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ABSTRACT. Capsicum chinense and C. frutescens peppers are part of
the Brazilian biodiversity, and the Amazon basin is the area of greatest
diversity for them, especially for that former species. Nevertheless, little
is known about their evolutionary history. Aiming to identify genotypes
with wild and domesticated characteristics, 30 accessions of the
germplasm bank of Embrapa were characterized using morphological
descriptors and ISSR molecular markers. Of the 72 primers tested, 42%
showed amplification and produced 136 amplicons with some of the
primers, namely 17Pv and i57Zm, allowing the identification of each
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species. ISSR also revealed polymorphisms within a species, especially
between domesticated and wild forms. Four wild accessions collected in
the Amazon region (CNPH 4315, CNPH 4372, CNPH 4337 and CNPH
4325B) popularly known as “olho-de-peixe” or “olho-de periquito”
were molecularly classified as C. chinense and showed fruit with
similar characteristics as the wild species: upright position, rounded
to campanulate shape, small size (1.0 cm long and 0.8 cm wide),
average weight of 0.2 g, dark-red color when ripe, easy detachment
of calyx and presence of calyx annular constriction (discriminative of
C. chinense). The wild form CNPH 4353 known as “malaguetinha”
was morphologically and molecularly classified as C. frutescens,
demonstrating a more preserved morphology in C. frutescens than in C.
chinense. A significant correlation was found between morphological
and molecular characterization, and the combination of the two
analyses was effective in identifying and classifying the wild forms and
contributing to evolutionary studies in the genus.

Key words: Molecular characterization; Domestication; ISSR;
Morphological characterization; Diversity; Germplasm bank

INTRODUCTION

The genus Capsicum comprises about 35 taxa (species and varieties) which, classified
into categories according to the level of domestication, corresponds to five domesticated taxa
and thirty wild (semi-domesticated and wild) (Bianchetti and Carvalho, 2005). It is believed
that the genus Capsicum has been domesticated independently in, at least, three regions: C.
annuum L. var. annuum and C. frutescens L. in Mesoamerica (region between central Mexico
and northwestern Costa Rica), C. baccatum L. var. pendulum (Willd.) Eshbaugh and C. pu-
bescens Ruiz & Pavon in the Andean region, and C. chinense Jacquin in the plains region of
tropical South America (Pickersgill, 2007).

The wild ancestors of three species (C. annuum var. annuum, C. baccatum var. pen-
dulum and C. pubescens) have already been identified. However, the evolutionary history of
domesticated species of Capsicum is not totally consolidated. The known wild ancestors show
upright, bright, small, oval, red, deciduous and spicy fruits, and the region of its natural oc-
currence matches that of the domesticated forms. On the other hand, little is known about the
evolutionary history of C. frutescens and C. chinense. Some authors comment on the difficulty
in determining the wild forms of these species, and Walsh and Hoot (2001) even believe that
there is no true form of wild C. chinense.

C. annuum, C. chinense, and C. frutescens have been traditionally treated as a “com-
plex” due to their high morphological similarity and genetic proximity. These species have often
received undifferentiated treatment even regarding the identification of the possible immediate
ancestor (Pickersgill, 1988). Each of these three species, however, possesses at least one unique
characteristic that allows its clear distinction. In this sense, the same characteristics should be
observed in the wild ancestor as well as the domesticated one. For example, domesticated C.
annuum var. annuum and its wild ancestor (C. annuum var. glabriusculum) distinctively show

Genetics and Molecular Research 13 (3): 7447-7464 (2014) ©FUNPEC-RP www.funpecrp.com.br



Wild and domesticated peppers 7449

the occurrence of only one flower per branch and white corolla without the presence of stains.
Likewise, the likely wild ancestor of domesticated C. chinense may show constriction at the base
of the calyx (Smith and Heiser, 1951), a discriminative characteristic of this species.

Of the five domesticated taxa, C. chinense seems to be the one that has less informa-
tion especially on the definition of the center of origin and the probable progenitor, although
it is evident that the Amazon region (South America) is the center of diversity of this species
(Eshbaugh, 1993). However, the first specimens of C. chinense showing the characteristics
shared by the wild species of Capsicum and the presence of constriction at the base of the
calyx were identified in Roraima (Brazil) by Barbosa et al. (2002). Moreover, in the far north-
ern Brazilian Amazon, indigenous people use C. chinense peppers with wild characteristics,
which grow naturally in the hills and foothills of north-central and northeastern Roraima and
were probably dispersed by birds. Among the indigenous natives, these peppers are grown
in their gardens because of their mystical belief in “Curupira” or “Atai-tai” and were sym-
bolically named “Pimenta do Curupira” or just “pimi’rd” (small pepper, in Macuxi language)
(Nascimento Filho et al., 2007).

The domesticated forms of C. chinense stand out by their wide morphological variabil-
ity, expressed in different shapes, sizes, and colors of the fruits, which are generally very spicy
and aromatic. Some forms with sweet fruits are also found, such as the “pimenta de bico”, very
common in the state of Minas Gerais, Brazil. The most popular kinds of pepper of this species
are “habanero”, “pimenta-de-cheiro”, “murupi”, “pimenta-de-bico” (“biquinho”), “pimenta-
de-bode”, and “cumari-do-Para” (Ribeiro et al., 2008). In Brazil, “murupi” is the favorite mor-
phological type among the indigenous and non-indigenous people in Roraima State to prepare
sauces and “jequitaia” (pepper powder). Murupi fruits are elongated, with a rough surface and
yellow or red color when ripe, weigh less than 4.5 g, and show a characteristic aroma and high
pungency (Barbosa et al., 2010), which may reach values over 220,000 SHU (Scoville Heat
Unit) (Ribeiro et al., 2008). This species is popular throughout the tropical region and widely
used to give flavor and pungency in the Caribbean cuisine (Moses and Umaharan, 2012).

C. frutescens, in general, is characterized by having small, conical, upright, spicy
fruits, with thin fruit wall, generally red when ripe and with no calyx annular constriction
between calyx and pedicel (Carvalho et al., 2006). However, variations in the shape, position,
size, and color of fruits have already been observed in populations of C. frutescens, and they
are therefore classified as domesticated. The most common example, previously considered as
the only domesticated form for a long time, is the popular so-called “Tabasco pepper” (Pick-
ersgill, 1971), cultivated in the United States. Baral and Bosland (2004) reported the existence
of the accessions of C. frutescens showing big, pendant, and persistent fruits, suggesting the
existence of other domesticated forms, besides cultivated “Tabasco”.

The geographical distribution of C. frutescens occurs from the lowlands of south-
eastern Brazil to Central America and the Antilles, in the Caribbean. In Brazil, it is possible
to observe part of the variations mentioned especially related to size and deciduousness of
the fruits, which can vary from very small and deciduous (slight persistence between pedicel
and fruit) to large and persistent ones, popularly known as “malaguetinha”, “malagueta”, and
“malaguetio”.

Collection expeditions in the Amazon region, since the 1990s, made it possible to
obtain populations with characteristics capable of discriminating the species C. chinense (es-
pecially the presence of calyx annular constriction between calyx and pedicel) and C. fru-
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tescens (especially elongated, thin-wall fruits, with no calyx annular constriction between
calyx and pedicel, as well as characteristics related to the category of wild species (upright
position, small size, dark-red color when ripe, and easy detachment of calyx). These acces-
sions enriched the Germplasm Bank of Capsicum (GB) of the Empresa Brasileira de Pesquisa
Agropecudria (Embrapa), and from this bank, it was possible to find five specimens with wild
characteristics, with one being recorded as C. frutescens and four as C. chinense.

The appropriate characterization of these accessions provides an indication of the
degree of domestication and human interference. Only one part of the “gene pool” is selec-
ted in the domestication process (genetic bottleneck) in each selection cycle. Thus, this pro-
cess is always associated with a reduction in the genetic diversity of the selected population
(Eyre-Walker et al., 1998). Thus, the identification and incorporation of wild accessions in
a breeding program can cover part of the lost genetic variability and allow, through genetic
combinations, the emergence of new individuals that are better adapted, productive, and dis-
ease-resistant, among other characteristics.

Since 1994, the use of ISSR (inter-simple sequence repeats), based on SSR (simple
sequence repeats) has become considerably more accessible (Zietkiewicz et al., 1994) for ge-
netic studies and genetic improvement of species of agricultural interest. The ISSR technique
involves the amplification of DNA by PCR, using a single primer composed of a microsatel-
lite sequence, anchored in the 3' or 5' region for two to four arbitrary nucleotides (Gonzales
et al., 2005). The use of this technique overcomes the limitations of prior knowledge of the
sequences of microsatellites. It is a simple method, with relatively low cost when compared
to other markers, and it provides high reproducibility and shows a high number of polymor-
phic fragments. The ISSR markers are dominant, and the amplification product is not known,
which means they are random markers as in RAPD (random amplified polymorphic DNA).
However, ISSR markers are more reliable, because the primers are larger and the annealing
temperature is higher, which provides a greater specificity (Bornet and Branchard, 2001).
ISSR have been used for several purposes, such as phylogenetic inferences (Dogan et al.,
2007), evaluation of genetic diversity (Aguilera et al., 2011), and studies of species complexes
(Michelan et al., 2012), among others.

The present study aimed to carry out a morphological and molecular characterization
of wild and domesticated forms, comparing them to a representative sample of other acces-
sions of the GB. We also attempted to determine the accuracy of pre-existing taxonomic clas-
sification and report on the existence of genotypes with wild characteristics belonging to the
species C. frutescens and C. chinense.

MATERIAL AND METHODS
Genetic material

A sample of 30 accessions of the GB of Embrapa was used in this study, including
five accessions with wild characteristics collected in the Amazon region (Table 1). The sample
comprised nine accessions registered in the GB as belonging to the species C. frutescens, sev-
enteen classified as C. chinense, two accessions of C. baccatum species (one C. baccatum var.
praetermissum and one C. baccatum var. pendulum) and, finally, two accessions of C. annuum
(one C. annuum var. glabriusculum and one C. annuum var. annuum).
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Morphological characterization

The seeds of the accessions were germinated in polystyrene trays containing organic sub-
strate in greenhouses with anti-aphid screen and, after 45 days, five plants of each accession were
transplanted to soil, also in a greenhouse, arranged in rows spaced 1.5 m, with 0.60 m between
plants. The morphological characterization of the plants was then carried out 90 days after sow-
ing, using eight internationally recommended descriptors for Capsicum (IPGRI - International
Plant Genetic Resources Institute, 1995), all related to fruit: maturation color, shape, position,
persistence between pedicel and fruit, length, width, weight, and presence of calyx annular con-
striction between calyx and pedicel. Five plants per accession were characterized. These descrip-
tors related to the characteristics of the fruits were chosen because they provide an indication of
the degree of domestication that has occurred in the genotypes of this study, since the fruit is the
focus in the selection. The species were identified by a key to identify species and domesticated
and semi-domesticated varieties of the genus Capsicum in Brazil (Ribeiro et al., 2008).

On the basis of the means of the morphological descriptors, coefficients of genetic dis-
similarity were obtained for each pair of accessions according to DEMP (standardized average
Euclidean distance). The genetic dissimilarity matrix generated was subjected to cluster analy-
sis by UPGMA (unweighted pair-group method using arithmetic average) and represented by
a dendrogram. The Genes software was used to perform these analyses. The time to stop the
clustering algorithm (cutoff value of the dendrogram) to set the number of groups was defined
according to the average genetic distance between genotypes using the NTSys pc 2.1 software.
The graphic dispersion was also carried out according to the multidimensional scales through
the main coordinates, using the SAS and Statistica software.

Molecular characterization

Leaves of each accession were collected and genomic DNA extracted using the 2%
CTAB method, with scale modifications (Boiteux et al., 1999). The DNA concentration was
estimated by 1% agarose gel electrophoresis, comparing the fluorescence intensities of each
sample stained with ethidium bromide with different lambda DNA standards. Each sample
was then diluted to 3.0 ng/uL.

The diversity among the accessions was evaluated using twelve ISSR primers devel-
oped for beans (i1Pv to i12Pv) (Acampora et al., 2007) and sixty for corn (i1Zm to i160Zm)
(Gianfilippi, 2006). For the polymerase chain reaction (PCR), a 13-uL mix was prepared. This
mix contained 2.59 puL MilliQ water, 1.3 puL 10X buffer, 0.25 pL 50 mM MgCl,, 1.3 pL (2.5
mM x 4) dNTPs, 1.3 pL 2.5 mg/mL BSA, 3 pL 1.2 mM primer, 0.26 puL 5 U/uL Taq poly-
merase and 3 pL 3 ng/uL genomic DNA. The ISSR amplification reactions occurred as fol-
lows: 94°C for 5 min for denaturation, 35 cycles of 1 min at 94°C, 1 min at 56°C for annealing
and 1 min at 72°C, and a final extension at 72°C for 10 min.

The amplification reactions were carried out on a 1.5% agarose gel, stained with ethid-
ium bromide (0.2 pg/mL), for separation of ISSR fragments. Gels were visualized and photo-
graphed under ultraviolet light.

The polymorphic bands were then classified according to their absence (0) and pres-
ence (1), and matrices based on the complement of the Jaccard coefficient were created, used
for comparison between the accessions. On the basis of genetic distances, a dendrogram was
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constructed using UPGMA and the consistency of clusters analyzed by 1000 bootstrap simula-
tions, using the Genes software, and the adjustment of the dissimilarity matrix with the respec-
tive dendrogram was estimated by the cophenetic correlation coefficient (r), using the NTSys
pc 2.1 software. Using this same software, the average global dissimilarity between the ac-
cessions was calculated and, at this value (cutoff of the dendrogram), a dotted line was drawn
in the graph, serving as a reference for the formation of groups of accessions. The graphic
dispersion based on multidimensional scales was carried out with the method of the main
coordinates, using the SAS and Statistica software. Finally, the significance of the association
between distance matrices obtained by ISSR and morphological characters was estimated on
the basis of the Pearson correlation coefficient and #-test, also using the Statistica software.

RESULTS
Morphological characterization
The eight morphological descriptors used for characterization detected variation be-

tween the accessions evaluated. From these descriptors, cluster analyses were performed and
the corresponding dissimilarity dendrogram was constructed (Table 1; Figure 1).

 CNPH 3000
CNPH 3891
CNPH 4095
CNPH 4364
CNPH 4283
CNPH 4304
CNPH 4161
CNPH 4266

| CNPH 4353

CNPH 4212
CNPH 4315
CNPH 4325B M
CNPH 4337
CNPH 4372
CNPH 4325At———
CNPH 4366C+—— |
CNPH 4361

L CNPH 3825

[ CNPH 3773
CNPH 4316

CNPH 4334A
CNPH 4367A

CNPH 4327,
CNPH 15037
CNPH 4328A

CNPH 4330

CNPH 4332, |

CNPH 4082,
CNPH 4360

11l CCNPH 40013

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Dissimilarity
Figure 1. Dendrogram with accessions of Capsicum spp built on multicategorical data obtained from morphological
descriptors.

In the dendrogram generated from the characterization using morphological descrip-
tors (Figure 1), three groups were formed when considering the cutoff value corresponding to
the global average dissimilarity between the accessions (= 0.60). Group I was the largest and
comprised 18 accessions of the four species studied. Group II was formed by 11 accessions of
the two species C. chinense and C. baccatum var. pendulum, and group 111 was formed by only
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one accession, corresponding to C. annuum var. annuum (bell pepper).

Group I comprised all the accessions with wild characteristics, of the four species
evaluated, C. frutescens (accession CNPH 4353), C. chinense (accessions CNPH 4315, CNPH
4325B, CNPH 4372, and CNPH 4337 Figure 2), C. annuum var. glabriusculum (CNPH 4212),
and C. baccatum var. praetermissum (CNPH 3825). Among these accessions, the four wild
individuals of C. chinense appeared to be very close to each other, indicating great morpho-
logical similarity of the fruits: upright position, rounded to campanulate shape, small size, (1.0
cm long and 0.8 cm wide), average weight of 0.2 g, dark-red color when ripe, easy detachment
of calyx (deciduous fruits), favoring removal and, possibly, the dissemination of the seeds.
The presence of a calyx annular constriction between calyx and pedicel was also verified, this
characteristic being discriminative of C. chinense.

Figure 2 Capsicum chinense with wild characteristics known as “Olho-de-peixe”, accession CNPH 4315.

All accessions of C. frutescens studied were clustered in Group 1. The accession
CNPH 4353, known as “malaguetinha”, was grouped together with the two domesticated ac-
cessions evaluated of this species (CNPH 4161 and CNPH 4266), which are cultivars of Ta-
basco chili pepper sold in Brazil by seed companies. Four descriptors showed similar results
between domesticated and wild accessions of C. frutescens: upright fruits, elongated shape,
slight persistence of pedicel with fruit, and absence of calyx annular constriction between ca-
lyx and pedicel. Variation was seen for the other descriptors. The color of the fruits when ripe
was dark red in CNPH 4353 and CNPH 4161 and red for the accession CNPH 4266. Length,
width, and weight of the fruits were lower in the wild accession CNPH 4353 (1.5 cm, 0.4 cm,
and 0.2 g, respectively), whereas the two domesticated accessions (CNPH 4161 and CNPH
4266) produced fruits weighing over 0.7 g and measuring 3.0 cm long and 0.7 cm wide.

Yet, in this same group, specimens with wild characteristics of C. annuum and C. bac-
catum were placed together: the accession CNPH 4212, an ornamental plant identified as C.
annuum var. glabriusculum (wild form of C. annuum) and the accession CNPH 3825, identi-
fied as C. baccatum var. praetermissum (considered a wild form of C. haccatum). Both acces-
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sions showed upright fruits, dark-red color when ripe, elongated (CNPH 4212) to triangular
(CNPH 3825) shape, measuring from 0.9 cm (CNPH 3825) to 2 cm (CNPH 4212) long and 0.5
cm wide and weight ranging from 0.2 g (CNPH 3825) to 0.4 g (CNPH 4212).

Group II was formed by accessions that showed typical characteristics of domesticat-
ed plants, belonging to species C. chinense (CNPH 3773, CNPH 4316, CNPH 4334A, CNPH
4367A, CNPH 4327, CNPH 15037, CNPH 4328A, CNPH 4330, CNPH 4332, and CNPH
4360) and C. baccatum var. pendulum (CNPH 4082). Likewise, group III was composed of a
domesticated accession of C. annuum var. annuum (CNPH 40013).

The accessions of C. chinense and C. baccatum with typical traits of domesticated
plants showed sharp differences related to the wild specimens of the same species, such as
presence of pendant fruits (the fruits are under or protected by the leaves and are barely visible
to birds), non-deciduous (persistent), length and width more than 2 and 1.5 cm, respectively,
weight from 2 to 17 g, as well as different shapes (rectangular, triangular, campanulate, round-
ed, and elongated) and fruit colors when ripe (yellow, pale yellow, orange and red).

Group III was formed by the only domesticated individual of C. annuum (CNPH 40013).
This accession was different from the other ones studied, displaying big, dark-red fruits that had
the greatest width and weight among the accessions evaluated (5.2 cm and 65 g, respectively).

The morphological variability between the accessions, stratified per species, was also
represented in a scatter plot (Figure 3), which suggested the formation of at least three sepa-
rate groups, partially corresponding to the species studied. The largest group consisted of C.
chinense accessions, which was isolated from other species. However, the group consisting
predominantly of C. frutescens included at their extremities accessions of C. annuum and C.
baccatum. The third group corresponded to two accessions of different species, one C. an-
nuum and one C. baccatum.

0.6
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0z e

0.1 %

Coord. 2

00 = &

-01 *

aa
02 .

Capsicum frutescens
Capsicurm chinense
Capsicurm annuum
Capsicum baccatum

03 i

+ # > @

-04
08 -08 -04 -0.2 0o 0z 04 086
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Figure 3. Dispersion of accessions of Capsicum spp obtained from multicategorical analysis of morphological
descriptors.
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Molecular characterization

Of the 72 ISSR primers tested, 30 (42%) showed amplification for the accessions
analyzed and all of them showed polymorphism, producing a total of 136 polymorphic am-
plicons, with an average of 4.5 polymorphic amplicons per primer. These primers allowed the
identification of polymorphism among all the species analyzed. Some of them, such as i7Pv
and 157Zm (Figure 4), could differentiate the species C. annuum, C. baccatum, C. chinense,
and C. frutescens, and therefore, they could be used to help in their identification.

C. annuum C. baccatum
iy #— M
N e

C. frutescens C. chinense

Figure 4. Polimorfisms between and in the species of genus Capsicum verified through application of two ISSR
primers (i7Pv and i57Zm); Lane M = molecular marker of molecular weight 1-kb Ladder® (Invitrogen®).

On the basis of the pattern revealed by 136 polymorphic amplicons, grouping of ac-
cessions and construction of the corresponding similarity dendrogram were carried out (Figure
5). The distances between the accessions and their distribution, stratified by species, can also
be observed in the dispersion plot (Figure 6).
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Figure 5. Dendrogram with accessions of Capsicum spp built on binary data obtained through molecular markers
type ISSR.
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Figure 6. Dispersion of accessions of Capsicum spp obtained from binary data of molecular markers type ISSR.

The correlation between a matrix of co-phenetic values and the similarity matrix was
0.94, pointing out an excellent fit between the matrix and the plot. Five groups were formed
considering the cutoff value corresponding to the global average dissimilarity between the
accessions (0.53), considering that two of these groups, IV and V, were formed only by one
accession and corresponded to the varieties C. baccatum var. praetermissum and C. baccatum
var. pendulum, respectively. Group III was formed by two accessions of the same species,
one being C. annuum var. glabriusculum and the other C. annuum var. annuum. The largest
groups, I and II, comprised 10 and 16 accessions and corresponded to the species C. frutescens
and C. chinense, respectively.

The accessions showing wild characteristics were, in general, grouped with other ac-
cessions of the same species. The only exception occurred with the species C. baccatum, in
which the domesticated and wild specimens formed exclusive groups and did not group to-
gether with any other accession. In C. chinense, a subgroup was formed, with a dissimilarity
coefficient of 0.37 in relation to the nearest accession, inside the group formed by the species.

Finally, the correlation between the morphological and molecular analysis was verified
(r = 0.56). This value was highly significant (P < 0.01) by the #-test, but intermediate in mag-
nitude, indicating that the analyses were correlated but did not show exactly the same groups.

DISCUSSION

In this study, morphological characterization allowed the separation of the wild forms
and the domesticated accessions of three species of Capsicum (C. chinense, C. annuum, and C.
baccatum). However, separation was not so evident between the wild and domesticated forms
of C. frutescens (Figure 1). C. frutescens showed a highly conserved morphology among the
accessions, and since only eight descriptors were used and all of them related to the fruit, it
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was possible that the accuracy of the analysis was low and that this accounted for the inability
to separate the wild and the domesticated forms.

Interestingly, all accessions of C. frutescens studied are found in Group 1. A plausible
explanation would be that forms of the species show a highly conserved morphology (when
compared to other species of the genus) and show fruit traits (size, position, and color) typical
of wild species (Walsh and Hoot, 2001). For this reason, authors like Jett (1973) even pro-
posed C. frutescens as the likely ancestor of the other domesticated species.

The differences between wild and domesticated forms of C. chinense were clearly
distinguished in this study. Moreover, the morphological characteristics identified in the wild
accessions studied are shared with the wild species in general, that is, the fruits are upright,
bright, small (generally smaller than 2 cm), oval shaped, red when ripe, easily detached from
the plant (deciduous), and generally spicy (Pickersgill, 1969; 1971).

All these characteristics are associated with the attractiveness of the fruit and seed dis-
persion carried out by birds. The presence and the size of the beak of birds select the deciduous,
small, and rounded-shape fruits, and the absence of teeth prevents the mechanical damage of
the seeds by chewing. Besides, birds can distinguish the colors and are attracted to the plants
with upright, bright, and red fruits. Finally, the birds are neurologically insensitive to capsaicin.
Capsaicin is a secondary metabolite responsible for the pungency of peppers which has no re-
pellent effect on beneficial seed dispersers such as birds (Tewksbury and Nabhan, 2001).

The characteristics found exclusively in domesticated plants are not normally present
in nature, and their presence is possibly related to the process of domestication, in which the
important characteristics for humans are selected, hampering the traits that represent competi-
tive advantages for the plants in a natural environment. It is probable that the wild accessions
studied have preserved characteristics such as production of small, upright fruits, positioned
above the leaves, with easy detachment and intense red color when ripe, because these traits
mean competitive advantages regarding seed dispersal by birds.

Even when considering the morphological changes induced by the domestication pro-
cess, it is expected that the domesticated species (or in the process of domestication) share
some distinctive characteristics with their wild relatives. For example, C. baccatum var. pen-
dulum (domesticated) shows distinctively white flowers with yellow or golden spots at the
base of the corolla lobes, as its wild ancestor (C. baccatum var. baccatum). C. pubescens
shows distinctive flowers with lilac corollas, as its wild ancestor (C. eximium).

The results of this study showed accessions of domesticated C. chinense discrimi-
nated by the presence of calyx annular constriction between calyx and pedicel, which was also
found in the wild forms (CNPH 4315, CNPH 4325B, CNPH 4372, and CNPH 4337).

When considering the value of global average dissimilarity as a reference for defining
groups in the dendrogram of molecular markers (Figure 5), separation between the wild and
cultivated accessions could be noticed only in C. baccatum.

It was observed, however, that three specimens identified as wild C. chinense in the
morphological characterization (CNPH 4315, CNPH 4372, and CNPH 4337) were placed in
group I of the molecular characterization, which corresponded to this species, but these three
accessions were clustered in a highly cohesive subgroup (95% bootstrap coefficient), demon-
strating that these accessions are closer to each other than to the domesticated specimens. Nev-
ertheless, when considering the accession CNPH 4325B, a less cohesive subgroup was formed
(59% bootstrap coefficient), with high similarity even though this accession was considered
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identical to the other three specimens in the morphological characterization.

Assuming an ancestry relationship between wild and domesticated, the sympatric occur-
rence between elements of different categories, that is, the existence of a coincidence or partial
overlap between the distribution area of the domesticated forms and the area of occurrence of
the wild forms closely related to those domesticated ones, corroborates this conclusion. Thereby,
Eshbaugh (1970) on the basis of morphology and results of crosses, proposed the relationship
of ancestry between C. baccatum var. pendulum (domesticated) and C. baccatum var. baccatum
(wild ancestor) and pointed out the lowlands of Bolivia as a probable region where the process
of domestication for this species could have occurred. Pickersgill (1971) on the basis of morpho-
logical and chromosomal evidence presented the relationship of ancestry between C. annuum
var. annuum (domesticated) and C. annuum var. glabriusculum (wild ancestor) and identified
Mekxico as a probable region where the process of domestication for this species could have oc-
curred. Eshbaugh (1976) on the basis of morphological, chemotaxonomic and cross evidence
considered that C. eximium and C. cardenasii represent the “complex” of ancestor species which
was the origin of the domesticated species C. pubescens and identified the lands of moderate
elevation of Bolivia where the process of domestication for this species took place.

The wild forms of C. chinense evaluated in the present study were obtained in the Bra-
zilian Amazon region, in the area of the geographic distribution of the respective domesticated
species and probable region where the process of domestication for the species occurred. The
evidence of genetic proximity with the domesticated forms of this species was provided in the
molecular characterization.

C. chinense shows a better adaptation to hot humid conditions than do the other do-
mesticated species of Capsicum. In this way, some authors think that they might have been
domesticated in the lowlands of east of the Andes and spread in association with cassava
(Pickersgill, 1969).

The Amazon covers half of South America, but because of lack of data, it is many times
neglected when the origin and diversity of crops are discussed. According to Clement (1999),
this lack of attention is not due to a lack of cultivated plants by the indigenous people in pre-
Colombian times, but because of the result of the post-Colombian population collapse in the
basin. He also reported that the Amazon could have had 4 to 5 million people when the Euro-
peans arrived. These people cultivated or managed at least 138 plant species in 1492. Many of
these agricultural genetic resources were human artifacts that required human intervention for
maintenance, meaning that they were in an advanced stage of domestication. Consequently, a
relationship between the decline of Amazonian indigenous populations and the loss of genetic
resources in the centuries immediately following the European conquest was noticed.

During the domestication process, when humans assume the role as the main agent of
selection, they are able to interfere in the process of natural evolution of a species, weakening
the link between wild and domesticated species. Besides, many species can represent interme-
diate forms between wild and domesticated (Ribeiro et al., 2008).

C. frutescens shows wild species characteristics (shape, color, and fruit position) and
isozyme and morphological patterns similar to those of C. chinense. Thus, it has been consid-
ered by some authors (e.g., Eshbaugh et al., 1983) as the ancestor form of C. chinense. How-
ever, the present study and those of Baral and Bosland (2004) and Albrecht et al. (2012) do
not agree with this hypothesis, the results of which clearly show the existence of two distinct
species, on the basis of morphological, phylogenetic, and reproduction evidence.
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Both CNPH 4353 (“malaguetinha”), indicated as the wild form of C. frutescens in
this study, and other traditionally cultivated accessions of C. frutescens showed similar results
for some morphological descriptors (especially regarding shape, position, and color of fruits).
These results are according to the ones of DeWitt and Bosland (2009) when they concluded
that C. frutescens is a species that has the most preserved morphology, with few differences
in shape, size, and color of fruits when compared to C. annuum, C. baccatum or C. chinense.
These authors suggested that the absence of selection may be related to the low genetic vari-
ability of C. frutescens compared to the other species of the genus. It is important to point out
that the morphological diversity of the fruits is guided by humans, meaning that the differ-
ences in size, shape, and color of the fruit result from selection by humans based on the fruits,
which are harvested for the following cultivation. Possibly, the uniformity of the C. frutescens
characteristics is a reflection of the low genetic variability, thus a high degree of homozygosity
can be noticed. Another interpretation of the low variability in C. frutescens would be that the
selection has been very intense and restrictive, resulting in reduced variability of the species.

In general, wild and domesticated populations differ in several characteristics that are
targets of human selection, although some domesticated plants are indistinguishable from the
wild ones. However, the allele frequency governing the characters subjected to the human se-
lection presumably differs, which characterizes, at least, one incipient domestication or semi-
domestication (Pickersgill, 2007).

In morphological characterization (Figure 1), all accessions with characteristics of
wild species, regardless of the taxonomic classification of species, were grouped in group I.
In this group, it is observed that CNPH 4212 (C. annuum var. glabriusculum) appears as a
sister group of all other accessions of C. frutescens, demonstrating a certain proximity of the
species C. annuum and C. frutescens, while CNPH 3825 (C. baccatum var. praetermissum)
appears as the sister group to all other accessions in group I, demonstrating a much greater
dissimilarity and independence from all accessions of the group (including accessions of C.
annuum, C. frutescens, and C. chinense). These data are consistent with the recent literature
which indicates independent evolutionary lines among different complexes of related spe-
cies: complex C. annuum (composed of the species C. annuum var. annuum, C. annuum var.
glabriusculum, C. frutescens, C. chinense, and C. galapagoense); complex C. baccatum (C.
baccatum var. pendulum, C. baccatum var. baccatum, C. baccatum var. praetermissum, and
C. tovarii ); and complex C. pubescens (C. pubescens, C. eximium, and C. cardenasii) (Ince et
al., 2010; Albrecht et al., 2012).

The study also demonstrated that in molecular characterization, the components of
group C. annuum, C. chinense, and C. frutescens, appeared to be genetically close to each
other and distinct from subgroup C. baccatum, corroborating the morphological analysis of
group L. The species C. frutescens (group 1) and C. chinense (group 1) appeared to be closer
to each other (similarity = 0.37) with a bootstrap coefficient of 100%, followed by C. annuum
(group IIT; similarity = 0.31) and C. baccatum, the most distinct related to the groups formed
(group IV and V, similarity = 0.29 and 0.27, respectively). These results corroborate those
already reported in the literature based on morphology (Pickersgill et al., 1979) and with the
use of molecular techniques (Walsh and Hoot, 2001; Buso et al., 2002; Tam et al., 2009; Ince
et al., 2010; Albrecht et al., 2012), among others.

It is important to point out that the varieties C. baccatum var. praetermissum (group
IV) and C. baccatum var. pendulum (group V) showed, between them, low genetic similarity
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(0.26), demonstrating the high genetic distance between varieties hypothetically belonging to
the same species (C. baccatum).

The question regarding the inclusion of varieties of C. baccatum within the same spe-
cies, despite the low similarity between them, lasted until the study of Kochieva et al. (2004),
who used molecular tools AFLP (amplified fragment length polymorphisms), RAPD and ISSR
to determine the genetic relationship between species and varieties of Capsicum and showed
results which support the recognition of C. praetermissum as an autonomous species and not
another variety of C. haccatum. The conclusion drawn by Kochieva et al. (2004) had already
been reported by Buso et al. (2002) analyzing chloroplast DNA, and more recently, by Al-
brecht et al. (2012). Moreover, the same observation is also pointed out in the present study, in
which the low similarity seen between C. baccatum var. praetermissum and C. baccatum var.
pendulum would justify the discrimination of different species.

Due to the proximity of the two species C. chinense and C. frutescens, accessions
with intermediate phenotypes make it difficult to identify the species when the classification is
based exclusively on morphological data, since the discriminative characters for the two spe-
cies may appear in the same individual and also because of the influence of environmental fac-
tors. The molecular information contributes to the evidence of the differences between these
two species (Baral and Bosland, 2004). The close relationship between C. frutescens and C.
chinense was even found by Thul et al. (2012), who determined flower characteristics shared
by the two species, besides their proximity at the genotype level.

In this study, the accession CNPH 4367A was initially classified as C. chinense on the
basis of morphological characterization. However, when the molecular characterization was
carried out, this accession (CNPH 4367A) was included in group I of C. frutescens (Figure
5). When considering only the C. frutescens group, this accession was shown to be the most
divergent. In fact, the morphological characteristics of the accession place it in an intermediate
or undefined condition between the two species, which may represent an intermediate stage in
the evolutionary path of differentiation of the two species, or even a hybrid resulting from the
cross-fertilization between the two species. Similar results were obtained in the study of Tam
et al. (2009) when using the SSAP (sequence-specific amplification polymorphism) technique
and evaluating the genetic structure of 86 accessions of seven species of Capsicum. Those
authors reclassified one accession of C. frutescens as C. chinense on the basis of the analyses.
According to Carvalho et al. (2000), it is possible that gene flow occurs between varieties and
even between different species of the genus, due to a certain rate of allogamy (or cross-polli-
nation), favored by different rates of compatibility. According to Baral and Bosland (2004),
the cultivar Greenleaf Tabasco offers an excellent example of an intermediate phenotype and
represents an introgressive hybridization and not an intraspecific variation. This cultivar was
developed by interspecific hybridization between C. frutescens and C. chinense followed by
repeated backcrosses for C. frutescens.

The correlation between molecular and morphological analyses carried out in this
study was highly significant, although it was of intermediate magnitude. This confirms the re-
liability of information obtained using both methods independently, but also demonstrates the
importance of performing both analyses together to characterize the accessions in a germplasm
bank. Morphological characteristics do not always clearly represent the genetic distance, so
the morphological analysis tends to be more superficial and influenced by the environment.
Molecular analysis, however, shows a more detailed description and it is faithful to the real
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genetic distance, allowing the maximum exploitation of the diversity of the bank. However,
as a negative point, molecular characterization does not provide, by itself, information about
characteristics of interest for breeding, such as stress resistance and productivity. Thus, the
combination of morphological and molecular analyses, as carried out in this study, is sug-
gested for complete and detailed characterization of germplasm banks aimed at plant breeding.

A great number of important points aimed at the identification and use of a wild ances-
tor of a crop can be studied. In cultural terms, a wild ancestor reveals what were the available
resources in a given region at a given time, and part of the human “needs” that led them to
domesticate it. In biological terms, it is possible to map the current geographical distribution,
infer about the past distribution and map the spread of the species after domestication, identify
the centers of diversity and domestication, identify which changes are associated with domes-
tication, and establish the degree of relatedness or relationship of ancestry, among others. One
shared characteristic among almost all, if not all, domesticated plants is a drastic reduction in
the genetic variability during and after the process of domestication. Thus, the development of
measures aimed at the conservation and use of such genetic resources is fully justified, since
the incorporation of a wild ancestor in a breeding program can recover part of the lost genetic
variability, facilitating the development of genotypes for specific conditions of biotic and abi-
otic stresses, which would entail a qualitative and quantitative step for the domesticated crop.

Finally, the results showed that the combination of morphologic and molecular char-
acterization was effective and useful to identify and classify the wild forms of C. frutescens
and C. chinense. Through molecular analysis, four specimens with wild characteristics (CNPH
4315, CNPH 4372, CNPH 4337 and CNPH 4325B) were classified as C. chinense and showed
similar morphological characteristics as the wild species. It is still possible that these acces-
sions collected in the Amazon basin, considered the largest diversity area of C. chinense, share
the same morphological characteristics of the wild ancestors of this species. In the molecular
analysis, the wild form CNPH 4353 was classified as C. frutescens. However, the accessions
with domesticated characteristics were not distinguished. These results will help evolutionary
studies of the genus, for more detailed analyses of genetic diversity and clarification of phylo-
genetic relationships between accessions in the context of the GB.
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