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Preface

Over the centuries, Capsicums have been cultivated and transformed into various
shapes, sizes, and flavors and have become essential ingredients in diverse cuisines,
supplements, and functional foods. The economic potential of Capsicum makes it a
valuable crop in many parts of the world.

Chapter 1, “Genetics and Genomics of Capsicum: Valuable Resources for Capsicum
Development” by Nkwiza M. Nankolongo, Orlex Baylen Yllano, Leilani D. Arce, John
Neil V. Vegafria, Ephraim A. Evangelista, Ferdinand A. Esplana, Harris Lester R.
Catolico, Merbeth Christine L. Pedro, and Edgar E. Tubilag, provides valuable perspec-
tives on Capsicum’ biology and horticultural characteristics, genetic resources, genetic
diversity, phylogenetic relationships, ploidy levels, chromosome structures, genome
organization, important genes, and their applications. The study of Capsicum genetics
and genomics is critical for this crop’s continued improvement and sustainability.

In recent years, Padron peppers have attracted the attention of Capsicum enthusiasts
worldwide due to their unique texture and flavor. Chapter 2, “Padrén Peppers, Some
Are Hot, Some Are Not” by José Diaz, Raquel Nuifiez-Fernandez, and Javier Veloso,
highlights capsaicinoids’ expression, biosynthesis, metabolic pathways, and homeo-
stasis. These pathways are modulated by different factors, namely, plant hormones,
transcription factors, ontogeny, and the environment, including both abiotic and biotic
agents.

The discovery and elucidation of bioactive compounds in peppers have paved the way
for advancing new therapeutics and functional food. Chapter 3, “Pharmacological
Properties and Health Benefits of Capsicum Species: A Comprehensive Review” by
Kalaiyarasi Dhamodharan, Manobharathi Vengaimaran, and Mirunalini Sankaran,
emphasizes Capsicum’s essential constituents and bioactive compounds. This chapter
highlights the pharmacological uses and potential health benefits of Capsicum species
and their active compounds in diverse aspects.

Like any other plant, Capsicum is the target of pathogens like viruses, bacteria, and
fungi. Among the destructive pathogens of Capsicum is Phytophthora capsici, which can
cause significant damage to the crop and reduce productivity. Chapter 4, “Phytophthora
capsici on Capsicum Plants: A Destructive Pathogen in Chili and Pepper Crops” by
Anthony A. Moreira-Morrillo, Alvaro Monteros-Altamirano, Ailton Reis, and Felipe R.
Garcés-Fiallos, addresses the etiology, symptomatology, occurrence, cycle, and man-
agement of disease caused by . capsici.

Pest management in Capsicum production is crucial to maintaining high crop yields
and quality. Chapter 5, “Major Pests and Updates on Pest Management Strategies in the
Sweet Pepper (Capsicum annuum)” by Aman Dekebo Aman, dissects the sustainable
and alternative pest management strategies to control pests of sweet pepper. These
strategies include intercropping sweet pepper with plants against pests, oviposition



deterrents, natural enemy release, use of resistant cultivars, and eliciting plant defenses
as environmentally friendly control methods.

With the proliferation of pests that target the different Capsicum species and the impact
of climate change, efficient and sustainable breeding strategies must be a priority.
Chapter 6, “Capsicum: A Breeding Prospects and Perspectives for Higher Productivity”
by Dalasanuru Chandregowda Manjunathagowda, Raman Selvakumar, and Praveen
Kumar Singh, examines the Capsicum breeding programs, which aim to improve yield,
biotic, abiotic resistance, and nutritional quality. The chapter elucidates the recent
breakthroughs in Capsicum breeding and the role of classical selection and hybridiza-
tion procedures coupled with molecular and genetic technology in establishing a more
robust Capsicum breeding program.

Postharvest management of peppers is a critical step in ensuring the quality of the
produce. Peppers are highly perishable and susceptible to damage during harvest-

ing, handling, and storage, resulting in significant yield, quality, and market losses.

To minimize huge postharvest losses, there must be efficient postharvest handling,
processing, and preservation methods compatible with the socioeconomic and cultural
practices of the producers. Chapter 7, “Postharvest Handling Methods, Processes,

and Practices for Pepper” by Oluyinka Adewoyin, discusses postharvest methods to
enhance the adequate supply of pepper fruits and stabilize their price for the benefit of
both producers and consumers.

The information discussed in this book is indispensable in Capsicum frontier research,
breeding, development, management, and utilization of this economically important
and highly regarded crop worldwide. Join us on a journey through the latest trends and
perspectives in Capsicum and discover what this history-rich and valuable crop has to

offer.

I would like to relay my sincere gratitude to all the authors for sharing their valuable
works. I hope this book will inspire readers to explore Capsicum as a promising crop
that offers many potential benefits.

[Medical Disclaimer: The information in this book should not be used in place of expert
medical advice, diagnosis, and treatment. ]

Dr. Orlex Baylen Yllano

Professor and Chair,

Department of Biology,

College of Science and Technology,
Adventist University of the Philippines,
Puting Kahoy, Silang, Cavite, Philippines
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Chapter1

Genetics and Genomics of
Capsicum: Valuable Resources for
Capsicum Development

Nkwiza M. Nankolongo, Orlex Baylen Yllano, Leilani D. Arce,
Neil John V. Vegafria, Ephraim A. Evangelista,

Ferdinand A. Esplana, Lester Harris R. Catolico,

Merbeth Christine L. Pedro and Edgar E. Tubilag

Abstract

Capsicum is a genetically diverse eudicot, diploid, and self-pollinating plant that
grows well in slightly warmer environments. This crop is popular in different areas
of the world due to its medicinal properties and economic potential. This chapter
evaluated and analyzed the Capsicum’s biology and horticultural characteristics,
genetic resources, genetic diversity, phylogenetic relationships, ploidy levels, chro-
mosome structures, genome organization, important genes, and their applications.
This chapter is indispensable in Capsicum frontier research, breeding, development,
management, and utilization of this economically important and highly regarded
crop worldwide.

Keywords: Capsicum, genetic diversity, genome, chromosomes, ploidy levels

1. Introduction

Capsicum is an economic crop cultivated worldwide for spice in a wide array of
cuisines, ornamental plants, source of vitamins, minerals, bioactive compounds,
biopesticides, components of cosmetics, and other indigenous, medicinal, and
industrial uses. The popularity of Capsicum caught the attention of breeders,
researchers, and enthusiasts to propagate and develop this wonder crop. The number
of Capsicum cultivars and taxonomic varieties is increasing [1, 2]; however, the genus
Capsicum has five domesticated species and around 25 identified species [3]. These
five Capsicum taxa (C. annum, C. baccatum, C. chinense, C frutescens, and C. pubescens)
can be differentiated through their morphological characteristics like bloom and
seed color, calyx form, number of flowers per node, and flower orientation [1, 3, 4].
Interestingly, C. annum is considered to have been domesticated from C. annum
populations in the wild, while Annum glabriusculum in Mexico was derived from
many geographically distinct wild populations [3].
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2. Capsicum biology and horticultural characteristics

The CABI Compendium features Capsicum’s biology and horticultural character-
istics as follows [5]. Capsicum grows to a height of 0.5-1.5 m, is heavily branched, and
has extremely strong taproots. The lateral roots are many, while the stem is uneven
and angular, measuring around 1 cm in diameter and measuring about 0.5-1.5 m in
length. The stem is normally green to brown-green in color, with purple patches near
the node on occasion. The leaf design is alternate, basic, and highly changeable, with
petioles up to 10 cm long. The apex is acuminate, and the edge is whole, pale dark
green, and subglabrous. The flowers are arranged singly, and the pedicel is around
4 cm long when in bloom. The fruits may grow up to 8 cm in length. The calyx is cup-
shaped and with enlarged fruit. Generally, it has five conspicuous teeth, and the white
corolla has five to seven lobes. It can develop to five to seven stamens with pale blue to
purplish anthers. The ovary is 2-4 locular, style filiform, and has a white or purplish
stigma capitate. Fruit is a non-pulpy berry variable in size, shape, color, and degree
of pungency [5]. Fruits are relatively conical with up to 30 cm long. The colors tend
to be green, yellow, cream, or purplish when it is not yet fully developed. However, it
becomes red, orange, yellow, or brown when it matures. The seeds are orbicular and
flattened, about 3-4.5 mm in diameter, 1 mm thick, and pale yellow in color. The plant
is considered an annual, herbaceous, perennial, seed propagated, shrub, and climber.

Domesticated crop seeds germinate 6-21 days after seeding, with continuous bloom-
ing beginning 60-90 days later. The flower is open for 2-3 days, and outcrossing of up
to 91% may occur, depending on bee activity and heterostyly, although it is typically
considered a self-pollinated crop. Approximately 40-50% of the flowering set fruit
matures 4-5 weeks after blooming and can be plucked in 5-7 days intervals under typi-
cal conditions. The harvest time is around 4-7 months following the seeding stage [5].

The untamed seed dormancy in wild C. annum seeds is staggered, allowing germi-
nation and recruitment to occur when conditions are best in a more unpredictable and
uncertain environment [6]. Wild seeds’ testae are thicker than domesticated plants,
generating more but smaller seeds, which are better equipped for dispersion [6].
Insect pollinators outcrossed C. annum in the wild at a significant rate were noted [6].
Flowering occurs late in the season, but once it does, it is persistent and prolific, with
overlapping stages of flower and fruit development [6]. Capsicum plants may grow as
permanent shrubs in a suitable climate, although they are commonly grown as annu-
als elsewhere [6]. Light, well-manured, limey, and well-drained soil is preferred [1].

Capsicum peppers are day-neutral, warm-season plants; however, certain varieties
may exhibit a photoperiodic reactivity [5]. The vegetative cycle may be accelerated
by enforcing particular photoperiods [5]. Capsicum peppers can withstand 45% of
prevailing sun energy in a shaded environment [5], although shadow might delay
flowering.

Capsicum peppers thrive in loam soil with a pH of 5.5-6.8 [5]. They grow at various
elevations, with rainfall ranging from 600 to 1250 mm [5]. Cultivars are destroyed by
severe floods or drought [5]. The optimum germination temperatures are between 25
and 30°C and can withstand temperatures as low as 15°C at night [5]. The plant can
yield fruit, albeit it will be delayed if the temperature drops below 25°C [5]. If the night
temperature hits 30°C, flower buds will abort rather than mature [5]. When the tem-
perature reaches 30°C, and below 15°C, the pollen viability is significantly reduced [5].

Capsicum seeds are dispersed in various ways. C. annum is transmitted via the
movement of seeds, which are generated in vast quantities and can endure for more
than a year [3]. Chilies are the favorite food of many birds in their natural range; they
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drop seeds while eating the fruits or pass through the digestive tract unharmed [3].
Humans also intentionally spread the species to use its fruits and leaves as food, spice,
ornamental, and medicine [1, 7]. It is believed to have escaped cultivation accidentally
in Puerto Rico and Finland [8, 9]. Because the species can grow in sandy, coastal
environments, it can be spread by both biotic and abiotic vectors [10].

3. Ploidy levels and chromosome structure

Studies of ploidy levels and chromosome structure of Capsicum provide essential
data for Capsicum taxonomy, assisting in the identification of cultivated, semi-
cultivated, and wild species, as well as contributing to plant variety improvement and
conservation [11].

Capsicum species are diploids, and most of them have 24 chromosomes
(n = x = 12), but several wild species have 26 chromosomes (n = x = 13) [11, 12]. C.
annum has 24 chromosomes; usually, two pairs are acrocentric, and 10 or 11 pairs
are metacentric or submetacentric [13]. Its nuclear DNA content has 3.38 picograms
(pg) per nucleus, which, in relation to other reports, ranged from 2.76 to 5.07 pg. per
nucleus [14]. The chili pepper genome ranged from 1498 cm to 2268 cm and approxi-
mately two to three times larger than the tomato genome [15, 16].

In 12 Capsicum accessions, a chromosome number of 2n = 2x = 24 was determined,
and this ploidy level is well-documented in several Capsicum species [17]. Capsicum
species in the wild, such as C. buforum, has a ploidy level of 2n = 2x = 26 [17]. Two
distinct evolutionary lines emerged throughout the history of this genus, marked by
a significant separation between wild (base number x = 13) and domesticated (base
number x = 12) species [17]. Multiple karyotypic formulae in the same species may
occur from genetic variances within populations, which are produced by genomic
responses to various environments [17]. Individuals in the same group might have
different chromosomal races due to chromosomal polymorphism [17].

Plants with more karyotypic symmetry than other members of the same genus
are related to those with less symmetry [18]. Even though most Capsicum species
have 2n = 24 and have quite similar chromosomal shapes, the genus exhibits a lot of
intraspecific and interspecific karyotypic diversity [18].

Karyotypic asymmetry is linked with considerable changes in TLHB and TCL
across individuals of the same or nearly related species due to chromosomal modi-
fications such as Robertsonian translocation, inversion, uneven translocations,
deletions, and duplications [18]. Exposure to external elements such as climate, soil,
temperature, and moisture may cause these changes [18]. C. annum and C. chinense
chromosome modifications like translocations, duplications, and deletions have been
identified [18]. The karyotypes of Capsicum in the same genus showed more genetic
variability, possibly due to their high asymmetry index [19].

Studies of pepper chromosome number and morphology produce essential data
for Capsicum taxonomy, which aid in delineating cultivated, semi-cultivated, and
wild species and contribute to plant diversity conservation by providing valuable
information for breeding and genetic improvement programs of this crop [20, 21].

The diploid chromosomes (2n = 2x = 24) were confirmed for each of the 12 acces-
sions. This ploidy level is well-documented in several Capsicum species [19, 22-26].
For some wild Capsicum species, such as C. buforum and C. capylopodiume,
2n = 2x = 26 ploidy level has been reported [24]. Throughout the development of this
genus, two separate lines arose, as evidenced by a clear divergence between wild (base
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number x = 13) and domesticated (base number x = 12) species [24]. It was hypoth-
esized that x = 13 lines are inherited from ancestors of the x-12 plants [24].

The karyotypic formula 11M + 1SM was determined in 11 of the examined acces-
sions, with chromosome 12 categorized as submetacentric [19]. The karyotypic
formula 12M was observed in the C. frutescens accessions BGC 37, indicating chromo-
somal polymorphism compared to the other accessions [19]. For several Venezuelan
accessions, the karyotypic formula 11M + 1A was reported [22]. At the same time,
the formula 11M + 1A in C. chinense accessions was described through conventional
cytogenetics in several Brazilian states [20, 27].

Genetic differences within populations, caused by the genomic response to diverse
environments, might result in multiple karyotypic formulae in the same species [25].
Chromosomal polymorphism might change the karyotypic pattern of individuals in
the same group, resulting in separate chromosomal races [19].

Variances in the form, size, and number of chromosomes are prevalent in popula-
tions of the same species or interspecific taxa. These differences are categorized
into cytotypes or chromosomal races [19, 20]. Researchers confirmed that such
variations are common in the Capsicum genus, whose cytotypes differ primarily in
karyotypic formula and chromosomal size [19]. Secondary constrictions were found
in the homologous pairs (1 and 12; 6 and 11) of the BGC 01 and BGC 37 C. frutescens
accessions, respectively [19]. Prominent secondary constrictions were found in every
Capsicum species, ranging from one to four per karyotype [27]. The average chromo-
somal size measured in various Capsicum species ranged from 3.29 m (BGC 49) to
748 m (BGC 54) [19].

Most of the Capsicum species have similarity (2n = 24), and the genus also
exhibited intra- and interspecific karyotypic variability [28]. A higher asymmetry
index across karyotypes of species in the same genus is associated with more genetic
heterogeneity [20]. Capsicum’s chromosomal analysis at the metaphase stage revealed
metacentric, submetacentric, acrocentric, or telocentric chromosomes [22, 29].

Capsicum species had symmetrical chromosomal numbers, so more extensive
sampling and detailed characterization of the chromosomes, including heterochro-
matin distribution and sequence identification by iz situ hybridization, must be done
to distinguish between species that have the same karyotypic formula [19, 30].

Studies on pepper chromosome number and shape provide essential data for
Capsicum taxonomy, assisting in the identification of cultivated, semi-cultivated, and
wild species, as well as contributing to plant variety conservation by assisting genetic
improvement efforts for this genus [31].

4. Genetic diversity and QTLs

Genetic diversity is crucial for Capsicum development and management. Genetic
diversity is correlated with average fitness across populations [18, 32]. The robust
genetic diversity of Capsicum populations will enable them to adapt to ever-changing
environments, be a resource of valuable alleles and genes in the population, and
contribute to ecosystem diversity [18, 32]. To date, there are various estimates as to
the number of Capsicum species [20-24, 33-35].

Capsicum fruits are diverse and vary in form and characteristics. Fruit form has
been examined extensively in the Solanaceae family, including tomato, pepper, and
eggplant [36-38]. On chromosomes 2, 3, 7, 8, and 10, allelic variations in the Sun,
Ovate, Fascinated (FAS), and Locule Number (LC) genes determine the form of the
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tomato fruit [36, 39-46]. Individual alleles of these genes might account for up to 71%
of the particular shape variance in a population [46]. Individual alleles of these genes
accounted for up to 71% of the particular shape variation in a broad sample of 368 wild
and cultivated tomatoes [46]. Fruit weight was strongly co-localized across tomato and
pepper QTLs, and a single fruit shape QTL was co-localized, suggesting that conserved
components contribute to one, if not both, of the traits [38, 39, 44-51]. Multiple QTLs
for fruit length, width, and the fruit shape ratio (length: width) have been discovered
on chromosomes 1-4, 8, 10, and 11 [39, 44, 48, 50]. Two essential fruit QTLs, fs 3.1
(fruit shape) and fe 10.1 (fruit elongation), were linked to chromosome 3 and 10,
respectively, in a BC4F2 population segregating for fruit-shaped [44]. These QTLs
accounted for 67, and 44% of the variance in fruit form and elongation found in the
population, respectively [44]. Fruit trait inheritance in connection to pericarp form,
color thickness, and total soluble solids was also investigated [52].

The round form characteristic was governed by a single gene based on segrega-
tion ratios. Five QTLs contributing to fruit form and one QTL for pericarp thickness
on chromosomes 1, 2, 4, 10, and 3 were determined. This explains the 4 to 26% of
the diversity in the Jalapeno recombinant inbred lines [50]. The expression of a gene
that resembled the tomato gene Ovate and discovered substantial variations between
round and elongated pepper cultivars was compared [51]. Further study was carried
out on five domesticated species [53].

Another QTL analysis in 2012 found that two dominant genes regulated fruit
mass length, diameter, form ratio, and flesh thickness, with heritability ranging from
38 to 88% [45, 54]. Fruit width was highly heritable, and fruit weight and width
were positively associated while examining a pepper germplasm collection from the
Caribbean, which was consistent with the QTL study [44, 48, 54]. The heritability of
fruit form and flesh thickness was 80% in another mapping investigation [48]. The
INRA characterized the phenotype of almost 1300 pepper accessions in their collec-
tion for 12 fruit traits; form and color varied across domesticated species, but wild
species often featured tiny, elongated fruit [55]. Despite the large number of studies
examining pepper fruit form, the use of subjective visual (e.g., elongate, triangular,
square, heart) or manual (length/width ratio) measures to define fruit shape was a
shortcoming in all of them [55]. With this, software has been created that allows for
more objective and reliable assessments of fruit attributes [33, 41].

Disease resistance is also crucial, even if fruit form is one of the most critical
features of a cultivar [30]. Cultivated cultivars frequently lack disease resistance due
to breeding bottlenecks [30]. Resistance is frequently found in small-fruited wild
species and then adopted into larger-fruited commercial cultivars [56, 57]. Through
linkage drag or pleiotropic effects, negative horticultural features such as disease
resistance can be passed together with beneficial traits like disease resistance [56, 57].
Recent research on tomatoes found a relationship between resistance to the late blight
pathogen (Phytophthora infestans) and unfavorable impacts on maturity, fruit size,
yield, and plant architecture [58, 59]. In pepper, a link between fruit features and
disease resistance for a single strain of P, capsici, a destructive fungus that causes fruit,
foliar, and root rot [50, 55]. In an eggplant germplasm population, fruit form was
positively linked with disease susceptibility to P, capsica [48, 50]. Negative associa-
tions were found between resistance to the bacterium pathogen Pseudomonas syringae
(PV) in Kiwi [60]. When transferring disease resistance into commercial cultivars, it
is critical to look for possible correlations, linkage drag, and pleiotropic effects [60].

Since their introduction in Mexico, peppers have been subjected to a substan-
tial selection for fruit forms and sizes [61, 62]. Domesticated pepper fruit has an
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unlimited variety of phenotypic variability [63-66]. While cousins and landrace
peppers are typically tiny and very pungent, domesticated pepper fruit has an endless
array of phenotypic diversity [64-66]. Various regional preferences exist for pepper
consumed in most nations and marketplaces [64]. Regional choices have increased
morphological variability among market classes [64].

In addition to Capsicum’s genetic diversity, we also analyzed the phylogenetic
relationships of 22 Nicotinamide Adenine Dinucleotide Dehydrogenase (NADH
dehydrogenase) sequences of Capsicum from 19 different species. NADH
dehydrogenase is a flavoprotein-containing oxidoreductase that catalyzes the
conversion of NADH to NAD. The enzyme may be found in eukaryotes as a part
of the mitochondrial electron transport complex I and in transferring electrons
from photoproduced stromal reductants like NADPH and ferredoxin to the
intersystem plastoquinone pool. NADH dehydrogenase is the primary enzyme
complex in the electron transport chain in mitochondria. Nicotinamide adenine
dinucleotide (NAD) is transformed from its reduced form, NADH, to its oxidized
form, NAD+ [67].

Phylogenetic analysis using UPGMA Maximum Composite Likelihood with 1000
bootstrap replications revealed that the C. ciliatum, C. lanceolatum, C. lycianthoides,
and C. geminifolium grouped together. More so, C. minutiflorum and C. ceratocalyx were
strongly clustered together, the same with C. chinensis and C. frutescens (Figure1).

C. pubescens, C. galapagoence, C. chacoense, and C. cardenasi formed a cluster adja-
cent to C. annuum on top and C. baccatum species below (Figure 1). Other Capsicum

85 Capsicum chinense isolate LB 997
83 Capsicum chinense voucher Bohs 3088
Capsicum frutescens isolate LB 109
Capsicum annuum var. glabriusculum isolate LB 68
Capsicum annuum var. annuum isolate LB 66

Capsicum chacoense isolate RGO353

Capsicum cardenasii isolate LB 1008

_|: Capsicum pubescens isolate LB 165

Capsicum galapagoense isolate LB 515

Capsicum baccatum var. praetermissum isolate LB 1001

_|: Capsicum bacatum
84 Capsicum baccatum var. pendulum isolate LB 164

— Capsicum minutiflorum isolate LB 791

81 o L— Capsicum ceratocalyx isolate LB 801

Capsicum eximium isolate LB 110

Capsicum coccineum isolate LB 264

Capsicum flexuosum isolate LB 1014

Capsicum ciliatum isolate RGO 356

- Capsicum lanceolatum isolate LB 94

& Capsicum lycianthoides isolate LB 391

@ Capsicum geminifolium isolate Mione 466

Capsicum hunzikerianum

Figure 1.
Phylogenetic relationships (UPGMA) of 22 species of Capsicum based on NADH dehydrogenase.
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species like C. eximium, C. coccineum, C. flexuosum, and C. hungzikerianum had
distinct branches and separated from other Capsicum taxa (Figure1).

The phylogenetic study on the waxy gene [2] indicated that C. chinense and C.
frutescens were grouped together. More so, a study on the trnC-rpoB intron, trnH-
psbA intron, and waxy gene sequence data from seven Capsicum spp. also revealed
that C. chinense, C. annuum, and C. frutescens grouped in the same cluster [2]. The
above grouping supported our Capsicum’ phylogenetic analysis based on NADH
Dehydrogenase (Figure1).

5. Genome organization

Genome sequence information of hot pepper revealed 37,989 scaffolds with an
estimated size of 3.48 Gb [68]. The GC content was 35.03%, and there were 34,903
genes with an average exon and intron length of 286.5 pb and 541.6 bp, respectively
[68]. These protein-coding genes of Capsicum were relatively the same as other
Solanaceae species—tomato (34,771 genes) and potato (39,031 genes) [69-71].

The genetic maps of tomato and pepper are nearly comparable in length, with
1275 cm in tomato and 1246 cm in pepper [72]. However, it was determined that the
average recombination rate/unit of physical distance in pepper and tomato is not the
same [72]. This would happen if recombination were limited to homologous genes, as
demonstrated in maize [73-83].

Regarding the number of homologous and segregating loci found by a probe,
tomato, and pepper genomes differ, with pepper having a higher copy number [84].
The significant number of probes detecting multiple loci in pepper than in tomato
might be related to the detection of more loci per probe in pepper, or it could be
suggestive of a higher degree of interspecific polymorphism in Capsicum than in the
interspecific cross used to generate the tomato map [84-86].

In plants, an increase in the amount of repetitive DNA has been identified as a
cause of genome expansion [68, 87]. Retrotransposons distributed uniformly across
gene-rich and gene-poor sections of the genome are likely to explain differences in
nuclear DNA content among Solanaceae species [68, 81, 87]. Concerning transpos-
able elements (TEs), Capsicum’s TEs were predominantly composed of long terminal
repeats (LTR). Specifically, most of the LTRs were Gypsy elements [68].

AFLP, SSR, RAPD, isozymes, inter-simple sequence repeat (ISSR), restrictions
fragment length polymorphism (RFLP), gene-based makers, expressed sequence
tag-simple sequence repeat (SCoT and EST SSR), and single nucleotide polymor-
phism (SNP) have all been used in the study and characterization of genetic diversity,
phylogenetic relationships, genotypic variations, selection of parentals and progenies,
cultivar identity, phenotypic characteristics, purity, population studies, and resis-
tance to disease in Capsicum species [88, 89].

Chili peppers have been identified, and their germplasm diversity was evaluated
using various molecular markers [90, 91]. Rodriguez discovered diagnostic RAPD
(randomly amplified polymorphic DNA) producers for four domesticated species
(including C. chacoense) but not for C. frutescens in a review [92]. Primarily, isozymes
have been used to measure genetic diversity and define their genetic relationships
within the genus [93].

Studies in the Solanaceae family linking the genetic maps of tomato and potato,
respectively, sparked the discipline of comparative plant genomics in 1998 [94, 95].
The initial analysis discovered that the main difference between the tomato and
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potato genomes was paracentric inversions, and further investigations revealed that
five inversions separated the two species [69, 86, 96]. It was shown that no map of
Capsicum has yet been developed that accomplishes the aim of thoroughly defining
and saturating the pepper chromosomes [72].

About 655 of the 1007 markers produced could be examined for divergence from
single-locus Mendelian ratios [72]. Slightly more than half of the tested subgroup
(337 = 50.7%) indicated variation from predicted ratios (p = 0.01), with p values as
low as 2.69 x 10-25 in 81 of them (12.2%) [72].

The pepper tomato comparative map can be used in conjunction with the
Capsicum, Lycopersicon, and Solanum phylogeny. It can also be used to identify
conserved linkage blocks, reconstruct portions of the genome of these species’ most
recent ancestor, and, in some cases, determine lineage rearrangements that occurred
[69, 71, 72, 97]. Because the number of ad hoc hypotheses utilizing either condition
as the ancestral state is the same for pepper and tomato/potato, only two different
arrangements can be provided [72]. It was noted that paracentric, as well as pericen-
tric inversions and translocations, were the most common structural changes [72].
Interestingly, all tomato clones examined were hybridized to pepper DNA [72].

There were differences in tomato and pepper genomes regarding the amount of
homologous and segregating loci, with pepper having a larger copy number [72].

The increased number of probes identifying multiple loci in pepper compared to
tomato might be due to the detection of more loci per probe in pepper or indicative

of a higher degree of interspecific polymorphism with Capsicum [72]. Regardless, the
discrepancies in copy numbers across the specifics lacked the patterns consistent with
systemic duplication [72].

Increases in the quantity of repetitive DNA have been identified as a source of
genome extension in plants. A recent study in the Gramineae has revealed a pattern
of retroelement increases between the genes of large-genome species compared to
smaller-genome species analysis of repetitive DNA in the pepper genome indicated
that 5% of the pepper genome was made up of elements with copy numbers >10,000,
26% with copy numbers >150, and 65% single-copy sequences [81, 85, 98-100]. The
blocks of constitutive heterochromatin (7% of total karyotypic length) detected
primarily at the telomers of C. annum cannot explain all of the additional DNA in
pepper compared to tomato chromosomes [101]. As a result, differences in nuclear
DNA content between tomato and pepper are likely to be explained by retrotranspo-
sons interspersed evenly across both gene-rich and gene-poor areas of the genome, as
shown in the Gramineae [102].

The genetic maps of tomato and pepper are nearly comparable in length, with
1275 cm in tomato and 1246 cm in pepper [73-76]. Because of the comparable lengths
of the genetic maps and the difference in DNA content, the recombination rate per
unit of physical distance in pepper and tomato is not the same [73-76]. This would
happen if recombination were limited to homologous genes, as predicted and demon-
strated in maize [73-83].

A map of Capsicum has yet to be established that achieves the goal of properly
identifying and saturating the pepper chromosomes [72]. Pepper has similar genetic
content to tomato in the tomato-pepper investigation [72]. The fundamental difference
between the tomato and potato genomes was identified as paracentric inversions, and
subsequent research indicated that five inversions separated the two species [71, 72].
The tomato-pepper study also discovered that pepper and tomato had similar genomic
content, as evidenced by the presence of pepper sequences that were complementary
to all tomato cDNA tested [86]. However, the pepper genome had been significantly
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rearranged, with numerous pepper chromosomes that contain discrete tomato seg-
ments [72]. It was further discovered that the pepper genome had lost parts homolo-
gous to the tomato genome, but this did not change the fact that the homoeologous
linkage blocks in the pepper genome had been considerably broken [72].

The number of homologous and segregating loci of tomato and pepper genomes
differ, with pepper having a higher copy number [72]. The larger number of probes
detecting multiple loci in pepper than in tomato might be related to the detection of
more loci per probe in pepper, or it could be suggestive of a higher degree of interspe-
cific polymorphism in Capsicum than in the interspecific cross used to generate the
tomato map [72, 103]. The differences in copy quantity across the specificity, on the
other hand, lack the patterns associated with systemic duplications [72].

In plants, an increase in the amount of repetitive DNA has been identified as
a cause of genome expansion [72]. Retrotransposons are distributed uniformly
across both gene-rich and gene-poor sections of the genome and may explain the
differences in pepper and tomato nuclear DNA content [72]. Tomato and pepper
genetic maps are approximately identical in length, with 1275 cm in tomato and
1246 cm in pepper [72]. The difference in the average recombination rate in pepper
and tomato may be due to variable lengths of their genetic maps and differences in
DNA content [72].

6. Genes of Capsicum

Annotated gene sequences are crucial for breeding and developing varieties for
tolerance and resistance to biotic and abiotic stresses and enhancing Capsicum’s
agronomic and nutritional traits. NCBI record during the time of this writing showed
a total of 1181 annotated Capsicum genes (duplicate copies are included). Specifically,
Capsicum chacoense has 132 annotated genes, followed by Capsicum galapagoense (132),
Capsicum eximium (132), Capsicum frutescens (131), Capsicum baccatum var. baccatum
(131), Capsicum baccatum var. pendulum (131), Capsicum baccatum var. praetermissum
(131), Capsicum pubescens (131), and Capsicum lycianthoides (130).

Boswell [104] looked at the inheritance of 16 phenotypes in pepper and discovered
seven gene symbols for purple foliage and stem color, blunt fruit apex, bulged fruit
base, pendent fruit position, red mature fruit color, strong purple foliage and stem
color, and non-clasping fruit calyx [104, 105]. Data was merged from six different
maps from the US, Israel, and France to construct an integrated Capsicum genetic map
with six distinct progenies and 2262 genetic markers spanning 1832 cm [105, 106].

The first Capsicum gene nomenclature and symbols were published in 1865 [105].
Lippert and colleagues increased the number of genes on the list to 75 [105]. Daskalov
published a gene list in Bulgarian with around 90 genes [105]. Greenleaf developed a
gene list for pepper breeding based on Lippert and others’ gene lists and included sev-
eral extra gene symbols for pepper breeders’ use [105, 107, 108]. This gene list includes
morphological features, physiological traits, sterility, resistance to diseases, nema-
todes, and herbicides among Capsicum’ 292 known genes [105, 108]. The Capsicum
and Eggplant Newsletter Editorial Board (CENL) proposed the criteria for Capsicum
gene nomenclature in 1994 to help standardize and articulate the gene symbols
[105]. A list of known genes using these rules, reallocating some gene symbols, and
standardizing confusing symbols were compiled [105, 109]. Ninety-two genes have
been added to Daskalov and Poulos’ gene list [105, 109]. The suggested gene symbols
complied with the Capsicum gene nomenclature guidelines for those features tested
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for inheritance according to CENL [105, 109]. An attempt was made to fix inaccura-
cies in earlier lists’ gene symbols and descriptions [105].

Since Webber (1912) explored the inheritance of various phenotypes of Capsicum
genes [105]. The inheritance of 16 features in pepper identifies seven gene symbols
for seven distinct phenotypes [104]. Following Boswell’s work, pepper inheritance
research grew in popularity, with more essential features connected with the
increased global significance of pepper production and more induced or spontaneous
mutants being produced [104, 105].

More efforts to tag identical genes with molecular markers have been made since the
late 1980s [110]. In addition, efforts were made to clone and describe the genes [110].

7. Applications

Medicinal herbs are essential natural medicines for various illnesses [111-114].
Higher plant natural products have the potential to provide a new reservoir of thera-
peutic medicines with unique modes of action [114-116]. Peppers were shown to have
elevated amounts of vitamins C and E and provitamin A, carotenoids, and phenolic
compounds, all of which contribute to the plant’s overall antioxidant activity and bio-
active qualities [117, 118]. Capsaicinoids (vanillylamine) coupled to a branched-chain
fatty acid are the most common phenolic compounds discovered in pepper fruits
[117-119]. Capsaicin and dihydrocapsaicin, for example, are responsible for 90% of
pepper pungency [120]. The pungency of Capsicum varies depending on the species
and cultivar. The concentrations of these chemicals can range from 0 mg/ 100 g in
non-pungent cultivars to 664 mg/100 g in pungent cultivars [121]. Capsicum spp. also
includes the capsinoids capsiate and dihydrocapsiate, two non-pungent analogs of
capsaicin and dihydrocapsaicin, respectively [119]. Flavonol and flavone glycosides,
as well as hydroxycinnamic acids, are other phenolic chemicals [119]. Capsicum spp.
has many health advantages, and consumption of Capsicum is a part of a regular diet
of diverse people of different ethnicities worldwide [119].

Due to bioactive chemicals, pepper (C. annum L.) has been reported to heal various
degenerative human ailments [122, 123]. Bell peppers (sometimes called sweet peppers
or peppers) are high in phenolic components such as quercetin, luteolin, and capsa-
icinoids [111, 124-126]. These phenolic chemicals protect against cancer, diabetes,
oxidative stress, cardiovascular disease, and neurodegenerative illnesses, including
Parkinson’s and Alzheimer’s [111, 123, 124].

Capsicum spp. are native to Mexico and Central America and have been utilized
in traditional medicinal practices by Aztecs and Mayans from pre-Hispanic times
[123]. The most notable is the indigenous medicine man Martin de la Cruz’s Libellus
de Medicinabilus Indorum Herbtis (Little Book of the Indians’ Medicinal Herbs) [127].
Capsicum spp. were reported to have approximately 32 different health-related uses by
the indigenous Mayan inhabitants of Mesoamerica at the turn of the twentieth cen-
tury, including treatment for arthritis, rheumatism, stomach aches, skin rashes, and
relief from dog and snake bites [128]. On the other hand, Capsicum fruits are not just
used in Latin America; their medical benefits, as well as their use and production, have
expanded worldwide [128]. As a result, Capsicum fruits are cited in the “Blue Beryll,” a
traditional Tibetan medical treatise, to improve the digestive warmth of the stomach
and as a treatment for edema, hemorrhoids, parasitic protozoa, and leprosy [1, 128].

Furthermore, they are regarded as antispasmodic in Africa, disinfectants, anti-
irritants, and antitussive agents for the lungs [129]. Capsicum fruits are used topically
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for pain, neuropathy, cluster headaches, migraines, psoriasis, trigeminal neuralgia,
and herpes zoster [129-131]. Dyspepsia, lack of appetite, flatulence, atherosclerosis,
stroke, heart disease, and muscular tension have all been treated with it [132]. Today, a
fifth of the world’s population regularly consumes fresh or dried fruits as spices, food
supplements, and additives [132].

Natural bioingredients are increasingly used in food for preservation, shelf life
extension, and microbiological safety [111, 115]. Spices are used in a wide variety of
meals due to the various phytochemicals they contain [111, 115]. Spices such as ginger,
allspice, pepper, nutmeg, cloves, celery leaves, chives, and pepper are produced
worldwide [111, 115]. Capsaicin, the main chemical ingredient in spicy peppers, has
been shown to exhibit antibacterial action against Gram-negative and Gram-positive
spoilage bacteria, as well as pathogenic bacteria [133].

Carotenoids are phytochemicals found in Capsicum that function as scavengers
of singlet molecular oxygen, peroxyl radicals, and reactive nitrogen species (RNS),
and they protect cells and tissues from reactive oxygen species (ROS) damage [134].
Despite this, Capsicum spp. has a large amount of total antioxidant activity. It is
linked not only to its vitamin and carotenoid levels but also to its phenolic composi-
tion [117, 118]. C. annum, C. frutescens, and C. chinense, the antioxidant ingredients
(carotenoids, flavonoids, phenolic acids, and ascorbic acid), rise in concentration
along with the antioxidant activity measured in vitro as the fruit matures [135].
Furthermore, Capsicum has a more potent antioxidant activity than other veggies
[135]. Capsaicin exhibits antioxidant properties similar to butylhydroxyanisole
(BHA). It can protect human low-density lipoprotein (LDL) from oxidation, as well
as block copper ion-induced lipid peroxidation, and reduce the development of
thiobarbituric acid reactive substance (TBARS) [136, 137].

Capsaicin has received much attention because of its ability to cause apoptosis in
various cancer cell lines, including pancreatic, colonic, prostatic, liver, esophageal,
bladder, skin, leukemia, lung, and endothelium cells, while leaving normal cells
unaffected [138]. However, because cancer prevention and promotion have been
advocated, its role in carcinogenesis remains contentious [139]. The promotor effect
appears to be linked to high consumption of capsaicin in the diet [139]. In this regard,
a meta-analysis from 2014 recommended that capsaicin use should be modest [140].

In several investigations, Capsicum has various effects on glucose metabolism iz
vitro and in vivo [123, 140, 141]. Selected pungent and non-pungent Capsicum culti-
vars have demonstrated significant antioxidant activity as well as a great inhibitory
profile on carbohydrate-degrading enzymes like—glycosidase, which is linked to
glucose absorption [123, 140, 141].

Eating hot Capsicum spp. may improve postprandial glucose, insulin, and energy
metabolism [85]. Other research has discovered that C. chinense (habanero) hasa
stronger anti-amylase activity than anti-glucosidase activity [85].

The digestive stimulatory activity of hot Capsicum is thought to be linked to the
stimulation of saliva and bile production, as well as pancreatic and small intestine
digestive enzyme activities [140-142]. It also boosts saliva production and salivary
amylase activity, which aid in the digestion of starch and mucous membrane develop-
ment in the mouth, throat, and gastrointestinal system [140, 141]. Hot Capsicum has
been shown in animal experiments to improve fat digestion and absorption in high-
fat-fed animals by stimulating the liver to release bile rich in bile acids [132].

Natural capsaicinoids from chili peppers have gotten much press as topical pain treat-
ments [130, 131, 143, 144]. Capsaicin’s unique ability has been used with lotions, oint-
ments, and patches to treat a variety of pains, including neuropathic pain [130, 131, 145].
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Chili peppers and their contents might be helpful and promising in preventing or
treating insulin resistance, hypertension, dyslipidemia, and obesity [123, 140].

When tested in animal models, capsaicinoids and other bioactive chemicals from
Capsicum appear to have additional health benefits [123, 140]. Supplementing with
capsaicin may enhance physical activities such as grid, strength, and endurance
performance by boosting live glycogen content [123, 140]. In animal trials, it can also
reduce several exercise-induced tiredness indices [146, 147]. The use of spicy chil-
ies in a regular diet has been linked to improved iron levels in the population [123,
140, 146]. In hamsters fed diets containing capsaicinoids, the capsaicinoids may
lower total plasma cholesterol, inhibit the development of atherosclerotic plaque, and
relax the aorta artery via increasing fecal excretion of acidic sterols [123, 140, 146]. It
may also have a positive vascular function and modify plasma lipids [123, 140, 146].
Capsaicin, taken orally or topically, lowers rheumatoid arthritis pain, inflammatory
heat, and unpleasant chemical hyperalgesia, according to research examining several
therapies for knee osteoarthritis in elderly individuals [123, 130, 140, 146]. Capsaicin
is claimed to alter 5-lipoxygenase, a major enzyme involved in the manufacture of the
inflammatory mediators’ leukotrienes, in human polymorphonuclear leukocyte cells
[140, 141, 146, 148].

8. Conclusion

Capsicum is a well-diverse shrub commonly grown in different parts of the world.
It is genetically diverse, with numerous cultivars and taxonomic derivatives. It has a
widely described chromosome number of 2n = 24; however, some wild Capsicum spe-
cies, such as C. buforum, C. capylopodiume, and C. capylopodiume have a ploidy level of
2n = 26. C. frutescens showed karyotypic formulae for 11M + 1SM + 1A and 11M + 1A.
Capsicum has a relatively similar genomic content compared to tomato, as evidenced
by the presence of Capsicum sequences complementary to many tomato cDNAs. To
date, more than a thousand Capsicum genes have been annotated in the GenBank
that will aid future research on improving the yield and biotic and abiotic traits of
Capsicum. This comprehensive review is essential in understanding Capsicum’ biol-
ogy, genetics, and genomics toward improving its horticultural traits and nutritional
and medicinal values.
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Chapter?2

Padrén Peppers, Some Are Hot,
and Some Are Not

José Diaz, Raquel Nuiiez-Ferndndez and Javier Veloso

Abstract

Some peppers are pungent due to the presence of their secondary metabolite
contents—capsaicinoids. The ability to synthesize capsaicinoids is a genetic trait, but
the control of their accumulation in the fruit is more complex than just biosynthesis.
Besides biosynthesis, other metabolic pathways, such as oxidation and conjugation,
are also involved in capsaicinoid homeostasis. Moreover, all these pathways are
modulated by different factors, namely plant hormones, transcription factors, ontog-
eny, and the environment, including both abiotic and biotic agents. In the present
chapter, the present knowledge about the control of capsaicin metabolism in pepper
is reviewed. Based on the literature and our own experience, there is a correlation
between pungency and lignification. We have a clue about the reason: capsaicinoid
and lignin metabolic pathways are related, and their biosynthesis predate from the
same intermediate compounds. Finally, this chapter mainly focuses on the cultivar
Padrén, a pungent variety used in our experiments because of its economic and
cultural value.

Keywords: Capsicum, capsaicinoids, lignin, pepper, pungency

1. Introduction

The title of this chapter is a translation of a local saying in Galicia (Northwest of
Spain) that literally states in the Galician language, “Os pementos de Padrén, uns
pican e outros non”. The saying refers to the typical local dish consisting of green,
immature fruits of pepper fried in oil and salted. When a dish of these peppers is
served, you find that most fruits are sweet or mild, but sometimes you eat one that is
extremely hot by chance. Padrén pepper production is of great economic relevance
not only in Galicia but also in other parts of Spain, and even it is produced in other
countries like Marocco (Figure1).

These pepper fruits belong to a local landrace called “Padrén,” which is character-
ized by the presence of capsaicinoids (the pungent substances in peppers), but in low
amounts when fruits are immature [1]. The origin of the landrace can be traced back
from the seeds that were taken in the 17th Century from Tabasco (Mexico) to the mon-
astery of Herbén (a place in the municipality of Padrén) by monks of the Franciscan
order [2]. The monks transferred seeds to the local farmers. The landrace arose from
local breeding and established the tradition of restricting seed transfer within the local
community. Interestingly, Padrén seeds are always part of women’s dowry.
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Figure 1.
A). Commercial bag of PDO “Pemento de Herbén” with the PDO label. B). Three different labels of Padrin

commercial brands.

Figure 2.

Cogmmercial products include Padron peppers as an ingredient or as a motto. A) Paprika powder made with
PDO Herbdn peppers. B) PDO Herbdn pepper jam. C) Hot candies. D) PDO Herbdn chocolates. E) Padron
pepper sauce mimicking tabasco. F) Padron pepper liquor. G) t-shirt with a “Galician roulette” pun vegarding the
Galician saying. H) Socks. I) Key chain.

The quality of the fruit, not only the heat but also other organoleptic traits, is
considered of great importance by consumers. To guarantee this quality, some pepper
growers in Padrén and other closer municipalities promoted the creation by the
European Union of the Protected Designation of Origin (PDO) Pemento de Herbén,
established in 2010.

On the other hand, the popularity of these peppers has led to the release of numer-
ous commercial products, which include these peppers as an ingredient (paprika, jam,
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sauces, candies, chocolates, liquors, etc.) or items like t-shirts, socks, etc. as a part of
Padrén-pepper passion (Figure 2).

Padron pepper consumers are divided into those who like such a pungency Russian
roulette and those who prefer only sweet or hot fruits. Therefore, finding technical
solutions to control the heat level is essential. Furthermore, it is not only a local issue:
many other pepper landraces and cultivars are hot or sweet, and this trait has to be
preserved when pepper lines are bred for, e.g., plant resistance to diseases, pests, and
abiotic stress. Consumers expect a specific level of pungency (heat) in a particular
cultivar’s fruit, which has to be bear in mind to achieve success in sales. Moreover,
even a pepper with the pungency (heat) trait can show a modulation of the level of
capsaicinoids due to several factors [3].

This chapter reviews the present knowledge about pepper pungency and its
control.

2. To be or not to be hot: capsaicinoid presence as a genetic trait

Some peppers are pungent, and others are not. Pepper pungency is a trait con-
ferred by the presence of the functional allele of Pun1 gene [4]. It is considered to be
a dominant trait [5]. Still, the recent report of hot pepper hybrids derived from the
crossing of two non-pungent parents [6] makes such a heterosis effect on capsaicinoid
accumulation deserve further studies in the future.

The Pun1 gene (also known as AT3) has been demonstrated to be involved in
capsaicinoid biosynthesis. Firstly, there is a correlation between its expression with
capsaicinoid accumulation and the lack of the pungent trait in pepper lines with
mutations in this gene [4, 7]. Moreover, in the last years, several authors have demon-
strated that virus silencing (VIGS) of the gene in pepper leads to a decrease in capsa-
icinoid accumulation [4, 8-10]. It should be noted that the pepper plant is recalcitrant
to Agrobacterium transformation [3, 10]; therefore, the usual functional approach by
genetic transformation of the plant has not been possible so far.

Another approach was to demonstrate that the protein encoded by Pun1/AT?3 is the
so-called capsaicin synthase. Ogawa et al. [9] expressed Punl protein in Escherichia
coli, purified it, and obtained antibodies anti-Punl, which inhibited capsaicinoid
formation in an assay using pepper protoplasts. However, they did not assay the
enzymatic activity of purified Punl itself. Recently, Muratovska et al. [11] expressed
Pun1/AT3 and another aminotransferase gene (CaAT) in Saccharomyces cerevisiae and
proved that both lines of transformed yeasts were able to synthesize the capsaicinoid
nonivamide. Finally, Milde et al. [12] not only purified Punl expressed in E. coli but
also demonstrated the ability of the purified protein to catalyze the capsaicin synthase
reaction, that is, the transformation of trans 8-methyl-6-nonenoyl-CoA and vanil-
loylamine into capsaicin. Thus, Punl is a bonafide capsaicin synthase. However, the
possibility that other pepper proteins, such as CaAT, could also be involved in the
biocatalysis of this reaction cannot be excluded [11].

3. Being hot, but how much? Regulation of capsaicinoid levels

The presence of capsaicin synthase (Punl1/AT3 or other protein) is enough to allow
the biosynthesis of capsaicinoids in a pepper line because their precursors are synthe-
sized from common plant pathways. However, there are other pathways involved in

27



Capsicum - Currvent Trends and Perspectives

capsaicin metabolism. Moreover, all those pathways are targets of fine-tune modula-
tion in response to variations of different endogenous and exogenous factors. Hence,
it is worthwhile to look at the present knowledge of regulation.

3.1 Capsaicinoid metabolic pathways

The capsaicin synthase reaction is the final step of the pathway, converting
vanillylamine and 8-methyl-6-nonenoyl-Coa into capsaicin. The two substrates of the
last reaction are synthesized in two different pathways. Thus, the aromatic/phenolic
moiety comes from phenylalanine, and the aliphatic moiety from valine (Figure 3).
More detailed information on this pathway can be found in [5, 13]. Branches of this
pathway lead to the biosynthesis of capsinoids and capsaicinoids (details in [13]),
non-pungent analogs of capsaicinoids that are usually synthesized in pepper lines
with low content of the latter because of mutations in Punl. Capsaicinoid biosynthesis
shares precursors with other pathways. Thus, phenolic compounds are required to
synthesize lignins, some phytoanticipins, flavonoids, etc. Therefore, there is competi-
tion among the different pathways that predate the same precursors.

Oxidases such as peroxidases and polyphenol oxidases can degrade capsa-
icinoids in pepper (Figure 3). Peroxidases can catalyze capsaicin oxidation in
vitro, and their expression is correlated with capsaicin decrease at the end of fruit
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Figure 3.

A general overview of the pathways involved in capsaicinoid metabolism: biosynthesis, oxidation, and
conjugation. Original figure created by the authors based on the cited literature.
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development [5]. The main products of such oxidation are capsaicin dimers, such
as 5,5'-dicapsaicin [5], which are present in natural sources such as pepper cell
cultures and fruits [5, 14]. Immunoinhibition assays of capsaicin oxidation by per-
oxidases [14] supported the idea that other types of enzymes, such as polyphenol
oxidases, could also be partially responsible for capsaicin oxidation [5].

Another metabolic fate of capsaicinoids is conjugation with other molecules
(Figure 3). Thus, glucosides and glucopiranosides of capsaicin have been found in
pepper fruits [5, 15]. However, we cannot exclude that other conjugated forms of
capsaicinoids, e.g., with other sugars or amino acids, could be present in peppers.

3.2 Hormone and transcriptional regulation
3.2.1 Plant hormones

A previous review [5] summarized some evidence of plant hormone regulation
of capsaicin metabolism, pointing to the role of ethylene, jasmonates, and salicylic
acid, based on data from exogenous application of the hormones to cell cultures and
plants. Since then, several pieces of information have been published, but the most
interesting are those that have used new approaches. Thus, several transcription
factors involved in capsaicin biosynthesis (see Section 3.2.2) are responsive to plant
hormones such as ethylene (CcERF2, [16]) or jasmonates (CaMYB108, [17]). The
evidence of the ethylene regulation of the capsaicinoid biosynthesis is clear: CcERF2
silencing resulted in decreased capsaicin accumulation, and the treatment of peppers
with inhibitors of ethylene perception (1-methylcyclopropene) and biosynthesis
(piperazine) also leads to a reduction of the pungent compounds in the fruit [16]. In
the case of jasmonates, silencing a jasmonate-responsive transcription factor leads to
a decrease in capsaicin and dihydrocapsaicin accumulation [17].

Moreover, the expression of a gene encoding an enzyme involved in jasmonate biosyn-
thesis (2-oxophytoeienoic acid reductase) in pepper fruit is correlated with the stage of
development when capsaicin accumulates [18]. However, more studies are needed before
we can fully determine the hormone regulation of capsaicin pathways. For instance,
limited studies have addressed the regulation of capsaicinoid oxidation or conjugation.

3.2.2 Transcriptional regulation

As in the case of hormones, gene silencing has been used in the last years to test
the involvement of several transcription factors (TFs) in the biosynthesis of capsa-
icinoids. Most of them belong to the MYB type, but also, an AP2/ERF TF has been
successfully proven to regulate the expression of capsaicin biosynthesis genes and
capsaicinoid accumulation in the fruit (Table 1).

There are limited studies on the TF regulation of genes involved in capsaicinoid
oxidation or conjugation. Other studies are based on the correlation between their
expression and the expression of capsaicin biosynthesis genes or by computer-based
analysis of their promoters. However, their involvement still has to be confirmed by
gene silencing or other methods that provide equivalent information.

3.3 Organ and plant development

There are many reports of the trend of the capsaicinoid content in pepper fruit
development: it increases continuously during most of the course of development,
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Capsicum species Gene Type of TF References
Capsicum chinense CcMYB31* MYB [18]
Capsicum annuum CaMYB31 MYB [19]
C. annuum CaMYB37 MYB [20]
C. annuum CaMYB48 MYB [21]
C. annuum CaMYB108 MYB [17]
C. chinense CcERF2 AP2 superfamily [16]

*In this case, overexpression of the gene in pepper was also used.

Table1.
Transcription factors (TFs) proved to regulate capsaicin biosynthesis in pepper by gene silencing.

and just at the end of the process, it decreases [3]. In most cases, only the genes or
proteins involved in the biosynthesis pathway were studied. Furthermore, usually,
the study of competition among different capsaicinoid pathways was not addressed.
However, Estrada et al. [1] demonstrated a negative correlation between lignin depo-
sition and capsaicinoid accumulation, pointing to such competition (Figure 4).
Intriguingly, peroxidases and polyphenol oxidases (e.g., laccases) can affect cap-
saicinoid accumulation in at least two different ways: participating in the oxidation of
these compounds or driving the flow of phenolic compounds to the lignin biosynthe-
sis pathway by the catalysis of the last reaction of the pathway (Figure 4). In any case,
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Figure 4.

Competition among different biosynthetic and catabolic pathways affects capsaicinoid levels in pepper fruit. A)
Trends in the levels of capsaicinoids, phenolics, lignin, and peroxidases in Padrén pepper fruit (based on data
from [1]). B) Overview of the involved pathways. Original figures created by the authors based on the cited
literature.
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this competition is underexplored, and conjugation has also been an oversight, even
though it may be linked to the transport in vegetative organs.

Capsaicinoids have been detected in vegetative organs, but eliminating the floral
buds and preventing fruit formation leads to the absence of these pungent com-
pounds in leaves and stems [22]. This suggests that capsaicinoids could be transported
from fruits to other organs of plants, but so far, this was not confirmed. Moreover,
exogenous feeding of capsaicin to the roots of vegetative pepper plants does not lead
to capsaicin presence in aerial organs [23]. Capsaicin is a compound not soluble in
water, making its transport difficult into the plant. Maybe capsaicin conjugates, more
soluble than capsaicin itself, are the compounds transported throughout the plant. To
our knowledge, such a possibility has not been explored so far. Indeed, there is a lack
of studies regarding capsaicin conjugates in pepper plants.

The age of the plant also determines the amount of capsaicin in the fruit, and
older plants usually show more pungent fruits [5]. Probably as a consequence, the
Padron pepper fruits are also hotter at the end of the season, in September—October
(Figure5).

3.4 Environmental factors and capsaicinoids

Several recent publications have reviewed the effects of several environmental abiotic
factors as light, temperature, mineral nutrition, water, etc., on capsaicinoid accumulation,
showing that, overall, stress causes an increase in these compounds (Figure 6A) [3, 24].
Therefore, we have focused on 1) the metabolic consequences of that effect regarding
lignification and 2) biotic stress.

As we stated above, lignification competes with capsaicinoid biosynthesis
during the development of the fruit. Therefore, an increase in capsaicinoid levels
caused by stress should lead to a decrease in the deposition of lignin. This was
exactly what we observed in previous studies regarding mineral nutrition and
watering (Figure 6B) [25, 26].
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Figures.
Evolution of capsaicinoid levels in Padron peppers during the commercial season. Samples were bought at

Galician local markets during 2021 and 2022 (data from the Ph.D. thesis of Raquel Niifiez-Ferndndez, in
preparation).
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Effects of stress on capsaicinoid levels. A) Stress causes an increase in capsaicinoids and a decrease in lignin in the
fruit (based on data from [25, 26]). B) the stvess-induced accumulation of capsaicinoids causes a veduction in the
phenolic moieties that otherwise would be used in lignification. C) Phytophthora capsici infection causes stress in

pepper plants, thus leading to increased capsaicinoid accumulation in the fruit (data from Ph.D. thesis of Raquel
Niifiez-Ferndndez, in preparation,).

Biotic stress also can modulate the amount of capsaicinoids in the fruit. However,
capsaicin quantification is usually oversight in agronomic trials testing biofertilizers,
biostimulants, and biological control agents (BCAs), as well as studies where a patho-
gen or pest is used as a challenger. However, this analysis is worthwhile because the
market expects a stable pungency level [3]. Thus, Saxena et al. [27] found that pepper
plants treated with Trichoderma isolates used as BCAs caused an increase in capsaicin
in the fruits of plants after Colletotrichum truncatum challenge. Khan et al. [28] tested
the endophyte Penicillium vesedanum as a potential tool to alleviate drought stress in
pepper. They reported an increase in the capsaicin levels in the fruits of the plants
treated with this fungal endophyte. In our experiments, we observed that the stress
in plants inoculated with Phytophthora capsici leads to increased capsaicin in the fruit
Figure 6C). Therefore, in the last years, we included the analysis of capsaicinoids in
greenhouse trials while testing BCAs and resistance inducers.

4. Conclusions and perspectives

Control of the capsaicin levels beyond a simple absence/presence trait is neces-
sary. Producing pepper fruits with uniform and predictable levels of pungency is a
challenge that needs further insight into the regulation of both the biosynthesis and
the catabolic pathways of capsaicinoids. The knowledge of oxidation and conjugation
pathways has not advanced much in the last two decades, probably because scientists
paid little attention to them. On the other hand, genomic, transcriptomic, proteomic,
and metabolomics studies have flourished in the last decade. Still, more molecular
and physiological studies are required, particularly studies proving the function of
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the genes by silenced lines or mutants if the recalcitrant nature of pepper for genetic
transformation is overcome. There is room for improvement in our knowledge
of these physiological processes, and basic science advances will lead to applied
advances. Pungent compounds can be used not only as food but also can be useful in
medicine as drugs or in agriculture as fungicides or pesticides [3, 23], and all these
applications need a guarantee of stable supply.
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Abstract

Since the start of history, natural medicine has been of great interest and attention
to humankind. A heap of empirical research indicates that spices have undoubt-
edly made our lives more interesting and may also make them longer. Capsicum is a
highly regarded indispensable spice all over the globe for its umpteen culinary and
medicinal facets. It has been used for more than 7000 years in Mexico and is believed
to have originated in tropical Central America. Mainly, this botanical contains a good
source of vitamin C, vitamin A, vitamin E, vitamin B5, potassium, magnesium, iron,
calcium, phosphorus, and carotenoids. Interestingly, capsicum phenolic compounds
are helpful in preventing and treating many ailments. So, it intends as a beneficial
milestone in the pharmaceutical industry and a boon to humanity. This chapter high-
lights the tremendous pharmacological uses and health benefits of capsicum species
and its active compounds in multifarious aspects.

Keywords: Capsicum, spice, phenolic compounds, nutrition, medicine

1. Introduction

Capsicum is a popular vegetable and spice crop belonging to the nightshade family
Solanaceae, which is amply cultivated for its succulent berries and seeds in tropical
and subtropical climate regions all around the globe. The word “Capsicum” comes
from the Greek word kapsimo, meaning “to bite” or “to swallow.” Astonishingly,
Capsicum pods have been well known since the beginning of civilization in the
Western hemisphere and have been part of the human diet since 7500 BC. Habitually,
people eat this botanical spice in raw, dried, and cooked form, and it is also used in
making paste, pickle, and sauce. Although, from place to place, the name and type of
Capsicum berries vary, the most common variety is called “pepper or chili pepper,”
which itself can vary greatly in color, shape, size, appearance, flavor, and pungency.
Basically, the color diversity of Capsicum fruit is linked to the presence of pigments
like chlorophyll (green), anthocyanins (violet/purple), a-carotene, p-carotene,
zeaxanthin, lutein, and p-cryptoxanthin (yellow/orange) [1]. Surprisingly, approxi-
mately 35 species of capsicum exist in nature; only five have been domesticated for
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human consumption, namely Capsicum annuum (ancho/poblano, bell, cayenne, thai,
jalapeno, paprika, pimiento, piquin, and serrano), Capsicum baccatum (aji amarillo,
aji limon, criolla sella, malawi piquante, and bishop’s crown), Capsicum chinense
(scotch bonnets, trinidad scorpions, bhut jolokia, and carolina reaper), Capsicum
frutescens (tabasco, bird-eye, kambuzi, malagueta, and siling labuyo), and Capsicum
pubescens (rocoto pepper) (Figure1) [2]. Of these species, the Capsicum annuum is
the most economically important crop due to its pungent odor and taste.

Chili peppers are perennial woody plants grown as herbaceous annuals. It is said
to be the first-ever domesticated crop in America [3]. The size of the plant can range
from two to four feet tall, depending on the species. Typically, leaves are smooth,
simple, entire, glabrous, and flat. The flowers are usually solitary, creamy white, and
the seeds are straw-colored. Figure 2 highlights the different types of chili plants.

In addition, chili plants are grown for ornamental purposes, owing to their bright,
shining fruits with a diverse range of colors [4]. Most abundantly, chili crops are
grown in Pakistan, India, China, Ethiopia, Myanmar, Mexico, Vietnam, Turkey, Peru,
Ghana, Bangladesh, Japan, Africa, and America (Table 1). As per 2019 world produc-
tion statistics, the total global produce of chili pepper is 38 million tons [5]. China
ranks first, producing over 18,978,027 tons of chili in 2019. In terms of nutritional
standpoint, chili is considered to be one of the most nutritionally dense foods on
earth, and it plays a vital role in alleviating human micronutrient deficiencies [6, 7].
Traditionalistically, it is harnessed in different systems of medicine to combat a wide
variety of diseases and/or disorders due to the presence of therapeutically significant
active constituents [8]. A total of 200 phytoconstituents have been identified from
chilies [9]. Chili pepper’s extremely hot or burning sensation is due to capsaicinoids,
a family of compounds consisting of acid amides of vanillylamine and a Cg—Cs3

Figure 1.
Five major domesticated species of Capsicum.
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Figure 2.
Different types of chili plants.

Rank Country Production (tons)
1 China 18,978,027
2 Mexico 3,238,245
3 Turkey 2,625,669
4 Indonesia 2,588,633
5 Spain 1,402,380
6 Egypt 764.292
7 Nigeria 753116

8 Algeria 675.168
9 United States of America 624.982
10 Tunisia 443.632

Source: FAOSTAT [5].

Table 1.
List of the top ten chili pepper producing countries in 2019.

branched-chain fatty acid [10]. Capsaicin and dihydrocapsaicin are the two promi-
nent capsaicinoids present in chili peppers, accounting for over 90% of the total
capsaicinoids [11]. Particularly, capsaicin has been at the center of intense research
to elucidate the basis of its pharmacological properties and exploit its therapeutic
potential [12, 13]. In recent times, this chemical substance has been employed as
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an analgesic in topical ointments, nasal sprays, and dermal patches to treat pain,
typically in concentrations between 0.025 and 0.1%. It is also used to reduce the
symptoms of peripheral neuropathy, such as postherpetic neuralgia caused by
shingles [14]. Other capsaicinoids, such as nordihydrocapsaicin, homocapsaicin, and
homodihydrocapsaicin, are present in small amounts in chili peppers, accounting for
less than 10% of the total capsaicinoids [15]. Therefore, this chapter aims to discuss
the nutritional value, phytochemical profile, pharmacological properties, and health
benefits of Capsicum species.

2. Nutritional value and phytochemical constituents

Chili peppers are a good source of dietary fiber, riboflavin, thiamin, folate, niacin,
iron, protein, phosphorus, and copper. Aside from that, it also contains high amounts
of vitamin A, vitamin C, vitamin K, vitamin E, vitamin B6, potassium, and manganese
[16]. The nutritional composition of chili peppers per 100 g is listed in Table 2. Chili
fruits are also rich in many phytochemicals such as carotenoids (lutein, p-carotene,

S. No. Types of nutrient Amount

1 Water 88.02¢g

2 Energy 40 kcal

3 Protein 187¢g

4 Fat 044¢g

5 Carbohydrate 88lg

6 Fiber 15g

7 Sugars 53g
Minerals

8 Calcium 14 mg

9 Iron 1.03mg

10 Magnesium 23 mg

1 Phosphorus 43 mg

12 Potassium 322mg

13 Sodium 9mg

14 Zinc 0.26 mg
Vitamins

15 Vitamin C 1437 mg

16 Thiamin 0.072 mg

17 Riboflavin 0.086 mg

18 Niacin 1.244 mg

19 Vitamin B-6 0.506 mg

20 Folate 23 pg

21 Vitamin A 48 ug

22 Vitamin E 0.69 mg
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S. No. Types of nutrient Amount
23 Vitamin K 14 pg
Lipids
24 Fatty acids, total saturated 0.042¢g
25 Fatty acids, total monounsaturated 0.024 g
26 Fatty acids, total polyunsaturated 0239¢g
Table 2.

Nutritional composition of chili pepper (per 100 g).

p-cryptoxanthin, zeaxanthin, violaxanthin, and capsanthin), capsaicinoids (capsaicin,
dihydrocapsaicin, nordihydrocapsaicin, homocapsaicin, homodihydrocapsaicin, and
nonivamide), and flavonoids (quercetin, luteolin, kaempferol, catechin, epicatechin,
rutin, apigenin, myricetin, and cyanidin) [17, 18]. The following Figure 3 shows the
chemical structures of the various phytochemical constituents.
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Figure 3.

Chemical structures of various phytochemical constituents in chili pepper.
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3. Pharmacological uses

The mechanism behind the therapeutic potential of chili pepper has been apprised
in several hefty pieces of literature. Chili is effective against a great number of
ailments such as cancer, rheumatoid arthritis, bronchitis, macular degeneration,
anemia, osteoporosis, coronary heart disease, diabetes, obesity, hypertension, sinus
infection, migraine, neurological disorders, menopausal problems, and digestive
complications [19-25]. Figure 4 displays the pharmacological activities of chili pep-
per. Herein, the immense potential of chili in battling severe illnesses, as well as the
mechanisms associated with health-promoting actions, have been illustrated in detail.

3.1 Anticancer activity

Cancer is a group of diseases characterized by uncontrolled growth and the spread
of abnormal cells. It is the world’s second leading cause of death, with a 10 million
fatality rate annually [26]. A series of changes in the activities of cell cycle regula-
tors are usually hooked up for cancer development and progression [27]. Generally,
cancers are often named for the organ or cell type where the abnormal cells first form.
Lung, prostate, colorectal, stomach, and liver cancer are the most prevalent types
of cancer in men, while breast, colorectal, lung, cervical, and thyroid cancer are the

Digestive
Problems

Neurological
Disorders

Sinus
Infection

Hypertension Osteoporosis

Heart
Disease
Diabetes

Figure 4.
Pharmacological activities of chili pepper.
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most endemic among women [26]. Current chemotherapeutic drugs are enormously
utilized to destroy cancer cells. Still, in addition to targeting the diseased cells, it
also kills healthy blood cells, skin, stomach, hair follicles, bone marrow, etc. Asa

Cancertype  Dose or concentration/ Effect/mechanism Experimental References
duration of application/ model
ingestion
Pancreatic 200 uM/L for24 h Endoplasmic reticulum stress In vitro (PANC-1) [38]
cancer 150 uM/L for 24 h (ERS) mediated apoptosis In vitro (SW1990)
5 mg/kg oral Suppresses tumor growth by In vivo (athymic [39]
administration for 35days  inhibiting Trx and activating nude mice)
ASK1
Colon cancer 200 and 300 pM for 24 h Peroxisome proliferator- In vitro (HT-29) [40]
activated receptor y (PAPR }f )
mediated apoptotic cell death
10-400 pM for 24 h GO/G1 cell cycle arrest and In vitro (HCT116 [41]
induce apoptosis and LoVo)
1and 3 mg/kg Inhibition of tumor growth In vivo (BALB/c [42]
intraperitoneal athymic nude
administration for 30 days mice)
Liver cancer 50 pM for 36 h Inhibition of migration and In vitro (SMMC- [43]
invasion 7721 and HepG2)
S50 pMfor3h Inhibition of adhesion
Lungcancer 50 pM for72h Inhibition of cell proliferation In vitro (H69, [44]
through E2F pathway HS82, DMS53, and
DMS114)
10 mg/kg in an AIN-76A In vivo (nude
based diet mice)
Prostate 1-100 uM for24-72 h Inhibition of PI3K/Akt/mTOR Invitro (PC-3and  [45]
cancer axe and modulates autophagy LNCaP)
5mg/kg, 3 days a week, Inhibition of migration, In vivo (TRAMP [46]
oral administration for invasive, neuroendocrine mice)
30 weeks differentiation process, and
upregulation of the tumor
suppressor protein p27KiPl
Breastcancer 200 uM for72h Inhibition of cell growth via In vitro (MCF-7 [47]
apoptosis and cell cyclearrestin  and BT-20)
the S phase
10 mg/kg, once in Inhibition of proliferation and In vivo (BALB/c [48]
3 days, intraperitoneal induces apoptosis via down- athymic nude
administration for 21 days  regulating FBI-1 mediated mice)
NF-kB pathways (Ki-67, Bcl-2,
Bax, caspase 3, and survivin
proteins)
Bladder 50-300 pM for 48 h Suppresses cell proliferation, In vitro (5637 and [49]
cancer induces cell cycle arrest and T24)
20 mg/kg, every two days ROi p)erfiuc;loOr)l(glroughd. d In vivo (NOD/
for four weeks, injected moduating 3a-mediate SCID mouse)
. pathways
peritumoral area
Table 3.

Anticancer effects of capsaicin on various cancers in in vitro and in vivo models.
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consequence of the undesirable properties and side effects of synthetic drugs, natural
products have become increasingly popular over the past few decades. Capsaicin, the
spicy ingredient of hot chili peppers, exhibits anti-neoplastic activity in a vast number
of cancers like pancreatic cancer, colon cancer, liver cancer, lung cancer, prostate can-
cer, breast cancer, bladder cancer, and skin cancer [28-36]. The significant anticancer
capacity of capsaicin targets multiple signaling pathways and cancer-associated genes
in different phases of tumor development, including initiation, promotion, progres-
sion, and metastasis [37]. Table 3 shows that various iz vitro and in vivo models have
been used to demonstrate the anticancer effects of capsaicin.

3.1.1 Pancreatic cancer

Pancreatic cancer, one of the most lethal malignancies, is the seventh leading
cause of cancer-related fatality globally. This disorder is broken down into two forms:
pancreatic adenocarcinoma (85%, with a very poor prognosis) and pancreatic neuro-
endocrine tumors [50]. In patients with advanced pancreatic cancer, the survival rate
is less than one year. Numerous studies have explored the possibility of improving
survival in pancreatic cancer with new therapies. Over the past few years, researchers
have studied the effects of capsaicin on various pancreatic cancer cell lines, including
BxPC-3, AsPC-1, PANC-1, SW1990, MiaPaCa-2, and L3.6pl. Based on the results of
these studies, anti-proliferative activities of capsaicin are mainly attributed to the
inhibition of oxidative stress and angiogenesis, cell cycle regulation, and apoptosis
induction [38, 51, 52]. The first report on the involvement of endoplasmic reticu-
lum stress (ERS) in the induction of apoptosis in PANC-1 and SW1990 cells using
capsaicin was described by Lin et al. [38]. The authors demonstrated the potency of
capsaicin on the mRNA expression of two key ERS markers (GRP78 and GADD153)
in PANC-1 and SW1990 cells. According to real-time PCR analysis, capsaicin signifi-
cantly increased the mRNA expression of GRP78 and GADD153 in a time and dose-
dependent manner, suggesting ERS-mediated apoptosis and cell growth inhibition.

3.1.2 Colon cancer

Globally, colon cancer is one of the most prevalent forms of cancer, posing a major
public health threat. In 2020, approximately 1,148,515 people were diagnosed with
colon cancer, and 576,858 people died from this disease worldwide [53]. The onset
of colon cancer is associated with excessive cell proliferation and dysregulation of
both cell-cycle progression and apoptosis. Additionally, “neoangiogenesis” plays an
essential role in the development, growth, and metastasis of colon tumors [54]. In the
majority of cases, colon tumors are only diagnosed in the later stages of the disease,
because they do not manifest as pain-like symptoms. Over time, several strides have
been made in researching and treating colon cancer. However, its survival rate has
not significantly improved. The five-year survival rate is still less than 15% due to the
available therapeutic agents showing strong adverse effects and poor effectiveness
[55]. Recent research reported that capsaicin has cytotoxic effects on different human
colorectal cancer cell lines, including colo 205 and RKO [42, 56]. In a 2004 study, Kim
et al. presented salient findings regarding the capsaicin-induced apoptotic cell death
by activating peroxisome proliferator-activated receptor y' (PAPR y’) in HT-29 human
colon cancer cells [40]. In addition, the latest study has shown that capsaicin mediates
cell cycle arrest and apoptosis in two different human colon cancer cells (HCT116 and
LoVo) via stabilizing and activating p53 in a time-dependent manner [41].
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3.1.3 Liver cancer

Hepatocellular carcinoma is the most-encountered primary liver cancer in adults.
Overall, the incidence rate of liver cancer is approximately four times higher in
males than in females, and its pathogenesis is usually considered as an overlap of
long-lasting processes, such as hepatic cytolysis, inflammation, liver regeneration,
and fibrosis [57]. In hepatocellular carcinoma cell line HepG2, capsaicin-induced
apoptosis with the involvement of intracellular Ca®*, ROS, Bcl-2 family, cytochrome
c protein expression, and caspase-3 activity [58]. Co-treatment with capsaicin and
sorafenib potentially inhibits cell proliferation by activating caspase-9, PARP, AMPK,
acetyl CoA carboxylase phosphorylation in HepG2 and Huh-7 cells [59].

3.1.4 Lung cancer

Lung cancer is the leading cause of mortality in both men and women, and it
causes 1.8 million deaths annually. On the medical front, the prognosis of lung cancer
is poor because it cannot produce noticeable signs and symptoms in the early stages.
Being exposed to cigarette smoke/smoking is considered the most important factor
involved in lung cancer development. Besides, environmental pollution and epigen-
etic alterations can also lead to lung cancer progression. This kind of cancer is broadly
classified into two types: small cell lung cancer (SCLC) and non-small-cell lung can-
cer (NSCLC). NSCLC is the predominant type of lung cancer, accounting for about
85% of cases, while SCLC is responsible for 15% of lung cancer cases [60]. Capsaicin
exhibited its therapeutic efficiency in lung cancer treatment by means of inhibiting
Hypoxia-inducible factor (HIF)-1a accumulation by suppressing mitochondrial respi-
ration in human lung cancer cells (H1299, H23, A549, and H2009) [61]. Furthermore,
the time-dependent antitumor effects of capsaicin on lung cancer were also described
in an in vivo and in vitro study on SCLC cells and nude mice. The study showed that
capsaicin-induced apoptosis is mediated by transient receptor potential vanilloid
subfamily member 6 (TRPV®6), intracellular calcium, and calpain pathway [62].
TRPV6 is one of the most calcium selective ion channels in the TRPV family. Its main
function is to regulate calcium transport, reabsorption, and homeostasis in epithelial
tissues. Calpains are a family of calcium-dependent intracellular cysteine proteases
that regulate multiple cellular processes.

3.1.5 Prostate cancer

Prostate cancer is the most common invasive malignancy among males. The
incidence rate has increased in recent years in most regions of the world, perhaps
due to improved detection methods with prostate-specific antigen (PSA) testing;
however, the mortality rate has remained constant since the early 1900s. Androgen
and androgen receptor (AR) play a critical role in the growth and maintenance of
the prostate gland and the development of prostate tumors [63]. Prostate cancer may
be connected with debilitating disease-related complications in an advanced stage,
including painful bone metastases and urinary tract obstruction. microRNAs (miR-
NAs) are a class of small non-coding RNAs (ncRNAs) that regulate gene expression
by repressing translation and have been proven to be implicated in the regulation of
crucial processes, such as proliferation, differentiation, and apoptosis in various kinds
of cancer [64]. Among the miRNAs, miR-449a functions as an important tumor sup-
pressor in many types of tumors by targeting different genes. Recently, Zheng et al.
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found that capsaicin inhibits the proliferation of AR-positive prostate cancer cells
(C4-2 and LNCaP) by inducing the restoration of miR-449a [65]. Additional conver-
gent pieces of evidence have shown that the capsaicin combined with brassinin and
docetaxel synergistically kills human prostate cancer cells (PC-3 and LNCaP) through
metabolic regulator AMP-activated kinase and apoptosis [66, 67].

3.1.6 Breast cancer

Breast cancer is the second most prevalent cancer worldwide and causes a high
number of deaths among women every year. In the proliferation of breast cancer cells,
NF-kB—the proinflammatory transcription factor plays a key role. It regulates more
than 500 different genes and governs the expression of proteins engaged in cellular
signaling pathways, leading to the development of malignancies and inflammation.
Capsaicin displayed the ability to affect breast cancer cell proliferation by down-
regulating the FBI-1-Mediated NF-xB pathway [48]. Another target that acts on the
proliferation of breast cancer cells is the human epidermal growth factor receptor-2
(HER-2), a tyrosine kinase (TK) receptor belonging to the EGFR family. A recent
study by Thoennissen et al. showed capsaicin causes cell-cycle arrest and apoptosis in
breast cancer cells (MCF-7, T47D, BT-474, SKBR-3, and MDA-MB231) via modulating
the EGFR/HER-2 pathway [68].

Cyclin-dependent kinases (CDKs), a member of the serine/threonine-protein
kinase family, can coordinate critical regulatory events during the cell cycle and
transcription. Alterations in at least one CDK regulator or effector have been identi-
fied in almost all types of cancer. CDK8, as a member of the CDK family, serves a
crucial role in gene transcription. Apart from this, phosphatidylinositol-3-kinase
(PI3K)/protein kinase B (AKT) signaling pathways also play an important role in
many aspects of cell growth and survival under both physiological and pathological
conditions. Dysregulation of this pathway has been observed a various transformed
cells and cancer tumors. In addition, aberrant activation of the Wnt/p-catenin sig-
naling pathway causes f-catenin accumulation in the nucleus and can induce breast
cancer. However, Wu et al. demonstrated that capsaicin inhibited breast cancer cell
viability, induced G2/M cell cycle arrest, reduced CDK8 expression levels, decreased
the phosphorylation of PI3K and Akt, and downregulated Wnt and f catenin expres-
sion levels in MDA MB 231 cells [69].

3.1.7 Bladder cancer

Bladder cancer is a common malignancy affecting the genitourinary system. It is
generally subdivided into two types: nonmuscle invasive bladder cancer (NMIBC)
and muscle-invasive bladder cancer (MIBC). About 30% of total patients are MIBC
and have a high mortality rate due to distant metastases. Meanwhile, 70% of patients
are NMIBC, which are likely to progress MIBC. Morphologically, bladder tumors
can be divided into papillary, solid, and mixed types. However, the papillary type
is predominant, especially in NMIBC [70]. A poor prognosis and resistance to
chemotherapy are the two most important characteristics of this disease. Recently,
Yang et al. reported capsaicin-induced cell death in human bladder cancer T24 cells
through calcium entry-dependent ROS production and mitochondrial depolarization
[71]. Likewise, Chen et al. also demonstrated capsaicin-induced cell cycle arrest by
inhibiting cyclin-dependent-kinase in 5637 bladder carcinoma cells [72].
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3.2 Antimicrobial activity

Microorganisms are liable for causing food spoilage and various foodborne
illnesses every year. These illnesses can generate many ailments, ranging from stom-
ach discomfort to spontaneous abortions in pregnant women, and can even lead to
death in severe cases. Researchers have recently stated that some varieties of chili
peppers and their active compounds exhibit significant antimicrobial properties,
equivalent to some modern-day antibiotics [73-76]. Especially, Goci et al. investi-
gated the carbopol-based formulated capsaicin enhances the antibacterial and anti-
fungal effects against Escherichia coli (ATCC 10536), Bacillus cereus (Peru MycA 4),
Salmonella typhi (Peru Myc 7), Staphylococcus aureus (ATCC 6538), Candida tropicalis
(YEPGA 6184), Candida albicans (YEPGA 6379), Candida parapsilosis (YEPG 6551),
and Candida albicans (YEPGA 6183), with a minimum inhibitory concentration
(MIC) value reduction of at least 50% [77].

3.3 Antidiabetic activity

Diabetes mellitus is a chronic endocrine disease characterized by disorders in the
metabolism of carbohydrates, lipids, and proteins due to a deficiency in insulin pro-
duction by pancreatic beta cells and/or an increase in insulin resistance in peripheral
tissues. Universally, this illness affects the majority of people in both developed and
developing countries. Numerous synthetic drugs have been developed for the treat-
ment, but a safe and effective paradigm is yet to be achieved. In terms of potential
as a pharmacological alternative, chili has shown good antidiabetic effect because it
contains a-amylase and a-glucosidase inhibitors, which are required for the degrada-
tion of polysaccharides and disaccharides. Especially, the species Capsicum frutescens
(cayenne pepper) is often used as remedies for diabetes mellitus in African traditional
medicine. Based on a previous report, Islam and Choi state that Capsicum frutescens
increased serum insulin concentration in high-fat (HF) diet-fed streptozotocin-
induced type 2 diabetes rats after four weeks of treatment. The data of this study sug-
gest that 2% of dietary Capsicum frutescens is insulinotropic rather than hypoglycemic
in the experimental methods [78].

3.4 Antiarthritis activity

Arthritis is an autoimmune disorder that causes pain, swelling, and stiffness
in the joints. There are at least 100 types of arthritis, commonly known as con-
nective tissue disorders, which can affect people of all ages, gender, and races.
However, there is significant evidence to suggest that both the elderly and women
are greatly affected. More than three decades ago, capsaicin was first shown
to have protective effects in experimental arthritis [79]. Further, Inman et al.
observed that capsaicin concomitantly administered with methylated bovine
serum albumin (mBSA) into the rat knee markedly reduced the severity of
arthritis in comparison with the contralateral inflamed knee treated with vehicle,
supporting a protective role for capsaicin in reducing the severity of antigen-
induced arthritis in felines [80]. According to the trend, capsaicin cream is used to
reduce pain caused by many types of arthritis. Specifically, it works by decreasing
a certain natural substance in the human body (substance P) that helps transmit
pain signals to the brain.
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3.5 Antioxidant activity

The family of free radicals generated from the oxygen is referred to as reac-
tive oxygen species (ROS), which cause damage to other molecules by extracting
electrons from them in order to attain stability. ROS are various forms of activated
oxygen which include free radicals such as superoxide anion radicals (O,), hydroxyl
radicals (OH"), non-free radicals (H,0,), and singlet oxygen [81]. The molecular
basis of many diseases is known to involve oxidative stress caused by free radicals
[82]. Recently progressive research has been directed at natural antioxidants. By
using the DPPH free radical assay, Dubey et al. evaluated the antioxidant potential
and free radical scavenging activities of some selective chili genotypes from the
North East region of India in terms of inhibitory concentration (ICsy), efficiency
concentration (ECsg), and anti-radical power (ARP) [83]. Likewise, Ayob et al.
also determined the antioxidant activity of three varieties of Himalayan red chili
(Kashmiri Local, Kupwari Local, and Shalimar Long) in North India by using DPPH
radical scavenging activity, Hydroxyl radical scavenging activity, and Ferric reducing
power, based on ECs, values [84].

3.6 Cardioprotective activity

Cardiovascular disease remains a leading cause of disability and premature death
globally. The disease is mimicked by the narrowed lumen of arteries and reduced
blood flow to the heart. According to a report presented at the American Heart
Association’s Scientific Sessions 2020, regular intake of chili peppers could signifi-
cantly reduce the risk of dying from cardiovascular diseases. Moreover, very recent
striking findings of a pooled longitudinal analysis by Bonaccio et al. illustrated the
cardiovascular benefits of Capsicum annuum. This study was conducted on an Italian
Cohort comprising over 22,000 men, and women originally enrolled in the Moli-sani
study cohort. The results demonstrated that the use of Capsicum annuum is associated
with a lower risk of cardiovascular mortality [85]. Most importantly, the cardiovas-
cular system is known to be rich in capsaicin-sensitive sensory nerves, which suggests
that capsaicin may regulate cardiovascular function [86]. Also, capsaicin could
protect against heart disease via a transient receptor potential vanilloid subfamily
member 1 (TRPV1)-mediated modulation of coronary blood flow [87]. Furthermore,
the antioxidant and antiplatelet properties of capsaicin and its function in regulating
energy metabolism may also contribute to its beneficial effects on the cardiovascular
system [88, 89].

3.7 Neuroprotective activity

Neurodegenerative diseases such as Alzheimer’s disease are often characterized by
multifactorial clinical features such as loss of memory function, protein aggregation,
progressive loss of neurons, cognitive impairment, neuronal cell dysfunction, and/or
death. Capsaicin is a vanilloid agonist known to activate the TRPV1, recently reported
to be involved in neurodegeneration [90]. A study by Veldhuis et al. demonstrated
that capsaicin and the vanilloid antagonist capsazepine, peripherally administered,
have been shown to exhibit neuroprotection against ouabain-induced excitotoxicity
in rats [91]. Moreover, in the latest evidence, Abdel-Salam et al. reported the effect of
the TRPV1 agonist capsaicin on epileptic seizures, neuronal injury, and brain oxida-
tive stress in a model of status epilepticus induced in the rat by intraperitoneal (i.p.)
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injections of pentylenetetrazole (PTZ). This study shows that 2 mg/kg of capsaicin
decreased brain oxidative stress, the severity of seizures and neuronal injury, and its
coadministration with phenytoin afforded neuronal protection [92].

4, Conclusion

Capsicum species is a good resource of healthy food, mainly including proteins,
trace elements, vitamins, minerals, and other substances. In recent years, with the
continuous enhancement of people’s pursuit of nutritious, healthy food, and increas-
ing health care awareness, chili pepper has been developed as a medicinal health
supplement, functional food, and cosmetic component, especially in the dietary
aspect. Moreover, its active phytochemical constituents represent a key role in treat-
ment and disease prevention by modulating various cellular pathways. Therefore, we
hope this comprehensive and updated information on chili will help promote human-
based studies to facilitate its use in human health and treat diseases in the future.
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Abstract

Capsicum from tropical and subtropical America, is an important genus for
the nutritional, economic and cultural values of its species. At the same time, the
Capsicum species are affected by diseases caused by viruses, bacteria, fungi and pseu-
dofungi, in particular the oomycete Phytophthora capsici. This phytopathogen causes
great damage and losses in different Capsicum species, because it infects all plant
organs causing root, crown and fruit rot; and, leaf blight. The polycyclic dispersion
through zoospores and sporangia, the limited availability of resistant genotypes, and
the reduced diversity of effective oomyceticides (fungicides), make P. capsici one of
the most complex phytopathogens to be managed worldwide specially in field condi-
tions. However, successful management of P. capsici depends on the knowledge of the
pathogen, its interaction with the susceptible host and the methods of control used.
Thus, this chapter addressed the etiology, symptomatology, occurrence and manage-
ment of the disease. Additionally, the cycle of the disease is discussed in a holistic and
simple way.

Keywords: Capsicum spp., root and crown rot, leaf blight, fruit rot, Phytophthora capsici
cycle, disease management

1. Introduction

Capsicum is a genus native to tropical and subtropical America [1], where spe-
cies such as C. annuum L., C. baccatum L., C. chinense Jacq., C. frutescens L., and C.
pubescens R. & P. [2, 3] excel for its great nutritional, economic [4], and cultural value
in the gastronomy of several countries [5]. These vegetables, also commonly known
as sweet peppers or hot peppers, can reach a global production of 38 million tons
[6]. However, like other crops, peppers are not exempt from disease attacks, caused
mainly by viruses, bacteria (leaf spots and vascular wilts), fungi (cercosporiosis,
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powdery mildew and anthracnose), and mainly pseudofungi (rot of roots, stems and
fruits; and, leaf blight) [7].

Phytophthora capsici is an oomycete present in several parts of the world,
being reported as the causal agent of countless diseases in different crops
of agricultural importance such as Cucurbitaceae, Rosaceae, Fabaceae,

Liliaceae and Solanaceae [8]. This phytopathogen in Capsicum can cause damage
of up to 100% due to its rapid spread in field conditions and represents around
$100 million in losses [9, 10] for which it is considered the fifth most destruc-
tive oomycete in the world [11]. Due to the reach of aerial tissues, its polycyclic
characteristic makes P. capsici one of the most complex phytopathogens to be
managed [12].

Resistant plants can generally activate different biochemical, structural and
molecular defense mechanisms against the infection of P. capsici [13, 14]; con-
versely, susceptible plants can be infected and colonized by the pathogen. Since
most of the common commercial genotypes of Capsicum are susceptible, i.e.
Chinese Giant (CG), California Wonder (CW), Osh Kosh (OK) and Yolo Wonder
(YW), farmers use a considerable amount of oomyceticides to control its attack
[3]. However, there are other measures that can be used in an integrated manner to
drastically reduce infection of P. capsici i.e. crop rotation, irrigation management,
use of biocontrole agents, among others. For example, the rate of progress of
collar rot in Capsicum plants can be reduced considerably by applying Trichoderma
hargianum [15, 16]. Therefore, due to the importance of P. capsici in Capsicum spp.,
this chapter address the etiology, symptomatology, worldwide occurrence and
biological cycle of the pathogen in the different plant tissues; and, finally describes
the disease management measures to be used either in isolation or integrated

approach.

2. Etiology

Phytophthora capsici belongs to the Phylum: Oomycota, Class: Oomycetes,
Order: Peronosporales, and Family: Peronosporaceae (Figure 1). Under labora-
tory conditions, the phytopathogen can grow in culture media based on V8 juice
[17, 18], carrot, tomato, and water agar. Although the growth pattern of the
oomycete can be different between isolates, the shape of the colonies is gener-
ally rounded and whitish [19], standing out those with a slightly stellate pattern
(Figure 1A). The phytopathogen characteristics are: elongated, coenocytic
hyphae (Figure 1B); stretched cells with several nuclei [20], measuring between
3 and 8 pm wide [21]; oospores with a diameter between 25.6 and 52.4 pm
(Figure 1B) [22]. Its sporangia (Figure 1C) are abundant and formed individu-
ally or branched, flaccid or closely spaced [21], mainly spherical (globose,
ellipsoid and ovoid), pear-shaped (obpiriform and obturbinate), lemon (limoni-
form), and/or in some cases irregular (distorted) [19], measuring between 32.1
and 51.3 pm long and 23.3-37.1 pm wide [20]. The main pedicel has a length of
38.3 to 84.4 pm [22]. The zoospores released from the sporangia (Figure 1D) have
a diameter between 5.84 and 11.3 pm [20]. Although resistance structures such
as chlamydospores can also be formed by some Phytophthora species [21], it is not
common in P. capsici [18].
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Figure 1.

Morphological structures of Phytophthora capsici: A) Colony morphology after 14 d growth at 24 + 3°C on
potato dextrose agar; B) Coenocytic mycelium, and oospore; C) Papillate limoniform sporangia; D) Zospoves
inside and outside of sporangia. Cm: Coenocytic mycelium; O: Oospore; Z: Zoospores. Bars: 1 cm (A) and 10 ym
(B-D). Source: Unpublished photographs from the authors.

3. Symptomatology

Several symptoms (Figure 2) may be caused by P. capsici in different phe-
nological stages of the plant [23], which can vary depending on host resistance,
affected tissue and/or climatic conditions [24]. In susceptible plants, the initial
symptoms can appear between four and seven days after inoculation (DAI), and
can die at approximately 10 DAI [25, 26]. Meanwhile, in resistant plants after 10
DAL, slight lesions appear, mainly due to the ability to counteract the advance of
colonization [3, 27].

The root system is the first affected tissue (Figure 2A), showing a brown rot
[3]. Later, brown lesions with a rough shape can be observed on the crown tissues
(Figure 2A) [28]. Other symptoms observed in adult plants are stunting (Figure 2B)
and generalized wilting (Figure 2C) [9, 26, 29]. In the foliar area, leaf blight may be
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Figure 2.

Symptoms caused by Phytophthora capsici on different organs of Capsicum plants: A) root and crown rot;
B) dwarf; C) wilting; D) leaf blight; E) fruit rot. Rc: Root crown. Rs: Root system. Source: Unpublished
photographs from the authors.

observed (Figure 2D) starting with small dark water-soaked lesions, which later become
necrotic with a light brown center and dark edges [30, 31]. Fruits are also affected by the
oomyecete, initially, minute lesions with clear whitish centers are observed in the tissue
[32, 33], advancing rapidly until this organ completely rots (Figure 2E) [18]. This last
symptom is often presented in young fruits, compared to mature fruits that present
more resistance to P, capsici [34].

4. Occurrence of Phytophthora capsici worldwide

Phytophthora capsici has been reported affecting various crops in several countries,
however, we focus on the pathogen’s reports on Capsicum spp. (Figure 3). The first
report of the oomycete dates back to 1922 in New Mexico, attacking branches and
fruits of chili plants [35]. Subsequently, the pathogen was reported in the Netherlands
[28], Bulgaria [36], Brazil [37], South Africa [38], Korea [39] and Tunisia [40], all
affecting pepper.

From 2002 onwards, the oomycete was reported affecting Capsicum spp. crops
in different countries and regions such as Egypt [41], Spain [42], and Italy [43],
China [44], Canada [45], Taiwan [46], Peru [47], Algeria [48], Mexico [49], Laos
PDR [29], Pakistan, [50], Bhutan [22], Indonesia [51], Trinidad and Tobago [20] and
Ecuador [52]. Despite the oomycete’s reported geographical distribution affecting
mainly chili and sweet peppers, some other countries could be affected, but official
reports are missing [9].
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Figure 3.
Global geographic distribution of Phytophthora capsici affecting tissues of Capsicum plants. This figure was
developed with the help of the BioRender platform. Source: Unpublished photographs from the authors.

5. Disease cycle of Phytophthora capsici

Every disease begins with the survival of the phytopathogen (source of primary
inoculum); in the case of P, capsici (Figure 4) the mycelium can survive in the soil and
cultural debris, or in the weeds that serve as facultative hosts. Besides, the oospores
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Figure 4.

Biological cycle of Phytophthora capsici causing root, crown and fruit rot, and foliar blight in Capsicum plants.
This figure was developed with the help of the BioRender platform. Source: Unpublished photographs from the
authors.
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can persist for long periods in the soil [16, 53, 54]. From these structures, sporangia
are formed, which spread towards the tissues of the host located in near or distant
crops, mainly through water (rainfall or irrigation) [18]. Under conditions of high
relative humidity and between 27 and 32°C, the sporangia release motile biflagel-
late zoospores that swim through the irrigation water until they reach plant tissues
[12, 55]. Although it is mentioned that the wind is also a disseminating factor of the
pathogen [56], this is not fully accepted yet.

Sporangia can germinate directly on the plant surface, forming a germ tube that
penetrates the anticlinal walls of rhizodermal cells [12]. Likewise, they can do it
indirectly through zoospores released from the interior of sporangia that encyst on
the surface of root, crown and leaf tissues, subsequently producing a germ tube, and
finally an appressorium used to penetrate epidermal cells [55-57]. Phytophthora capsici
is a hemibiotrophic phytopathogen, which initially presents a biotrophic lifestyle,
followed by a necrotrophic phase [58]. In fact, once the penetrating hyphae of the
oomycete enter plant tissues intercellularly, these structures form haustoria to remove
nutrients from the cells [57, 58]. Subsequently, vegetative hyphae and haustoria are
formed in the form of lateral branches that colonize intracellularly and epicuticularly
[27]. Finally, P, capsici intensely colonizes epidermal, vascular (phloem, xylem) and
parenchymal cells [16]. Both the infection and colonization processes (latent period)
can last between four and seven days [3].

The last phase of the primary cycle of the disease is completed with the reproduc-
tion of the pathogen, which occurs on the external surface of the host. Phytophthora
capsici is a heterothallic species that has one of two mating types called Al and A2,
producing a male gametangium (antheridium) and a female gametangium (oogo-
nium), resulting in sexual spores called oospores, with thick walls adapted to survive
winter and unfavorable weather conditions [30, 55, 59]. These reproductive structures
go through a rest period and serve for the survival of the phytopathogen [53]. There
is also asexual reproduction that is characterized by the formation of sporangia from
branched sporangiophores [30, 55]. The production of sporangia occurs between 25
and 30°C, under conditions of high relative humidity, and ~#90 hours after infection,
which will produce zoospores by cytoplasmic cleavage [24, 55].

Although root and crown rot are monocyclic diseases, others such as leaf blight
and fruit rot would be polycyclic. Thus, the sporangia of P. capsici would function as
a secondary inoculum [53, 57]. These structures or propagules would reach the aerial
tissues through water splashes, initiating a new infectious cycle [53, 60, 61], repeating
the previously mentioned phases of infection, colonization and reproduction. The
ability of the phytopathogen to reach practically all plant tissues makes its manage-
ment complex.

6. Disease management

The management of diseases caused by P, capsici may be very difficult and
economically expensive, especially due to the excessive use of oomyceticides (for-
merly called fungicides). However, there are different alternatives which used in
an integrated manner during the pre-sowing, production and post-harvest stages
could reduce damage and losses in Capsicum crops. These alternatives are: the use of
resistant cultivars, well-drained soils, crop rotation, soil treatments, tillage methods,
irrigation control, improvement of irrigation water quality, and use of plastic mulches
[12]. In any case, the infection of different plant organs of Capsicum (Figure 2) by
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P, caspici makes the integrated implementation of measures by farmers, complex but
worthwhile [16, 18].

6.1 Genetic control

Obtaining resistant germplasm of Capsicum to P. capsici is a complex task, requir-
ing different breeding techniques and germplasm screening including landraces as
sources of resistance [9]. So far there are some resistant commercial cultivars such as
Nathalie, Paladin, Ungara, Violeta, Ayesha, Violeta 1, Sempurna, and Ayesha Ungu,
which are being used worldwide [3, 51]. Likewise, there are different resistant landra-
ces such as CM-334, (C. annuum) ECU-12831 (C. baccatum), ECU-9129, (C. chinense)
Code 5 (C. frutescens), ECU-1296 (C. frutescens), found in Ecuador and Mexico [3, 62]
that could be used in breeding programs.

In one hand, P, capsici has developed different mechanisms to attack plants and
to obtain its necessary nutrients, while on the other hand, plants have developed a
complex defense system that prevents the entry or limits the advance of the oomycete
in plant tissue, including physical, biochemical and molecular mechanisms [13, 14,
63]. One of the first barriers in pepper plants (C. annuum) limiting P. capsici infection
is a thick cell wall and a high content of phenolics and flavonoids [16], such as the
soluble phenols chlorogenic acid, luteolin glycoside, apiosil glucoside of luteolin, and
aglycone apigenin [64, 65]. Other mechanisms include the synthesis of antimicrobial
phytoalexins, the induction of hydrolytic enzymes such as chitinase and glucanase,
and the production of proteins rich in hydroxyproline, reactive oxygen species (ROS),
and capsidiol [66, 67]. Regarding the latter mechanism, this Capsicum phytoalexin
could inhibit oomycete development [66, 67]. These and other mechanisms make
Capsicum plants prevent or considerably delay the infection, colonization and repro-
duction of P, capsici in the different subterranean or aerial tissues.

6.2 Biological control

The current need to consume healthy foods, free of synthetic-pesticide residues
[68], has led to the promotion of alternatives such as the use of effective biological
control agents i.e. Bacillus spp., Trichoderma spp., among others, which if used under
suitable climatic conditions will contribute significantly and economically to the
prevention and management of diseases caused by P. capsici, in addition to promoting
the growth of Capsicum [69, 70].

The use of microorganisms such as Bacillus spp. and Trichoderma spp. are highly
valuable alternatives for the management of diseases caused by P. capsici. Under labo-
ratory and green house conditions, Bacillus amyloliquefaciens (strain PsL) can reduce
the mycelial growth of P, capsici by up to 46%, in addition to the growth promotion
of P, capsici pepper plants [70]. Bacillus subtilis (isolates R13 and R33) can reduce the
incidence of foliar blight between 71 and 87% [23]. In vitro and in vivo experiments
of native Trichoderma strains against P. capsici isolates in C. pubescens plants, showed
that T hargianum inhibits the radial growth of the phytopathogen by 43%, and
reduces plant mortality by 10% at 20 DAI [71].

Endophytic microorganisms can also be used in biological control. Some of them
such as Nigrospora sphaerica, Enterobacter sp. and Dothideales sp. have been used as
biocontrollers of pathogens affecting C. annuum, such as P. capsici [72]. Nigrospora
sphaerica (isolate A22F1) was used to control P capsici in susceptible seedlings of
C. annuum (cvs. California Wonder, Numex spring and Pepper cayene), observing
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a considerable reduction in root rot compared to control. Recently, a metagenomic
study [73] found different fungal species that are used in the biological control of
phytopathogens associated with the mycobiome of resistant and susceptible hypocot-
yls, infected or not with P. capsici.

6.3 Cultural control

Cultural control is based on the use of measures that favor the development of
the crop, and at the same time, affecting the phytopathogen, in order to reduce the
intensity of the disease [74]. Strategies include limiting soil saturation, water accumu-
lation in plots, and movement of infected plant debris or infested soil within a field
[18]. Crop rotation is another very important aspect to consider because it affects the
survival of the phytopathogen and the host range [26] e.g. crop rotation for 3 years
can considerably reduce the propagules (mainly oospores) of P. capsici, which have
the ability to remain in the soil for long periods of time [16, 22].

6.4 Chemical control

The use of oomyceticides (previously called fungicides) is common in the man-
agement of diseases caused by P, capsici in Capsicum plants (Table 1), especially
those that contain molecules with a direct mode of action on the phytopathogen [75].
The efficacy of these oomyceticides, of synthetic origin, has been demonstrated
under laboratory and field conditions. For example, Mancozeb 64% + Metalaxyl
4% (7.5 g L") or Copper sulfate pentahydrate (2.5 mL L™) applied to the soil, and
Potassium phosphonate (5 mL L™) applied to the leaf area, can totally reduce the
incidence of root and crown rot [47]. Also, the use of Fosetil Aluminum (2.5 kg ha)
applied to the soil (drench) can reduce up to 100% of wilting in pepper plants [76].
Other molecules such as ametoctradine + dimethomorph, cyazofamid, dimetho-
morph, famoxadon + cymoxanil, fluazinam, fluopicolide, mandipropamide,
mefenoxam, phosphonates, and zoxamide + mancozeb, can also be used to control
damping-off, leaf blight and fruit rot [26].

Despite the success achieved over the years with the use of chemical control,
the inappropriate use of molecules has made some P. capsici isolates insensitive to
commercial oomyceticides such as metalaxyl and mefenoxam [77, 78]. A solution to
reduce these effects on the oomycete is the use of active ingredients such as mandi-
propamide and dimethomorph, considered molecules with low to medium risk of
resistance [79, 80]. In order to reduce the selection pressure by the phytopathogen,
the farmer must have a wide range of molecules applied in periodic and scheduled
rotation during each crop cycle [81], and even use mixtures that have systemic and
protective modes of action.

6.5 Integrated disease management

Integrated disease management (IDM) aims to minimize the biological activity of
the pathogen and increase crop productivity, involving the use of various techniques
in favor of the environment by avoiding the excessive use of chemical molecules
and reducing control costs of P, capsici [80]. To effectively manage diseases caused
by P, capsici in Capsicum, different management strategies should be integrated in
either agroecological, conventional or other production systems [81]. Usually a single
strategy is ineffective for the management of P. capsici [80]; for this, IDM is based on
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immunization, exclusion, eradication and crop protection mainly including soil and
plant management through soil amendments, solarization, crop cover, water treat-
ment, seed treatment (with a biofungicide to improve germination and reduce the
incidence of damping-off), and others [82-84].

7. Conclusions

Without a doubt Phytophthora capsici is a dangerous pathogen for horticultural
fields; negatively affecting both young and adult chili and sweet pepper plants. The
versatility of this plant pathogen to spread in the field, and to infect and to colonize
practically all the plant organs, make the management of the diseases a huge chal-
lenge. However, different control methods such as genetic, biological, cultural and
chemical or integrated disease management may be integrated to mitigate damages
and losses in Capsicum spp. production fields. Despite the advances already made
around P, capsici, there is still much to study and learn about this phytopathogen.
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Chapter 5

Major Pests and Pest Management
Strategies in the Sweet Pepper
(Capsicum annuum)

Aman Dekebo

Abstract

Sweet peppers (Capsicum annuum) (Solanaceae) fruits have been used as a food
ingredient in Peru for more than 8,000 years. Then gradually, the plant has been
cultivated in several countries worldwide. The fruits of the plant can be added to
soups and stews as spices. These were reported to treat fevers, seasickness, muscle
sprains, or soreness. Thrips, whiteflies, mites, and aphids were critical pests in sweet
peppers. Therefore, effectively managing this important fruit to improve its yields
and quality is very important. Pesticides have harmful effects on the environment
and health of people. Therefore, alternative pest management strategies become more
advisable to control pests of sweet pepper. These strategies including intercropping
of sweet pepper with other plants, oviposition deterrents, natural enemy release, use
of resistant cultivars, and eliciting plant defenses are implemented as environment-
friendly control methods.

Keywords: sweet peppers, capsicum, intercropping, pests, management strategies

1. Introduction

Sweet pepper (C. annuum L.) and tomato crops occupy most of the area among
protected species around the world. Pepper cultivation is almost entirely carried out
in open fields; however, the extension of protected, greenhouse-cultivated pep-
pers has intensively increased [1]. Sweet pepper is one of the very important crops
worldwide. C. annuum includes hot as well as sweet pepper varieties. The world's main
pepper-producing countries include China, Mexico, and Turkey, with over 174, 2.7,
and 2.5 million pepper tons in 2016, respectively [2].

Other European countries and Canada are important producers of greenhouse
peppers, with 135 million kg of peppers grown where yield is <12 t/ha, and sweet
pepper is subject to several pests [3], such as beetles [4], caterpillars [5], aphids [6],
and thrips [7]. Alternative control methods of pests to exclusively use of insecticides
and integrated pest management (IPM) such as cultural, biological, and chemical
treatments were used to manage sweet pepper pests [3].
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2. Major pests of sweet pepper in green house

Sweet pepper is susceptible to attacks by several pests, which reduces fruit quality
and yield. When insects and mites attack sweet pepper, both direct and indirect dam-
ages occur [3, 8]. The indirect damage is caused by pests when they transmit viruses,
while the direct damage is those occurring when pests themselves cause damage to
different parts of the plants. Instead of controlling pests with insecticides, integrated
pest management strategies, especially those based on biological control methods,
have been used effectively for several years worldwide to control pests of sweet pep-
per. Sweet pepper is one of the highly attractive crops to pests and pathogens. Those
pests affecting pepper crops can differ based on geographic area and cropping system
such as open field or greenhouse, and conventional or organic farming.

2.1 Arthropod pests
2.1.1 Thrips

Thrips are the number one pest of greenhouse crops in different climatic regions
mainly due to their polyphagous diet and their ability to rapidly develop resistance to
commercially available insecticides. Thrips cause significant damage, such as feeding
and ovipositing on pepper leaves, fruit, and flowers, leading to decreased quality and
marketability of fruits. The most known damaging thrip species include the western
flower thrips, Frankliniella occidentalis, Thrips tabaci Lindeman, and Thrips palmi
Karny [9]. Another thrip attacking Capsicum species is Scirtothrips dorsalis Hood.
Thrips usually like closed areas such as the flowers, under the calyx of fruit and young
leaves, which make them difficult to control with insecticides [3].

2.1.2 Whiteflies

Two principal whiteflies are reported to attack sweet pepper: the greenhouse
whitefly, Trialeurodes vaporariorum (Westwood), and Bemisia tabaci. In some
European regions, such as Spain, B. tabaci is the major pest of peppers [10].

Adult whiteflies and nymphal whiteflies feed on the vascular tissue in plants
(phloem), causing direct damage. On the other hand, indirect damage results from
virus transmission by adults and sooty mold, which develops on their excreted
honeydew [11, 12].

2.1.3 Mites
2.1.3.1 Spider mites

The two-spotted spider mite (Tetranychus urticae, Koch) and the carmine spider
mite (T’ cinnabarinus, Boisduval) were reported as the important pests of pepper
worldwide. These mites cause whitish or yellowish stippling in the upper leaf surfaces
and produce silk webbing [13].

2.1.3.2 Broad mites

The broad mite is one of the notorious pepper pests in different regions of the
world [14]. It mainly causes damage to different parts of sweet pepper at the younger
stage and is difficult to manage due to its small size. It usually feeds on the lower leaf
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surface and distorts flowers and blistering of fruits. When the broad mite gains access
to enter a greenhouse, it can spread rapidly, resulting in high economic losses [3].

2.1.4 Aphids

Aphids are generally important pests of sweet pepper, especially in open fields
compared with those covered. The most critical aphid is the green peach aphid, Myzus
persicae (Sulzer), which causes direct damage to leaves by the secretion of phytotoxins
into the plants [15]. In general, the damage caused by aphids is indirect, such as sooty
molds growing on secreted honeydew and transmission of potyviruses. Another
aphid pest reported in subtropical-covered peppers is Aphis gossypii (Glover) [16].

3. Pest management

Management strategies of greenhouse pests using chemicals were reported to
result in several problems, such developments of resistance to chemicals by pests, and
environmental and health problems are caused by those chemical pesticides [17]. The
possibility of applying biological control programs to problems of greenhouse pests
is highly recommended. Even though they will not completely solve the problems,
they can reduce pest populations to an acceptable level. Biological control generally
requires more time than pesticides to bring a pest population under an acceptable
control level [18]. Biological control strategy such as releasing different predators and
parasitoids was reported to be environmentally friendly production method of sweet
pepper. Applying the biological control program resulted in a high yield of sweet
pepper production (35.06%) compared with the control [17]. In this book chapter,
various pest control methods are reviewed.

3.1 Polyethylene plastic cladding material

The most commonly used material for greenhouse covering is polyethylene
screening plastic, which has an ultraviolet-absorbing characteristic. The material
was prepared by adding a specific UV-absorbing compound to raw polyethylene,
which makes the plastic material that can stop the transmission of 95% of the UV
light (200-380 nm) and transmits 80% of visible light (380-700 nm) [19]. The
behaviors of insects can be affected by the modification of UV light. Light at 360-400
nm activates whiteflies (T vaporariorum) to walk and fly [20]. Similarly, the effects
of UV-absorbing plastics on thrips, F. occidentalis, have also been reported as host-
finding behavior is disrupted [21]. Reduction in reproduction in aphids by deactiva-
tion of its flying behavior was reported. For example, reproduction in M. persicae is
significantly reduced in a greenhouse covered with UV-absorbent plastic [15].

3.2 Predators
3.2.1 Phytoseiidae (Acari)

Many phytoseiid mites are predatory, and several species have been developed as
biological control strategies [3]. McMurtry and Croft [22] classify several phytoseiid
mites based on their feeding behaviors. Type I species include Phytoseiulus spp.,
mites that are well known as predators of webbing spider mites. Type II mite species
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include Neoseiulus californicus (McGregor) and N. fallacis (Garman), which feed
spider mites and others. Type III species, for example, N. barkeri (Hughes),

N. cucumeris (Oudemans), and Iphiseius degenerans (Berlese), are generalists that
often prefer prey other than spider mites (in whose webbing they may become
entangled) and thrips [3].

3.2.2 Diptera

Aphidoletes aphidimyza is a predatory cecidomyiid that has been used to control
aphids [23, 24]. A. aphidimyza in the adult stage are important for hunting aphids.
They are released in the greenhouse together with the parasitoid A. colemani Viereck
for a better effect. Additionally, their larvae were reported to attack several species of
aphids. A method of effective utilization in pepper fields in greenhouses was high-
lighted [25].

3.2.3 Heteroptera

Weintraub [3] reviewed many species of the anthocorid bug, Orius, which have
been evaluated for controlling thrips on protected sweet pepper crops. Both adults
and nymphs can frequently be found in flowers, a location that is favorable for thrips.
Additionally, unlike predatory mites, Orius spp. attack both adult and immature
thrips. Dissevelt et al. [26] reported the potential of O. niger, O. majusculu, and
O. laevigatu, O. insidiosus and O. albidipennis to control thrips on pepper.

3.2.4 Neuroptera

Chrysoperla carnea (Stephans) is a generalist predator that appears in open fields
and is difficult to rear commercially because it is highly carnivorous. There was a
report [27] on controlling the aphid M. persicae on peppers by C. carnea.

3.2.5 Mirid predator

Predatory mirid bugs (Hemiptera: Miridae) were reported as biocontrol agents in
sweet pepper [28, 29]. In addition to their agricultural uses as predators, mirid preda-
tors can induce plant defenses by phytophagy [30]. The punctures caused by mirid
plant feeding induced the release of a mixture of volatile organic compounds (VOCs),
namely green leaf volatiles [((Z)-3-hexenyl acetate, (Z)-3-hexenyl propanoate, (Z)-3-
hexenyl butanoate, (Z)-3-hexenyl 3-methylbutanoate, and (Z)-3-hexenyl benzoate)
and their common precursor (Z)-3-hexenol], methyl salicylate, and octyl acetate.
Octyl acetate was detected in M. pygmaeus-punctured plants, which repelled the
herbivore pests F. occidentalis and B. tabaci and simultaneously attracted the whitefly
parasitoid Encarsia Formosa [30].

3.2.6 Aphidophagous hoverflies

Moerkens et al. [31] investigated the potential of hoverflies Eupeodes corollae
and Sphaerophoria rueppellii to manage foxglove aphid Aulacorthum solani in sweet
pepper. In a semi-field study, aphid numbers were significantly lower in the E. corollae
and S. rueppellii treatments than in control. The fruit yield and seed set were also
increased for E. corollae and S. rueppellii.
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3.3 Parasitoids

Most parasitoids developed for biological control belong to the family Aphelinidae.
These parasitoids are tiny wasps and have been used to control the whitefly [32]. For
instance, Encarsia formosa is a parasitoid used worldwide for the biological control
of whiteflies attacking various vegetables such as sweet pepper cultivated in green-
houses. It lays eggs into hosts and causes a reduction of hosts. Uses of E. formosa are
well known for controlling whiteflies because of the following factors. Whitefly popu-
lation growth is reduced when E. formosa’s intrinsic rate of increase is greater than the
host’s intrinsic in the presence of parasitoids. This situation has resulted when host
plants facilitate parasitoid searching and exhibit partial resistance to whitefly devel-
opment. Additionally, giving-up time on infested leaves increases when hosts or host
products are located, increasing the likelihood that parasitoids will encounter suitable
hosts in a patch. It was also reported that spatial refuges for whiteflies from parasit-
oids exist in large greenhouses (greater than 1000 m”) and consequently promote
stable host or parasitoid dynamics [32].

3.4 Entomopathogens

Entomopathogenic fungi are effective methods of controlling pests though it
requires humid conditions to allow the propagules to penetrate the insect body, after
which fungal development generally proceeds. A means of pathogen delivery is by
using bees that were reported to be applicable for field crops [33, 34]. For instance,
strains of Beauveria bassiana (Balsamo) Vuillemin have been shown to be virulent to
E occidentalis and T. tabaci [35, 36]. Bumble bees were used for pepper pollination and
could distribute the B. bassiana conidia to flowers and leaves [37]. Since N. cucumeris
is known to be unaffected by B. bassiana, [36], they have been reported to deliver
inoculum for days or weeks without compromising other biological control methods.

3.5 Oviposition deterrents

Luteolin 7-O-p-D-apiofuranosyl- (1 2)-p-D-glucopyranoside was isolated from
matured leaves of sweet pepper and identified as the ovipositional deterrent against
Liriomyza trifolii (Burgess), the American serpentine leaf miner [38]. This insect spe-
cies attacks C. annuum leaves in the young stage. The attack by this insect to leaves of
the plant decreases as the plant becomes matured. This compound completely deterred
L. trifolii females from laying their eggs on a host plant leaf treated at 4.90 g/cm” [38].
Additionally, phytol [(2E)-3,7,11,15-tetramethyl-2-hexadecen-1-ol] constituent of
matured leaves of sweet pepper was also reported as an ovipositional deterrent against
L. trifolii. Phytol [(2E)-3,7,11,15-tetramethyl-2-hexadecen-1-ol] completely deterred the
females from laying their eggs on host plant leaves treated at 35.2 yg/cm®. 4-Aminobu-
tanoic acid, (2S,4R)-4-hydroxy-1-methyl-2-pyrrolidine carboxylic acid, and 4-amino-
1--D-ribofuranosyl-2(1H)-pyrimidinone were reported from the leaves of sweet pepper
showed oviposition deterrence toward adult flies of L. trifolii from laying their eggs on
kidney bean leaves (host plant) treated at 3.70, 16.60, and 6.45 g/cmz, respectively [39].

3.6 Intercropping of sweet pepper with other plants

It was reported that monocropped pepper, such as pepper, intercropped with
maize (Zea mays) or eggplant (Solanum melongena). Maize acted as a barrier crop for
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aphids (Aphis gossypii) and reduced virus infection on pepper in the first part of the
cropping season [40, 41]. Eggplant was reported to act as a trap crop for aphids and
reduced virus infection on pepper for a longer period than maize [40].

Additionally, Li et al. [42] reported intercropping rosemary with sweet pepper
results in the population of three main pest species on sweet pepper. The significant
pest population suppression and the absence of adverse effects on natural enemies in
the sweet pepper/rosemary intercropping system show the potential of this strategy
in the IPM framework. Consequently, intercropping sweet pepper increases yields of
pepper intercropped with other crops.

3.7 Eliciting plant defenses in sweet pepper

The exposure of sweet pepper plants to HIPVs such as [(Z)-3-hexenol, (Z)-3-
hexenyl acetate, (Z)-3-hexenyl propanoate, (Z)-3-hexenyl butanoate, hexyl butano-
ate, methyl salicylate, and methyl jasmonate] over 48 h activates the sweet pepper
immune defense system against various pests [43]. The volatiles inducted the plant
defenses due to the regulation of the jasmonic acid and salicylic acid signaling path-
way. A principal sweet pepper pest is Frankliniella occidentalis, and Orius laevigatus
is its main natural enemy. HIPV-exposed sweet pepper plants were investigated, and
the results showed that only plants exposed to (Z)-3-hexenyl propanoate and methyl
salicylate repelled F. occidentalis, whereas O. laevigatus showed a strong preference
for plants exposed to (Z)-3-hexenol, (Z)-3-hexenyl propanoate, (Z)-3-hexenyl
butanoate, methyl salicylate, and methyl jasmonate. In the related study, treatment
of cotyledons of sweet pepper with 50 and 100 pM of jasmonic acid (JA) solution
resulted in strong plant’s oviposition deterrence against the leaf miner L. trifolii [44].
These results demonstrate that HIPVs act as elicitors to sweet pepper plant defenses by
enhancing defensive signaling pathways. Enhancing defensive signaling pathways is
very important for integrating HIPVs-based approaches in sweet pepper pest manage-
ment systems, which may provide a sustainable strategy to manage insect pests in
horticultural plants.

3.8 Resistant cultivars

Several pepper accessions have been evaluated for thrips resistance, and signifi-
cant differences in damage levels have been observed [45]. The difference between
different accessions was found to be through tolerance. There were attempts to breed
pepper plants for simultaneous resistance to arthropod vectors and pathogens though
those attempts were not successful. Some pepper accessions were reported to be resis-
tant to A. gossypii; however, these plants did not show resistance to the green peach
aphid attack. Several commercial peppers exhibited strong resistance to M. persicae,
as demonstrated by reduced damage to the plants [46]. Interestingly, some pepper
cultivars exhibited tolerance to aphid-transmitted viruses [3].

3.9 Chemical control

Weintraub [3] reviewed that even insecticides considered acceptable for use along
with some beneficial organisms. For instance, Spinosad that is prepared by fermenta-
tion of an actinomycete has been evaluated to control Western flower thrips (WFT)
[47]. It was found that while Spinosad was effective against immature and adult
WFT, it also showed low toxicity to Amblyseius cucumeris exposed to leaves 1 day after
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treatment. Spinosad exhibited moderate toxicity to Orius insidiosus 1 and 8 days after
treatment and high toxicity to Encarsia formosa up to 28 days after application [47].

4, Conclusion

The major pests of sweet pepper are Arthropod pests such as thrips, whiteflies,
mites, and aphids. These pests cause enormous damage on sweet pepper by feed-
ing and ovipositing on pepper leaves, fruit, and flowers, which lead to decreased
quality and marketability of fruits. Some of the various pest management strategies
used to manage these pests are physical technique (polyethylene plastic cladding
materials), biological control methods such as the use of predators, parasitoids, and
entomopathogens, oviposition deterrents, intercropping with other plants, eliciting
plant defenses-resistant cultivars, and chemical control. Utilizing a biological control
strategy by releasing different predators and parasitoids resulted in an environmen-
tally friendly method of controlling sweet pepper greenhouse production.
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Abstract

Chipotle peppers were grown in America before being carried to Europe by
Columbus. Capsicum breeding began with choosing wild species for desired char-
acteristics, with additional development based on precision selection. To improve
capsicum yields, traditional methods such as mass selection, pedigree, single-seed
descent, backcrossing, and hybridization are being used. Capsicum has a high level
of genetic diversity due to multiple new gene rearrangements. Capsicum fruits are
high in nutrients that are beneficial to human health. As a result, the world market
for and consumption of capsicum has lately grown. Capsicum breeding programmes
aim to improve yield, biotic, abiotic resistance, and nutritional quality. Recent
breakthroughs in capsicum breeding have included introgression, mutation breeding,
polyploidy, haploidy, embryo rescue, and the use of genetic markers. Molecular tech-
nology has grown into an important tool that, when coupled with classic selection and
hybridization procedures, has the potential to result in great success in an established
capsicum genetic breeding programme.

Keywords: pepper, molecular, embryo, quality, haploidy

1. Introduction

Capsicum is cultivated all over the world for a variety of applications needing
different levels of quality and characteristics. Fresh or dried capsicums have been
considered a foodstuff for many years due to the fact that they contain all of the
required nutrients. Capsicum fruits have double the amount of vitamin C found in
citrus fruits. In contrast, dried red chilies are high in vitamin A and p-carotene, mak-
ing them a healthy snack option [1]. According to photochemical studies, it also has
cancer-prevention due to the presence of higher antioxidant properties [2]. Capsaicin
lotion is used therapeutically to treat arthritis and other painful chronic conditions
[3]. Capsicum extracts are used in the production of cosmetics and pharmaceuticals.
Cultivating capsicum in pots or gardens as an ornamental plant is becoming trendier
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these days [4]. Sweet pepper is the most important spice traded across the globe. It is
possible to classify the capsicum market into five broad divisions depending on the
fruit’s shape and intended purpose. In the fresh market, whole fruits are available in
green or red; in the fresh-processing market, sauce, paste, canning, and pickles are
available; in the dried spice market, whole fruits and pepper powder are available;
and in the decorative market, ornamental varieties are available [5]. The ultimate
objective of capsicum breeding projects will change according to the needs of farmers
and consumers. Biotic and abiotic stresses are taken into account during the breeding
of capsicum varieties and hybrids.

2. Breeding history

Capsicums are believed to have originated in the Western Hemisphere and
have been used as a food source since 7500 BC. They are said to have originated in
South America and spread to Central America. Capsicum was brought to Europe by
Christopher Columbus, and it quickly spread across Africa and Asia. The genetic
inheritance of important agro-horticultural traits, mutant forms, male sterility,
disease, pest resistance, and quality characteristics were all required for the purpose
of early capsicum study. It has been said in a number of places that these characteris-
tics are driven by single genes with a dominant or recessive mode of action, and that
some of these characteristics are governed by quantitative trait loci. Capsicum annuum
is by far the most significant member of the Capsicum family, owing to the fact that
it is the species of the genus Capsicum that is most often economically produced.
When plant breeding first started, it was based mostly on the ability of individuals
to be selected, which was a time-consuming and unstructured process. Bringing the
notions of Mendelian genetics and inheritance into the field of vegetable breeding
was a pivotal moment in the history of the field. Currently, plant breeders are using
a variety of ways to select for desirable characteristics in their crops, with the meth-
odology chosen depending on the objectives of the breeding programme [6, 7]. The
primary goals of capsicum breeders are genetic enhancement in productivity, biotic
and abiotic resistance and nutraceutical compounds.

2.1 Contemporary objectives of Capsicum breeding

Depending on the location, the breeding goals for capsicum, both hot and bell
pepper, varies depending on the nation of culture, the purpose of cultivation, the
growing conditions, the end user, and the preferences of the customers. Some
countries prefer peppers that are fiery and pungent, while others prefer peppers that
are sweet. The diseases that harm the crop also differ depending on the climate that
prevails in the different countries. Biotic and abiotic resistance breeding, on the other
hand, is one of the most important goals in the development of capsicum varieties [8].
A comprehensive depiction of the numerous pest and diseases that affect capsicum
has been presented by Pohronezny [9]. The process of disease resistance breeding
begins with the discovery of resistant sources, followed by a study of their genetics,
and finally with the introduction of promising genotypes. It has been shown that in
the case of capsicum, a significant amount of disease and pest resistance from wild
species has been introduced into commercial cultivars in order to increase disease
resistance. It is also necessary to assess the amount of crossability across species
when developing an interspecific hybridization programme for resistance gene
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introgression. The utilization of wild materials for the insertion of biotic resistance
genes into desirable cultivars has produced significant contributions to crop improve-
ment, most notably in terms of increased yield and quality, as well as stability in
capsicum production, among other applications. Introgression efforts to introduce
disease resistance genes into superior cultivars have frequently failed when disease
resistance traits are under polygenic control and linked with undesirable horticultural
and economic characteristics. To counteract the ongoing growth and emergence of
new disease races and strains against presently existing resistant genotypes, it is vital
to seek for and deploy new resistant sources on a regular basis.

The second goal for which capsicum breeders across the globe are trying is to
increase yield, which will ultimately result in increased total production. In this
regard, the heterosis breeding programme is becoming more important. It is preferred
that more emphasis be placed on the development of F; hybrids based on available
male sterility systems, since this reduces the amount of time and work necessary for
hybrid seed production. In order to make hybrids, both genetic (GMS) and cyto-
plasmic male sterility (CMS) systems have been used, with the cytoplasmic male
sterility system being the most extensively used. The discovery of new CMS sources,
the identification of their maintainers, and the diversity of CMS systems all become
key goals as a result of this process. The discovery of restorers with excellent general
and specific combining capacity, as well as the insertion of resistance genes into these
CMS lines and restorers, should also be a priority for the generation of hybrids.

Capsicum breeding aims are also influenced by market demand and end-use
usability, among other factors. This involves breeding for horticultural economic
and nutritional quality traits, among other things. Fresh market breeders are looking
for characteristics such as fruit color at the unripe stage, which is often green (light,
medium, or dark), fruit size-length, width, and pericarp thickness. Furthermore, the
amount of pungency is an important and distinct feature of capsicum breeding that
should not be overlooked. Understanding consumer preferences for pungency in a
given location is an extremely important aspects of the research process. Pungency,
which is a major economic characteristic of capsicum, is attributable to the presence
of a chemical complex of alkaloids known as capsaicinoids in the plant [10]. Capsaicin
and dihydrocapsaicin are the two major capsaicinoids in capsicum, accounting for
around 90% of the total capsaicinoids in most pungent varieties.

One of the most important quality attributes that capsicum breeders consider
when developing commercial varieties is the amount of capsaicin present in the plant
[11]. Capsanthin concentration in capsicum is estimated using the high-performance
liquid chromatography (HPLC) analytical method. The capsanthin-capsorubin syn-
thase (CCS) enzyme is found only in the Capsicum genus, and it is responsible for the
production of two red pigments, capsanthin and capsorubin [12]. According to the
USDA, red capsicum is being bred for higher capsanthin content in order to be used
as a dried spice and for industrial extracts viz, paprika oleoresin, capsaicinoids, and
carotenoids. The red color of chilli peppers is indicative of the presence of capsorubin
and capsanthin, whereas the yellow color of chilli peppers is due to the presence of
p-carotene and violaxanthin [13]. In general, the higher the ASTA color rating, the
deeper the genotype’s ripening red color. It has a capsanthin content of between 70
and 100 ASTA units (low), 71-100 ASTA units (medium), and 101-150 ASTA units
(high). The ASTA color affects the brightness of a product, while the surface color
affects the hue. As a consequence, another major aim of capsicum breeding is the
development of paprika varieties that meet the great demand for nonpungent pods
with a high color value for industrial uses. Dry matter content is a critical trait to
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breed for in dry capsicum, since it is used to make dry powder and whole dried fruits.
Additionally, these are the most often requested characters for export reasons. While
a high dry-matter content in red chilli fruit is useful commercially, there is no cor-
relation between the dry-matter content and the fruit’s capsaicin concentration [14].
It is critical to have a thin pericarp for dry capsicum in order to facilitate drying. The
surface of fruits with a thick pericarp gets wrinkled and their appearance becomes
bland as a consequence of drying. In response to increasing industrialization, the
risk of crop failure associated with climate change, and consumer demand (both
domestic and international) for more nutritious and safer foods, increased emphasis
is being placed on breeding genotypes with increased tolerance to high temperatures,
drought, and wider adaptability.

2.2 Major goals of Capsicum breeding

A variety of colors, including medium or dark green at the unripe stage and red,
yellow, or orange at the mature stage, are among the key targets of genetic enhance-
ment of sweet peppers. Research in this initiative aims to find and develop new variet-
ies of capsicum that are rich sources of antioxidants as well as vitamins. Flavonoids
and carotenoids (red, yellow, and orange carotenoids), which contain vitamin A pre-
cursors such as alpha and beta carotene, as well as -cryptoxanthin are also included
in this category [15, 16]. Breeding efforts are also focused at increasing fruit set and
yield in varying climatic situations, including open and protected. Low temperatures,
drought, and salt stress are all being studied as part of breeding efforts to combat
abiotic threats. Breeding for long-term storage stability of carotenoid extract and
resistance to Phytophthora fruit rot are also on the research agenda. Powdery mildew,
anthracnose, Phytophthora fruit rot, bacterial wilt and viruses, are some of the most
common diseases that affect sweet peppers in open-field as well as in the green house
production. Another important objective is to develop sweet pepper genotypes that
are more tolerant to tropicalization, since this is a cool-season crop. Produce will be
accessible throughout the year for a longer amount of time in places that are not usual
[17]. The primary breeding goals in protected culture are to develop sweet pepper
lines with an indeterminate growth habit, tolerant to training and pruning systems,
blocky fruit, resistance to biotic stress, and resistance to root-knot nematode [18].

3. Breeding strategies
3.1 Conventional breeding approaches

Capsicum crop improvement has been achieved by the applying of conventional
breeding procedures such as mass selection, pureline selection, pedigree breeding,
single-seed descent method, backcross breeding, and heterosis breeding. Different
types of breeding strategies, including mutation breeding and polyploidy breeding,
have also been used in an effort to generate variety in capsicum, which may then be
used in improvement initiatives. At the time of the beginning of systematic plant
breeding, many tactics for capsicum improvement were used: mass selection, pureline
selection, pedigree breeding, single-seed descent method, and backcross breeding
were among those employed. Mass selection is one of the most straightforward
strategies that has been utilized to increase the quality of capsicum. Improvement for
many qualities with simple inheritance may be done at the same time without having
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to worry about the pedigree of the individuals involved. Initially, it was employed to
enhance landraces or open-pollinated cultivars of capsicum, which were previously
unproductive. Characters with high heritabilities may be readily repaired using this
technique, but an acceptable amount of variability is also retained. Traditional land-
races and local cultivars were the primary targets of pure line selection since farmers
were cultivating them. This strategy involves selecting better plants, harvesting them
individually, then evaluating their progenies the following year in order to determine
plant performance. Progenies that exhibit better performance and are free of genetic
variability are collected in large quantities and assessed further in repetitive experi-
ments against check cultivar(s). So, this approach has been widely utilized to develop
various types of capsicum for commercial cultivation, and it is still being used today.

In a pedigree selection method, selection is conducted between and within
families of individuals, and selected individuals are issued a pedigree number,
allowing any offspring in any generation to be traced back to its original crop that
was picked in the F, generation. This has historically been one of the most often
utilized methods for developing capsicum cultivars. Selecting superior parental
cultivars is critical for the development of this approach. It is often employed in
conjunction with backcrossing to effectively introduce essential genes into advanced
inbreds. Using the single-seed descent (SSD) procedure, one seed from a single fruit
is collected from each plant in a segregating generation. The segregating generation
is produced in greenhouse conditions to increase the number of generations each
year. Additionally, this enables the formation of a large number of pure inbred lines
for use in test crossings for the development of hybrids, as well as the generation
of recombinant inbred line populations for mapping research. In the capsicum
breeding programme, the backcross method is the most often used way for disease
resistance development. This method is most often used to transfer a single gene or a
limited number of genes from primitive cultivars or wild forms to leading cultivars.
In exceptional circumstances, even BC, families may be routed using the pedigree
strategy (modified backcross) rather than the usual backcrossing process, which
involves 5-6 backcrosses with the recurrent parent. While open-pollinated varieties
of hot peppers and bell peppers are still commonly available, heterosis breeding has
been found to increase hot pepper and bell pepper production. Numerous hybrids
have been developed in the capsicum plant; nevertheless, the hybrid research effort
should be continued to ensure that seeds are affordable to farmers. Capsicum F;
hybrids are gaining popularity as a consequence of a large number of private sector
seed companies investing in vegetable industry research and seed manufacturing.
Male sterility is frequently used in the generation of hybrid seeds in the chilli plant
to increase the cost-effectiveness of seed production. The discovery of various
male-sterile mutants, which eliminate the need for more laborious emasculation
techniques, together with the identification of several marker genes, has improved
the detection of undesirable types at the seedling stage even further. GMS and
cytoplasmic-genetic male sterility (CGMS) are two types of genetic male sterility
that are now being economically exploited in chilli for hybridization. GMS has been
suggested above CGMS for hybrid seed production because GMS exhibits male
sterility and male fertility segregation, but CGMS does not.

CGMS was discovered in capsicum for the first time by Peterson [19] and was
designated as USDA accession PI164835. There have been no reports of any additional
CMS sources so far. “orf507” and “tp6-2” are two aberrant mitochondrial genes found
in the capsicum CMS system that have been linked to male sterility [20]. Because the
genes are present in the mitochondria, they are passed down via the maternal line. It
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is also necessary that a nuclear gene for the restoration of fertility be absent in order
for male sterility to be expressed. A restorer line is required for effective hybrid seed
development when the restoration of fertility is driven by a single dominant gene, as
is the case in most cases. In order to preserve male sterility, a maintainer line must
include both fertile cytoplasm and the lack of a nuclear gene that would allow for
fertility restoration. Due to the fact that the CGMS system of hybrid seed production
necessitates the use of three lines, namely, the CMS line, the keeper of male-sterile
line, and a restorer of fertility in hybrids, the system is referred to as the three-line
system of hybrid seed production in the capsicum plant. The GMS technique has

also been employed to develop capsicum, but to a lesser degree. In the GMS system,
the expression of male sterility is regulated by homozygous recessive genes (ms/ms),
while male fertility is controlled by homozygous dominant or heterozygous genes
(Ms/MS or Ms/ms). Ms/Ms and Ms/ms are isogenic lines that vary solely at the Ms
locus, and they are essential for the maintenance of male sterility in the GMS popula-
tion. Intercrossing between these two lines results in offspring that are a combination
of both male fertile (Mf/ms) and male sterile (ms/ms) sperm in equal quantities.
Visual identification identifies male fertile plants in the field and rejects them, while
male-sterile lines are utilized for hybrid seed production [21]. To begin with, the
production of successful capsicum cultivars was largely dependent on the breeder’s
expertise, perception, and good fortune in selecting promising genotypes. Cultivar
development still relies on the breeder’s knowledge and perception, even in the age
of cutting-edge breeding procedures. A blend of both science and art, plant breeding
continues to be such. There are several more approaches for improving capsicum,
including mutation breeding, polyploid and haploid development, transgenics, and
marker aided breeding, all of which have had some success.

3.1.1 Colchiploidy breeding

After the newly produced polyploid has grown in strength, it will next adapt to its
new environmental surroundings. It has been suggested that the advantage of poly-
ploids over diploids might be due to the phenomena of transgressive segregation, which
is the production of extreme phenotypes, as described by Van de Peer and co-workers
[22]. It has been suggested by Malhova [23] that capsicum may react to variations in
ploidy in the same manner as Solanum does. Capsicum ploidy levels may be intention-
ally increased or decreased in a very straightforward manner. Using colchicine to repair
injured leaf axils, it is possible to achieve somatic doubling in plants. On the other side,
synthetic autotetraploids do not seem to have any economic or breeding benefits over
diploids. Polyploid capsicum is characterized by slowed growth and the presence of
larger, thicker, and dark green leaves [24]. The presence of more chloroplasts and larger
chloroplasts in polyploid leaves has been attributed to the polyploid leaves’ rich green
tint [25]. When compared to diploid capsicum, the tetraploid capsicum has increased
leaf, stem, and root dry weight, as well as increased leaf area and thickness. Tetraploids
have been shown to have an increased capacity for water, NO;-N, and K absorption,
which correlates with an increase in photosynthesizing potential; they also generate
small but more unified fruits irrespective of fruit loading; and they produce tinier but
more uniform-sized fruits regardless of fruit loading [26].

It has been discovered that the tetraploid capsicum flowers about one month
later than the diploids. The total number of flowers produced was reduced, with
this reduction owing mostly to the non-branching character of the polyploidy [24];
nonetheless, the total number of flowers produced was increased. Raghuvanshi
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and Sheila [25] discovered that the colchiploids of Capsicum frutescens had delayed
and protracted blooming, as well as a bigger and more diversified number of floral
components than the diploids. Polyploids have larger blooms as well as larger pollen
grains, which are also typical of polyploids [27].

Treatment of seeds with colchicine resulted in the generation of tetraploid plants
of the C. annuum variety “Chigusa,” thus according to Ishikawa et al. [28]. Following
a flow cytometric study of the seeds treated with colchicine, it was observed that 20%
of the seeds were tetraploid. Tetraploid flowers had seven petals and filaments, 20 of
ovaries, and 25% larger pollen grains than diploid flowers, which typically had six
petals and anthers [29]. Tetraploid blooms were also 20% bigger than diploid blooms
in diameter. Polyploids have also been shown to be sterile, which might be owing to
abnormalities seen during the meiotic phase [30]. Following treatment with colchi-
cine, researchers discovered that a plant of the chilli pepper co. CO-2 had chromo-
somal counts ranging from 2n = 38 to 96. It possessed 4.95% pollen fertility but did
not produce any seeds, and its development was inhibited as a result [31]. Although
colchicines have been used to double the number of homozygotes produced by anther
culture, these homozygotes have not yet been exploited to produce commercial F;
hybrids capable of exhibiting heterosis. Instead, they have been used to investigate the
genetic mechanisms of resistance to pests [32] and diseases [33].

Malhova [23] successfully established an interspecific hybrid of Capsicum pube-
scens and Capsicum annuum by fertilizing C. pubescens with autotetraploid Capsicum
annuum pollen. The use of induced auto-tetraploidy to overcome post-fertilization
hurdles may benefit future interspecific crosses of the capsicum genus, according to
this research. Pochard [34, 35] revealed previously unknown trisomies in C. annuum.
Pochard [34] demonstrated that trisomies may be used to identify genes on specific
chromosomes, either via skewed segregation ratios seen in the offspring of trisomic
F; hybrids or through dosage effects shown when trisomics are compared to con-
ventional diploid humans [36]. These trisomics confirmed the presence of gene “C”
(which determines pungency) on acrocentric chromosome number “XI” [34] and its
location on the long arm [37], since the trait pungency segregated independently of
the markers on the acrocentric chromosomes’ short arms [34].

3.1.2 Embryo vescue

Embryo rescue has been the most often used technique to overcome post-zygotic
hybridization difficulties in interspecific crosses. The hybridization of capsicum
species from separate gene pools has been observed, but incompatibility has also
been reported within the same gene pool, such as between C. annuum and Capsicum
chinensis or between C. annuum and Capsicum frutescens. Many fruits with shriveled
seeds are created as a result of incorrect endosperm and/or embryo formation in
numerous interspecific crosses in the Capsicum spp. As a result, many fruits with
shriveled seeds are produced, which are unable to germinate properly. In the scientific
literature, it has been reported that a hybrid embryo originating from interspecific
crosses in the Capsicum genus has been successfully recovered. Fari et al. [38] per-
formed the first successful attempt at embryo rescue in the capsicum genus, acquiring
an embryo from a hybrid between C. annuum and C. baccatum. This was the first
successful attempt at embryo rescue in the Capsicum genus. It is yet another example
of extensive hybridization in which immature interspecific embryos or embryos from
different species were/were rescued prior to abortion, as was the case with the hybrid-
ization of C. annuum and C. baccatum [39].
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Technically, the procedures of embryo removal and in vitro embryo culture are
both highly challenging to perform. The stage at which embryo abortion occurs
during hybridization may also be determined by the genotypes of the individuals
engaged in the cross, according to some researchers. Yoon et al. [40] reports that some
researchers have been successful in saving interspecific embryos at the most advanced
stages of development in the Capsicum genus, while other researchers have had to
save them at the very beginning of development [40, 41]. Rescue of embryos at an
earlier stage, on the other hand, is more difficult, and the possibility of recovering
interspecific hybrids is lower at this time [42]. Anthracnose resistance exhibited in C.
baccatum lines has been shown to have been transferred into C. annuum lines by the
rescue of embryos obtained from interspecific crossings between the two species and
subsequent culture of embryos resulting from those crosses [40].

Alternate methods of overcoming the aforementioned issue may be used, such as
the construction of a genetic bridge based on the usage of species that are phyloge-
netically closer to the two species that are affected by crossability barriers. A bridge
species must be used in conjunction with this method because it must be capable of
crossing with both the target species and the target species’ predator. Initially, it is
essential to cross the bridge species with one of the target species, and then to cross
the resultant hybrid with the other target species [39]. After doing this research, it
was shown that C. chinensis is an acceptable bridge species for performing widespread
hybridization between the species C. annuum and C. baccatum [43].

3.2 Modern breeding approaches
3.2.1 Development of Capsicum Haploids

Capsicum annuum and Capsicum frutescens anther cultures were used to produce
the first haploids in the genus Capsicum [44], which were then used to produce the
first haploids in the genus Capsicum [45]. Because of the poor recovery of haploid
plants from androgenic cultures seen in previous studies, researchers decided to
construct experiments with the goal of identifying the elements that influence the
induction of androgenesis. Based on the various experiments conducted on haploid
induction, the androgenic response was determined to depend on growing condi-
tions, age, the genotype of the donor plant [46], and developmental stage of micro-
spores in the anther.

The development of doubled haploids is one of the most effective means of
establishing full homozygosity in any crop species; nevertheless, because of the
plant’s recalcitrance, its application in capsicum enhancement is still restricted [47].
Capsicum breeding requires a genetically stable and homozygous plant population in
order to better understand genetics, as well as mapping and identification of genes
for various morphological traits and biotic and abiotic stress-related morphotypes.
Despite the limited frequency of findings, a number of researches on the practical
side of haploid breeding in several capsicum species are now underway [48]. It has
previously been reported that parental lines created utilizing doubled haploid (DH)
technology may be used to create varieties and F; hybrids [49]. DH capsicum lines
also had higher production attributes and dry matter content in their fruits [50].
Superior DH lines with great variation in plant and fruit features, as well as andro-
genic capsicum lines with favorable qualities, have been isolated [51]. In addition to
enhanced production, it has been feasible to develop Capsicum DHs with improved
quality characteristics such as fruit shape, flavor, fruit hardness, dry matter content,
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total soluble content, phenolic content, and antioxidant activity, such as CUPRAC
and FRAP [52, 53].

Nowaczyk et al. [54] used DH technology to improve the shelf life of soft-flesh
Capsicum spp. recombinants. DH lines derived from in vitro capsicum anther culture
showed varying degrees of resistance to Xanthomonas campestris pv. vesicatoria [55]
and Phytophthora capsici [55] and Phytophthora capsici [56]. These disease-resistant
DH lines might be exploited to develop novel genotypes that are resistant to many
diseases. Using anther culture, it was also possible to get PV Y-resistant lines as well
as lines with important qualitative and quantitative traits [57]. Todorova et al. [58]
revealed their findings after using haploid culture to generate capsicum lines with
high production, enhanced fruit attributes, and decreased sensitivity to Verticillium
wilt. Microspore embryogenesis has been used to create genotypes with higher pro-
ductivity, resistance to Verticillium dahliae Kleb [48] and resistance to tobacco mosaic
virus [59].

3.2.2 Techniques of genetic modifications

Genetic transformation has been proposed as an alternative method for the
enhancement of capsicum. Transgenic technology, in the case of capsicum, has
many key benefits, one of which is that it allows for the transfer of valuable genes
or the acquisition of distinctive features across interspecific and intergeneric
barriers. A pioneering research on the transformation of capsicum was initially
published in 1990 [60]. The lack of repeatability in the pepper plant, on the other
hand, is a significant stumbling hurdle for capsicum transformation studies. There
has been a great deal of work done on capsicum transformation for disease resis-
tance, particularly against viruses such as tobacco mosaic virus (TMV), pepper
mild mottle virus (PMMV) [61], tomato mosaic virus (ToMV) [62], cucumber
mosaic virus (CMV) [63]. A transgenic virus resistance strategy that makes use of
viral coat protein regions and satellite RNA is referred to as RNA silencing in the
scientific community [64]. The use of transformation and overexpression of Tsil,
a tobacco pathogenesis-related (PR) gene in capsicum, allowed us to demonstrate
broad spectrum resistance against a variety of pathogens, including PMMV and
CMYV, as well as the bacteria Xanthomonas campestris pv. vesicatoria and the fungal
pathogen Porphyromonas capsici [62]. A limit is placed on the number of trans-
formation experiments in capsicum that are carried out on parameters other than
disease resistance.

Harpster and colleagues discovered that the enzyme ripening-related endo-
1.4-b-glucanase is inhibited in transgenic capsicum [65]. Transformation research
in capsicum that includes the introduction of foreign genes from other plants or
species are quite usual. It was possible to develop a dwarf transgenic capsicum after
transformation with the OsMADS1 gene from rice [66, 67]. Ketoacyl-ACP reductase
(CaKR1) was discovered by using RNA silencing to identify a unique gene in the
capsicum plant that produces non-pungent fruits, which was named by the research-
ers [68]. A reporter gene for capsicum transformation studies has been most often
used, and it is the GUS gene (B-glucuronidase) [61]. It has been most common to
create capsicum transgenics using Agrobacterium-mediated transformation, with
cotyledons and/or hypocotyls being used as explants in the vast majority of experi-
ments [61]. Capsicum transgenic C. frutescens has recently been exposed to direct
transformation by the gene gun, resulting in the development of a new variety of
capsicum [69].
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3.2.3 Marker-assisted breeding

In the field of capsicum enhancement, marker-assisted breeding (MAB), also
called molecular-assist breeding, has gained favor. Capsicum has been studied using
isozyme markers, amplified fragment length polymorphism (AFLPs), random ampli-
fied polymorphic DNA (RAPD), restriction fragment length polymorphism (RFLPs),
simple sequence repeat (SSR), single nucleotide polymorphism (SNP), and COS II
markers. These markers have been widely used to study the transmission of important
features, as well as to identify horticultural and disease resistance genes, as well as
quantitative trait loci (QTLs).

3.2.3.1 Necessity of molecular breeding

However, environmental factors make it difficult to select for quantitatively
passed-down complex characteristics, making it difficult to use direct selection
on genotype or phenotypic values. As a result, the indirect selection is seen to be a
preferable method of selection. Conventional breeding has had little success because
of the polygenic regulation of resistance characteristics, the large variety of pathogen
strains found in various habitats, the complexity of the host-pathogen relationship,
and the great diversity in pathogenicity. There are several reasons for this. It’s possible
to use indirect selection by looking at other, more readily measurable features that
are closely connected to the desired traits, but which are more difficult to measure or
which are impacted by the environment.

Due to other features, indirect selection for yield is constrained. The inability
to select for certain genes is typically due to a lack of available tools, facilities, and
resources. As a result of the development of molecular (DNA) markers, plant breed-
ers now have an effective tool for doing gene selection. Marker-assisted gene selection
is not a true form of gene selection, but it is the best method available for indirectly
selecting target genes in DNA. A reliable and successful method is the marker-
assisted selection (MAS). Both Collard and Mackill [70] and Kole and Gupta [71]
have shown the benefits of MAS over traditional phenotypic selection. Compared to
phenotypic breeding, selection utilizing molecular markers is easier.

Selecting a single plant with high dependability may be done at any step of the
plant’s life cycle, in addition to this. Gene localization and the generation of novel
genotype combinations with high yield and stress-resistant genes have both been
made possible by the advent of molecular markers. This speeds up the breeding
process considerably. They’ve helped researchers learn more about how certain genes
work. Gene placement and selection aren’t the only things that molecular markers
help with; they may also be used to analyze genetic diversity, monitor quality, and
aid in breeding. The use of molecular markers is critical to expediting the speed of
improvement programmes in order to fulfill the rising demand for increased capsi-
cum yield and disease-resistant genotypes. Capsicum molecular markers [72] have
been used for DNA fingerprinting, genetic diversity analysis, QTL analysis of impor-
tant biotic stresses, and MAS [73].

Capsicum genotypes may be reliably differentiated by estimating their genetic
diversity. Different kinds of marker systems such as isozymes, RAPD [74], AFLP [75],
and SSR [76] have been used for genetic diversity study and varietal identification in
capsicum. The use of molecular markers to determine genetic diversity is helpful for a
variety of reasons, including choosing different parent combinations for hybrid produc-
tion, understanding the evolutionary link of various Capsicum species, and accurately
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identifying varietals. In order to protect and make use of plant genetic resources, it is
necessary to do molecular characterization on germplasm. Conventional plant breed-
ing has certain drawbacks, which MAS attempts to alleviate using molecular selection.
Numerous genetic markers in capsicum, including mapped microsatellites and single
nucleotide polymorphisms (SNPs), have been utilized successfully in genomics [77].
SSRs and SNPs have been used to clone and define genes in capsicum that influ-
ence stress tolerance, quality traits, and other aspects of plant growth. These genes are
valuable assets for molecular-assisted breeding. Capsicum researchers now employ
SSRs as the most common markers, in part because of their widespread availability in
the public domain, as well as their ease of use and efficacy [78]. Genomes/QTLs for
a wide range of important traits in capsicum, such as pungency, fertility restoration,
soft flesh and deciduous fruits [79], capsanthin content, fruit size and shape [80],
male sterility [81], parthenocarpy [82], resistance to CMV [83], potyvirus, have been
identified in the genomes of various species of capsicum.

3.2.4 TILLING and Eco-TILLING approaches

Genetic differences are created via mutations, which are the most common cause
of genetic diversity. It is currently considered to be a cornerstone of contemporary
plant breeding. In the case of capsicum, it has been discovered that mutation breeding
is a successful and efficient breeding strategy. Daskalov [84] has provided an in-depth
analysis of this topic matter. The seeds of capsicum are the most appealing portions
to be treated with mutagenic agents. It is advisable to utilize seeds of uniform size
and germinability (96-100%), as well as seeds with a low moisture content (approxi-
mately 13%), in order to achieve high repeatability of findings. Ionizing radiation
utilized as a mutagen should result in a 40-60% chance of survival [85], but chemical
mutagens should result in a 70-80% chance of survival [86]. Bell peppers, as opposed
to spicy peppers, are often more radiosensitive in general. Pollen grains have also been
treated with gamma or X-rays and utilized for the pollination of emasculated, non-
irradiated flowers immediately after irradiation. In order to prevent cross-pollination,
the M; generation (first generation after mutagen treatment) plants must be culti-
vated on separate plots (at least 700 m away from other capsicum plants) followed by
bagging of the M; flowers to prevent out-crossing. Each experiment requires the cul-
tivation of at least 3000-5000 M plants. Plants are produced in the following genera-
tion at a rate of 20-25 M, plants per M; plant or 10-15 M, plants per M; fruit (with 2-3
fruits per M; plant) in the first generation. According to the M, field population size
estimates, the population size ranges between 70,000 and 100,000 plants, however
this varies depending on the kind of selection to be done and the number of observa-
tions to be made. The M, generation is the one in which the majority of the work is
done in terms of mutant selection. All identified mutants must be selfed, which is
commonly accomplished by bagging the flowers, to enable offspring testing.

In capsicum, the method of mutation breeding has been employed extensively for
functional gene annotation as well as for the creation of new variability that can be
exploited in breeding [87] used the sweet pepper cultivar “Maor” to develop a muta-
tion population that was later used for the isolation and characterization of genes con-
trolling plant architecture and flowering [87]. Similar mutant populations have been
established in chilli peppers using the cultivar “Yuwol-cho,” which is a cross between
two different cultivars [88]. TILLING (targeted induced local lesions in genome)
technique was used in the same cultivar “Yuwol-cho” by Jeong et al. [89], and they
were successful in isolating a line that was resistant to the tobacco etch virus (TEV).
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Capsicum mutant populations were generated by Daskalov [90, 91] by the use
of X-rays and gamma irradiation, and these populations were studied further.

Novel male-sterile lines were isolated from these populations and then described to
determine their suitability for use in breeding programmes. These populations were
also used to generate capsicum cultivars that have desirable features like resistance
to the cucumber mosaic virus (CMV), superior taste, greater yield, and compact
plant height, among others [90, 91]. Japanese researchers Honda and colleagues [92]
generated mutants using heavy ion beams (12C and 20Ne), however the majority of
the screening was done in the M; generation, which is the first generation of mutants.
Capsicum has been subjected to ultraviolet irradiation in order to produce mutants
with higher levels of vitamin C and E [93]. Three male-sterile lines were obtained
from a capsicum mutant population produced by gamma irradiation and used in
hybrid development by Daskalov and Mihailov [93].

Tomlekova and colleagues [15, 16] have recovered mutants with altered shoot
architecture in hot pepper [86], some induced mutants in sweet pepper [92], and
capsicum with enhanced p-carotene and orange color on maturity [15, 16]. Capsicum
annuum L. dry seeds were gamma irradiated, and numerous intriguing mutants were
developed, the most interesting of which were induced male-sterile mutations, which
were acquired after gamma irradiation of the seeds. Male sterility is controlled by a
small number of recessive genes, which are designated as ms-3, ms-4, ms-6, ms-7, and
ms-8. Using the male-sterile lines Pazardjishka kapia ms-3 and Zlaten medal ms-8 that
were recovered following mutagen treatment, the researchers were able to evaluate
their combining capacity against the original male-sterile line that was utilized for
hybridization. The results obtained suggest that there is no statistically significant dif-
ference in the combining ability for early and total yields, according to the findings.
Several male-sterile lines were crossed with a huge number of other lines in order
to produce hybrid combinations that might be used for a variety of reasons. When
it came to early yield, the majority of the hybrid combinations outperformed the
check. There was also a rise in overall yield in several hybrids, which was observed.
Two-hybrid combinations, designated “Krichimski run” and “Lyulin” were released
as cultivars based on the male-sterile lines retrieved from the mutant population and
used in the development of the hybrid combinations.

4. Limitations of capsicum breeding

Crop improvement via conventional plant breeding relies on manipulating plant
genomes inside the core gene pool of a genus. Hybridization and selection are used
in conjunction with backcross breeding, mutagenesis, and somatic hybridization to
develop novel combinations of genomes from various species. Segregating progeny
phenotypic evaluations are used to identify economically significant novel charac-
teristics. Beyond a certain point, traditional plant breeding’s relevance in improving
quality and output becomes exceedingly challenging. Modern breeding distinguishes
itself from traditional breeding by separating phenotypes from genotypes. The
phenotype is a manifestation of a person’s inherited genes in a particular environ-
ment. Genotype selection and screening are focused on phenotypic expression rather
than genetic variation. As a consequence, new cultivars include qualities that breeders
want, but they also have undesirable characteristics that were not taken into account
during the selection process, and this transfer of undesirable traits from existing to
new varieties is almost always unavoidable via traditional breeding. Breeders face
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a second problem when they attempt to make use of the genetic variation that is
present in groups that are incompatible with each other. Wide-scale hybridization
and intensive backcrossing of created hybrids with recipient parents provide novel
features into cultivated types. Nevertheless, the targeted features of interest don't
appear on their own; they’re accompanied by larger portions of wild chromosomes
and so are linked to linkage drag, which may include unwanted genes. Traditional
breeding cannot regulate the expression of target genes in a new genetic background,
which is the third constraint. Using current breeding methods like marker-assisted
selection helps speed up the introgression process while also reducing linkage drag.
Plant breeding will continue to use conventional techniques to create new and better
varieties, in other words. In contrast to traditional phenotypic selection, molecular
breeding plays an important role since it is more accurate, quick, and cost-effective
than conventional phenotypic selection.

5. Future perspectives

The success of Capsicum breeding demonstrates the program’s potential for future
growth. Capsicum has a lot of opportunities for development and expansion. The
genetic diversity of capsicum has been discovered using a whole-genome sequence
and a genotyping by sequencing technique to locate single nucleotide polymorphisms
(SNPs). Because of this genomic information, we may now believe that the genetic
makeup of capsicum can be changed to a far greater extent than previously antici-
pated. The number of studies that relate genetic variation to observable phenotypic
variation, on the other hand, is still fairly low. Finding unique linkages between the
generated genetic resources and crucial capsicum characteristics such as fruit size,
production, pungency, resilience to abiotic stress, nutritional content, and disease
resistance is a major research subject. Furthermore, the utilization of transgenic
technology in capsicum is slow because of the difficulty of changing and regenerating
capsicum. Now that the capsicum genome sequence is accessible, researchers may
look at the most recent genome-editing technologies and their potential use in genetic
upgrading of capsicum. The capacity of organisms to profit from gene/genome
editing is greatly limited by a lack of well-characterized target gene information.
Combining cutting-edge genetic breeding technologies with tried-and-true processes
like as traditional selections and crosses will be important in capsicum breeding in the
future.
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Postharvest Handling Methods,
Processes and Practices for Pepper
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Abstract

Pepper belongs to the family Solanaceae. It is cultivated for its pungency, flavor,
color, taste, export potential, capsaicin and oleoresin content. It is classified as sweet
or hot pepper, depending on the capsaicin content of the fruit. World pepper produc-
tion was around 3.5 million tons between 2009 and 2019, with 35% from Vietnam as
the largest producer and exporter, followed by India and Indonesia. Vietnam pepper
production increased progressively by 12.4% in 2014. The country was the major
producer, followed by Brazil, Indonesia and India. To enhance adequate supply of
pepper fruits and stabilize its soaring price, there must be efficient postharvest han-
dling, processing and preservation methods compatible with the socio-economic and
cultural practices of the producer. Data showed that improper postharvest handling
of pepper results in huge postharvest losses. With this, handling must be a crucial part
of an integrated systematic approach to maintaining the final product’s quality.

Keywords: pepper, postharvest handling methods, preservation, processing, practices

1. Introduction

Postharvest technology is an essential part of agricultural production and utilization
system. It is vital in loss reduction, value addition, food security, employment and income
generation. Therefore, there is an urgent need for a postharvest technology revolution
with strong linkages to proper processing, preservation, storage, marketing and distribu-
tion of pepper fruits [1]. Inappropriate postharvest handlings of pepper result in huge
losses [2]. Poor handling practices lead to substantial postharvest losses. These practices
include;- harvesting at an improper maturity stage, wrong harvesting method, use of
inappropriate field packaging materials, harvesting at an ill-chosen time of the day, poor
transportation, inadequate storage system and improper processing and preservation
methods. Ineffective postharvest handling will reduce fruits’ shelf life, hasten postharvest
decay and reduce marketability [3, 4]. Physiologically, pepper fruit lacks natural wax at an
immature stage, which hastens moisture loss and reduces quality. Postharvest losses have
been estimated to be about 26-35 per cent for local markets and 50 per cent for exports
[5-8]. Successful storage requires a good product, proper temperature and atmospheric
humidity, the right stage of maturity, proper harvesting method, right harvesting time,
suitable sanitation procedure and freedom from diseases and injury. These factors
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enhance and determine the shelf life of pepper in storage, while impacts of damages such
as bruises, rupture and puncture can be reduced by proper handling [9]. Pepper fruits
are harvested, handled and stored just as it suits each individual. Postharvest handling
method and storage of pepper fruits are based on demand and supply. The consequence
is that the system has not led to necessary and efficient postharvest handling and storage
of pepper fruits. Due to the absence of a proper postharvest management system, a bulk
quantity of the fruits gets damaged during handling, transportation and marketing,
resulting in substantial annual losses [10-13].

2. Pepper

Pepper is a herbaceous plant with a tap root system. It grows up to 10-20 mm
long and 3-7 mm in diameter, and fruit weight ranges from 128 to 210 g depending
upon cultivars. The fruit grows from green through pale yellow to mature bright
red [14]. There are 26 different species of pepper, but the most widely cultivated
are Capsicum chinense, Capsicum frutescens, Capsicum annum, Capsicum baccatum
and Capsicum pubescens [15]. The centre of diversity for Capsicum species is in
South-central and South America, with most species having the same range in
Brazil and Bolivia [16]. The primary centre of origin for domesticated C. annum is
in semi-tropical Mexico [17, 18]. Bolivia is considered the centre of domestication
for C. baccatum (Aji) and C. Pubescens (rocoto). Pepper’s diversity is associated
with its different names; chilly, chily, mirchi, chili, chile, Aji, paprika and capsi-
cum for plants in the genus capsicum [19]. Pepper can appear in the local dialects
as follows:

Nigeria

Yoruba Rodo

Ibo Osse nkrisi
Hausa Barkono/Tasshi
Afrikaans  Brand rissie
Ambharic Mit’mita berbere
Arabic Fulfill ahmar

2.1 Common names for capsicum

Aji: This is a South American term used for chili.

Anaheim: They are blunt-nosed, long and narrow with a green or reddish color.

Bolita: Bolita is dark red, oval-shaped chili fruit with very high pungency.

Cascabel: Dried form of bolita.

Cayenne chili: It is long and slender with dark green color. It turns red at maturity.

Chiltepin: It is one of the oldest and original chili species. It has tiny round-shaped
fruit.

Habanero: They are well known in Mexico and USA; they have thick flesh and
green color, cylindrical and oval-shaped, which turns red when ripe.

Jamaican Hot: It originated from Jamaica. The color is green when immature and
turns to yellow color at maturity.

Mirasol: They are beautiful, smooth, shining red skin and oval-shaped with high
pungency. When dried, it is known as guajillo’ or ‘puya’

Paprika: Paprika belongs to Capsicum annum; it originated from Mexico. It is
usually dried and ground for seasoning.
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Pasilla chili: It is long and thin with green color, which turns dark brown when
it matures; it is mild to medium in pungency. The ripe pasilla is called “Chilaca’ or
“Chiles Negro’

Pimento: This is Spanish paprika called pimento chili or cherry pepper. It is
extremely mild in pungencys; it is large heart-shaped red pepper with sweet, aromatic
and succulent fruit.

Poblano: It originated from Pueblo in Mexico. It is heart-shaped green in color
when unripe and turns red or brown at maturity. The pungency ranges from mild to
moderate. The dried poblanos are known as Mulato and Ancho.

Scot’s Bonnet or Scotch Bonnet: They are very high in pungency and may cause
blisters to the tongue, dizziness and severe heartburn. They are irregular in shape
with yellow, orange or red color.

Serrano: They are small, round in shape and slightly pointed at the end. They are
smooth dark green when unripe and turn scarlet red, brown, orange and then yellow as
they ripen with high pungency. They originated from the foothills of Puebla in Mexico.

Birdseye or Dhani Chillies: It is also known as African Devil Chile. It is tiny, green
and bright red at maturity. It is grown in many African countries.

Byadagi or Kaddi Chillies are grown in Goa and Dharwar in Karnataka. These
chillies are also called Kaddi chillies and wrinkled red when dried.

Guntur Sanman Chillies: These chillies are cultivated in the Guntur, Warangal and
Khammam district of Andra Pradesh. The Guntur chillies are long with thick red skin
with very high pungency.

Hindpur Chillies: These are found in Andhra Pradesh in India. These chillies are
extremely pungent and red. The harvesting season for these chillies is from December
to March.

Jwala Chillies: The most popular form of chili in India. Jwala is long and slender;
when unripe, it has green color and turns red when ripe. Jwala means “volcano’ in
Hindi and is highly pungent. Jwala is found in Kheda and Mehsana in Gujarat.

Kanthari Chillies: The Kanathari chillies are grown in Kerala and Tamil Nadu.
They are small and ivory white in color. They are highly pungent.

Kashmiri Mirch: It is grown in Himachal Pradesh, Jammu and Kashmir. It has
smooth, shining skin and is fleshy with dark red color. They are mild in pungency.

Mundu Chillies or Gundu Molzuka: Are found in Tamil Nadu and Anantpur in
Andhra Pradesh. They are roundish fruit with a moderately pungent yellowish red color.

Nalcheti Chillies: They are grown in Nagpur and Maharashtra. They are long and
red when dried with high pungency.

Tomato Chili or Warangal Chappatta: These are found in Warangal, Khammam
and the Godavari district of Andra Pradesh. These chillies are short, dark red in color,
and when dried, these chillies have moderate pungency.

2.1.1 Factors influencing the nutritional composition of pepper
2.1.1.1 Maturity stage and harvesting method

Pepper’s maturity is in three distinct stages during their developmental stages.
These stages are immature green, mature green and mature red. It starts from imma-
ture green to mature green, pepper fruit increases in firmness and pungency, the cell
walls thicken and no color change occurs. Mature green peppers are horticulturally
developed and can be consumed fresh or in processed form. Harvesting of immature
green peppers results in poor color, flavors and short lifespan [20]. Maturity is a major
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factor determining the compositional quality of fruits and vegetables. Fruit maturity
depends on the cultivar and the environmental conditions before and during matura-
tion [21]. Various workers reported that immature citrus fruits contained the highest
concentration of vitamin C, whereas ripe fruits contained the least. Although vitamin
C concentration decreased during the maturation of citrus fruits, the total vitamin

C content per fruit tended to increase because the total volume of juice and fruit size
increased with advancing maturity [22]. The method of harvest, maturity and physi-
cal injuries can influence the nutritional composition of pepper fruits. Mechanical
damages (e.g. bruising, surface abrasions and cuts) can result in accelerated loss of
vitamin C. The incidence and severity of such injuries are influenced by the method
of harvest and handling operations. Vitamin C loss occurs when vegetables are
severely cut or shredded, such as cabbage, lettuce, carrots and other vegetables sold
as salad mix. Proper management should be employed to minimize physical damage
to crops, whether harvesting is done by hand or by machine. Strawberries and other
berries lose vitamin C quickly if bruised during harvesting [23]. Mondy and Leja
found a considerable decrease in vitamin C content of injured tissue of potato tubers,
while the unbruised halves appeared to show an increase in their vitamin C content
[24, 25]. The harvest and postharvest techniques adopted by small-scale farmers in
some developing countries were inappropriate for protecting fruits from damage and
deterioration. The farmers also sometimes fail to sort out infected fruits from whole-
some ones before transporting them to market, which could have reduced infection of
healthy fruits and subsequent postharvest losses. Other causes of high failures include
using unskilled labour for harvest, careless loading and unloading of harvested
fruits, exposure of fruits to direct sunlight resulting in heat buildup and poor roads
and transportation networks. Adewoyin and Babatola revealed that the shelf-life

of pepper fruits harvested with pedicels at 10% ripeness and stored in refrigerator,
evaporative coolant structure (ECS) and ambient condition (AC) were 27, 20 and

6 days, while those harvested at 100% ripeness were 21, 14 and 3 days, respectively.
The corresponding shelf-life of pepper harvested without pedicel at 10% ripeness
was 21, 18 and 5 days and those harvested at 100% ripeness were 18, 15 and 2 days.
Deterioration was significantly higher in fruits harvested without pedicels than those
harvested with pedicels [26].

2.1.2 Climatic condition

During the growing season, the amount and intensity of light significantly influ-
ence the amount of vitamin C formed. Vitamin C is synthesized from sugars supplied
through photosynthesis in plants. Outside fruit exposed to maximum sunlight con-
tains more vitamin C than inside and shaded fruit on the same plant. It was observed
that grapefruits grown in coastal California generally contain more vitamin C than
fruit grown in desert areas.

2.1.3 Cultural practices

Plant growth is generally enhanced by Nitrogen fertilizer, so a relative dilution
effect may occur in the plant tissues [23]. More so, cultural practices like pruning and
thinning determine the crop load and fruit size, which can influence the nutritional
composition of fruits. Using pesticides and growth regulators may indirectly affect the
nutritional quality of fruit. The application of gibberellins was beneficial to green tea
quality, increasing vitamin C content by 18%. Excess use of Nitrogen fertilizer increases
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the concentration of NO; and simultaneously decreases that of AA. It may have a double
negative effect on the quality of plant food [27, 28]. Although vitamin C concentration
is positively correlated with the nitrogen supply in butter-head lettuce, it is inversely
correlated with the Nitrogen supply in white cabbage and crisp-head lettuce [29-32].

2.1.4 Temperature

Temperature is critical in extending shelf life and maintaining the quality of fresh
pepper fruit. Prolonged keeping of fruits after harvesting and cooling or processing
can result in direct loss due to water loss and decay; indirect losses can also occur,
such as flavor and deterioration in nutritional quality. The temperature range and
the extent of vitamin C loss depended on the type of fruit. Wu found that vitamin
C reduced quickly in green beans kept at 5°C after three days but retains stability
in broccoli [33, 34]. Esteve showed that vitamin C concentration in harvested fresh
green asparagus stored at 4°C increased after two days [35].

2.1.5 Mechanical damage

Mechanical damages such as abrasion, cuts and bruises affect the chemical
composition of pericarp tissues of tomato fruit. Vitamin C content was lower by 15%
in bruised locular tissue than in fruit without physical damage. Shelling green peas
and green lima beans lowers their nutrient composition compared to those left in the
pod [36-38].

2.1.6 Chemical treatments

Calcium dips can control physiological disorders and firmness reduction in
apples and cherries. Dehydrated pineapples and guava pre-treated with cysteine
hydrochloride had increased AA retention and reduced color change during storage
[39]. Kiwi fruit slices stored in ethylene—free air had threefold more AA content
than the control [40].

2.1.7 Irvadiation

Ionizing radiation can be used to prevent sprouting, insect control or delay of
ripening of certain fruits and vegetables [41]. Irradiation effect on horticultural crops
at relatively low doses at 300gy had no significant effect on AA and DHA. Irradiation
at 75 - 100gy irreversibly inhibited the sprouting of potatoes regardless of storage
temperature. Losses in vitamin C were lower in potato irradiated for sprout control and
subsequently stored at 15°C than in non-irradiated tubers stored at 2-4°C [42]. ‘Galia’
musk melons were irradiated at doses up to 1kgy as a quarantine treatment, and the
treatment did not affect vitamin C content. In general, doses of 2-3 kg combined with
refrigeration helped extend the shelf life of strawberries [43]. During storage, AA levels
significantly increased while DHA content decreased in irradiated strawberries [40].

2.1.8 Controlled modified atmosphere

Modifying the atmospheric air (AA) during storage reduces physiological and
chemical changes in fruits. For instance, AA loss can be reduced by storing apples in
a low oxygen atmosphere. Veltma found out that storage of pepper for six days in a
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CO2-enriched atmosphere resulted in a reduction in AA content of sweet pepper kept
at 13°C. Increasing CO, concentration in the storage atmosphere of strawberries had
little effect on vitamin C content; AA was more diminished at high CO, than DHA
[43]. Elevated CO, may stimulate the oxidation of AA by ascorbate peroxidase [44].
Other qualities of pepper were maintained better in MAP (Modified atmosphere
package) than in air [43-49].

2.1.9 Processing methods

Processing methods are critical in preserving the beneficial properties of capsicum.
Among the vitamins, ascorbic acid is very susceptible to chemical and enzymatic
oxidation during the processing, cooking and storing of produce. Unblanched beans
and pepper lost more than 97% of their vitamin C within one month of freezing at
23'C. Blanching reduces vitamin C content by 28% in vacuum-sealed samples further
decreased by 3%, while non-vacuum sealed lost 10% in 12 months of storage [50-53]

2.2 Storage

The need for storage of agricultural produce is necessitated by seasonal changes,
disasters, economic meltdown, climate change, price fluctuations, terrorism and
tribal conflict. Tropical fruits are stored at a higher temperature than in the temper-
ate region. The higher temperature increases metabolism, activities, respiratory rate,
loss of moisture content and an increased rate of ripening; these reduce the shelf life
of tropical fruits more rapidly. It was estimated that 25-70 per cent of the fresh fruit
produced is lost after harvest [26]. Peppers stored above 7.5°C suffer water loss and
shriveling. Storage below 7.5°C is best for a maximum shelf life of 3—5 weeks. Pepper
dried to safe moisture content, packed tightly in sacks, can be stored in non-refrig-
erated warehouses for up to 6 months. Storage under low temperature reduces loss
of red color and slow down insect activities. Rapid precooling of harvested pepper
is essential in reducing marketing losses, and this can be done by forced air cooling,
hydro cooling or vacuum cooling. If hydro cooling is used, care should be taken to
prevent the development of decay. The moisture content of pepper should be kept
low (10-15%) to prevent mold growth. Relative humidity of 60-70% is too higher. If
the relative humidity is too low (below 10%), pods may be too brittle that they may
shatter during handling, resulting in losses and the release of dust, which irritates
the skin and respiratory system [54]. Using polyethene bags for dried pepper allowed
for better storage and reduced dust. Packaging ensures the pod maintains a constant
moisture content during storage until the grinding time. Baryeh studied the storage
condition and storage life of okra and pepper in isolated concrete and heat storage
unit in form of tubes and slabs. Solar heated air and the air blown around a hot inter-
nal combustion engine were passed through the tubes and slabs. The effectiveness
of heat storage increased with increasing food storage length. It was demonstrated
that up to 6.0 kj and 5.75 kj of heat energy could be used to store products in tropical
semi-argillous mud and concrete over a 5-hr period. In a further study, concrete and
mud tubes were used to store pepper, which was kept for one year without severe
deterioration. The moisture content remains at the initial value of 10%, which was too
low to allow germination and fungal growth [55]. Pepper can also be preserved effec-
tively in the evaporative coolant structure for two weeks without problems associated
with cold storage [56]. The objective of storage after harvest is to control the rate of
deterioration and ripening, and to maintain its quality. The following characteristics
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are used as indices to measure the quality of pepper fruit; size, color, shape, firmness,
freedom from defects, cracks, decay, sunburn, infection, physiological disorder and
pathological disorder. Relative humidity, the control of relative humidity in a posthar-
vest environment, is often as important as temperature control. In some situations,
the effect of the two factors is difficult to separate because of the capacity of air to
hold moisture, which varies with temperature. Relative humidity depends on the type
of storage and purpose [54]. Green pepper stores best at 5-10°C for 3-4 weeks [57].
Wills also found that, in general, there is an inverse relationship between respiration
rate and storage life so that produce with low respiration rate generally keep longer.

It suggests that respiration could be slowed by limiting the oxygen or raising carbon
dioxide concentration in the storage atmosphere. The reduction in the concentration
of O, is necessary to achieve a dependent on the storage temperature. As the tem-
perature lowers, the required concentration of O, is also reduced. For good quality,
colored peppers should have 50% colouration [4].

2.3 Preservation techniques

The preservation of pepper helps in the following ways: To increase the economic
value of the product by transforming it from one form to another, to remove inedible
parts of produce, to improve taste, to inactivate enzymes, to make packaging easier, to
reduce the cost of transportation, to make food available where it is not produced, to
increase profit and to Control shortage.

2.3.1 Drying of foods

Drying is a food preservation method that involves the removal of moisture from
food to a safe moisture level that inactivates microorganisms. Sun drying is only
possible when the sun is available for a longer time [52]. Freeze-drying involves sub-
limation by converting food into ice without allowing water but through vacuum and
heat applied in the drying chamber. The produce is frozen, and then water is removed
by vacuum and application of heat. This coincides in the same chamber binding the
moisture in food. High sugar concentration can also bind up the moisture and give the
food a certain level of humidity at which micro-organisms cannot grow. Salt with high
concentration can be used, resulting in high osmotic pressure that ties up the moisture
and consequently inhibiting the growth of micro-organisms. It dehydrates the food
by drying out and tying up moisture as it drains the microorganism’s cells [58]. Pepper
fruits parboiled at 75°C for 3 minutes before sun-drying had the highest nutrient com-
position with respect to fat, protein and capsaicin contents among various treatments
evaluated. The efficient conservation of nutrients could be attributed to the inactivation
of the enzyme system and retardation of physiological processes by parboiling which
consequently prevents deterioration and nutrient losses. Parboiling has been found to
reduce the period of drying and the maintenance of the red color of fresh pepper [59].
During drying, two processes occur — heat application and moisture evaporation from
the sample. Nutrient losses were due to a more application of heat than the removal of
moisture, which increased the concentration of nutrients in the fruit.

Using oven and dry parboiled, pepper fruits accelerated the moisture removal but
resulted in lower nutritional composition than sun drying. Pepper fruits subjected
to heat sterilization had high crude fibre, ash content and moisture content and had
the lowest crude protein, fat, carbohydrate, capsaicin and oleoresin content. The
ash content was highest in sun-dried pepper fruit. This agreed with the findings of
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Mepba, who observed that the ash content of sun-dried vegetables was higher than
the blanched samples. The parboiled pepper fruits had higher oleoresin and capsaicin
content [52]. The crude fiber content of pepper fruits parboiled before oven drying
or sun drying was significantly higher than those of the respective ones dried without
parboiling. Oleoresin was positively correlated with all proximate content of pepper
fruits except crude protein and fat content.

Furthermore, carbohydrate was correlated with protein, fat and fiber, while crude
fiber was also linked to ash content. Fat content was also associated with moisture
content and crude protein. In this study, mineral element content varied among treat-
ments; Pepper parboiled before sun-drying or oven-drying had maximum values for
all the mineral elements viz.: phosphorus, zinc, iron, potassium, calcium and sodium
content. The mineral elements and vitamin C composition of pepper parboiled before
sun-drying were significantly higher than those of the corresponding treatments.
Heat-sterilized samples had the lowest phosphorus, calcium and vitamin C content
than those subjected to various drying methods. Solanke and Awonorin (2002) have
also reported losses of 62 to 93% of vitamin C in cooked vegetables [60]. The high
solubility of vitamin C in water and the relative ease with which it is oxidized renders
it susceptible to deterioration during processing. The route and rate of oxidation
of vitamin C are influenced by several factors such as pH, presence of trace metals,
enzymes, oxygen availability, time and temperature. The relationship of each nutrient
element evaluated indicated a strong correlation among the treatments. Phosphorus
content was highly correlated with calcium, zinc, iron, potassium, and sodium.
Calcium was highly correlated with zinc, iron, potassium and sodium, while magne-
sium was moderately correlated with zinc and iron. Vitamin C was highly associated
with potassium. The relationship between nutrients and vitamin C was all positive.
Zinc was also highly correlated with iron, potassium and sodium, while potassium
was moderately related to sodium.

2.4 Packaging and sales

The ultimate goal of packaging is to keep pepper fruits in good condition until
they are sold to consumers (Figures 1-3). Pepper fruits are packaged to protect
them from injury and water loss and be convenient for handling and marketing [27].
Packages should also provide information about the produce, including the grade,
handling instructions and appropriate storage temperatures. Improper packaging and
transportation methods, lack of shade or precooling facilities to remove field heat
to reduce respiration rate and consequent deterioration rate are the reality among
small-scale farmers in most developing nations. In Nigeria, for example, Adewoyin
and Babatola observed that none of the marketers and farmers used the plastic crate
designed by Food and Agriculture Organization (FAO) and Nigerian Stored Product
Research Institute (NSPRI) to prevent physical damage to produce. This corroborates
the findings of Olayemi et al. (2010) on the assessment of postharvest challenges of
small-scale farm holders of tomatoes, bell and hot pepper in some local government
areas of Kano State, who observed that peppers were typically harvested at a fully ripe
stage (90%) and that most farmers still use the traditional basket and sack as their
packaging material in conveying produce, which resulted in massive post-harvest
losses of about 62.5%. Harvesting cardboard has been observed to be much more
appropriate than polypropylene bags for fresh fruits. Harvesting cardboard boxes
can go a long way in maintaining the quality of peppers for the following reasons:
They bear the weight of the product compared to second-hand grain sacks, where the
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peppers carry the weight causing severe damage. They are easier to handle and can
maintain the integrity of the fruits. Bruising, compression and friction are reduced.
Figure 1 showed the marketers’ pepper using different consumer packages. The
most common packaging materials used by the handlers were baskets of various
sizes. Its limitations include injury and bruises due to hard rough surfaces during

Figure 1.
Display of pepper fruits by handlers [Adewoyin O.B].

Figure 2.
Improper packaging of pepper fruits [Adewoyin O.B].
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Figure 3.
Packaged peppers ready for transport [Adewoyin O.B].

transportation, loading and handling after the close of the day. A survey by Adewoyin
and Babatola on postharvest handling of pepper fruits by marketers showed that
Hausa men were more involved in marketing pepper fruits than women. This could be
attributed to the rigorous demand of the business that required constant transporta-
tion of pepper fruits from the north to the southwest. The religious background and
customs in the north also restricted women to more domestic activities within the
home environment (Figures 1 and 2) [61].

Figures 2 and 3 showed the bulk handling of pepper using a polypropylene bag,
which has the following limitation:

1. Peppers are tightly packed in the bag, leading to compressions, lack of proper
ventilation and heat buildup. This practice results in physical and mechanical
damage and enzyme reactions along the marketing chain.

2. The temperature in the bags gets very high, which leads to rapid moisture loss
and shriveling.

3. The bags are placed on top of each other during transportation resulting in
further fruit damage.

4. Polypropylene bags may compromise food safety because they are not sanitized
after use and are not stored under conditions that ensure food safety.

5.The netted nature of the bags can severely bruise the fruits during direct.
2.5 Uses and application

Capsicum is used for food flavoring, as a coloring agent, and as an essential
condiment in food. Vitamins A, C and E are also present in its fruit. The green fruit
of capsicum contains three times the vitamin C content of an orange and provides
the minimum daily requirement for humans [16]. As the green pod turns red,
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pro-vitamin A content increases until it contains twice the pro-vitamin A of a carrot.
Half a tablespoon of pepper powder furnishes the minimum daily requirement of
vitamin A [14]. Capsicum coating and powder are used to control browsing animals
and insects. The acetone and petroleum ether extracts caused complete mortality of
rice weevil (Sitophillus oryzae) in 15 days, while fruit powder was much less effective.
As a pharmaceutical ingredient, its usage has grown exceedingly. It has been used in
the neurogenic bladder, osteo-arthritis-psoriasis, diabetes and neuropathy [20]. It

is used for cluster headaches, indigestion, heartburn, itching, obesity, rheumatoid,
arthritis, bursitis, migraine and headache. It is also utilized as a counter-irritant for
asthma, coughs, sore throat and relieving toothache. It relieves itching in dialysis
patients; reduces long-time inflammation [21]. Red or hot peppers from Capsicum
annum and Capsicum frutescens are used extensively in Mexican and Italian food. Asa
traditional medicinal plant, capsicum has been used as a calmative, digestive irritant,
stomach stimulant, rubefacient and tonic. Other purposes of capsicum include folk
remedies for dropsy, colic, diarrhea, muscle cramp and toothache. C. frutescens L

has been reported to have hypoglycemic properties and can cause contact dermatitis
and blisters. Excessive consumption can cause gastroenteritis and kidney damage.
Pepper may aggravate symptoms of duodenal ulcers. With increased body tempera-
ture, the flow of saliva and gastric juices may be stimulated by capsicum pepper. The
medicinal application of capsaicinoids has brought innovative ideas for their use.
Medicinal use of capsicum has a long history dating back to the Mayas, who used it
to treat cough and sore throats. The Aztecs used chile pungency to relieve toothaches.
The pharmaceutical industry uses capsaicin as a counter-irritant balm for external
applications [21]. Pepper is the active ingredient in heat and Sloan’s liniment to rub
down liniments, used for sore muscle. It is used as an antiseptic, topical vasodilator,
neural stimulant and depressant; diaphoretic for the first stage of cold when the skin
is hot and dry has a protective effect on the tracheobronchial system. Capsaicin was
determined to inhibit the growth of the gastric pathogen Helicobacter pylori, which is
associated with gastric ulcers [22].

3. Conclusion

Postharvest technology has become necessary to improve food safety and
strengthen the nation’s food security. Appropriate handling, packaging, transporta-
tion and storage reduce post-harvest losses of pepper. For every one per cent reduc-
tion in loss, it will correspondingly save five million tons of pepper fruit annually.
Processing and preservation technology helps to save excess fruit during the glut
season. The technology helps to boost the export of pepper in the form of preserved
and value-added products. The technical activities that must be incorporated in the
pepper’s value chain include harvesting at the proper maturity stage, removal of field
heat, appropriate packaging, ventilated and sound vehicles, field drying, storage,
proper processing, marketing and distribution. The economic activities in the value
chain of pepper, such as transporting, marketing, quality control, nutrition and
extension services, serve as a means of employing a significant number of people,
improving household income and increasing the nation’s economy.
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