96 g, with UA4 and UA10 (3.96 and 3.51 g, respectively) having the heaviest individual fruits, whereas UA15 (1.47 g) had the lowest average fruit weight. The combination of NF, PF, and PPF has been widely used to select outstanding chile materials, especially in landrace and native populations (Chakrabarty & Islam, 2017).




Table 2. Morpho-agronomic characteristics of 20 chile de árbol collections from the regions of Chihuahua and Sinaloa.
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	AP
	ANP  
	APB
	DT  
	AHM  
	LHM  
	LC  
	LF  
	AF  
	LP 
	EPF  
	NF 
	PF 
	PPF 

	UA1
	1.61±0.07
	75.33±5.79
	15.33±1.23
	0.92±0.03
	3.68±0.12
	9.35±0.32
	2.20±0.05
	9.04±0.49
	1.01±0.02
	41.61±2.28
	0.58±0.06
	31.25±2.87
	75.50±10.88
	2.43±0.25

	UA2
	1.63±0.04
	76.67±3.32
	23.67±2.97
	0.84±0.04
	4.43±0.28
	10.50±0.08
	2.46±0.08
	9.62±0.96
	1.24±0.19
	46.75±3.63
	0.48±0.14
	22.00±6.58
	55.50±20.75
	2.36±0.22

	UA3
	1.65±0.02
	91.33±0.94
	16.50±0.54
	0.96±0.11
	4.29±0.14
	10.79±0.40
	2.25±0.05
	11.41±0.41
	1.17±0.11
	49.20±2.05
	1.14±0.06
	18.00±4.38
	61.50±2.40
	3.96±0.77

	UA5
	1.64±0.02
	87.33±1.93
	20.67±1.53
	0.89±0.06
	4.09±0.06
	10.46±0.52
	2.58±0.10
	10.49±0.10
	1.20±0.12
	45.38±1.67
	0.51±0.14
	55.25±9.55
	135.25±20.99
	2.51±0.35

	UA6
	1.68±0.01
	79.00±3.89
	17.17±0.51
	0.82±0.04
	3.89±0.23
	9.07±0.53
	2.49±0.11
	11.14±0.41
	0.93±0.04
	47.99±6.55
	0.65±0.15
	55.25±14.96
	152.25±38.72
	2.95±0.31

	UA7
	1.74±0.02
	85.67±2.01
	25.33±1.12
	1.06±0.07
	4.59±0.08
	10.74±0.20
	2.85±0.15
	10.94±0.27
	0.99±0.06
	53.99±2.31
	0.46±0.05
	42.50±10.36
	112.00±47.02
	2.42±0.51

	UA8
	1.64±0.01
	86.67±1.18
	22.50±1.27
	0.96±0.05
	4.33±0.03
	10.37±0.14
	2.40±0.12
	10.28±0.42
	1.19±0.17
	46.81±3.09
	0.55±0.05
	51.25±10.71
	136.50±29.70
	2.70±0.17

	UA9
	1.70±0.01
	95.33±1.84
	16.67±0.85
	0.85±0.06
	3.60±0.09
	9.82±0.25
	2.18±0.09
	10.87±0.66
	1.02±0.05
	47.63±3.47
	0.50±0.09
	46.75±13.11
	82.25±36.87
	1.82±0.47

	UA10
	1.72±0.01
	91.67±2.95
	18.27±2.35
	0.96±0.06
	4.39±0.06
	10.16±0.22
	2.67±0.07
	11.71±0.73
	1.13±0.13
	51.00±3.31
	0.64±0.12
	35.75±7.11
	109.75±16.68
	3.51±0.81

	UA11
	1.83±0.02
	91.17±2.66
	24.17±1.01
	1.18±0.07
	4.16±0.11
	10.67±0.33
	2.55±0.10
	9.10±0.40
	0.94±0.02
	49.16±4.70
	0.39±0.09
	43.00±11.85
	65.75±16.94
	1.53±0.27

	UA12
	1.72±0.02
	88.67±1.93
	19.70±1.78
	0.90±0.05
	4.28±0.17
	11.38±0.10
	2.34±0.03
	9.25±0.32
	1.03±0.05
	41.83±3.85
	0.38±0.08
	35.75±9.08
	62.75±14.86
	1.93±0.35

	UA13
	1.78±0.02
	89.33±1.7
	21.33±2.44
	0.96±0.03
	4.08±0.18
	11.14±0.08
	2.67±0.07
	9.51±0.12
	0.94±0.06
	43.92±3.00
	0.33±0.05
	37.00±12.38
	52.00±20.94
	1.61±0.33

	UA14
	1.75±0.05
	74.33±2.78
	23.17±0.92
	0.76±0.02
	4.28±0.23
	10.16±0.45
	2.05±0.01
	11.10±0.54
	1.13±0.07
	44.22±1.69
	0.49±0.07
	32.50±6.85
	86.53±20.53
	2.66±0.28

	UA15
	1.63±0.03
	79.5±3.37
	20.67±0.42
	0.76±0.05
	3.52±0.19
	9.37±0.40
	2.26±0.10
	10.50±0.19
	0.99±0.04
	43.88±2.04
	0.29±0.05
	63.25±22.57
	72.25±19.56
	1.47±0.45

	UA16
	1.70±0.06
	81.5±0.74
	21.67±1.53
	0.82±0.03
	3.69±0.36
	8.87±1.03
	2.52±0.15
	10.34±0.67
	1.01±0.12
	47.56±4.49
	0.57±0.08
	47.25±15.91
	108.00±44.84
	2.36±0.41

	UA17
	1.65±0.05
	86.67±1.31
	22.50±1.06
	0.77±0.02
	3.98±0.21
	9.91±0.33
	2.28±0.17
	10.70±0.22
	0.96±0.04
	47.36±0.34
	0.46±0.09
	55.00±8.38
	83.00±3.34
	1.62±0.26

	UA18
	1.60±0.07
	79.5±2.67
	18.83±2.37
	0.94±0.04
	3.95±0.06
	9.86±0.32
	2.17±0.05
	8.95±0.43
	0.93±0.04
	40.74±1.67
	0.51±0.05
	52.25±15.10
	133.75±62.53
	2.24±0.43

	UA19
	1.70±0.02
	90.33±5.48
	28.33±0.51
	1.06±0.15
	4.61±0.11
	10.43±0.37
	2.43±0.10
	9.67±0.23
	0.93±0.02
	51.43±2.07
	0.61±0.07
	25.50±5.32
	50.75±9.78
	2.01±0.05

	UA20
	1.46±0.02
	78.67±3.92
	21.50±0.74
	0.92±0.05
	4.18±0.08
	9.36±0.14
	2.11±0.07
	8.45±0.68
	1.13±0.06
	37.48±0.63
	0.47±0.08
	47.00±12.18
	100.25±33.03
	2.22±0.38

	UA21
	1.47±0.03
	76.00±2.94
	21.50±0.20
	0.85±0.06
	4.48±0.09
	10.37±0.38
	2.19±0.20
	10.14±0.35
	0.87±0.03
	47.72±1.56
	0.52±0.09
	30.75±4.37
	53.00±14.04
	1.76±0.37

	Mean 
	1.66
	84.23
	20.97
	0.91
	4.12
	10.14
	2.38
	10.16
	1.04
	46.28
	0.53
	41.36
	89.43
	2.30

	CV %
	4.38
	7.09
	14.05
	13.48
	8.07
	7.71
	8.71
	9.50
	2.70
	13.30
	33.45
	54.17
	63.83
	35.66

	df
	19
	19
	19
	19
	19
	19
	19
	19
	19
	19
	19
	19
	19
	19

	P value
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	< 0.001
	0.092
	0.067
	< 0.001
	0.271
	0.239
	< 0.001


Means (± standard error); coefficient of variation (CV, %); degrees of freedom (df); plant height (AP, m); plant width (ANP, cm); first bifurcation height (APB, cm); stem diameter (DT, cm); mature leaf width (AHM, cm); mature leaf length (LHM, cm); corolla length (LC, mm); fruit length (LF, cm); fruit width (AF, cm); fruit pedicel length (LP, mm); fruit wall thickness (EPF, cm); number of fruits per plant (NF); total fresh weight (PF, g); average fruit weight (PPF, g).


Principal component analysis

In the principal component analysis (PCA), the variation of 14 morphological characteristics of chile de árbol was evaluated, resulting in three principal components that explained 64.7% of the total variance (Table 3). Previous studies have shown that principal components can explain a significant portion of total morphological variation, ranging from 42.55% to 79.3% (Gutiérrez-Burón et al., 2020; García, 2021; Bran et al., 2023).
The first three principal components accounted for most of the total variation. Principal Component 1 (PC1) explained 28.2% of the variance and was associated with plant height, plant width, corolla length, and fruit pedicel length, which are characteristics related to plant growth and reproductive structure. PC2 explained 20.9% of the variance and was associated with average fruit weight, fruit wall thickness, and fruit length, which are fruit-related characteristics. PC3 accounted for 15.6% of the total variance and was associated with mature leaf width and mature leaf length, which are characteristics related to plant foliage.

Table 3. Eigenvectors and eigenvalues of the principal components for 20 chile de árbol collections from Chihuahua and Sinaloa.
	Variables
	PC1
	PC2
	PC3

	AP
	0.8
	-0.1
	0.0

	ANP
	0.7
	0.1
	0.1

	APB
	0.3
	-0.4
	0.4

	DT
	0.5
	-0.1
	0.5

	AHM
	0.3
	0.2
	0.8

	LHM
	0.4
	-0.1
	0.7

	LC
	0.8
	0.0
	0.0

	LF
	0.4
	0.7
	-0.3

	AF
	-0.1
	0.6
	0.2

	LP
	0.8
	0.3
	0.2

	EPF
	0.0
	0.9
	0.2

	NF
	0.1
	-0.3
	-0.9

	PF
	0.1
	0.3
	-0.7

	PPF
	0.1
	1.0
	0.1

	Eigenvalue
	3.9
	2.9
	2.2

	Explained variance (%)
	28.2
	20.9
	15.6

	Cumulative variance (%)
	28.2
	49.0
	64.7


PC = Principal Component 1, 2, and 3. Plant height (AP, m); plant width (ANP, cm); first bifurcation height (APB, cm); stem diameter (DT, cm); mature leaf width (AHM, cm); mature leaf length (LHM, cm); corolla length (LC, mm); fruit length (LF, cm); fruit width (AF, cm); fruit pedicel length (LP, mm); fruit wall thickness (EPF, cm); number of fruits per plant (NF); total fresh weight (PF, g); average fruit weight (PPF, g).

The biplot (Figure 1) of the first two principal components (PC1 and PC2), which together explain 49.1% of the total variation, allowed visualization of the distribution of the 20 chile de árbol collections and their association with the morphological characteristics evaluated.

In the upper left quadrant, the variable number of fruits per plant (NF) was prominent, being associated with collections UA15, UA17 and UA18. These materials showed a higher productive capacity in terms of fruit load.

In contrast, the upper right quadrant was defined by variables associated with plant vigor, including first bifurcation height and stem diameter (APB, DT), plant height and plant width (AP, ANP), corolla length (LC), and mature leaf length and width (LHM, AHM). In this region, collections UA7, UA19, UA11, UA12 and UA13 were grouped, characterized by vegetative development.

On the other hand, the lower right quadrant grouped variables related to fruit size and physical characteristics, such as fruit length (LF), fruit wall thickness (EPF), fruit width (AF), and average fruit weight (PPF). These variables were mainly associated with collections UA10 and UA4, which had longer, thicker, and heavier fruits. Finally, the lower left quadrant grouped collections UA6, UA14, UA5, and UA8, which were positioned opposite to the components associated with fruit size and weight, suggesting materials with smaller fruits or lower structural development.

Overall, the biplot allowed the identification of three functional groups of collections: (i) materials associated with fruit number (NF), (ii) materials associated with vegetative vigor (APB, DT, AP, ANP), and (iii) materials associated with fruit size (LF, EPF, PPF). This multivariate differentiation provides a solid basis for selecting outstanding materials in chile de árbol breeding programs.

[image: ]
Figure 1. Multivariate distribution of 20 chile de árbol collections based on 14 morpho-agronomic characteristics, using the first two principal components in Chihuahua and Sinaloa.

Cluster analysis

The cluster analysis grouped the 20 chile de árbol collections into four morphologically distinct groups (Figure 2). Similarly, Toledo-Aguilar et al. (2016) identified four different morphological groups in their studies on poblano peppers. Group I included collections UA6, UA16, UA9, UA15, and UA17, characterized by a total fresh weight of 99.6 g. Group II consisted of collections UA1, UA18, UA20, UA21, UA2, and UA14, which were associated with the number of fruits per plant, with an average of 36.0. Group III was composed of collections UA12, UA13, UA11, and UA19, characterized by a first bifurcation height of 23.4 cm. Group IV included collections UA4, UA5, UA8, UA7, and UA10, which were characterized by an average fruit weight of 3.0 g and a fruit wall thickness of 0.66 mm. These analyses provide a detailed understanding of the broad morphological and genetic variability present in chile populations, highlighting the importance of native germplasm in breeding and conservation programs (Leyva et al., 2018).
[image: ]
Figure 2. Dendrogram of 20 chile de árbol collections from Chihuahua and Sinaloa based on morpho-agronomic characteristics.



4. Conclusion
The analysis of the morpho-agronomic variability of chile de árbol from the regions of Chihuahua and Sinaloa reveals broad diversity in the characteristics evaluated. The results of the principal component analysis and cluster analysis show that it is possible to identify and group genotypes with distinct characteristics that could be used in breeding programs.
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