
Plant Genetic Resources:
Characterization and
Utilization

cambridge.org/pgr

Research Article

This article has been updated since its original
publication. A notice detail this change can be
found here: https://doi.org/10.1017/
S1479262123000515.

Cite this article: Rodríguez-Llanes Y, Pérez-
Brito D, Guzmán-Antonio A, Mijangos-Cortés
JO, Iglesias-Andreu LG, Canto- Flick A, Avilés-
Viñas SA, Pijeira-Fernández G, Santana-Buzzy
N (2023). Combining ability, heterosis, and
heterobeltiosis to select highly productive F1
hybrids of habanero pepper (Capsicum
chinense Jacq.). Plant Genetic Resources:
Characterization and Utilization 21, 1–11.
https://doi.org/10.1017/S1479262123000229

Received: 30 June 2022
Revised: 13 February 2023
Accepted: 17 March 2023
First published online: 27 June 2023

Keywords:
Breeding; combining ability; F1 hybrids;
heterobeltiosis; heterosis

Corresponding author:
Nancy Santana-Buzzy, E-mail: buzzy@cicy.mx

© The Author(s), 2023. Published by
Cambridge University Press on behalf of NIAB

Combining ability, heterosis, and
heterobeltiosis to select highly productive
F1 hybrids of habanero pepper (Capsicum
chinense Jacq.)

Yaritza Rodríguez-Llanes1, Daisy Pérez-Brito1, Adolfo Guzmán-Antonio1,

Javier O. Mijangos-Cortés1 , Lourdes G. Iglesias-Andreu2, Adriana Canto- Flick1,

Susana A. Avilés-Viñas1, Gema Pijeira-Fernández1 and Nancy Santana-Buzzy1

1Unidad de Bioquímica y Bilogaía Molecular de Plantas, Centro de Investigación Científica de Yucatán (CICY), Calle
43 No. 130, Chuburná de Hidalgo, CP 97205, Mérida, Yucatán, México and 2Instituto de Biotecnología y Ecología
Aplicada, Universidad Veracruzana. Campus para la Cultura, las Artes y el Deporte. Av. de las Culturas
Veracruzanas No. 101. Colonia Emiliano Zapata, CP 91090, Xalapa-Enríquez, Veracruz, México

Abstract

Selection of lines from segregating generations and breeding hybrids to exploit heterosis or
heterobeltiosis is an effective tool for improving economically important traits in the genus
Capsicum. The objective of this study was to identify high potential parents to obtain high-
yielding F1 hybrids using a Line × Tester (8 × 2) mating design in the Habanero pepper
improvement programme. Ten parents and 16 hybrids were evaluated in order to determine
their values of general combining ability, specific combining ability, heterosis, and heterobel-
tiosis. Parent NKA-11 had the highest values of GCA for different quantitative variables of the
fruit, which does it suitable for future improvement works, and tester RNJ-04 showed the
highest value of GCA for fruit length. The quantitative variables evaluated confirm a signifi-
cant genetic variability among the Habanero pepper genotypes studied. The best hybrids were
NEK-03xRNJ-04, NBA-06xRNJ-04, AKN-07xRNJ-04, and RKI-10xRNJ-04, which showed
their high productive potential with values between 3.13 and 4.92 Kg/Pta, a quality, that
would open to them the national market for fresh consumption. Based on the GCA values of
the parents and heterosis of the progenies, it is concluded hybridization would be the most appro-
priate genetic improvement method to increase both yield (YP) and the number of fruits for plant.

Introduction

Capsicum comprises a complex taxon (species and varieties) with a high genetic and pheno-
typic diversity. In this genus, 32 species have been described, but only five of them, Capsicum
annuum, C. chinense, C. frutescens, C. baccatum, and C. pubescens, are domesticated (Baba
et al., 2016). The Habanero pepper (Capsicum chinense Jacq.) is native to South America.
However, it is cultivated worldwide, with Mexico standing out as one of the main producers.
This species is particularly diversified in the Yucatan Peninsula, where local Habanero pepper
fruits of many different shapes, sizes, and colours are found, due to the edaphoclimatic conditions
of this region. These attributes placed it on the products list with the ‘Denomination of Origin’ of
the Yucatan Peninsula and have contributed to the popularity of Habanero pepper in national
and international markets (NOM, 2017), this is a traditional crop in Mexico, which is cultivated
as a culinary product for export due to its flavour, typical aroma and strong itching, characteristics
that have generated significant demand in the markets (Peña-Yam et al., 2019b).

The Habanero fruit is an important ingredient in the cuisine of countries such as Mexico,
China, Thailand and South Korea (Nass et al., 2015), and is known for its high pungency
(Ribeiro et al., 2015) and unique aroma (Teodoro et al., 2013). It is also a rich source of vita-
min C (Canto-Flick et al., 2008), capsaicinoids (De Jesús Ornelas-Paz et al., 2010; Sweat et al.,
2016; Jeeatid et al., 2018), phenolic compounds (Menichini et al., 2009; Campos et al., 2013),
carotenoids (Butcher et al., 2012; Giuffrida et al., 2013; Gómez-García and Ochoa-Alejo, 2013)
flavonoids (Teodoro et al., 2013), and other secondary metabolites with antioxidant properties
(Castro-Concha et al., 2014). These qualities make the Habanero pepper a key raw material for
different industries (food, pharmaceutical, chemistry and cosmetology, among others), but the
high demand for this product in the market has not yet been satisfied, mainly due to the
absence of highly productive varieties and hybrids that preserve the attributes that consumers
prefer.

Peppers (Capsicum spp.) are diploid and largely self-pollinated, so the hybridization
method, as a source of new genetic combinations, has been widely used to improve most of
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the additive and nonadditive traits in this crop (Karim et al.,
2021). Hybridization is a genetic improvement strategy that allows
the transfer of genes of interest between species (interspecific) or
within the same species (intraspecific) to develop genetically
superior genotypes. Knowledge of the floral structure of a species
and the nature of its reproductive process will facilitate the
hybridization process (Zhang et al., 2018). The Habanero pepper
can selfpollinasy help, but the stigma and pollen are not receptive
at the same time, and up to 90% outcrossing can occur. Studies
related to anthesis, pollen viability and stigma receptivity,
among others, are essential for the genetic improvement of this
species (Hundal and Dhall, 2004). Recent studies of flowering
in Habanero pepper were addressed by Peña-Yam et al.
(2019a), who determined that before anthesis (flower bud), the
stigma is already receptive, while the anthers are still closed in
most of the genotypes studied; this characteristic ensures that self-
fertilization cannot occur, despite the fact that the stigma is
already receptive. This particularity in the floral biology of the
Habanero pepper allows identifying this moment as the most
appropriate to carry out manual pollination in this species in a
hybridization programme.

In this way, it is possible to take advantage of combining abil-
ity and heterosis (hybrid vigour) during the selection of high-
yielding genotypes with high fruit quality (Seneviratne and
Kannangara, 2004; Pérez-Grajales et al., 2009). Heterosis is
defined as the superiority of the F1 hybrid over its parents with
respect to traits such as yield (1.99 Kg/Pta/1.31 Kg/Pta), growth
rates, and other characteristics (Shull, 1948). It has been widely
used in agriculture to increase yield and broaden the adaptability
of hybrid varieties (Singh, 2016). Heterosis occurs when the
hybrid is superior to the parental mean (average between two par-
ents) of a specific variable. The term ‘heterosis’ describes the
increased size and yield in crossbreds in comparison with their
corresponding inbred; if there is no increase in these traits,
there is no heterosis (Meyer et al., 2004). Heterobeltiosis expresses
the betterment of the best parent.

Several breeding schemes have been used to evaluate varia-
tions, in general combining ability (GCA) and specific combining
ability (SCA) of Capsicum (Amin et al., 2014). According to
Sprague and Tatum (1942), the GCA estimates the average behav-
iour of a line in combinations with other lines and is related to
genetic effects of additivity, and the SCA refers to the specific
combinations with respect to the GCA of its parents, that is, it
is the deviation of a cross with respect to the average behaviour
of the parents and is related to dominance effects. The most
used genetic designs in a breeding programme are biparental,
multiple crosses, test crosses, line × tester (tester) and diallel
designs. These designs allow determining the combining abilities
of experiments of crosses and parental lines, in addition to under-
standing the inheritance of the investigated traits (Amin et al.,
2014). One of the methods to assess SCA (line × tester) has
been based on diallelic mating genetic designs, which basis were
well described by Griffing (1956). Most of the work done in the
genus Capsicum to determine the magnitude of heterosis in
hybrids has been done with C. annuum, and very few reports
exist for other pepper species. Recently Peña-Yam (2020) and
Ramírez (2020) reported obtaining both high yield and quality
fruits F1 hybrids of Habanero pepper, under greenhouse condi-
tions, for which they used 10 genotypes belonging to the germ-
plasm preserved in Laboratory 9 of the Plant Biochemistry and
Molecular Biology Unit (UBBMP), at Yucatan Scientific
Research Center (CICY).

There is a growing and unsatisfied demand for Habanero pep-
per in the national and international market; however, there are
few improvement programs and a high risk of genetic erosion
of the varieties. For this reason, the researchers at Laboratory 9,
have worked to generate improved varieties and more productive
F1 hybrids. To do this, they rely on the estimation of statistical
genetic parameters, which provide information on the genetic
variation existing in the population, and thus support the progress
of the selection process. The production of hybrids is an alterna-
tive that offers the producer a high yield potential, good climatic
adaptation and resistance to the main diseases, as well as better
fruit quality because it is superior to the characteristics of its par-
ents. Therefore, a sustainable and competitive varietal creation is
necessary to achieve new hybrids with different commercial pur-
poses (Peña-Yam et al., 2019a).

With this background, the objective of this study was to iden-
tify parents with high yield potential to obtain new commercial F1
hybrids for fresh consumption.

Materials and methods

Ten genotypes of Habanero pepper (C. chinense Jacq) were
selected from the germplasm conserved in UBBMP at CICY, as
parents of F1 hybrids. The selection of genotypes for this study
was based on their outstanding fruit agronomic characteristics,
on evaluations carried out in previous studies, such as yield
between 1.48–4.75 Kg/Pta, number of fruits per plant between
109–522 fruits, and average weight from 6.75 to 16.68 g. The
selected genotypes were ASB-02, NEK-03, RNJ-04, RHC-05,
NBA-06, AKN-07, RES-08, MSB-09, RKI-10 and NKA-11. The
management conditions given to the genotypes are described
below and were the same followed in the evaluation of the hybrids.
The investigation was conducted in a greenhouse, at 20–35°C, with
55–75% of relative humidity and cycles of natural light (approxi-
mately, 11 h of light, 13 h of darkness), located in facilities at
CICY, at 20° 58′2.53” North Latitude and 89° 35′33.30” West
Longitude, and at an altitude of 10 masl (SMN, 2020).

Evaluation of the hybrids (F1)

Seeds from parents and hybrids were disinfected with commercial
sodium hypochlorite (Cloralex 99.9%) for 10 min and sown in
200 well polystyrene trays to germinate. As a substrate, Peat
Moss Sunshine (mix 3) (Sol®) was used. After sowing, trays
were covered with black plastic, until the seeds started to germin-
ate. The transplant was carried out in black bags (40 × 40 cm) con-
taining a substrate composed of a 3:1 mix of red soil and Sunshine.
To promote the development of the root system, Hakaphos®
13-40-13 commercial fertilizer (1 g/l) was appliedonce aweek, during
the development of plantlets. Triple 18 fertilizer (3 g/l) was applied
weekly to enhance vegetative growth. Agronomic management of
the plants followed the guidelines for greenhouse Habanero pepper
cultivation (Tun, 2001; Villa et al., 2014). The distance between plants
and between lines was 40 and 80 cm, respectively.

Genetic mating design

The crosses were conducted manually from October 2018 to April
2019. From the germplasm, 26 genotypes were used, with 10 par-
ents: two male testers (RNJ-04, RES-08), and 8 female lines
(ASB-02, NEK-03, RHC-05, NBA-06, AKN-07, MSB-09, RKI-10,
NKA-11). Sixteen hybrids were obtained: ASB-02 × RNJ-04,
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NEK-03 × RNJ-04, RHC-05 × RNJ-04, NBA-06 × RNJ-04, AKN-
07 × RNJ-04, MSB-09 × RNJ-04, RKI-10 × RNJ-04, NKA-11 ×
RNJ-04, ASB-02 × RES-08, NEK-03 × RES-08, RHC-05 × RES-08,
NBA-06 × RES-08, AKN-07 × RES-08, MSB-09 × RES-08, RKI-
10 × RES-08, NKA-11 × RES-08. The fruits of the hybrid progeny
(F1) of each cross were harvested when the fruit was completely
ripe, in April 2021. Seeds were extracted from each fruit separately
and placed in small Petri dishes (65.7 × 14.7 mm high), which were
then placed in a 36°C oven for 72 h. After this time, seeds from
each cross were stored in kraft paper envelopes (3.0 × 1.5 cm) and
kept at 24–25°C until sowing for evaluation.

The assessed variables were: fruit length (FL): Measured at
the longest point; an average of 10 ripe fruits in the second har-
vest, fruit diameter (FD): Measured at the widest point, and an
average of 10 ripe fruits in the second harvest; thickness of the
pericarp (TP): Average thickness of 10 ripe fruits of the second
harvest; the number of fruits per plant (NFP): Average
number of fruits in each harvest per plant; average fruit weight
(AFW): Average weight of 10 ripe fruits of the second harvest;
and yield per plant (YP): Average fruit yield on 10 plants, as
described by the IPGRI Capsicum Genus Descriptors Manual
(IPGRI, 1995).

Statistical analysis

Eight genotypes were used as female parents (ASB-02, NEK-03,
RHC-05, NBA-06, AKN-07, MSB-09, RKI-10, NKA-11), and
two genotypes were used as testers (RNJ-04 and RES-08). The
ten parents were crossed according to the Line × Tester mating
design reported by Kempthorne (1957), the Griffing’s method 2
model I (fixed effect) (Griffing, 1956). Genetic analysis was per-
formed under the model proposed by Kempthorne and Curnow
(1961), and described by Singh and Chaudhary (1985).

The experiment was performed in a random block
design with four repetitions. A total of six plants, of each geno-
type, were evaluated from each of the harvests carried out.
Based on the design, and analysis of variance was conducted,
and the means were compared using Tukey’s HSD multiple
range test (P≤ 0.05) with the statistical package Statgraphics
plus 5.0 (Corp, 2000).

General and specific combining ability, heterosis, and
heterobeltiosis

The GCA and SCA were determined following the methodology
of Jenkins and Brunson (1932). Standard errors of the effects of
GCA and SCA were estimated as described by Singh (1973).
The decomposition of the effect of genotypes in parents (P),
crosses (C) and the interaction P vs C, was done as indicated
by Hallauer and Miranda (1988).

According toMartínez-Martínez et al. (2014), heterosis (H) was
estimated using themean of the parents and expressed on a percent-
age scale. The significance of heterosis (H) was determined by
Tukey’s test with the statistical package Statgraphics plus 5.0. To
identify hybrids with superior performance, heterobeltiosis (Hb)
(if the vigour of the hybrid exceeds the expression of the best of
its parents) was determined according to Robles (1986).

Results

All the agronomic variables recorded showed highly significant
differences at P≤ 0.05 (Table 1). The effect of genotypes, the
effect of the crosses, and the effect of parents was significant in
all the variables analysed, highlighting the AFW, NFP, and YP.
The interaction P vs C also had a behaviour similar to the previ-
ous ones, which implies the existence of heterosis. The mean
squares for the GCA were of greater magnitude than those of
SCA in the variables studied, which suggests that the effects of
the GCA contribute more to the genetic variation of the yield
components in the genotypes than the effects of SCA. The GCA
differed significantly (P≤ 0.05) in fruit yield, the number of fruits
per plant, and average fruit weight. For SCA, significant effects
(P≤ 0.05) were found in the number of fruits per plant, and
the average weight of the fruit, which indicates the presence of
nonadditive genetic action (dominance) in these characters. As
a result, the range of variation was obtained in the CV values
(2.30–11.71%) for each of the characteristics evaluated. The high-
est values corresponded to NFP (10.34%) and YP (11.71%), while
the lowest values were for FL (3.68%), FD (2.30%), TP (4.11%)
and AFW (3.31%).

There were highly significant differences between genotypes in
all the variables analysed (Table 2). The hybrid vigour, which is
the expression of heterosis, can be seen in the average values of
the hybrids, which exceeded the average values of their parents

Table 1. Analysis of the sources of variation and mean squares of the Line × Tester design for the Habanero pepper variables assessed

Sources of variance DF FL FD TP AFW NFP YP

Replicas (r) 3 0.94 0.55 0.59 0.074 48.16 0.01

Genotypes (g) 25 0.13* 0.11* 0.013* 32.35* 8199.15* 2.15*

Crosses (c) 13 0.83* 0.37* 0.38* 31.39* 6170.39* 2.11*

GCA 9 3.03* 0.74* 0.87* 79.46* 17,467.79* 14.47*

SCA 8 0.91* 0.36* 0.63* 25.26* 5749.14* 0.33*

Parents (p) 9 2.12* 2.41* 0.79* 47.15* 9967.50* 0.87*

P vs C 1 0.39* 0.32* 0.26* 4.24* 2960.31* 0.58*

SE 75 0.19 0.10 0.12 0.06 0.22 0.26

CV % 3.68 2.30 4.11 3.31 10.34 11.71

*Tukey’s P≤ 0.05; DF, Degrees of freedom; FL, Fruit Length (cm); FD, Fruit Diameter (cm); TP, thickness of the pericarp (mm); NFP, Number of fruits per plant; AFW, Average Fruit Weight (g);
and YP, Yield per plant (Kg/Pta); GCA refers to parents; SCA refers to crosses; SE, Error Standard; CV, Coefficient of variation in percentage (%).
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and the average of the experiment, for the variables FL, FD, NFP
and YP, the opposite with what was observed for the FT and AFW
variables. Regarding FL, the RNJ-04 parent used as a tester pre-
sented the highest value (5.70 cm) with respect to the rest of
the parents, while the ASB-02 × RNJ-04 hybrid with 6.38 cm
and the MSB-09 × RNJ-04 hybrid with 6.53 cm, surpassed the
rest, for the same variable. For the FD variable, the parent
ASB-02 reached the highest value with 4.05 cm; while the
MSB-09 × RES-08 and ASB-02 × RNJ-04 hybrids presented the
highest values (4.28 and 4.23 cm, respectively). In the TP variable,
the parents ASB-02 (3.50 mm), NBA-06 (3.38 mm), and NKA-11

(3.50 mm) reached the highest values, as well as the ASB-02 ×
RNJ-04 (3.30 mm) and NEK-03 × RES-08 (3.18 mm). For the
AFW variable, six parents and three hybrids presented values
greater than 11 g, differing significantly from the rest of the gen-
otypes. Parent RNJ-04 had the lowest mean fruit weight at 6.25 g.
Regarding the NFP variable, the parents NEK-03 (199.25),
RKI-10 (207.75) and NKA (193.50) showed the best results,
while the RKI-10 × RNJ-04 hybrid presented the highest with
481.75 fruits by plants, differing significantly from the rest of
the hybrids studied. Regarding the parents used as testers,
RNJ-04 stood out for FL and NFP, while RES-08 for AFW.

Table 2. Comparison of the mean values of the six fruit variables studied in the ten parents and the 16 hybrids of Habanero pepper obtained

Parents

FL FD TP AFW NFP YP/Line × Tester

Lines

ASB-02 3.25 i 4.05 a-b 3.50 a-b 9.25 d-g 68.75 j-l 0.64 m-ñ

NEK-03 4.50 d-h 2.53 f-g 3.00 c-d 11.25 a-d 199.25 e-f 2.24 e-h

RHC-05 4.20 g-h 3.48 b-d 3.08 b-d 12.25 a-b 107.50 h-l 1.32 i-m

NBA-06 4.43 e-h 3.10 e-f 3.38 a-c 11.00 a-d 121.50 g-k 1.34 i-m

AKN-07 3.18 i 3.48 b-d 3.00 c-d 12.50 a 93.00 h-l 1.16 j-n

MSB-09 2.98 i 3.60 b-d 3.05 c-d 9.75 d-f 77.50 i-l 0.76 l-ñ

RKI-10 5.03 c-d 3.40 c-d 2.08 g-h 12.25 a-b 207.75 e-f 2.54 d-f

NKA-11 4.53 d-h 2.40 g 3.58 a 12.50 a 193.50 e-g 2.42 d-g

Tester

RNJ-04 5.70 b 2.35 g 2.53 e-f 6.25 i 51.00 k-l 0.31 ñ

RES-08 3.20 i 3.13 e 2.78 d-e 7.50 g-h 44.50 l 0.33 n-ñ

Line × Tester

ASB-02 × RNJ-04 6.38 a 4.25 a 3.30 a-c 9.82 c-f 104.25 h-l 1.04 k-ñ

NEK-03 × RNJ-04 5.40 b-c 3.52 b-d 2.83 d-e 11.00 a-d 391.50 b 4.29 a-b

RHC-05 × RNJ-04 5.63 b 3.60 b-d 1.75 h-i 9.92 c-f 288.00 c-d 2.86 d-e

NBA-06 × RNJ-04 4.70 d-g 3.61 b-d 1.56 i 12.00 a-c 309.00 c 3.71 b-c

AKN-07 × RNJ-04 4.40 e-h 3.30 c-d 2.20 f-g 11.00 a-d 285.25 c-d 3.13 c-d

MSB-09 × RNJ-04 6.53 a 3.60 b-d 1.65 h-i 7.25 g-h 63.75 k-l 0.46 n-ñ

RKI-10 × RNJ-04 4.78 d-f 3.28 e 1.91 g-i 10.25 b-e 481.75 a 4.92 a

NKA-11 × RNJ-04 5.63 b 3.35 c-d 1.69 h-i 8.50 e-g 240.75 c-e 2.05 e-i

ASB-02 × RES-08 4.85 c-e 3.36 c-d 3.08 b-d 9.23 d-g 139.75 f-j 1.66 g-k

NEK-03 × RES-08 3.10 i 3.43 c-d 3.18 a-c 9.25 d-g 144.50 f-i 1.34 i-m

RHC-05 × RES-08 4.05 h 3.03 e-f 3.00 c-d 7.75 f-h 98.00 h-l 0.76 l-ñ

NBA-06 × RES-08 4.33 e-h 3.24 e 1.95 g-i 8.25 e-h 183.75 e-g 1.53 h-l

AKN-07 × RES-08 3.20 i 3.88 b-d 1.95 g-i 9.70 d-f 196.25 e-g 1.90 f-j

MSB-09 × RES-08 4.13 h 4.28 a 2.80 d-e 9.25 d-g 50.00 k-l 0.46 n-ñ

RKI-10 × RES-08 4.23 f-h 3.53 b-d 3.00 c-d 8.00 d-e 166.50 e-h 1.34 i-m

NKA-11 × RES-08 4.23 f-h 3.53 b-d 3.00 c-d 8.50 e-g 232.00 d-e 1.97 f-j

MExp 4.48 3.39 2.65 9.77 174.58 1.80

MPog 4.10 3.15 3.00 10.45 116.42 1.31

MCrosses 4.72 3.55 2.43 9.35 210.93 2.09

*Means with the same letter have no significant differences (Tukey’s Studentized range test, P≤ 0.05); MExp denotes the mean of the experiment; MPog denotes the mean of the parents and
MCrosses denotes the mean of the crosses.

4 Yaritza Rodríguez-Llanes et al.

https://doi.org/10.1017/S1479262123000229 Published online by Cambridge University Press

https://doi.org/10.1017/S1479262123000229


Regarding the yield variable, the parents with the best results
were: NEK-03, RKI-10 and NKA-11 with values of 2.24, 2.54
and 2.42 Kg/Pta, respectively, while the RKI-10 × RNJ-04 hybrid
produced 4.92 Kg/Pta and NEK-03 × RNJ-04 yielded 4.29 Kg/
Pta, which allowed predicting yields of 98.4 and 85.8 tons/ha,
respectively. The RKI-10 × RNJ-04 hybrid presented the highest
value in the NFP variable, determining its high performance,
while the AFW variable was the component with the greatest
impact on the performance of the NEK-03 × RNJ-04 hybrid.
Therefore, NFP and AFW were the variables that most influenced
performance. The genetic difference between both parents could
have promoted the high productive potential in these hybrids.
There were also other promising hybrids, that showed
good behaviour in yield, with values higher than 3.00 Kg/Pta, dif-
fering from the rest of the hybrids evaluated, these were:
NBA-06xRNJ-04 with 3.71 Kg/Pta, which had the highest average
weight of fruits (12.0 g), the largest number of fruits per plant
(309.0) and large fruit size (FL 4.70 cm and FD 3.61 cm) and
AKN-07xRNJ-04 hybrid with 3.13 Kg/Pta, 285.25 fruits per
plant and average fruit weight of 11 g.

General and specific combining ability, heterosis, and
heterobeltiosis

The effects of the estimated values of the GCA for the 10
Habanero pepper parents (Table 3) showed that most of the par-
ents had high and positive values in all the analysed variables.
Estimations of the parents’ GCA showed the best values for
each fruit variable were: RNJ-04 for FL (1.60), ASB-02 for FD
(0.87), NKA-11 for TP (0.56) and YP (2.18), RKI-10 for NFP
(82.83) and RES-08 for AFW (2.05). The RES-08 also showed a
high value in NFP (71.93). Furthermore, some of the parents
showed notable effects of GCA in more than one variable such
as ASB-02 for FD (0.87) and TP (0.47); NEK-03 for NFP (82.83)
and YP (1.0); RES-08 for NFP (71.93) and AFW (2.95); RKI-10
for NFP (91.33) and YP (2.04); and finally NKA-11, with the high-
est values for TP (0.56), NFP (77.08), AFW (2.05) and YP (2.18)
respectively, the latter being the parent with the best GCA.

The SCA effects’ estimates in the 16 hybrids (Table 4) showed
high and positive values. The best hybrids for each fruit variable

were: ASB-02xRNJ-04 and RKI-10xRNJ-04 with values of 1.04
and 1.02 for FL respectively; NKA-11xRNJ-04 and RKI-
10xRES-08 for FD, both with a value of 1.45; ASB-02xRNJ-04
for TP (0.54); ASB-02xRNJ-04 and NBA-06xRNJ-04 with the
best AFW values (6.19 and 6.69), respectively. Other values to con-
sider in this same variable are in the NEK-03xRNJ-04,
RHC-05xRNJ-04, AKN-7xRNJ-04, and RKI-10xRNJ-04 hybrids
with values of 5.44, 3.19, 4.19 and 2.56, respectively. For NFP,
five hybrids showed the best results with values between 174.66
and 326.41, whereas the RKI-10xRNJ-04 hybrid showed the highest
value for this variable, with 326.41 fruits, and the NBA-06xRNJ-04
hybrid for YP (2.90). The NBA-06 × RNJ-04 hybrid obtained the
highest SCA values for the YP variable and its components,
although other hybrids such as NEK-03xRNJ-04 (0.12) and
RKI-10xRNJ-04 (0.83) also had outstanding values for the YP vari-
able and that could be considered in similar selection programs.

Regarding the results of heterosis (H) (Table 4), all the vari-
ables analysed showed high and positive values. The highest per-
centages of heterosis were recorded for NFP and YP. These
variables could be improved more efficiently by breeding methods
that take advantage of the effects of non-additive gene action,
such as hybridization. For the FL variable, the best values were
reached by the ASB-02xRNJ-04 (42.50%) and the
RKI-10xRNJ-04 (30.02%) hybrids; for FD, there were three
(NEK-03 × RNJ-04, NKA-11 × RNJ-04, RKI-10xRES-08) hybrids
that obtained the best values with 44.18, 41.20 and 43.22%,
respectively. The ASB-02xRNJ-04 hybrid obtained 9.65% for the
TP variable. The NEK-03 × RNJ-04 hybrid was the best value
for AFW (61.08%). Five hybrids achieved the best values for
both NFP (174.66–405.91%) and YP (203.64–350.98%). The
RKI-10 × RNJ-04 hybrid obtained the highest percentage of heter-
osis for NFP (405.91%) and the NBA-06 × RNJ-04 hybrid for YP
(350.98%).

The percentages of heterobeltiosis (Hb) obtained among the
Habanero pepper hybrids are shown in Table 5. Hb percentages
greater than 100% were found for NFP and YP. For both the
NFP and YP fruit variables, five hybrids obtained the best values
in a range between 153.71–346.90% for NFP and between 119.69–
274.34% for YP. In the AFW variable, three hybrids showed
values between 9.03–10.61%. The RKI-10 × RNJ-04 hybrid stands

Table 3. General combining capacity (ACG) in the six fruit variables for the 10 progenitors of Habanero pepper used in the study

Parent GCA FL GCA FD GCA TP GCA NFP GCA AFW GCA YP

ASB-02 −0.85 0.87* 0.47* −47.68 −1.20 −0.67

NEK-03 0.40 −0.40 0.02 82.83* 0.80 1.00*

RNJ-04 1.60* −0.83 −0.25 −65.43 −4.20 −0.70

RHC-05 0.10 0.30 0.08 −8.93 1.80 0.33

NBA-06 0.33 −0.08 0.36 5.08 0.55 0.48

AKN-07 −0.92 0.30 0.04 −23.43 2.05* 0.44

RES-08 −0.90 −0.05 −0.25 71.93* 2.95* 0.27

MSB-09 −1.12 0.43* 0.05 −38.93 −0.70 0.18

RKI-10 0.93 0.23 −0.95 91.33* 1.80 2.04*

NKA-11 0.43 −0.78 0.56* 77.08* 2.05* 2.18*

SE 0.2892 0.1709 0.1365 19.73 0.7000 0.3159

*Tukey’s P≤ 0.05 significant; GCA refers to parents; SE, standard error of the difference of parents means; FL, Fruit length (cm); FD, Fruit Diameter (cm); TP, thickness of the pericarp (mm);
NFP, Number of fruits per plant; AFW, Average Fruit Weight (g), and YP, Yield per plant (Kg/Pta).
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out with the highest values for NFP (346.90%) and for YP
(274.345%) and the ASB-02 × RNJ-04 hybrid for AFW
(10.61%). The component that contributed the most to perform-
ance was NFP. According to the results of this study, we can high-
light that the hybrid obtained using masculine tester RNJ-04 had
a significant superiority over the rest of the crosses, in terms of
SCA, H, and Hb, for most of the variables analysed, as well as
for YP and its components. The NEK-03 × RNJ-04, NBA-06 ×
RNJ-04, RKI-10 × RNJ-04, and AKN-07 × RNJ-04 F1 hybrids
were selected and recommended for inclusion in a programme
of hybrid seed production.

Discussion

There were highly significant differences for each agronomic vari-
able in this work, which demonstrates the wide variability of the
study material. The effects of both genotype cross, and parents
were high for yield, weight, and the number of fruits per plant.
Similar results were reported by Gomide et al. (2003) for
Capsicum annuum fruit yield and Pech-May et al. (2010) on
Sweet pepper for yield and its components. That is, the evaluated
characters of the germplasm were associated more with additive
effects than with non-addictive ones, as has been reported in
¨Serrano¨ by Martínez-Martínez et al. (2014) and in chili
(C. annuum) by Nandadevi and Hosamani (2003). GCA and
SCA differed significantly (P≤ 0.05) in yield and its components,
indicating the presence of nonadditive genetic action (dominance)
in these traits. These results coincide with those reported in Sweet
pepper by Pech-May et al. (2010) but they differ in the weight of
the fruit from that reported in ‘Serrano’ chili by Martínez et al.
(2005), who found the dominance effects were what determined

this variable response; and it coincides with those of Lippert
(1975), who found that additive effects were more important
than dominance for fruit weight.

According to Martínez et al. (2005), the estimation of the CV
provides the degree of variation in relation to the average of a
given characteristic and shows the variability present within it,
as well as its possibilities for improvement. This allows us to
infer that the characteristics evaluated during our work were
adequate to obtain substantial advances in the selection processes.
Similar recommendations have been described by Meshram and
Mukewar (2011) and Turgut (2003). Our results did not show a
wide range in the CV values (2.30–11.71%) for the variables eval-
uated, but they helped to find wide morphological variability in
the genotypes tested.

Peña-Yam et al. (2019b) and Amin et al. (2014) observed
highly significant differences among the genotypes under their
studies, indicating that there was a wide range of variability
among them. According to Leal and Porras (1998), the differences
between hybrids result from the variability present among the
parents under study, which allows the production of hybrids
with different phenotypes. In this sense, Luna-Ortega et al.
(2013) have indicated that significant differences (P≤ 0.01) in
the male × female interaction, can be attributed to the high gen-
etic variability present between the parents, as well as to the effects
of different combinations between the parents involved in crosses.
Luna-García et al. (2018) studied hybridization between several
types of peppers and stated there is enough genetic variability
to develop superior varieties, given the significant differences
between hybrids and parents, in terms of yield and its compo-
nents. Hybrid vigour, which is the expression of heterosis, can
be seen in the mean values of the hybrid, that exceeded the
mean values of their parents, and the mean of the experiment
for the variables FL, FD, NFP and YP. This contrasts with there
was observed for the variables TP and AFW. In general, these
results corroborate what has been reported by different authors,
on the superiority of F1 obtained by crossing the less related par-
ents, instead of the average parents of the population (Seneviratne
and kannangara, 2004) and that hybrid vigour exploitation will
have allowed the expression of high yield potential or other traits
of economic interest (Falconer and Mackay, 1996).

According to SIAP Servicio de Información Agroalimentaria y
Pesquera de México (2009) report, under greenhouse conditions,
the density of Habanero pepper plants is 2.4/m2, producing
between 7 and 12 Kg/m2 of commercial fruit, which indicates
that each plant yields, on average, 3 to 4.5 Kg/Pta of Habanero
peppers. One would expect around 190 tons/ha. SIAP reported
yields of 85.5 tons/ha (Peña-Yam et al., 2019b) when evaluating
13 varieties of peppers (C. annuum), and found that ‘Orion
hybrid’ showed the highest average fruit weight (178.7 g), good
size (9.2 cm diameter and 7 cm length), best yield per plant
(1.9 Kg/Pta) and per plot (11.5 Kg/m2). On the other hand,
Moreno Pérez et al. (2011) found that the ‘Magno hybrid’ had
the lowest yield (5.7 Kg/m2). In this work, two hybrids were
obtained with a yield higher than 85.8 tons/ha. The hybrids
obtained showed a significant increase in yield and in the number
of fruits per plant, as well as the average weight of the fruit. These
results corroborated those reported by Pech-May et al. (2010) who
recommend the use of hybridization as a breeding method in
C. annuum to increase the yield and the number of fruits per
plant but not to improve characters, such as the length and
width of the fruit, the thickness of the pericarp, or the average
weight of the fruit.

Table 5. Percentages of heterobeltiosis (Hb) obtained by the Habanero pepper
hybrids for the yield variables and their components

Hybrids Hb NFP (%) Hb AFW (%) Hb YP (%)

ASB-02 × RNJ-04 52.22 10.61* 63.44

NEK-03 × RNJ-04 195.91* 9.03* 198.65*

RHC-05 × RNJ-04 167.55* −19.90 119.69*

NBA-06 × RNJ-04 153.71* 9.90* 141.69*

AKN-07 × RNJ-04 206.89* −9.92 170.20*

MSB-09 × RNJ-04 −24.06 −21.31 −67.74

RKI-10 × RNJ-04 346.90* −17.78 274.34*

NKA-11 × RNJ-04 23.08 −29.81 −15.30

ASB-02 × RES-08 −27.23 −17.87 −39.09

NEK-03 × RES-08 −25.35 −25.96 −44.59

RHC-05 × RES-08 −25.97 −32.38 −65.97

NBA-06 × RES-08 −5.31 −34.99 −36.75

AKN-07 × RES-08 19.65 −33.12 17.71

MSB-09 × RES-08 −59.46 −13.30 −65.48

RKI-10 × RES-08 −16.53 −26.31 −44.71

NKA-11 × RES-08 62.96 −17.05 43.28

SE 0.1466 0.1355 0.2512

*Tukey’s P≤ 0.05 significant; Hb, heterobeltiosis (%); NFP, number of fruits per plant; AFW,
Average fruit weight (g), and YP, Yield per plant (Kg/Pta).
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In this study, six of the ten parents used, reached high and
positive values for GCA in all fruit variables analysed. Parent
NKA-11 obtained the highest values, which allows it to be recom-
mended for future improvement works in this crop. In this sense,
different authors such as Peña-Yam et al. (2019b) and Ramírez
(2020) obtained similar estimated GCA values for the Habanero
pepper parental lines. The most outstanding lines were
ASBC-09 for FW, PT, and AF; RNJ-04 for FL and NFP, and
RKI-01 for RP. Pech-May et al. (2010) and Zewdie et al. (2001)
observed positive GCA values are the expression of variability pre-
sent in parents, that can be transmitted to their offspring. Since
GCA is associated with additive gene action in the inheritance
of traits, hybridization can contribute to the improvement of a
particular trait (Martínez et al., 2005). This allows the selection
of plants that combine superior traits, to those of their parents,
and contributes to predicting crosses with higher productive
potential. Pech-May et al. (2010) reported higher GCA values
for total fruit yield in P2, P3 and P4 parents, which showed the
highest positive values (20.9, 41.5 and 19.6 Kg/Pta, respectively).
On the other hand, Khalil and Hatem (2014) working with pep-
pers (C. annuum) indicated that, based on estimates of GCA
values, they were able to identify the best parental lines for each
trait. The selection of parents with good overall combining ability
is a primary requirement for a breeding programme’s success,
especially to increase heterosis.

There were found high and positive SCA values in all variables
for the studied hybrids. Five of these hybrids presented the high-
est SCA value estimates. The best hybrid with high SCA estimates
for yield variable and its components was NBA-06 × RNJ-04.
Also, other lines were of interest for their SCA values for the
yield variable and could be considered in future selection pro-
grams. Similar results were reported by Peña-Yam et al. (2019b)
in Habanero pepper for the SCA of the yield variable, with values
between 0.24 and 0.50 Kg/Pta. In addition, Pech-May et al. (2010)
found significant effects of SCA for yield in different crosses car-
ried out in sweet pepper (C. annuum) and obtained values of
0.77–0.33 Kg/Pta. Peña-Lomelí et al. (1998) evaluated intervarie-
tal heterosis in Mexican husk tomatoes (Physalis ixocarpa) and
found significant GCA effects for the three variables evaluated
(NFP, AFW, and YP), as well as significant SCA effects for the
AFW variable. Based on that, they suggested additive effects
were more important than nonadditive effects for the variables
NFP and YP. Khalil and Hatem (2014) working with peppers,
reported estimated high SCA values similar to those in our
work. Ahmed et al. (1997) suggested that the most appropriate
breeding methods, to take advantage of favourable alleles, can
be defined using parents and their crosses with high GCA and
SCA values.

From a practical perspective, hybrid vigour is more important
when the F1 hybrid is superior to the best parent. Nowadays, het-
erosis is widely used in the agricultural production of different
crops, such as rice, maize, vegetables, and some perennial plants
(Yu et al., 2021; Zhang et al., 2021) According to Wu et al.
(2021), heterosis is an indicator of the degree of genetic relation-
ship between the parents, and its use has gradually improved the
yield, quality and resistance to disease of animals and plants, thus
increasing social and economic benefits of agriculture. In our
study, five hybrids presented heterosis values above 100% for
NFP, and six hybrids for YP. According to Cabrera (2016), if
these heterosis values are above 100%, it can be stated that the
two parents are genetically different. High values of yield heterosis
have been detected in Capsicum. Ahmed and Muzafar (2000)

reported an average heterosis value of 174.52%, Seneviratne and
Kannangara (2004) of up to 154%, and Meshram and Mukewar
(2011) of 157%. Similar results were recorded by Peña-Yam
et al. (2019b) in Habanero pepper: 504.14% heterosis for yield,
79.87% for fruit weight, 38.14% for fruit length, and 249.66%
for the number of fruits per plant. On the other hand, Shrestha
et al. (2011) working with C. annuum found that the highest per-
centage of positive heterosis was obtained for fruit number
(104.0%) and yield (141.2%), in the 5AVS7 × SP32 hybrid.

In addition, they obtained high and negative heterosis values
for all the characters studied, which allowed inferring a wide
range of genetic variability among the parents used in the crossing
programme. Similar results were reported by Pech-May et al.
(2010) in different sweet pepper crosses P3 × P5 (−65.7%), P2 ×
P7 (−54.3%), P1 × P6 (−42.4%), and P3 × P7 (−40.9%) for yield
trait. These authors suggest that traits NFP and YP could be
improved, using the hybridization method because it allows
exploiting more efficiently the effects of nonadditive gene action,
while for the variables fruit length and fruit diameter, low heter-
osis values are improved by the individual selection method. High
and negative heterosis values were recorded for all the traits stud-
ied, which allows inferring the wide range of genetic variability
between the parents used in the crossbreeding programme.

The Hb percentages obtained in our hybrids exceeded 100%
for the NFP and YP variables. NFP was the yield component
that contributed the most to this trait. This corroborates that
reported by Pech-May et al. (2010), who also found that NFP
made the greatest contribution to total fruit yield, supporting
those genetic differences between parents promote hybrid vigour
expression. From a practical perspective, (Hb) is a parameter of
great interest for the commercial exploitation of hybrid vigour
(Cabrera, 2016). The same authors working with tomato crops
found outstanding combinations exhibiting the best performance
for the yield per plant variable compared to their superior parents.
Prasad et al. (2003) reported high and positive H and Hb values
for chili (C. annuum) hybrids. Kumar and Lal (2001) analysed
heterosis and heterobeltiosis in hot pepper (C. annuum) hybrids
and observed high Hb values for AFW, which allowed them to
select high-yielding hybrids. Similarly, Shrestha et al. (2011),
working with sweet pepper (C. annuum) found high Hb values
in the crosses 5AVS7 × SP32 (87.2%) and SP12 × SP38 (119.3%).
In this work, there are other hybrids, although, to a lesser degree,
they also showed Hb values above 100%, and could also be recom-
mended for future crossbreeding programs. The wide diversity of
the C. chinense species, combined with the high demand for
Habanero peppers, has recently prompted different groups of
scientists to work on the genetic improvement of this crop, to
obtain varieties and hybrids that meet the expectations of the dif-
ferent markets (De Sousa and Maluf, 2003). Recent reports
(Peña-Yam, 2020; Ramírez, 2020), show important advances
that, in this sense, have been achieved. It is important to highlight,
that the hybrid obtained through the RNJ-04 male tester, had a
significant superiority over the rest of the crosses in terms of
SCA, H, and Hb for most of the variables analysed, as well as
for YP and its components. This will allow the effective selection
of high-yielding F1 hybrids, with other important agronomic
characteristics of great interest, for different markets that require
fresh Habanero pepper for consumers, or as raw material to be
processed.

The results obtained in this work, come to reaffirm the import-
ance of generating F1 hybrids of Habanero pepper for fresh con-
sumption, more productive, more uniform, that have less affected

8 Yaritza Rodríguez-Llanes et al.

https://doi.org/10.1017/S1479262123000229 Published online by Cambridge University Press

https://doi.org/10.1017/S1479262123000229


by the environment due to their heterozygous condition, and pre-
sent greater productive potential than their parents. At the same
time, that meets consumer expectations, due to the lack of
improved varieties that have affected the slow development of
this crop in the Yucatan region. Given the importance of hybrid-
ization as a breeding strategy, it has led current breeding programs
to emphasize the development of these hybrids, due to their high
yield potential based on the quality and productivity of this crop,
taking advantage of the hybrid vigour that is generated, by com-
bining in a single genotype, the favourable genes present in two or
more different parents. The 16 hybrids obtained from Habanero
pepper, come to form a genetic resource, which together with
others already obtained, are the first to be achieved in the
Peninsula from local varieties. With this, the independence of
imported hybrid seeds is achieved, whose high cost makes it
impossible for farmers in the area to acquire them (Peña-Yam
et al., 2019b).

The genetic improvement of plants allows obtaining varieties
with characteristics of higher commercial and nutritional quality,
greater resistance to abiotic and biotic adverse factors to crop, and
higher yield. Through crossbreeding, different desired characteris-
tics can be combined in the same individual, which, together with
the selection process, will allow for achieving better and greater
productive characteristics and a greater adaptation of the plants
to the environment. The need to carry out a good selection pro-
cess for Habanero pepper lines is becoming more important every
day, in order to be used as more competitive F1 hybrid parents,

where genetic-statistical parameters optimize this selection pro-
cess. Recently, modern methods have emerged, that help to select
the best characteristics and minimize the chances that the crops
will be harmed by external factors, among which are molecular
markers selection assisted, which combines very well with trad-
itional breeding. Also, the induction of mutations when genetic
variability is low; in vitro tissue culture, genetic engineering,
and gene improvement, give the plant new beneficial characteris-
tics such as resistance to diseases, pests, tolerance to herbicides,
and stresses such as drought, frost, and high temperatures, and
can contribute to changing the nutritional features in the fruits.
Therefore, a sustainable and competitive varietal development is
necessary to achieve new cultivars for different commercial pur-
poses, with high yield potential, good climatic adaptation, and
fruit quality, and that contemplates the production of F1 hybrids,
due to the advantages that we offer (Rizwan et al., 2018).

This work offers information of great interest on the effects of
GCA and specific (SCA) for the yield characters, and their com-
ponents, of Habanero pepper genotypes, which allowed us to esti-
mate the degree of dominance, heterosis, and heritability, with the
purpose of identifying and evaluating heterotic patterns among
the lines, developed from native germplasm of this crop, in
Yucatan Peninsula. The varieties used in this study, have out-
standing fruit quality characteristics in terms of flavour, aroma,
pungency, and colour, that have been widely appreciated and
they are different from what is produced in the rest of the country.
For this reason, we consider that everything previously mentioned

Figure 1. Habanero peppers F1 hybrids selected for their high productive potential. (a) NEK-03 × RNJ-04, (b) NBA-06 × RNJ-04, (c) RKI-10 × RNJ-04 y (d) AKN-07 ×
RNJ-04.
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in this work is of great value, both theoretical and practical, con-
sidering that there is currently a lack of promising genetic materi-
als to satisfy the growing demand for Habanero pepper, as well as
a lack of basic information such as that obtained in this work for
the successful development of improvement programs in this
crop.

In conclusion, in the selection process, six of the ten parents
stood out for having high and positive values for GCA, among
them the parent NKA-11 obtained the highest values. The quan-
titative variables evaluated confirm an important genetic variabil-
ity among the Habanero pepper genotypes studied, which allowed
obtaining hybrids with superiority in SCA, H, and Hb, for most
of the variables analysed, as well as for yield, with values higher
than 4.29 Kg/Pta (85 tons/ha). The best-selected hybrids were
NEK-03xRNJ-04, NBA-06xRNJ-04, AKN-07xRNJ-04, and RKI-
10xRNJ-04, which show their great productive potential, a quality
that would make them enter the national and international fresh
market. Based on the GCA values of the parents and the heterosis
of the progenies, it is concluded, that hybridization would be the
most appropriate breeding method, to increase YP and NFP.
These results will contribute to the development of future selec-
tion works in the genetic improvement of this crop.

Figure 1 shows the Habanero peppers F1 hybrids were selected
for their high productive potential. (a) NEK-03 × RNJ-04, (b)
NBA-06 × RNJ-04, (c) RKI-10 × RNJ-04 y (d) AKN-07 × RNJ-04.

Acknowledgements. We thank CONACYT for financing this research
through the Basic Science and the Project of the call for National Problems
2016 with key 2016/2935, and for the Ph.D. scholarship granted to the student:
CVU number 945005.

Author contributions. Rodriguez-Llanes Y, Iglesias-Andreu LG and
Santana-Buzzy N conceptualization; Ku-Pech E data curation;
Santana-Buzzy N funding acquisition; Rodriguez-Llanes Y, Guzmán-Antonio
A, Mijangos-Cortés JO, Canto-Flick A, Avilés-Viña S, and Pijeira-Fernández
G investigation; Pérez-Brito D, Mijangos-Cortés JO and Iglesias-Andreu LG
methodology; Santana-Buzzy N project administration; Rodriguez-Llanes Y
writing – original draft; Pérez-Brito D, Mijangos-Cortés JO, Iglesias-Andreu
LG and Santana-Buzzy N writing – review & editing

Competing interest. The authors declare no competing interests.

References

Ahmed N and Muzafar HJC (2000) Heterosis studies for fruit yield and some
economic characters in sweet pepper (Capsicum annuum L.). Capsicum and
Eggplant Newsletter 19, 74–77.

Ahmed N, Khan SH and Tank MI (1997) Combining ability analysis for fruit
yield and its component characters in sweet pepper (Capsicum annuum L.).
Capsicum and Eggplant Newsletter 16, 72–75.

Amin MN, Amiruzzaman M, Ahmed A and Ali MR (2014) Evaluation of
inbred lines of maize (Zea mays L.) through line× tester method.
Bangladesh Journal Agricultural Research 39, 675–683.

Baba VY, Rocha KR, Gomes GP, de Fátima Ruas C, Ruas PM, Rodríguez R
and Gonzalves LSA (2016) Genetic diversity of Capsicum chinense acces-
sions based on fruit morphological characterization and AFLP markers.
Genetic Resources and Crop Evolution 63, 1371–1381.

Butcher JD, Crosby KM, Yoo KS, Patil BS, Ibrahim AMH, Leskovar DI and
Jifon JL (2012) Environmental and genotypic variation of capsaicinoid and
flavonoid concentrations in Habanero (Capsicum chinense) peppers.
Horticultural Science 47, 574–579.

Cabrera FAV (2016) Mejoramiento genético de plantas. Segunda Edición.
Editorial UN: Universidad Nacional de Colombia. https://scholar.google.
es/scholar?hl=es&as_sdt=0%2C5&q=6.%09Cabrera+FAV+%282016%29.

Campos MRS, Gómez KR, Ordo YM and Ancona DB (2013) Polyphenols,
ascorbic acid, and carotenoids contents and antioxidant properties of

Habanero pepper (Capsicum chinense) fruit. Food and Nutrition Sciences
4, 47–54.

Canto-Flick A, Balam-Uc E, Bello-Bello JJ, Lecona-Guzmán C,
Solís-Marroquín D, Avilés-Viñas S, Gómez-Uc E, López-Puc G,
Santana-Buzzy N and Iglesias-Andreu LG (2008) Capsaicinoids content
in Habanero pepper (Capsicum chinense Jacq.): hottest known cultivars.
Horticultural Science 43, 1344–1349.

Castro-Concha LA, Tuyub-Che J, Moo-Mukul A, Vázquez-Flota FA and
Miranda-Ham ML (2014) Antioxidant capacity and total phenolic content
in fruit tissues from accessions of Capsicum chinense Jacq. (Habanero pep-
per) at different stages of ripening. The Scientist World Journal 2014, Article
ID 809073, 5p.

Corp SG (2000) Statgraphics plus 5.0. USA: Statistical Graphics Corp
Englewood Cliffs.

De Jesús Ornelas-Paz J, Martínez-Burrola JM, Ruiz-Cruz S,
Santana-Rodríguez V, Ibarra-Junquera V, Olivas GI and
Pérez-Martínez JD (2010) Effect of cooking on the capsaicinoids and phe-
nolics contents of Mexican peppers. Food Chemestry 119, 1619–1625.

De Sousa JA and Maluf WR (2003) Análise dialélica e estimação de
parâmetros genéticos em pimentas pungentes (Capsicum chinense Jacq.).
Scientia Agricola 60, 105–113.

Falconer DS and Mackay TFC (1996) Introduction to quantitative genetics.
Essex, UK: Pearson Education Ltd. https://scholar.google.es/scholar?hl=e-
s&as_sdt=0%2C5&q=12.%09.

Giuffrida D, Dugo P, Torre G, Bignardi C, Cavazza A, Corradini C and
Dugo G (2013) Characterization of 12 Capsicum varieties by evaluation
of their carotenoid profile and pungency determination. Food Chemistry
140, 794–802.

Gómez-García MDR and Ochoa-Alejo N (2013) Biochemistry and molecular
biology of carotenoid biosynthesis in chili peppers (Capsicum spp.).
International Journal of Molecular Sciences 14, 19025–19053.

Gomide ML, Maluf WR and Gomes L (2003) Heterose e capacidade
combinatória de linhagens de pimentāo (Capsicum annumm L.). Ciência
e Agrotecnologia 27, 1007–1015.

Griffing BRUCE (1956) Concept of general and specific combining ability in
relation to diallel crossing systems. Australian Journal of Biological Sciences
9, 463–493.

Hallauer AR and Miranda JB (1988) Quantitative Genetics in Maize Breeding.
Ames, USA: Iowa State University. Press, pp. 159–294.

Hundal J and Dhall R (2004) Breeding for hybrid hot pepper. Journal of New
Seeds 6, 31–50.

IPGRI (1995) CATIE. Descriptors for Capsicum (Capsicum spp.). International
Plant Genetic Resources Institute, Rome, Italy; the Asian Vegetable Research
and Development Center, Taipei, Taiwan, and the Centro Agronómico
Tropical de Investigación y Enseñanza. Turrialba, Costa Rica, 110.

Jeeatid N, Suriharn B, Techawongstien S, Chanthai S, Bosland PW and
Techawongstien S (2018) Evaluation of the effect of genotype by environ-
ment interaction on capsaicinoid production in hot pepper hybrids
(Capsicum chinense Jacq.) under controlled environment. Scientia horticul-
turae 235, 334–339.

Jenkins MT and Brunson AM (1932) Methods of testing inbred lines of maize
in crossbred combinations. Agronomy Journal 24, 523–530.

Karim KMR, Rafii YM, Misran AB, Ismail MFB, Khan MMH and
Chowdhury MFN (2021) Current and prospective strategies in the varietal
improvement of chili (Capsicum annuum L.) specially heterosis breeding.
Agronomy 11, 2217.

Kempthorne O (1957) An introduction to genetic statistics. New York: John
Wiley and Sons, Inc.

Kempthorne O and Curnow RN (1961) The partial diallel cross. Biometrics
17, 229–250.

Khalil MR and Hatem MJ (2014) Study on combining ability and heterosis of
yield and its components in pepper (Capsicum annum L.). Alex. Journal
Agricultural Research 59, 61–71.

Kumar R and Lal G (2001) Expression of heterosis in hot pepper (Capsicum
annuum L.) (No. Research). https://scholar.google.es/scholar?hl=es&as_
sdt=0%2C5&q=26.%09Kumar+R+and+Lal+G+%282001%29+Expression+of
+heterosis+in+hot+pepper+%28Capsicum+annuum+L.%29+%28No.+Research
%29.+&btnG=.

10 Yaritza Rodríguez-Llanes et al.

https://doi.org/10.1017/S1479262123000229 Published online by Cambridge University Press

https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=6.%09Cabrera+FAV+%282016%29
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=6.%09Cabrera+FAV+%282016%29
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=6.%09Cabrera+FAV+%282016%29
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=12.%09
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=12.%09
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=12.%09
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=26.%09Kumar+R+and+Lal+G+%282001%29+Expression+of+heterosis+in+hot+pepper+%28Capsicum+annuum+L.%29+%28No.+Research%29.+&btnG=
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=26.%09Kumar+R+and+Lal+G+%282001%29+Expression+of+heterosis+in+hot+pepper+%28Capsicum+annuum+L.%29+%28No.+Research%29.+&btnG=
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=26.%09Kumar+R+and+Lal+G+%282001%29+Expression+of+heterosis+in+hot+pepper+%28Capsicum+annuum+L.%29+%28No.+Research%29.+&btnG=
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=26.%09Kumar+R+and+Lal+G+%282001%29+Expression+of+heterosis+in+hot+pepper+%28Capsicum+annuum+L.%29+%28No.+Research%29.+&btnG=
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=26.%09Kumar+R+and+Lal+G+%282001%29+Expression+of+heterosis+in+hot+pepper+%28Capsicum+annuum+L.%29+%28No.+Research%29.+&btnG=
https://doi.org/10.1017/S1479262123000229


Leal JG and Porras AML (1998) Diseño estadístico de experimentos: análisis de
la varianza. Editorial UN: Grupo Editorial Universitario. https://scholar.goo-
gle.es/scholar?hl=es&as_sdt=0%2C5&q=27.%09Leal+JG+and+Porras+AML+
%281998%29+Diseño+estadístico+de+experimentos%3A+análisis+de+la+var-
ianza.+Grupo+Editorial+Universitario.+&btnG=.

Lippert LF (1975) Heterosis and combining ability in chili peppers by diallel
analysis. Crop Science 15, 323–325.

Luna-García LR, Robledo-Torres V, Vásquez-Badillo ME, Ramírez-Godina
F and Mendoza-Villarreal R (2018) Hibridación entre diferentes tipos de
chiles y estimación de la heterosis para rendimiento y calidad de fruto.
Asociación Interprofesional para el Desarrollo Agrario (AIDA) 114, 119–134.

Luna-Ortega JG, García-Hernández JL, Valdez-Cepeda RD, Gallegos Robles
MÁ, Preciado-Rangel P, Guerrero-Guerrero C and Espinoza-Banda A
(2013) Aptitud combinatoria y componentes genéticos en líneas de maíz.
Universidad y Ciencia 29, 243–253.

Martínez-Martínez R, Méndez-Infante I, Castañeda-Aldaz HM,
Vera-Guzmán AM, Chávez-Servia JL and Carrillo-Rodríguez JC (2014)
Heterosis interpoblacional en agromorfología y capsaicinoides de chiles
nativos de Oaxaca. Revista Fitotecnia Mexicana 37, 199–207.

Martínez ZG, Dorantes JRA, Ramírez GM, de la Rosa L and Pozo C (2005)
Efectos genéticos y heterosis en la vida de anaquel del chile serrano. Revista
Fitotecnia Mexicana 28, 327–332.

Menichini F, Tundis R, Bonesi M, Loizzo MR, Conforti F, Statti G, De
Cindio B, Houghton PJ and Menichini F (2009) The influence of fruit
ripening on the phytochemical content and biological activity of
Capsicum chinense Jacq. cv Habanero. Food Chemestry 114, 553–560.

Meshram L and Mukewar AJ (2011) Heterosis studies in chili (Capsicum
annuum L.). Scientia Horticulturae 28, 219–225.

Meyer RC, Torjek O, Becher M and Altmann T (2004) Heterosis of biomass
production in Arabidopsis. Establishment during early development. Plant
Physiology 134, 1813–1823.

Moreno Pérez CE, Mora Aguilar R, Sánchez Castillo F and García Pérez V
(2011) Phenology and yield of bell pepper (Capsicum annuum L.) hybrids
grown hydroponically. Revista Chapingo 175, 18.

Nandadevi N and Hosamani RM (2003) Estimation of heterosis, combining
ability and per se performance in summer grown chili (Capsicum annumm L.)
for yield and resistance to leaf curl complex. Capsicum Eggplant Newsletter 22,
59–62.

Nass LL, Souza KR, Ribeiro CS and Reifschneider FJ (2015) Synthesis
of a base population of Habanero pepper. Horticultura Brasileira 33,
530–532.

NOM Normalización and Certificación (2017) Norma Oficial Mexicana
NOM-189-SCFI-2017, Chile Habanero de la Península de Yucatán.

Pech-May AM, Castañón-Nájera G, Tun-Suárez JM, Mendoza-Elos M,
Mijangos-Cortés JO, Pérez-Gutiérrez A and Latournerie-Moreno L
(2010) Efectos heteróticos y aptitud combinatoria en poblaciones de chile
dulce (Capsicum annuum L.). Revista Fitotecnia Mexicana 33, 353–360.

Peña-Lomelí A, Molina-Galán JD, Cervantes-Santana T, Márquez-Sánchez
F, Sahagún-Castellanos J and Ortiz-Cereceres J (1998) Heterosis intervar-
ietal en tomate de cáscara (Physalis ixocarpa Brot.). Revista Chapingo, Serie
Horticultura 4, 31–37.

Peña-Yam LP (2020) Selección de progenitores de chile Habanero (Capsicum
chinense Jacq.) para la obtención de híbridos con alto potencial productivo
(PhD Tesis). Centro de Investigación Científica de Yucatán, Mérida,
Yucatán, México.

Peña-Yam LP, Muñoz-Ramírez LS, Avilés-Viñas SA, Canto-Flick A,
Guzmán-Antonio A and Santana-Buzzy N (2019a) Floral biology studies
in Habanero pepper (Capsicum chinense Jacq.) to implement in a cross-
breeding program. Agriculture 9, 249.

Peña-Yam LP, Muñoz-Ramírez LS, Avilés-Viñas SA, Canto-Flick A,
Pérez-Pastrana J, Guzmán-Antonio A, Santana-Buzzy N,
Aguilera-Cauich E and Mijangos-Cortés JO (2019b) Analysis of genetic
parameters of Habanero pepper (Capsicum chinense Jacq.) in the
Yucatan, Mexico. Hortticultural Science 54, 429–433.

Pérez-Grajales M, González-Hernández VA, Peña-Lomelí A and
Sahagún-Castellanos J (2009) Combining ability and heterosis for fruit
yield and quality in manzano hot pepper (Capsicum pubescens R & P) land-
races. Revista Chapingo. Serie Horticultura 15, 103–109.

Prasad B, Reddy KM and Sadashiva AJ (2003) Heterosis studies in chili
(Capsicum annuum L.). Indian Journal Horticulturae 60, 69–74.

Ramírez LSM (2020) Selección de variedades de chile Habanero (Capsicum
chinense Jacq.) con fines industriales (PhD Tesis). Centro de Investigación
Científica de Yucatán, Mérida, Yucatán, México.

Ribeiro CS, Souza KR, Carvalho SI, and Reifschneider FJ (2015) BRS Juruti:
the first Brazilian Habanero type hot pepper cultivar. Horticultura
Brassileira 33, 527–529.

Rizwan M, Hussain M, Shimelis H, Hameed MU, Atif RM, Azhar MT and
Asif M (2018) Gene flow from major genetically modified crops and strat-
egies for containment and mitigation of transgene escape: a review. Applied
Ecology Environmental Resources 17, 11191–11208.

Robles S (1986) Genética general y fitomejoramiento práctico. Limusa S: A:
México, 266–272

Seneviratne K and Kannangara K (2004) Heterosis, heterobeltiosis, and com-
mercial heterosis for agronomic traits and yield of chili (Capsicum annuum
L.). Annals Sri Lanka Departament of Agriculture 6, 195–201.

Shrestha SL, Luitel BP and Kang WH (2011) Heterosis and heterobeltiosis
studies in sweet pepper (Capsicum annuum L.). Horticultural
Environment Biotechnology 52, 278–283.

Shull G (1948) What is” heterosis”? Genetics 33, 439.
SIAP Servicio de Información Agroalimentaria y Pesquera de México

(2009) Available at https://www.gob.mx/siap/acciones-y-programas/produc-
cion-agricola-33119 (accessed 17 may 2021).

Singh D (1973) Diallel analysis for combining ability over several
environments-II. Indian Journal of Genetics and Plant Breeding 33, 469–481.

Singh, B (2016) Plant Breeding: Principles and Methods. New Delhi,
India: Kalyani publishers. Available at https://scholar.google.es/scholar?
hl=es&as_sdt=0%2C5&q=55.%09Singh%2C+B+%282016%29+Plant+Breeding
%3A+Principles+and+Methods.++Kalyani+publishers%2C+New+Delhi%
2C+India.+&btnG=.

Singh RK and Chaudhary BD (1985) Biometrical Methods in Quantitative
Genetic Analysis. 2nd Edn. New Delhi, Ludhiana: Kalyani Publishers.
New Delhi, India, p. 318.<TE: Please check the location.>

SMN Servicio Meteorológico Nacional (2020) Available at https://smn.
conagua.gob.mx/es/ (accessed 10 July 2017).

Sprague GF and Tatum LA (1942) General vs. specific combining ability in single
crosses of corn. Journal of American Society and Agronomy 34, 923–932.

Sweat KG, Broatch J, Borror C, Hagan K and Cahill TM (2016) Variability
in capsaicinoid content and Scoville heat ratings of commercially
grown Jalapeño, Habanero, and Bhut Jolokia peppers. Food Chemestry
210, 606–612.

Teodoro AFP, Alves RDB, Ribeiro LB, Reis K, Reifschneider FJB, Fonseca
MEDN and Agostini-Costa TDS (2013) Vitamin C content in Habanero
pepper accessions (Capsicum chinense). Horticultural Brassileira 31, 59–62.

Tun D (2001) Características y tecnología de producción del chile Habanero.
SAGARPA-INIFAP Produce. 74p.

Turgut I (2003) Determination of combining ability effects and heterosis by line
x tester analysis method in maize (Zea mays indentata Sturt.). Journal of
Faculty of Agriculture 29(1), Uludag University (Turkey), pp. 29–32. https://
agris.fao.org/agris-search/search.do?recordID=TR2004000282.

Villa Castorena M, Catalán Valencia E A, Inzunza Ibarra MA, Román
López A, Macias Rodríguez H and Cabrera Rodarte D (2014)
Producción hidropónica de chile Habanero en invernadero. https://scholar.
google.es/scholar?hl=es&as_sdt=0%2C5&q.

Wu X, Liu Y, Zhang Y and Gu R (2021) Advances in research on the mech-
anism of heterosis in plants. Frontiers in Plant Science 2124, p. 745726.

Yu D, Gu X, Zhang S, Dong S, Miao H, Gebretsadik K and Bo K (2021)
Molecular basis of heterosis and related breeding strategies reveal its
importance in vegetable breeding. Horticultural Research 8, 1–17.

Zewdie Y, Bosland PW and Steiner RJH (2001) Combining ability and
heterosis for capsaicinoids in Capsicum pubescens. Horticural Science 36,
1315–1317.

Zhang J, Lin M, Chen H, Zhu Q and Chen X (2018) Floral biology and pistil
receptivity of the drumstick tree (Moringa oleifera Lam.). Archives of
Biological Sciences 70, 299–305.

Zhang S, Huang X and Han B (2021) Understanding the genetic basis of rice
heterosis: advances and prospects. Crop Journal 9, 688–692.

Plant Genetic Resources: Characterization and Utilization 11

https://doi.org/10.1017/S1479262123000229 Published online by Cambridge University Press

https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=27.%09Leal+JG+and+Porras+AML+%281998%29+Dise&ntilde;o+estad&iacute;stico+de+experimentos%3A+an&aacute;lisis+de+la+varianza.+Grupo+Editorial+Universitario.+&btnG=
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=27.%09Leal+JG+and+Porras+AML+%281998%29+Dise&ntilde;o+estad&iacute;stico+de+experimentos%3A+an&aacute;lisis+de+la+varianza.+Grupo+Editorial+Universitario.+&btnG=
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=27.%09Leal+JG+and+Porras+AML+%281998%29+Dise&ntilde;o+estad&iacute;stico+de+experimentos%3A+an&aacute;lisis+de+la+varianza.+Grupo+Editorial+Universitario.+&btnG=
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=27.%09Leal+JG+and+Porras+AML+%281998%29+Dise&ntilde;o+estad&iacute;stico+de+experimentos%3A+an&aacute;lisis+de+la+varianza.+Grupo+Editorial+Universitario.+&btnG=
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=27.%09Leal+JG+and+Porras+AML+%281998%29+Dise&ntilde;o+estad&iacute;stico+de+experimentos%3A+an&aacute;lisis+de+la+varianza.+Grupo+Editorial+Universitario.+&btnG=
https://www.gob.mx/siap/acciones-y-programas/produccion-agricola-33119
https://www.gob.mx/siap/acciones-y-programas/produccion-agricola-33119
https://www.gob.mx/siap/acciones-y-programas/produccion-agricola-33119
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=55.%09Singh%2C+B+%282016%29+Plant+Breeding%3A+Principles+and+Methods.++Kalyani+publishers%2C+New+Delhi%2C+India.+&btnG=
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=55.%09Singh%2C+B+%282016%29+Plant+Breeding%3A+Principles+and+Methods.++Kalyani+publishers%2C+New+Delhi%2C+India.+&btnG=
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=55.%09Singh%2C+B+%282016%29+Plant+Breeding%3A+Principles+and+Methods.++Kalyani+publishers%2C+New+Delhi%2C+India.+&btnG=
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=55.%09Singh%2C+B+%282016%29+Plant+Breeding%3A+Principles+and+Methods.++Kalyani+publishers%2C+New+Delhi%2C+India.+&btnG=
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q=55.%09Singh%2C+B+%282016%29+Plant+Breeding%3A+Principles+and+Methods.++Kalyani+publishers%2C+New+Delhi%2C+India.+&btnG=
https://smn.conagua.gob.mx/es/
https://smn.conagua.gob.mx/es/
https://smn.conagua.gob.mx/es/
https://agris.fao.org/agris-search/search.do?recordID=TR2004000282
https://agris.fao.org/agris-search/search.do?recordID=TR2004000282
https://agris.fao.org/agris-search/search.do?recordID=TR2004000282
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q
https://scholar.google.es/scholar?hl=es&as_sdt=0%2C5&q
https://doi.org/10.1017/S1479262123000229

	Combining ability, heterosis, and heterobeltiosis to select highly productive F1 hybrids of habanero pepper (Capsicum chinense Jacq.)
	Introduction
	Materials and methods
	Evaluation of the hybrids (F1)
	Genetic mating design
	Statistical analysis
	General and specific combining ability, heterosis, and heterobeltiosis

	Results
	General and specific combining ability, heterosis, and heterobeltiosis

	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


