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ABSTRACT. Capsicum peppers are native to the Americas, with Brazil
being a significant diversity center. Capsicum baccatum accessions at
Instituto Federal (IF) Goiano represent a portion of the species genetic
resources from central Brazil. We aimed to characterize a C. baccatum
working collection comprising 27 accessions and 3 commercial
cultivars using morphological traits and molecular markers to describe
its genetic and morphological variability and verify the occurrence of
duplicates. This set included 1 C. baccatum var. praetermissum and 29
C. baccatum var. pendulum with potential for use in breeding programs.
Twenty-two morphological descriptors, 57 inter-simple sequence
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repeat, and 34 random amplified polymorphic DNA markers were used.
Genetic distance was calculated through the Jaccard similarity index
and genetic variability through cluster analysis using the unweighted
pair group method with arithmetic mean, resulting in dendrograms
for both morphological analysis and molecular analysis. Genetic
variability was found among C. baccatum var. pendulum accessions,
and the distinction between the two C. baccatum varieties was evident
in both the morphological and molecular analyses. The 29 C. baccatum
var. pendulum genotypes clustered in four groups according to fruit
type in the morphological analysis. They formed seven groups in the
molecular analysis, without a clear correspondence with morphology.
No duplicates were found. The results describe the genetic and
morphological variability, provide a detailed characterization of
genotypes, and discard the possibility of duplicates within the IF
Goiano C. baccatum L. collection. This study will foment the use of
this germplasm collection in C. baccatum breeding programs.

Key words: Pepper; Genetic resources; Biodiversity; ISSR; RAPD;
UPGMA

INTRODUCTION

Brazil is a secondary diversity center for the genus Capsicum (Sudré et al., 2010),
which consists of approximately 35 taxa (species and their botanical varieties) classified
according to their degree of domestication as wild, domesticated, and semi-domesticated.
Among the domesticated species, C. annuum L. var. annuum, C. baccatum L. var. pendulum
(Wild.) Eshbaugh, C. chinense Jacq., C. frutescens L., and C. pubescens Ruiz & Pavon, only
the latter is not found in Brazil (Carvalho and Bianchetti, 2008).

A Capsicum breeding program was launched in Brazil approximately 40 years ago,
leading to the development of a reference germplasm bank at the Empresa Brasileira de
Pesquisa Agropecuaria - Embrapa (Brazilian Agricultural Research Corporation) that includes
more than 4000 accessions. One of the foundations of that program was the establishment of
research and professional training partnerships with other institutions in Brazil and abroad
(Reifschneider et al., 2016). One such a partnership was established with the Instituto Federal
Goiano — IF Goiano (Federal Institute of Goids, Brazil) in 2009.

Embrapa’s Capsicum collection includes few genotypes representing the middle-
northern area of the state of Goids (Onoyama et al., 2011). For that reason, together with
Embrapa Vegetables, the IF Goiano collected and characterized Capsicum peppers from the
region, resulting in a germplasm bank with 315 accessions from 49 municipalities in the states
of Goias, Tocantins, and Mato Grosso. The genotypes were characterized and identified per
species as follows: 4.1% C. annuum L., 14.4% C. baccatum L., 50% C. chinense Jacq., 14.2%
C. frutescens L., and 17.2% Capsicum sp. (Onoyama et al. 2011).

Species C. baccatum L. differs from all other Capsicum species by presenting diffuse yel-
lowish or greenish spots on the base of each corolla lobe (Carvalho and Bianchetti, 2008). This spe-
cies is subdivided into four botanical varieties: pendulum (Wild.) Eshbaugh, baccatum, praetermis-
sum (Heiser and P.G. Sm.) Hunz., and umbilicatum (Vell.) Hunz. and Barboza (Albrecht et al., 2012).
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The pendulum variety is represented by the morphological types “dedo-de-moga”
(girl’s finger), which is very popular in the Brazilian cuisine, and “cambuci”, although some C.
chinense plants presenting similar fruits are also popularly named “dedo-de-moca” (Fonseca
et al., 2008; Costa et al., 2016). “Dedo-de-moga” peppers have elongated fruits measuring 70
to 75 mm in length and 10 to 20 mm in diameter; their delicate shape resembles a female’s
finger, from which its common name arises. “Cambuci” peppers are found in northeastern
South America, including Colombia, Ecuador, Peru, Bolivia, and southern and southeastern
Brazil. They have the shape of a bell or a jar; thus, they are also known as “chapéu-de-bispo”
or “chapéu-de-frade” (bishop’s hat or friar’s hat), and are not pungent.

The semi-domesticated variety baccatum, known as “‘cumari-verdadeira” (true-“cumari”
or “pimenta-de-passarinho” (little-bird-pepper), has strongly pungent, small, oval fruits that
measure approximately 10 millimeters in length and 8 millimeters in diameter. This variety is
found in central Peru, Bolivia, northern Argentina, and southern and southeastern Brazil. The
semi-domesticated variety praetermissum, also called “cumari-verdadeira”, is only found in
Brazil, mainly in its center-west and southeastern regions (Carvalho and Bianchetti, 2008).

Finally, C. baccatum var. umbilicatum consists of a group of herbaceous cultivars derived
from an unknown wild progenitor, and the fruit has peculiar shapes (Albrecht et al., 2012).

Knowledge of variability and relationships among accessions is necessary for efficient
management of germplasm collections (Albrecht et al., 2012). Such knowledge is achieved
by means of characterization, and it provides the basis for plant breeding (Moura et al., 2013).
Morphological characterization allows the description, identification, and differentiation of
accessions of the same species and provides estimates of the germplasm collection variability
(Carvalho et al., 2014). In the case of genus Capsicum, some preset descriptors are used
(IPGRI, 1995), in addition to other descriptors that each individual researcher might consider
relevant for characterizing accessions. Molecular characterization reveals polymorphisms
in the DNA sequence among different individuals, thus allowing researchers to estimate
their genetic diversity, identify clones and hybrids, calculate the crossing rate and kinship,
construct genetic maps, and detect duplicates, thus reducing the cost and work of conservation
(Rodrigues et al., 1999).

Characterization based on ISSR (inter-simple sequence repeat) markers has low cost
and high reproducibility and yields a high number of polymorphic fragments. ISSR markers
are dominant, and the product of amplification is unknown; i.e., they are random markers,
just like RAPD (random amplified polymorphic DNA) markers. However, by having a larger
primer anchor surface, ISSR markers exhibit higher reproducibility, resulting in greater
specificity (Bornet and Branchard, 2001).

This study aimed to characterize an IF Goiano C. baccatum L. working collection
comprising 27 accessions and 3 commercial cultivars using morphological traits and molecular
markers in order to describe their genetic and morphological variability and to verify the
occurrence of duplicates. The study was carried out in order to provide grounds for future use
of that germplasm in plant breeding programs.

MATERIAL AND METHODS
Genetic material

Atotal of 27 C. baccatum genotypes from the IF Goiano Capsicum Germplasm Active
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Bank were used (Table 1). For the present study, one or two plants of each accession were self-
pollinated, thus producing the seeds of the analyzed plants. Three C. baccatum var. pendulum
commercial genotypes were used as controls: ‘BRS Mari’, ‘Dedo-de-moc¢a’ (Topseed), and
‘Cambuci’ (Feltrin).

Table 1. Characteristics of Capsicum baccatum L. accessions preserved in a collection of the Instituto Federal
Goiano (Federal Institute of Goias, Brazil).

Accession Botanical variety Type Fruit shape Fruit color at the mature stage' Pungency?
IFET 19 Pendulum ND? Triangular DR 1
IFET 64 Pendulum Dedo-de-moga Elongated DR 1
IFET 68 Pendulum Dedo-de-moga Elongated R 1
IFET 85 Pendulum Dedo-de-moga Elongated R 1
IFET 103 Pendulum ND Triangular LR 1
IFET 110 Pendulum Dedo-de-moga Elongated R 1
IFET 111 Pendulum Dedo-de-moga Elongated R 1
IFET 115 Pendulum Dedo-de-moga Elongated DR 1
IFET 120 Pendulum Dedo-de-moga Elongated DR 1
IFET 121 Pendulum ND Triangular DR 3
IFET 124 Pendulum Dedo-de-moga Elongated R Nd
IFET 137 Pendulum Dedo-de-moga Elongated o 1
IFET 145 Praetermissum Cumari Round DR 1
IFET 186 Pendulum Dedo-de-moga Elongated DR 1
IFET 202 Pendulum Dedo-de-moga Elongated DR 2
IFET 207 Pendulum Dedo-de-moga Elongated DR 3
IFET 210 Pendulum ND Triangular R 1
IFET 224 Pendulum Chifre-de-veado Elongated LR 3
IFET 235 Pendulum Dedo-de-moga Elongated DR 1
IFET 241 Pendulum ND Triangular R 2
IFET 245 Pendulum Dedo-de-moga Elongated DR 3
IFET 252 Pendulum ND Elongated R 1
IFET 265 Pendulum ND Triangular R 2
IFET 273 Pendulum ND Triangular R 1
IFET 289 Pendulum Dedo-de-moga Elongated DR 1
IFET 291 Pendulum ND Triangular R 1
IFET 292 Pendulum Cambuci bell-like R 4
BRS Mari Pendulum Dedo-de-moga Elongated R 1
Cambuci Pendulum Cambuci bell-like LR 4
Dedo-de-moga Pendulum Dedo-de-moga Elongated R 1

'Fruit color at the mature stage: DR, dark red; R, red; LR, light red; O, orange. *Score 1: high pungency, score 2:
medium pungency, score 3: low pungency, score 4: no pungency. *ND: undefined.
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For morphological characterization, 15 plants of each of the 30 genotypes were grown
in the field using an augmented block design with 1 x 0.8 m spacing. For DNA extraction
(molecular analysis), sowing was carried out in 300 mL disposable cups, and the DNA was
extracted from one single plant. In addition to the 30 genotypes mentioned above, DNA
from Embrapa accessions CNPH 3773 (C. chinense) and CNPH 4266 (C. frutescens) was
also used in the molecular analysis. Those accessions, from different species, were selected
as intentional outgroups to evidence the clustering of C. baccatum accessions and to act as
references for the other two species.

Morphological characterization

Morphological characterization was carried out using 22 recommended descriptors
for Capsicum (IPGRI, 1995). The descriptors used were number of flowers per axil, flower
position, corolla color, corolla spot color, stigma exsertion, fruit color at mature stage, fruit
shape, fruit length, fruit width, fruit wall thickness, fruit shape at pedicel attachment, fruit
shape at blossom end, fruit blossom end appendage, fruit cross-sectional corrugation, number
of locules, ripe fruit pedicel persistence, plant growth habit, and presence of calyx annular
constriction, in addition to fruit position (hanging, upright, or intermediate), aroma (low,
medium, or high) and pungency (high, medium, low, no, or undefined pungency).

The quantitative characteristics were transformed into binary data and analyzed
qualitatively. Fruit length and fruit width were categorized into six classes; fruit wall thickness
and the average weight of 10 fruits were categorized into four classes (Table 2).

Table 2. Class intervals of quantitative morphological characteristics evaluated in Capsicum baccatum peppers.

Morphological characteristic Class interval

Class 1 Class 2 Class 3 Class 4 Class 5 Class 6
Pungency (score) 1 2 3 4
Fruit length (mm) [0; 20] [20; 40] [40; 60] [60; 80] [80; 100] >100
Fruit width (mm) [0; 8] [8; 16] [16; 24] [24; 32] [32; 40] >40
Fruit wall thickness (mm) [0,0; 1,0] [1,0; 1,5] [1,5;2,0] >2,0
Average weight of 10 fruits (g) [0; 4] [4; 8] [8; 12] >12

Genomic DNA extraction

DNA was extracted from a leaf sample measuring approximately 1 cm, collected from
one single plant using the 2% cetyltrimethylammonium bromide (CTAB) protocol. Following
extraction, the DNA samples were diluted based on visualization on 1% agarose gel with a
lambda standard to a working concentration of 3 ng pl™.

Amplification reactions with ISSR and RAPD primers

For molecular characterization, the following ISSR primers were tested: i3 Zm, 14
Zm, 15 Zm, 16 Zm, 17 Zm, 19 Zm, 110 Zm, 111 Zm, 112 Zm, i15 Zm, i16 Zm, 117 Zm, 118 Zm,
119 Zm, i21 Zm, 123 Zm, 125 Zm, 126 Zm, i27 Zm, i29 Zm, i30 Zm, 131 Zm, i32 Zm, i35 Zm,
136Zm, 138 Zm, 139 Zm, 142 Zm, 152 Zm, 153 Zm, 154 Zm, 155 Zm, 156 Zm, 157 Zm, 158 Zm,
159 Zm, 160 Zm (Gianfilippi, 20006), i1 Pv, i3 Pv, i4 Pv, 16 Pv, i7 Ps, i8 Ps, 19 Ps, 110 Ps, i11 Ps,
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and 112 Ps (Acampora et al., 2007). The following RAPD primers were also tested (Operon
Technologies, USA): OPA-1, OPA-11, OPA-18, OPAB-08, OPAB-9, OPAB-11, APAB-15,
OPAB-16, OPAB-17 OPF-13, OPG-4, OPG-19, OPN-7, OPO-4, OPO-7, OPO-11, OPO-18,
OPR-1, OPR-10, OPR-14, POT-4, OPT-5, and OPV-14.

Amplification of DNA fragments using ISSR primers was carried out in a total reaction
volume of 13 pl containing 2.59 pl Milli-Q water, 10% (v/v) reaction buffer (10 mM Tris-
HCI pH 8.3, 50 mM KCl, 1.5 mM MgCl,), 0.25 mM each dNTP, 1.3 pl 2.5 mg mL"' bovine
serum albumin, 1.3 U 7ag-DNA polymerase, 0.25 pl 50 mM MgCl,, 0.3 mM primer, and 9
ng template DNA. Amplification was carried out using a thermal cycler with the following
program: 5 min at 94°C, 35 cycles of 1 min at 94°C, 1 min at 56°C, 1 min at 72°C, and 10 min
at 72°C for the final elongation.

Amplification of DNA fragments using RAPD primers was carried out in a total
reaction volume of 13 pL containing 4.67 pL Milli-Q water, 10% (v/v) reaction buffer (10
mM Tris-HCI pH 8.3, 50 mM KCI, 1.5 mM MgCl,), 0.2 mM of each dNTP, 1.04 uL 2.5 mg/
mL bovine serum albumin, 1 U 7ag-DNA polymerase, 0.25 uL. 50 mM MgCl,, 0.14 mM
primer, and 9 ng template DNA. Amplification was carried out using a thermal cycler with the
following program: 92°C for 5 min, 40 cycles of 1 min at 92°C, 1 min at 35°C, 2 min at 72°C,
and 10 min at 72°C for the final elongation.

The polymerase chain reaction (PCR) products were separated by means of horizontal
electrophoresis at 160 V for 90 min on 1.5% agarose gels containing ethidium bromide (0.2
mg/mL). The gels were documented with an image capture device under ultraviolet light.

Diversity analysis

Regarding the quantitative morphological characteristics, each class (Table 2) was
considered an independent trait for conversion into binary data. As an example, pungency
(scores 1 to 4) turned into four categories (genotypes with score 1, genotypes with score 2,
genotypes with score 3, and genotypes with score 4). Each genotype received a 1 for presence
or 0 for absence in each category. For molecular characterization, each polymorphic amplicon
was considered an independent characteristic. The presence of a given amplicon was attributed
as 1 and its absence as 0. A matrix of genetic similarity among genotypes was calculated from
the binary spreadsheet using the Jaccard similarity coefficient. The genotypes were clustered
according to their similarity by the Unweighted Pair Group Method with Arithmetic Mean
(UPGMA) with NTSYS software, version 2.1 (Rohlf, 2000).

RESULTS
Similarity based on morphological descriptors

The similarity index among accessions varied from 18 to 100% (Figure 1), based on
morphological descriptors. Four groups were visually established in the plot, with a cutoff
point at 35% similarity. Clustering reflected differences among the main C. baccatum L.
morphological types known (“dedo-de-moga”, “cambuci” and “cumari”). Three groups (I,
I1, and III) from the four groups established were exclusively composed of C. baccatum var.
pendulum. Genotypes with round- or triangular-shaped fruits were included in group 1. Group

II predominantly consisted of genotypes with elongated fruits, except for accession IFET 210.
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Morphological type “cambuci” (accession IFET 292 and the commercial cultivar ‘Cambuci’)
formed the third group. Accession IFET 145, the only C. baccatum var. praetermissum, formed
the fourth and most dissimilar group in the morphological analysis.

IFET19

| IFET241
_‘_| IFET265
1

IFET291

IFET103
_‘_| IFET273

IFET121

IFET64
| IFET202

IFET207

IFET115
IFET63
BRS_Mari
IFET111
IFET124
Dedo_tnoca
IFET110
IFET120
IFET252
IFETS5
IFET210
IFET186

IFET239
IFET245
IFET137
[ IFET224

L IFET235

[ [FET292 1
L Cambud

IFET145 I\
T T 1
0.00 0.25 0.50 0.75 1.00
Similarity

Figure 1. Cluster analysis of 30 genotypes of Capsicum baccatum L., carried out through the UPGMA method
based on 22 morphological descriptors.

Formation of clusters based on morphological types was expected, as the commonly
known Capsicum baccatum L. morphological types were empirically established based on
fruit characteristics. Fruit descriptors represented 73% of the total morphological descriptors
used for building the dendrogram in the present study.

Variability among genotypes was also detected within the four clusters. Group 11
was predominantly composed of the morphological type “dedo-de-moga”, but accessions of
morphological types other than commercial “dedo-de-moga” were also clustered in Group I,
including IFET 210, which has triangular-shaped fruits; IFET 224, a long red pepper of the
morphological type commonly known as “chifre-de-veado” (antler); and IFET 252, which
has elongated upright fruits and is similar to the Malagueta chili pepper (C. frutescens) but
longer and wider. The morphological descriptors used could not distinguish IFET 68 and ‘BRS
Mari’. ‘BRS Mari’ is a commercial “dedo-de-moga” cultivar launched in 2009, selected from
a population harvested in Brasilia, Distrito Federal, Brazil. It was introduced to the Embrapa
Vegetables Capsicum germplasm bank in 1980. Accession IFET 68 was collected in 2009 in
Itaguari, Goias State, Brazil, from an unknown source origin.

The two genotypes in group III, corresponding to the morphological type “cambuci”,
differed as to stigma exsertion (exserted stigma in IFET 292 and at the same level as the
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anthers in commercial ‘Cambuci’) and fruit color at the mature stage (the mature fruit had a
darker red color in IFET 292 compared to commercial ‘Cambuci’).

Similarity based on molecular markers
From the 47 tested ISSR primers, 10 (21.3%) amplified 57 polymorphic amplicons in
PCR. From the 24 tested RAPD primers, 7 (29.2%) yielded 34 polymorphic amplicons (Table 3).

Table 3. ISSR and RAPD primers selected for yielding polymorphic amplicons among Capsicum baccatum
L. genotypes.

Primer Sequence (5'-3") Size of polymorphic amplicons (base pairs)
ISSR
i5Zm CACACACACACACACAGC 800; 830; 850; 1300; 200
i12Zm GGTCAACACACACACAC 1000; 1600; 1650
i18 Zm GTGCTCTCTCTCTCTCTC 600; 700; 850; 900; 950; 1000; 1200; 1450; 1600; 1630; 1700; 1950; 2050
i29 Zm GTGTGTGTGTGTC 400; 500; 580; 600; 700; 750; 870
32 Zm AGCAGCAGCAGC 780; 800; 850; 880; 985; 1000; 1050; 1070; 1400; 1600; 1650; 1750
i38 Zm AGCAGCAGCAGCAT 400; 470; 500; 650; 850
39 Zm AGCAGCAGCAGCAC 640
il Pv GACAGACAGACARG 280; 320; 670; 750; 840
i4 Pv YRGACAGACAGACA 320; 400
i7Ps AGAGAGAGAGAGAGAGYG 350; 400; 450; 500
Total number of polymorphic amplicons 57
RAPD
OPF-13 GGCTGCAGAA 750; 800; 850
OPN-7 CAGCCCAGAG 520; 800; 900; 1200; 1300
OPO-7 CAGCACTGAC 250; 300; 450; 520; 600; 850
OPR-1 TGCGGGTCCT 370; 600; 750; 800; 1000; 1100; 1600
OPR-10 CCATTCCCCA 500; 600; 950; 1000
OPR-14 CAGGATTCCC 300; 400; 530; 800; 850
OPT-5 GGGTTTGGCA 480; 600; 800; 1500
Total number of polymorphic amplicons 34

Among the ISSR primers, 118 Zm, 129 Zm, and 132 Zm yielded the highest numbers
of polymorphic amplicons; namely, 56% of the total yielded by this type of marker (Figure 2).
Genetic similarity among genotypes varied from 15 to 93%. The dendrogram
resulting from 57 ISSR and 34 RAPD markers allowed for the formation of four groups with
a cutoff value between 35 and 65% similarity (Figure 3). Groups III and IV corresponded to
the genotypes included in the analysis as references for other Capsicum species; namely, C.
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chinense and C. frutescens. Group Il consisted of the single representative of C. baccatum var.
praetermissum (IFET 145). The remainder of the genotypes, all corresponding to C. baccatum

var. pendulum, formed group 1.

- -

Figure 2. Agarose 1% gel with primers ISSR 118 Zm, i29 Zm, and i32 Zm, and a 1-kb DNA ladder. From left to
right, accessions IFET 19, 64, 68, 85, 103, 110, 111, 115, 120, 121, 124, 137, 145, 186, 202, 207, 210, 224, 235,
241, 245,252,265, 273, 289, 291, 292, ‘BRS Mari’, commercial ‘Cambuci’, commercial ‘Dedo-de-moga’, CNPH

4266 (Capsicum frutescens), and CNPH 3773 (Capsicum chinense).

IFETI121
IFET124 =1
IFET224
IFET235
IFET245
IFET137
IFET291
IFET210
IFET241
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IFET273
IFET252
IFET289 |
I — A
Cambuci
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IFET145 1 ||
" ens 111
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0.00 0.25 0.50 0.75 1.00
Similarity

IFET19 |
IFET85
IFET64
IFET186
IFETI111
IFET120
IFET110
IFET202
IFET207
IFET68
IFETI115
IFET103
D_moca

Figure 3. Cluster analysis of Capsicum genotypes carried out through the UPGMA clustering method based on 57

ISSR and 34 RAPD polymorphic amplicons.
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Similarity among the genotypes included in group I was over 65%, with no
correspondence being found relative to the different C. baccatum var. pendulum morphological
types. Because of the large concentration of genotypes in this group, its subgroups were
analyzed in further detail based on a higher cutoff point of 75% similarity.

The second cutoff point (75% similarity) subdivided Group I into six groups. The
cultivar BRS Mari did not cluster with any of the other accessions, including IFET 68, a
morphologically similar genotype (Figure 1). Just as in the case of morphological analysis,
IFET 292 (morphological type “cambuci”) clustered with the commercial genotype
‘Cambuci’. Accession IFET 289, a “dedo-de-moca” pepper, was relatively close to, although
not clustered with, the “cambuci” genotypes, while somewhat distant from the remaining
“dedo-de-moga” accessions. The remainder of the subgroups, consisting of different types of
peppers, evidenced the genetic variability among C. baccatum var. pendulum accessions of
the IF Goiano Capsicum Germplasm Active Bank and highlighted the potential for heterosis
generation in directed crossings.

The subgroup with accessions IFET 210 and IFET 252 as endpoints was characterized
by triangular-shaped fruits, except for IFET 252, whose fruit is elongated. Genotypes IFET
210 and IFET 241 exhibited high similarity, differing only in three bands yielded by the 132
Zm primer, with 800 bp and 1650 bp present in IFET 210 and a 1750 bp DNA segment present
in [FET 241.

The subgroup ranging from IFET 121 to IFET 291 included genotypes of the
“dedo-de-moga” morphological type, one plant with triangular-shaped fruit (IFET 291),
and one plant with fruit corresponding to the “chifre-de-veado” morphological type (IFET
224). Accessions IFET 121 and IFET 124 exhibited high similarity, only differing by one
amplicon in each primer: 112 Zm (1650 bp in IFET 124), 118 Zm (850 bp in IFET 124), 17 Ps
(400 bp in IFET 121), and OPO-7 (450 bp in IFET 124). Nevertheless, IFET 121 exhibited
variability relative to the fruit shape (elongated and triangular, Figure 4), possibly due to
genetic segregation. Although the analyzed genotypes were obtained by self-pollination
(generation 1), the seeds in the accessions comprising the germplasm bank are the result
of uncontrolled crossing. Thus, they might be the product of cross-fertilization. Despite the
predominance of self-pollination in genus Capsicum, rates of cross-fertilization ranging
from 2% to 90% in field conditions were found (Pickersgill, 1997), depending on the
environmental conditions and the physical distance among plants. In addition to the natural
crossings within the same species, gene flow might occur among species (Monteiro et al.,
2011; Martins et al., 2015), a phenomenon that has been used to transfer resistance genes,
such as genes for Tobacco Mosaic Virus resistance, from C. chinense and C. chacoense to
C. annuum (Pickersgill, 1997). Also regarding this subgroup, accessions IFET 235 and IFET
245 exhibited high similarity, differing only in one amplicon for each primer: 118 Zm (850
bp in IFET 235), i7 Ps (450 bp in IFET 245), OPO-7 (450 bp in IFET 235), and OPF-13
(800 bp in IFET 235).

The subgroup ranging between IFET 64 and the commercial “Dedo-de-moga”
consisted of genotypes corresponding to the “dedo-de-moga” morphological type, except for
IFET 103, which had round-shaped fruits. Within this subgroup, IFET 111 and IFET 120
differed in three amplicons, one yielded by the i29 Zm primer (700 bp in IFET 111) and two
yielded by 17 Ps (450 bp in IFET 111 and 500 bp in IFET 120). Finally, one subgroup consisted
of IFET 19 (triangular-shaped fruits) and IFET 85 (dedo-de-moga).
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Figure 4. Fruits of accession IFET 121 (Capsicum baccatum L. var. pendulum) plants exhibiting segregation of
their morphological characteristics.

DISCUSSION

Given the close relative proximity of certain Capsicum species, some studies have
proposed the concept of a “species complex”. Based on this concept, three complexes were
defined: a) the C. annuum complex (C. annuum var. annuum, C. annuum var. glabriusculum,
C. frutescens, C. chinense, and C. galapagoense), b) the C. pubescens complex (C. pubescens,
C. eximium, and C. cardenasii), and c) the C. baccatum complex (C. baccatum var. pendulum,
C. baccatum var. baccatum, C. baccatum var. praetermissum, and C. tovarii) (Ince et al.,
2010; Albrecht et al., 2012). The clear difference between C. baccatum and the other two
species included in the molecular cluster analysis carried out in the present study agrees with
their attribution to different complexes.

The separation between C. baccatum var. pendulum and C. baccatum var.
praetermissum is particularly noteworthy, because it was highly evident in both the molecular
and the morphological analyses. The distinction between C. baccatum var. pendulum and C.
baccatum var. praetermissum in the present study was comparable to the distinction among
the three different species in the molecular analysis. In fact, the low genetic similarity between
these two varieties has been previously discussed. The results of Kochieva et al. (2004),
who used molecular tools, support the idea that the variety praetermissum is an autonomous
species (C. praetermissum) instead of a variety within C. baccatum. This idea was previously
suggested by Albrecht et al. (2012). Therefore, the high level of separation found in the present
study agrees with these assertions.
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According to the morphological analysis, the variability between the commercial
cultivar ‘Cambuci’ and the remainder of the C. baccatum var. pendulum accessions was similar
to the variability between C. baccatum var. pendulum and C. baccatum var. praetermissum.
Cambuci pepper, also known as “chapéu-de-bispo” or “chapéu-de-frade” (bishop’s hat or
friar’s hat), was classified as C. baccatum var. umbilicatum by Hunziker and Barbosa based
on morphological differences (Albrecht et al., 2012). However, Carvalho and Bianchetti
(2008) consider it a typical morphological type of C. baccatum var. pendulum. Albrecht et al.
(2012) also contested the classification of this type as a different variety from C. baccatum var.
pendulum based on genetic clustering using amplified fragment length polymorphism (AFLP)
markers. Similar to the study carried out by Albrecht et al. (2012), in the molecular analysis
carried out in the present study, the “Cambuci” genotypes clustered with other accessions of
the variety pendulum.

Molecular and morphological analysis in the present study agreed in a number of
aspects, such as the separation of IFET 145 (C. baccatum var. praetermissum) from the C.
baccatum var. pendulum genotypes and the clustering of commercial ‘Cambuci’ and IFET
292. Nevertheless, differences between the two methods were evident, such as the clustering
of IFET 68 and ‘BRS Mari’ as identical genotypes in the morphological analysis, which
was refuted by the molecular analysis, and the clear morphological separation of “cambuci”
from the other C. baccatum var. pendulum, which was not shown in the molecular analysis.
Morphological characterization prioritized flower and fruit characteristics, while molecular
characterization was random due to the random positioning of ISSR and RAPD markers in
the genome. The expected discrepancies between these two types of analysis reinforce the
relevance of using both to achieve an effective characterization of a germplasm.

In conclusion, the results of this study described the genetic and morphological
variability, provided a detailed characterization of genotypes, and eliminated the possibility of
duplicates within the IF Goiano C. baccatum L. working collection. This study will foment the
use of this germplasm collection in C. baccatum breeding programs.
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