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Abstract: The phenotypic variation and its distribution among species, morpho-
types, and among and within populations was estimated in 71 populations pertain-
ing to 15 morphotypes of three domesticated species of Capsicum from Mexico.
Collections were made in the states of Sinaloa, Nayarit, Oaxaca, Tabasco, and
Yucatan in two agroecosystems: Backyard-garden and monoculture. Fifteen phe-
notypic characteristics were analyzed through one-way variance analysis and mul-
tivariate analyses of principal components analysis (PCA) and hierarchical
clustering using Ward’s method. The study was performed in a uniform green-
house experiment. A high variation was found among and within populations
in all the measured characteristics. Of the total variation, 13.0% was distributed
among species, 27.9% among morphotypes, 8.1% among populations, and
51.0% within populations. Because plants grew in a uniform environment, these
results indicate that the differences observed among and within species, morpho-
types, and populations have a genetic basis. Univariate and multivariate analyses
clearly differentiated morphotypes, suggesting that the category of morphotypes
must be used to nominate the infraspecific variation in the domesticated Capsi-
cum. The principal components analysis identified a total of 15 principal compo-
nents that contributed to explain the total variation. The first two components
explained 59.64% of the total variation and seven components explained more
than 90% of the total variation. Among the measured characteristics, number of
seed per fruit, weight of the fruit, width of the fruit, length of the fruit, stem dia-
meter, days to flowering, and height of the plant contributed to component 1 var-
iation, whereas width of the leaf, length of the leaf, and number of locules,
number of fruits and number of seeds per plant contributed to component 2.
The hierarchical clustering separated the populations and the morphotypes in
two large different groups. One group consisted of populations collected in mono-
culture conditions and the other group corresponded to population collected from
backyard-garden conditions. The monoculture populations were characterized
mainly by their longer, wider, and higher weight fruits, plants were of less height,
had smaller stem diameters, and lower number of fruits than the populations
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collected from the backyard-garden conditions. The backyard-garden populations
of the Capsicum annuum and Capsicum frutescens species, considered wild or
semi-domesticated, constituted a non-differentiated phenotypic group that does
not allow dividing them in different species.

Keywords: Phenotypic variation; Capsicum annuum; Capsicum chinense;
Capsicum frutescens; morphotype

1 Introduction

Mexico is one of the countries with the highest plant diversity and one of the main plants domestication
centers in the world. In particular, the pepper (Genus Capsicum) was one of the first plants domesticated in
the American continent [1]. The pepper is one of the domesticated plants of high economic and nutritional
value worldwide. The genus Capsicum is native of South America and is constituted by approximately 31
species distributed from the South of the USA to the North of Argentina, with a number of basic
chromosomes that can be n = 12 or n = 13 [2—4]. Of this genus, the following C. annuum, C. chinense,
C. frutescens, C. pubescen, and C. baccatum have been domesticated. In Mexico, the first four of these
species are being cultivated [3—4]. Species C. annuum, C. chinense, and C. frutescens are tightly related
and constitute the C. annuum-C. chinense-C. frutescens known complex [5].

Of the domesticated species, C. annuum is the one of greatest economic relevance, it is widely cultivated in
the world and it was domesticated in Mexico [5,6]. This species presents a great variation in size, shape, and
color of the fruits and it is cultivated in all agricultural regions of Mexico; this species comprises the peppers
known as “Cola de rata” or “de arbol”, “Jalapefos”, and “Cascabel”, among others. Their wild populations are
widely distributed from the South of the USA to the low-altitude regions of Peru [5,3]. The C. chinense species
is mainly cultivated in South America. Its most representative type in Mexico is the “Habanero” pepper, which
is grown in Campeche and Yucatan. Its wild form is found in Peru et al. [6]. The C. frutescens species is
cultivated in tropical and subtropical regions of Mexico. To this species pertains the “Tabasco” pepper, from
which the well-known “Tabasco” sauces are made. Another type of peppers of this species is the “Pico de
paloma” morphotype, which is found in backyard conditions in the houses of the rural regions of the state
of Tabasco [7-11]. The wild materials of C. frutescens are distributed in the Center and Southeast of
Mexico until Colombia. It is found in secondary vegetations and in untouched places at low altitude. It can
grow as a herbaceous plant or as a shrub capable of climbing. It can reach 2 m in height [3]. It is
considered that this species was domesticated in Mexico [12].

Domestication is an evolutionary process that operates under the influence of human activities. During this
process, cultivated plants have developed characteristics that result from adaptations to the local ecological
conditions, to cultivating conditions, and to the needs of humans. During the course of domestication, in the
species of cultivated plants occur differences among the domesticated populations of the same species and
within them and their closest wild relatives. To most domesticated species, the pepper (Capsicum) presents
intraspecific variations, particularly, in the part of the plant used by humans, in this case, the fruits [3,4].

In Mexico, since pre-Columbian times, the indigenous communities have selected the characteristics of
greatest human interest, such as the size and shape of the fruits. This activity performed for thousands of
years has produced a high morphological variability and many cultivars adapted to local conditions, with
stable yields under a traditional management system.

Since it has been recognized that the evolutionary potential of a species depends on its available genetic
variability, one of the core tasks in evolutionary biology, as well as in genetic improvement, and the
collection and maintenance of the vegetal genetic resources is to estimate the amount of genetic
variability maintained in the species of domesticated plants, their races or local varieties, wild relatives,
and the pattern of distribution of such variation [13].
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Studies with isoenzymes, molecular markers RAPDs, and microsatellites [ 14—17] have indicated that the
populations of wild and domestic peppers of the Northwest of Mexico maintain high levels of genetic
variations within and among their populations. However, the amount of variation in quantitative
characters and their distribution among and within species, morphotypes, and population are not known
yet. In this study, 71 populations of 15 morphotypes of the C. annuum, C. chinense, and C. frutescens
species of different regions of Mexico were analyzed in a uniform greenhouse experiment, aiming at
estimating the phenotypic variations and their relative distribution among and within species,
morphotypes, and populations.

2 Materials and Methods

2.1 Plant Material and Collection Sites

Ripe fruits of 71 pepper populations were collected in two agroecosystems: backyard-garden and
monoculture. The backyard or garden lies near the houses in rural areas and their production is generally
for self-consumption. Monoculture is performed with modern technology and the production is meant for
local or national marketing. The 71 collected populations pertained to 15 morphotypes of the C. annuum,
C. chinense, and C. frutescens species (Tab. 1 and Fig. 1). The names of the morphotypes correspond to
those used by the inhabitants of the rural area from which they were collected. Seeds were collected in
the states of Sinaloa, Nayarit, Oaxaca, Tabasco, and Yucatan across Mexico (Fig. 1).

Table 1: Species, morphotypes, number of populations and origin (number of populations) of the studied
pepper (Capsicum) species

Species Morphotype Number of Origin (number Condition
populations of populations)

C. annuum Tequila 4 Sinaloa Monoculture

C. annuum Cascabel 3 Sinaloa Monoculture

C. annuum Jalapefio 2 Sinaloa Monoculture

C. annuum Cola de rata 10 Sinaloa (7) Monoculure
Nayarit (3)

C. annuum Tusta 3 Oaxaca Monoculture

C. annuum Costeno 2 Oaxaca Monoculture

C. annuum De cerro 2 Oaxaca Monoculture

C. annuum De agua 4 Oaxaca Monoculture

C. annuum Tabiche 4 Oaxaca Monoculture

C. annuum Bola 5 Nayarit (1) Backyard-garden
Oaxaca (4)

C. annuum Piquin alargado 8 Nayarit (1) Backyard-garden
Oaxaca (7)

C. annuum Garbanzo 8 Tabasco Backyard-garden

C. frutescens Pico paloma blanco 8 Tabasco Backyard-garden

C. frutescens Pico paloma verde 4 Tabasco Backyard-garden

C. chinense Habanero 4 Yucatan Monoculture
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Yucatan

Figure 1: Locations of the 71 populations of Capsicum annuum, Capsicum frutescens, and Capsicum chinense
collected in the states of Sinaloa, Nayarit, Oaxaca, Tabasco, and Yucatan across Mexico (Ml = C. annuum
monoculture; il = C. annuum backyard-garden; g = C. chinense monoculture; @ = C. frutescens backyard)

2.2 Experimental Design

After the collection, 100 seeds of each of the 71 populations were soaked in a solution with 1000 ppm of
gibberellic acid (GA) for 36 h. Afterwards, the GA-treated seeds were left to germinate in 128-wells
polystyrene plates with Peat-Moss as substrate; 75 days after sowing, six plants were taken from each
population and individually transplanted into polystyrene bags containing 10 kg of alluvium soil, at a
separation of 30 cm per bag, 1.30 m between furrows, with drip irrigation, in greenhouse conditions
under a shadow-mesh that allowed 75% of sun light. The experiment was conducted in completely
randomized design with six repetitions. The experimental unit corresponded to one plant.

2.3 Measured Characteristics

Six months after transplanting, their characteristics were measured: (1) days to flowering, (2) days to
fruit ripening, (3) height of the plant (cm), (4) diameter of the stem (mm), (5) length and (6) width of the
leaf (mm), (7) length of the pedicel of the fruit (mm), (8) number of fruits per plant, (9) length and (10)
width of the fruit (mm), (11) weight of the fruit (g), (12) number of locules of the fruit, (13) number of
seed per fruit, (14) individual weight of the seed (mg), and (15) number of seed per plant. The length,
width, weight, and number of locules of the fruit were obtained from a sample of five fruits per plant.
The weight of the seed was obtained by weighing the seed of each of the five fruits and dividing by the
number of seed per fruit. The number of seed per plant was obtined by multipiying the number seed per
fruit with the number of fruits per plant. Fruits and seeds were weighed in an analytical balance model
TP-214 (Denver-Instrument, Co., Bohemia, NY, USA), with an accuracy of 0.1 mg.
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2.4 Statistical Analysis

Descriptive analysis was applied to estimate the phenotypic variability of all collections. The mean,
minimum and maximum values, standard deviation (SD) and the coefficient of variation (CV) of the
measured characteristics were estimated. The CV is the standar deviation expresed as a percentage of the
mean. The CV is independent of the unit of measurement and is experessed as a percentage. A nested-
variance analysis was performed to determine the distribution of the relative amounts of variation among
species, among morphotypes within species, and among populations within the morphotypes for each
measured phenotypic characteristic. The variation within populations was estimated through the residual
term of the nested-variance analysis. Species, morphotypes within species, and populations within
morphotypes were considered random factors. A one-way variance analysis was performed to determine
the differences among morphotypes. The means of populations were used to perform multivariate
analysis based on principal components analysis (PCA) and hierarchical clustering with the Ward’s
method. Eigenvectors with an associated eigenvalue higher than 1.0, or explaining >10% of the total
variance, were considered significant [18]. Sets of covarying characters were identified by the relative
loadings of the traits on the significant principal components [19]. Scatterplot of the positions of the
centroids corresponding to each population in the multivariate space defined by the first and second
components was obtained to illustrate inter and intra-Morphotype variation. All analyses were performed
with the JMP statistical software [20].

3 Results

3.1 Phenotypic Variation
Results of the descriptive analysis revealed a high variation for most of the measured characteristics of
the studied Capsicum populations (Tab. 2).

Table 2: Mean, standard deviation (SD), minumun and maxium values, and coefficient of variation (CV) of 15
characteristics measured in 71 populations of C. annuum, C. frutescens, and C. chinense species of Mexico

Characteristic Mean SD Minimum Maximum CV
Days to flowering 114.0 14.2 90.0 133.0 12.5
Days to fruit ripening 211.8 30.7 149.0 315.0 14.5
Height of the plant (cm) 124.0 27.1 72.5 211.0 21.9
Stem diameter (mm) 13.3 2.5 8.6 20.7 19.0
Length of the leaf (mm) 65.7 17.0 27.6 110.1 259
Width of the leaf (mm) 29.4 17.0 12.9 50.0 29.8
Length of the fruit (mm) 34.2 24.1 7.6 79.7 70.5
Width of the fruit (mm) 13.0 8.6 4.5 32.5 66.1
Weight of the fruit (g) 3.1 0.4 0.1 20.2 137.5
Number of fruits per plant 53.8 60.3 5.0 411.0 112.1
Number of locules 2.3 0.5 2.0 4.0 20.3
Length of pedicel (mm) 253 3.6 16.1 32.6 14.4
Number of seeds per fruit 25.6 23.2 4.0 105.8 90.7
Weight of seed (mg) 54 1.5 33 10.3 27.5

Number of seeds per plant 5890.0 6862.2 72.0 45690.0 116.5




264 Phyton, 2021, vol.90, no.1

Days to flowering and days to fruit ripening varied from 90.0 to 133.0 and 149.0 to 315.0, respectively.
The height of the plant varied from 72.5 to 211.0 cm, with a mean of 124 cm. The length and width of the leaf
varied from 27.6 to 110.1 and 12.9 to 50 mm, respectively. The length of fruits varied from 7.6 to 79.7 mm,
with a mean of 34.2 mm, whereas the width of fruits varied from 4.5 to 22.5 mm, with a mean of 13.0 mm.
The weight of the fruit varied widely, from 0.1 to 20.2 g. The number of fruits per plant varied widely, from 5
to 411. The number of seed per fruit varied from 4 to 106. The number of seeds per plant also varied widely,
from 72 to 45,690 (Tab. 2).

The characteristics corresponding to weight of fruit, number of fruits, and number of seeds per plant
presented a CV higher than 110%, whereas the width and length of the fruit and number of seeds per
fruit had a CV close or higher than 70%. Only the characteristics concerning days to flowering, days to
ripening of fruits, and length of the pedicel showed a CV lower than 15% (Tab. 2). The average CV of
the 15 characteristics was of 51.9%.

3.2 Distribution of the Variation

The nested-variance analyses revealed that in average, 13% of the total phenotypic variation observed in
the measured characteristics was distributed among species, 27.9% among morphotypes, 8.1% among
populations, and 51.0% within populations (Tab. 3). All the traits, except height of the plant, length of
the leaf, length of the fruit, weight of the fruit, length of pedicel and number of seeds per plant, showed a
significantvariation among the species (Tab. 3). Differences among species went from 0% (length of leaf,
length of fruit, weight of fruit, length of pedicel, and number of seeds per plant) to 45.1% (number of
locules). The characteristic width of the leaf presented a value greater than 30%, whereas the
characteristics stem diameter, width of fruit, days to flowering, and number of seeds per fruit showed a
higher than 20% differentiation among species (Tab. 3).

Table 3: Percentages of phenotypic variation among species, morphotypes, populations, and within the population
(residual) measured in 71 populations of 15 morphotypes pertaining to three pepper (Capsicum) species of Mexico

Characteristic Species Morphotype Population Residual
Days to flowering 23.8% 33.6%** 11.8%** 30.8
Days to fruit ripening 6.3* 2.9% 14.4%** 76.4
Height of the plant (cm) 1.0 40.0%** 14.9%** 441
Stem diameter (mm) 26.6* 26.4%** 5.8%% 41.2
Length of the leaf (mm) 0.0 36.1%%* 12.8%%* 51.1
Width of the leaf (mm) 33.2% 24 1%** 7.8%% 34.9
Length of the fruit (mm) 0.0 3.4% 0.0 96.6
Width of the fruit (mm) 24 4% 63.1%%* 2.4%* 10.1
Weight of the fruit (mg) 0.0 79.6%*** 3.1%* 17.3
Number of fruits per plant 2.4 12.3%%* 32 . 8%** 52.5
Number of locules 45.1** 27.8%** 2.2%% 24.9
Length of pedicel (mm) 0.0 0.0 0.3 99.7
Number of seeds per fruit 21.9% 32.0%** 7.3%% 38.8
Weight of seed (mg) 9.8% 33.8%4* 3.1 533
Number of seeds per plant 0.0 3.0% 3.3% 93.7
Mean 13.0 27.9 8.1 51.0

*Significant at P < 0.05; **significant at P < 0.01; ***significant at P < 0.001.
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All the traits, except length of pedicel, showed a significant variation among the morphotypes (Tab. 3).
The relative amount of variation among morphotypes ranged from 0% (length of pedicel) to 79.6% (weight
of'the fruit) and 63.1% (width of fruit) of the total variation. The characteristic height of plant presented 40%
variation among morphotypes, whereas the length of the leaf, weight of seed, number of seeds per fruit, and
days to flowering presented more than 30% differences among morphotypes. The characteristics number of
locules per fruit and stem diameter showed differences higher than 25% (Tab. 3).

All the traits, except length of the fruit and length of pedicel, showed a significant variation among the
populations (Tab. 3). Variation among populations was relatively low in all characteristics, except in number
of fruits per plant, which presented a higher than 30% variation (Tab. 3). In contrast, the variation observed
within populations was high in most of the characteristics. Only the width of the fruit presented a 10.1%
variation (Tab. 3). The remainder of the characteristics presented variation percentages from 17.3%
(weight of the fruit) to 99.7% (length of pedicel) and 96.6 % (length of fruit).

3.3 Differentiation Among and Within Species and Morphotypes

The one-way variance analysis revealed that the Capsicum morphotypes differed significantly in all the
assessed characteristics (Tab. 4).

Table 4: Means of characteristics measured in 15 Capsicum morphotypes

Morphotype Days to Days to Height of Stem Length of
Flowering  fruit ripening  plant (cm) diameter (mm) leaf (mm)
Tequila 105.4 d 209.1 ab 117.8 ¢ 112 e 61.1 cd
Cascabel 106.2 de 224.8 ab 118.7 ¢ Il.1e 62.5 cd
Jalapefio 111.3b 204.8 be 95.2d 11.0e 98.5a
Cola de rata 100.8 ¢ 1873 ¢ 110.3 cd 1.2 ¢ 557 ¢
Tusta 124.2 ab 226.7 ab 93.1d I1.5¢ 61.2 cd
Costefio 98.3 ef 196.3 be 121.7 ¢ 13.7 ¢ 442 ¢
De cerro 97.3 ef 189.6 be 82.1f 12.8 d 55.5¢cd
De agua 97.0 f 160.8 ¢ 774 g 89 f 923 a
Tabiche 949 f 202.2 b I11.1 cd 11.7 ¢ S512¢
Bola 127.0 a 209.8 ab 128.7 be 13.7 ¢ 54.9 de
Piquin alargado 114.9 cd 219.3 ab 159.0 a 139 ¢ 56.4 de
Garbanzo 125.7 a 228.8 ab 145.0b 16.1 a 75.4 be
Pico paloma verde 128.6 a 213.5 ab 129.6 be 15.2 ab 73.0 be
Pico paloma 127.0 a 235.1a 1479b 16.7 a 69.3 cd
blanco
Habanero 124.9 ab 2484 a 120.8 ¢ 14.8b 87.2 a
Morphotype Width of leaf Number of Length of fruit ~ Width of fruit Weight of fruit
(mm) fruits (mm) (mm) (2)
Tequila 270 e 46.4 b 234 ¢ 20.0b 3.53d

Cascabel 28.1d 2240 248 ¢ 28.2 ab 6.57 ¢
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Table 4 (continued).

Jalapefio 41.5 ab 244b 61.2b 25.7a 18.51 a
Cola de rata 1931 117.0 a 71.1 a 7.7d 1.78 e
Tusta 304 ¢ 47.8 b 257 e 14.1e 1.80 e
Costefio 16.4 1 323b 58.0 be 144 ¢ 2.70 de
De cerro 239 f 30.6 b 732 a 244 b 991 b
De agua 3l.1c 22.1b 65.6b 288 a 11.68 b
Tabiche 20.1 g 412 b 459 ¢ 17.9 cd 4.04d
Bola 280¢e 449 b 89 f 69d 027 f
Piquin alargado ~ 25.4 f 572b 102 f 7.6d 032f
Garbanzo 382 ab 41.5b 245 7.1d 0.72 f
Pico paloma verde 36.3 ab 47.8 b 13.6 ef 57d 0.20 f
Pico paloma 3340 81.3b 16.7 ef 57d 025f
blanco
Habanero 43.7 a 18.6 b 37.2d 26.9 ab 6.88 ¢
Morphotype Number of Length of Number of seeds Weight of seed Number of seeds
locules pedicel (mm)  per fruit (mg) per plant
Tequila 2.1d 229b 38.6 be 8.9 a 9970.7 b
Cascabel 2.6 be 225D 533D 93a 42972 ¢
Jalapefio 3.1ab 23.0b 38.4 be 75b 42133 ¢
Cola de rata 2.0d 28.5a 21.5¢ 56¢c 12414.0 a
Tusta 23 ¢ 19.3 ¢ 222 ¢ 47 c 5544.6 c
Costefio 23¢c 303 a 39.7 be 52¢ 6258.4 b
De cerro 2.7 be 215D 63.6b 54c¢ 8835.5b
De agua 24c¢ 236 b 46.8 b 59¢ 8389.5b
Tabiche 34a 240b 89.0 a 55¢ 7253.4 b
Bola 2.1d 25.6 ab 9.3d 48 c 1910.7 ¢
Piquin alargado ~ 2.1d 26.7 ab 10.4d 52¢ 3898.0 ¢
Garbanzo 2.1d 25.7 ab 12.5d 39d 2600.7 ¢
Pico paloma verde 2.0 d 27.3 ab 6.6d 51c 1596.2 ¢
Pico paloma 20d 26.2 ab 9.1d 45¢ 7673.5b
blanco
Habanero 33a 229b 203 ¢ 39d 19913 ¢

Means with the same letters in each characteristic are not statistically different (Tukey, P < 005).
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In the principal component analysis, a total of 15 principal components were identified that contributed
to the total variation (Tab. 5). The first two components explained 59.64% of the total variation, and the first
seven components explained more than 90% of the total variation (Tab. 5).

Table 5: Eigenvalues and proportion of total variance explained by each principal components

PC  Figenvalue % of explained variance % of accumulated variance
1 5.649 37.66 37.66

2 3.298 21.98 59.64

3 1.612 10.75 70.389
4 1.143 7.62 78.008
5 0.825 5.50 83.505
6 0.610 4.07 87.571
7 0.466 3.10 90.674
8 0.460 3.07 93.743
9 0.287 1.92 95.658
10 0.247 1.65 97.305
11 0.116 1.06 98.369
12 0.094 0.63 98.993
13 0.078 0.52 99.5101
14 0.046 0.31 99.817
15 0.027 0.18 100.000

The first component (PC1) explained 37.66% of the variations (Tab. 5), which was contributed by seven
strongly, correlated characteristics (Tab. 6). Positively correlated traits that contributed to the total variation
of PC1 were related to number of seed per fruit, weight of the fruit, width of the fruit, and length of the fruit
(Tab. 6). Negatively correlated traits that contributed to the variation of the first component were related to
stem diameter, days to flowering, and height of the plant (Tab. 6). The second component (CP2) explained
21.98% of the variations (Tab. 5) and was mostly defined by the characteristics width of the leaf, length of the
leaf, and number of locules, positively correlated (Tab. 6). The characteristics number of fruits and number of
seeds per plant negatively correlated. The third component (CP3) explained 10.75% of the variation (Tab. 5)
and was determined by the characteristics number of fruits per plant, number of seed per plant, length of the
leaf, and width of the leaf positively correlated (Tab. 6).

Populations and morphotypes were differentiated in the two-dimensional space of the principal
components 1 and 2 (Fig. 2). The principal component 1 distinguished the populations “Pico de paloma
blanco” y “Pico de paloma verde” (C. frutescens), “Piquin alargado” (C. annuum), together with all the
populations of “Garbanzo” (C. annuum) and “Bola” (C. annuum) in the region of lower length, width and
weight of fruits, and less number of seeds per fruit, but with plants of more height, greater stem diameter,
and longer times to flowering. Whereas the four populations of the “De agua” morphotype, the two
“Jalapefios”, and the two “De cerro” morphotypes occupied the opposite region. The remainder
populations of the “Cascabel”, “Tabiche”, “Tequila”, “Tusta”, “Costefio”, and “Cola de rata” morphotype
were grouped in the central region.
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Table 6: Results of the principal components analysis performed on 15 phenotypic characteristics in 71
populations of C. annuum, C. Chinense, and C. frutescens species of Mexico. Variables with the highest
weight (>10% of the variance of each principal component) are indicated in bold

Characteristic PC1 PC2 PC3
Days to flowering —0.320 0.242 0.162
Days to fruit ripening —0.228 0.232 —0.009
Height of the plant -0.311 0.008 —0.055
Stem diameter —0.334 0.076 0.229
Length of the leaf 0.032 0.420 0.354
Width of the leaf —0.123 0.457 0.311
Length of the fruit 0.309 —0.181 0.076
Width of the fruit 0.343 0.237 0.054
Weight of the fruit 0.349 0.223 0.132
Number of fruits per plant —0.045 —0.332 0.588
Number of locules 0.276 0.304 0.094
Length of pedicel —0.121 -0.213 0.116
Number of seeds per fruit 0.374 0.044 0.037
Weight of seed 0.206 —0.041 -0.017
Number of seeds per plant 0.106 —0.325 0.537
6 @ Cascabel (A)
@ Tequila (A)
A * Cola de rata (A)
4 A A A -
M Jalapefio (A)
A y o" Bola (A)
-1 o / ° # > Piquin alargado (A)
o = B Tabiche (A)
o y O ++ " + Tusta(A)
0 @ Costefio (A)
g >fo > + ; ® X Pico paloma blanco (F)
/ o * “’ / Pico paloma verde (F)
2 | 3 g @ o a o Garbanzo (A)
e
*i * @ Decerro (A)
# De Agua (A)
-4 T T T T A Habanero (C)
-4 2 0 2 4 8
PC 1

Figure 2: Plot of principal components 1 and 2 for the 71 populations of 15 morphotypes of three pepper
species from Mexico. C. annuum (A); C. frutescens (F); C. chinense (C) (Green = Backyard-garden; Red =
Monoculture)
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The principal component 2 separated the populations of the “Habanero” (C. chinense) morphotype in the
region of wider and longer leaves, greater number of locules per fruit, but less number of fruits and less seeds
per plant. The populations “Cola de rata” occupied the opposite region. The other populations were
distributed in the intermediate region.

The dendrogram constructed with the Ward’s method allowed distinguishing most of the studied
morphotypes in two large groups (Fig. 3). In the first group were all the pepper populations collected
in monoculture conditions, as well as three populations of “Piquin alargado” and one population of
“Pico de paloma blanco”. The second group corresponded to the populations collected from
backyard-garden conditions (Fig. 3). The monoculture populations were characterized for having
longer, wider, heavier fruits (Fig. 4), plants of lesser height, stem diameter, less time to flowering,
and smaller number of fruits. Whereas, the backyard-garden populations showed smaller and lower
weight fruits (Fig. 4). The plants were higher, had a greater stem diameter, longer times to flowering,
and a greater amount of fruits.

Three subgroups were formed within the first group. The first subgroup (1A) was constituted by three
populations of the “Cascabel” morphotype and the four “Tequila” populations, characterized mainly by their
globous fruits. These populations were related with three of the four “Tabiche” morphotype populations, the
two “De cerro” populations, and the three populations of the “Tusta” morphotype.

The second subgroup was constituted by 17 populations (1B). Here are the 10 populations of the “Cola
de rata” morphotypes, related with one “Tabiche” population, the two “Costefio” morphotype populations,
three of the eight “Piquin alargado” populations, and one “Pico de paloma blanco”.

The third subgroup was constituted by 10 populations (1C). In this group comprised the “Jalapefio”
morphotype populations, the four “De Agua” populations, and the four “Habanero” (Capsicum chinense)
populations. The populations of each one of these morphotypes were grouped together and were
differentiated from the other morphotypes.

The second group was composed of 29 populations, all collected in backyard conditions (Fig. 3). These
morphotypes present smaller fruits (Fig. 4) and have a lower domestication level. This group is constituted by
two subgroups. The “Bola” (C. annuum), “Piquin alargado” (C. annuum), “Garbanzo” (C. annuum), “Pico de
paloma blanco” and “Pico de paloma verde” (C. frutescens) are distributed in both subgroups.

4 Discussion

4.1 Phenotypic Variation

Of the 15 measured characteristics, 12 had a CV higher than 20%, indicating high levels of phenotypic
variation in the studied populations. It is considered that a CV higher than 20% means the presence of high
variation in plant populations or species useful for agriculture and food [21-22]. In this sense, it has been
interpreted that a CV above 20% as the presence of a wide variation within populations and species of the
Cola [21], Pelargonium [22], Helianthus [23] genera. In Capsicum, has been reported a CV higher than
20% in six of nine quantitative characteristics measured in 19 wild populations of pepper in the
Northwest of Mexico [24]. Another study in Capsicum [25] reported that of 18 measured
characteristics, 13 presented a CV higher than 20% in 148 domesticated populations of C. annuum, C.
frutescens, and C. chinense.
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Figure 3: Dendrogram with the Ward’s clusters analysis of the 71 populations pertaining to 15 morphotypes
of C. annuum, C. frutescens, and C. chinense species from Mexico (m = C. annuum monoculture; m = C.
annuum backyard-garden; A = C. chinense monoculture; @ = C. frutescens backyard-garden)
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Figure 4: Representative fruit variability of different chili pepper (Capsicum spp.) morphotypes allocated in
the dendrogram groups

The characteristics related with the fruits presented the highest CVs, followed by the vegetative
characteristics and the days to flowering and ripening of the fruits. The CVs of the characteristics related
to the fruits ranged from 66.1% (width of fruit) to 137.5% (weight of fruit). The CVs of vegetative
characteristics varied from 19.0% (stem diameter) to 29.8% (width of leaf). In contrast, the characteristics
of days to flowering and to ripening of fruits presented the lowest CVs. These results are in line with
those obtained by Orobiyi et al. [25], who, in a study with 148 populations of the C. annum C. frutescens
and C. chinense species, found that the variation in quantitative characters is higher in those related to the
fruits, followed by the vegetative characteristics and days to flowering and ripening of fruits. These
results agree with those obtained by Villota-Ceron et al. [26] and Castanon N3jera et al. [8], who, in
studies of 68 and 40 accessions, respectively, pertaining to the three Capsicum species studied herein,
reported that the CVs were higher for the fruit characteristics, followed by the vegetative. This higher
variation observed in the characteristics related with the fruits can be due to the artificial selection exerted
by humans on the characteristic most relevant in terms of nutritional and economic interest in cultivated
Capsicum. These results show that the studied Capsicum populations maintain higher levels of variation,
which could be used for genetic improvement programs.
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4.2 Distribution of Variation

Of the total phenotypic variation, 13.0% was distributed among species, 27.9% among morphotypes,
8.1% among populations, and 51.0% within populations. Because plants grew in a uniform environment,
these results indicate that the variation observed among and within species, morphotypes, and populations
can be considered a genetic variation among and within them. These results agree with those obtained
with molecular markers of isoenzymes [14], RAPDs [16], microsatellites [17], and in quantitative
characteristics [24,27,28], which have indicated that the wild and domesticated Capsicum species
maintain a higher genetic variation within and among populations. According to the results of this study,
the strategy to identify the genetic diversity in these species consists in emphasizing the collection of a
significant number of individual plants from each population.

Whthin most cultivated species there is a considerable amount of hierarchical structured variation. One
problem in the taxonomic treatment of a genus containig both cultivated and wild plants is how treat
infraespecific variation, particulary in the cultivated taxa [29]. In this study, the differences among
morphotypes explained a good amount of the total phenotypic variation (27.9%). This high variation
among morphotypes indicates that the morphotype category should be considered for the infraspecific
classification in the domesticated Capsicum. These results indicate that the names given by the farmers to
the different morphotypes has a biological basis. The high variation among morphotypes regarding the
characteristics related with the fruits indicates that farmers, through artificial selection, have set the
desired characteristics of each morphotype for their use and particular consumption. Morphotype category
make it posible to distingish the variation above the cultivar level but below the level species [29].

4.3 Differentiation Among and Within Species and Morphotypes

The Capsicum morphotypes showed significant differences in all the assessed characteristics (Tab. 4),
indicating that the category of morphotype is valid to discern the infraspecific variation in the cultivated
Capsicum species. These results agree with those obtained by Castellon-Martinez et al. [9], who reported
significant differences in all the characteristics measured in the plant and fruits of “De agua”, “Nanche”,
“Piquin”, “Solterito”, “Tabaquero”, and “Tusta” pepper morphotypes collected in the state of Oaxaca, Mexico.

The multivariate analysis of principal components distinguished the populations of the “Habanero” (C.
chinense) morphotype from other populations. “Habanero” populations were characterized by having plants
with wider and longer leaves, larger number of locules per fruit, less number of fruits, and less amount of
seeds per plant. This result agrees with those of Castafidn-Najera et al. [7], who, in a study of 11
morphotypes from the state of Tabasco, Mexico, reported that the Habanero morphotype differentiated
from the rest of morphotypes, including the “Pico de paloma” (C. frutescens) and “Garbanzo” (C.
annuum) morphotypes, analyzed in this study.

Principal component analysis and hierarchical clustering with the Ward’s method separated the collected
populations in monoculture conditions from those of backyard-garden conditions. Monoculture populations
were characterized by longer, wider, and heavier fruits, but plants of less height, smaller stem diameter, and
less number of fruits than the populations collected from backyard-garden conditions. These results agree
with those of Castaiion-N4jera et al. [7], who, in a collecting and characterization study of “Garbanzo”
(C. annum), “Pico de paloma” (C. frutescens), “Ojo de Cangrejo” (C. annum), “Amashito” (C. annum),
“Corazon de pollo” (C. annum), and “Habanero” (C. chinense) morphotypes, reported that the wild or
semi-domesticated populations constituted a different group from the commercial populations.

Within the group of monoculture populations, most populations of each morphotype grouped together,
confirming that the category of morphotype is useful to distinguish the infraspecific variation in the
domesticated Capsicum.
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The four populations of “Habanero” pepper (C. chinense) grouped together and were related with the
populations of the “De agua” (C. annuum) and “Jalapeiio” (C. annuum) morphotypes.

The populations of the backyard morphotypes considered as wild or semi-domesticated, characterized
mainly by their small fruits and used for self-consumption or to be sold in local markets, constituted a
different group from the monoculture populations. This group comprises the populations of “Bola” (C.
annuum), ‘“Piquin alargado” (C. annuum), “Garbanzo” (C. annuum), “Pico de paloma verde” and “Pico
de paloma blanco” (C. frutescens) morphotypes distributed in two non-differentiated phenotypic
subgroups. These results agree with Pickersgil et al. [30], who reported that the wild forms of the C.
annuum, C. frutescens, and C. chinense species form a poorly differentiated complex that does not allow
dividing them in distinct species; the results also agree with those of Villota-Cerén et al. [26] and
Palacios-Castro et al. [31] who, in studies of morphological characterizations, were unable to discriminate
among the C. annuum, C. frutescens, and C. chinense species, and concluded that the three constitute one
morphological group.
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