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Abstract DNA barcoding allows the use of molecu-
lar markers to differentiate the species of an interest 
group. This is especially useful when morphologi-
cal characters are insufficient due to high similarity 
between species. The genus Capsicum contains some 
species that are difficult to determine by taxonomic 
means, in particular the annuum complex. Thus, the 
objective of this study was to investigate the discrimi-
natory ability of two molecular markers in Colom-
bian Capsicum accessions, including three wild spe-
cies belonging to the Andean clade of the genus. A 
total of 95 Capsicum accessions, representing eight 
species, were genotyped by high resolution melting 
analysis (HRM) using the Waxy and C2_At5g04590 
markers. Waxy could discriminate the Andean clade 
species (C. rhomboideum, C. dimorphum and C. lyci-
anthoides), C. baccatum, C. pubescens and C. chin-
ense, while C2_At5g04590 could discriminate C. 
frutescens, C. annuum var. annuum and C. annuum 
var. glabriusculum. Hence, a combination of the two 
markers could be used for discrimination of the eight 
species including the wild variety of C. annuum: C. 

annuum var. glabriusculum. Most nucleotide sub-
stitutions and indels were found in the sequences of 
the three Andean species, indicating that the Andean 
clade has a high genetic diversity compared to the 
other species. The incorporation of more wild spe-
cies and varieties in this study allowed to correct the 
power of both markers to discriminate Capsicum spe-
cies, besides the registration of new haplotypes.
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Introduction

Chilli is one of the world’s most important crops, 
according to FAO, in 2021 more than 41 million tons 
were produced for consumption. All chili peppers 
belong to the genus Capsicum in the family Solan-
aceae, which currently includes 43 species (Barboza 
et al. 2022). However, only 5 have been domesticated 
and cultivated for commercial purposes: C. annuum 
L. var. annuum (Caa), C. chinense Jacq. (Cch), C. 
frutescens L. (Cfr), C. baccatum L. (Cba), and C. 
pubescens Ruiz & Pav (Cpu). The first three species 
form a complex of species called the annuum com-
plex, which shows a great similarity not only in their 
morphological but also in their molecular characters 
and can show hybridization events (Baral and Bos-
land 2004; Carrizo García et al. 2016; Barboza et al. 
2022). Therefore, some varieties of this complex 
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resemble each other and make it difficult to establish 
the boundaries between species.

In this sense, molecular markers can be used as 
a complement to taxonomic identification through 
the so-called “DNA barcoding”. This methodology 
uses DNA regions that are conserved in a group of 
interest, but that vary sufficiently interspecifically 
to allow discrimination between species or another 
taxonomic group (Paz et  al. 2011). This technique 
has been widely used in some animal groups such as 
insects and vertebrates using the COI (cytochrome 
c oxidase subunit I) mtRNA region with satisfac-
tory results (Hebert et al. 2003a, b). It has also been 
applied to bacteria using the 16S rRNA region (Kim 
and Chun 2014). In plants, multilocus analysis (chlo-
roplast and nuclear genes) has been used with bet-
ter results (Jarret 2008; González et  al. 2009). This 
methodology allows identification in situations where 
the key characters for taxonomy have not yet been 
developed or are absent: Early stages of individuals, 
when only fragments are available, or when there is 
a delay in obtaining the essential characters for tax-
onomy (time to flowering and/or fruiting in plants). It 
also allows identification in cases where morphologi-
cal characters are insufficient or too ambiguous for 
discrimination.

In combination with DNA barcoding, the use 
of High-Resolution Melting (HRM) genotyping 
allows the identification of SNPs and indels in a 
sequence by their dissociation curves. Combined 
with DNA barcoding, it has the advantage of reduc-
ing the costs associated with sequencing, since only 
one or two samples are sequenced for each pattern 
of curves obtained, as opposed to the traditional bar-
coding approach where all samples in the study are 
sequenced. In addition, because it is a real-time PCR 
technique (Wittwer et al. 2003; Martino et al. 2010), 
it also reduces genotyping time. In plants, barcod-
ing HRM analysis has been widely used for species 
and accession discrimination: Citrus (Distefano et al. 
2012), Prunus avium (Ganopoulos et al. 2011), Lens 
culinaris (Bosmali et  al. 2012), Melientha suavis, 
Sauropus androgynus, and Urobotrya siamensis 
(Thongkhao et al. 2020), among others.

In 2010, Jeong and coworkers developed a set of 
markers (nuclear and chloroplast) that allowed the 
discrimination of the five domesticated species of 
the genus Capsicum, including the annuum com-
plex, as well as one wild species (C. chacoense) 

by the barcoding-HRM method. They found that 
Waxy and C2_At5g04590 (hereafter C2) amplifica-
tions were the most efficient marker combination 
for species discrimination. However, that study used 
accessions from World Vegetable Center (AVRDC) 
(Taiwan). These accessions have been selected to a 
certain extent and their genetic diversity has been 
reduced. Also, it does not include many wild spe-
cies of the genus and does not represent much mate-
rial coming from the American continent, where the 
genus Capsicum originated. Therefore, the objec-
tive of this work was to apply the barcoding-HRM 
technique with the markers developed by Jeong 
et al. (2010) in Colombian accessions of Capsicum, 
including some wild species of the Andean clade 
and domesticated landraces found in home gardens 
and marketplaces, which may represent new genetic 
variants for barcoding marker sequences.

Materials and methods

Plant materials

Capsicum accessions (seeds and/or plants) were 
collected from natural reserves, marketplaces, nurs-
eries, home gardens and parks in different munici-
palities of the departments of Valle del Cauca and 
Nariño (Supplementary data 1). Seeds were germi-
nated in a greenhouse at the Universidad del Valle, 
Colombia. The leaf tissue was collected and then 
preserved in silica gel until it was analyzed in the 
laboratory (Chase and Hills 1991). Then, adult 
plants were used by morphological identification 
using taxonomic characters (Barboza et al. 2022).

Genomic DNA extraction

All molecular analyses were performed at the Labo-
ratorio de Biología Molecular de la Universidad del 
Valle. Genomic DNA was extracted from leaf tissue 
using the CTAB method of Doyle and Doyle (1987) 
modified according to Stewart (1997). Concentra-
tion and purity of DNA samples were measured 
using Nanodrop 2000 (Thermo Scientific, USA).
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Barcoding and HRM analysis

Waxy and C2 markers were used for identified Cap-
sicum species using the primers and PCR condi-
tions described by Jeong et al. (2010) (Supplemen-
tary data 2). PCR consisted of a final volumen of 
15  µL of 2X Supermix Melt Precision (BioRad), 
0.7 µM of both primers, 5 µL of DNA (10 ng/µL) 
and 5.4  µL of distilled and deionized water. PCR 
and HRM analysis were performed in a CFX96 
Touch™ Real-Time PCR thermocycler. HRM 
analysis was performed as follows: DNA was dena-
tured at 95 °C for 30 s followed by 60 °C for 1 min. 
Then the temperature was gradually increased by 
0.2  °C per cycle for 10  s from 65 to 95  °C. Fluo-
rescence was sampled at each cycle. HRM data was 
analyzed in a Precision Melt Analysis™ v1.2 soft-
ware. It was verified that the percentage confidence 
of cluster assignment for each sample was not less 
than 95%. Any sample with a lower percentage was 
repeated. One or two individuals per cluster (curve) 
were sequenced by the Sanger method using a spe-
cialized service (Macrogen Korea) to obtain the 
nucleotide sequence. As the annuum complex spe-
cies (Ca, Cfr and Cch) are a group very difficult 
to distinguish by both morphological and molecu-
lar analysis, three additional individuals belong-
ing to very well-known cultivars of each species 
were also sequenced to serve as a control. One 
individual of “ají Cayena” coded as C. annuum 
var. annuum cultivar, one of “ají Tabasco” coded 
as C. frutescens cultivar and one of “ají Habanero” 
coded as C. chinense cultivar.

Data analysis

Sequences were edited and cleaned using Sequencher 
4.6 (Gene Codes Corporation 2006). After that, they 
were aligned using Muscle algorithm, UPGMA trees 
and different statistics as number of variable sites and 
unique polymorphism (singletons) were calculated 
in MEGA software version 11 (Tamura et al. 2021). 
Additionally, sequences from Waxy gen were com-
pared with reported in NCBI using BLAST.

Results

Morphological identification

95 accessions were collected, representing 8 Capsi-
cum species based on morphological characters (Sup-
plementary data 1), 5 domestic species: C. annuum 
(Ca) including Caa and C. annuum var. glabriuscu-
lum (Cag), Cfr, Cch, Cba, Cpu) and 3 wild species 
from the Andean clade according to Carrizo García 
et al. (2016): C. rhomboideum (Dunal) Kuntze (Crh), 
C. lycianthoides Bitter (Cly) and C. dimorphum 
(Miers) Kuntze (Cdi). Some accessions were not 
identified morphologically because they are members 
of the annuum complex, and this complex has similar 
morphological characteristics among its species (Bar-
boza et  al. 2022). This species was determined only 
by molecular analysis.

Waxy marker

Six groups were defined by analyzing the HRM of 
the Waxy marker, Fig.  1 shows the normalized and 

Fig. 1  Difference plot 
graph of the Waxy marker 
based on the high resolution 
melting (HRM) analysis, 
each curve represents a dif-
ferent Capsicum individual, 
each color represents a 
different cluster. C. annuum 
and C. frutescens (red), 
C. baccatum (blue), C. 
pubescens (purple), C. 
chinense (light blue), C. 
lycianthoides (pink), C. 
dimorphum (green)
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Fig. 2  Sequence alignment of Waxy marker fragment for 20 individuals of Capsicum. Gray columns show nucleotide substitutions. 
Blue columns represent indels. Yellow bar represents a particular deletion of 12 nucleotide in C. rhomboideum 
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differential HRM curves of these groups. The Andean 
species (Cly and Cdi) are each represented in a dif-
ferent group, as are the Cpu and Cba species. Crh 
species are not shown in that figure because their 
melting temperature  (Tm) is very different from the 
rest of the species. Cch (including both cultivars and 
non-commercial accessions) could be easily discrimi-
nated in a group from the rest of the annuum com-
plex (Cfr and Ca), while these last two could not dis-
criminate each other and conformed a unique group. 
Sequence analysis of the fragment of 245 bp revealed 
31 variable sites and 4 indels. Figure  2 shows the 
nucleotide composition of the Waxy marker fragment 
together with its variants among 20 sequenced indi-
viduals. The group of Andean species had most of 
the nucleotide substitutions, which made them differ 

enormously from the remaining species (Fig. 3). One 
of the most remarkable changes in this group was 
the unique deletion of 12 nucleotides from position 
215–226 present in Crh (Fig.  2). The individuals of 
Cba and Cpu could also be distinguished from the 
rest of the species, while for the annuum complex 
only Cch could be distinguished from the other two 
species. Therefore, this marker could not be used to 
discriminate Ca and Cfr. Although Jeong et al. (2010) 
did not report their Waxy sequences on the NCBI 
database, a manual check of the haplotypes showed 
that the variants found in this work were the same as 
those of Jeong et al. (2010), except for the sequences 
associated with the Andean Capsicum group, which 
were not analyzed for them and therefore represent 
new haplotypes. A BLAST of the sequences showed 

Fig. 3  Tree produced 
using the UPGMA method 
based on Waxy marker of 
Capsicum species. Acces-
sion name of some samples 
is in parenthesis. The C. 
frutescens (wild) accession 
represents individuals with 
a high degree of morpho-
logical similarity to Cag 
individuals

Fig. 4  Difference plot 
graph from C2 marker 
based on HRM analysis, 
each curve represents a 
different individual, each 
color represents a different 
cluster. Capsicumannuum 
var. glabriusculum and C. 
baccatum (red), C. chinense 
(blue), C. annuum var. 
annuum (pink), C. pube-
scens (fluorescent green), 
C. frutescens (green)
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almost always a high similarity (> 99%) with some 
sequences registered in the NCBI and with the same 
taxonomic assignment that we have assigned in this 
work. An exception was made for Cfr and Ca, which 
could not be discriminated with this marker.

C2 marker

Five different clusters (Fig. 4) were shown by HRM 
analysis. For the sequencing of the C2 marker, a 
fragment of 368  bp was obtained for 22 Capsicum 
sequences. A difference from the Waxy marker, which 
is shorter, only 9 variable sites were identified. These 
9 nucleotide changes do not include insertions or 
deletions as it occurs for Waxy (Fig. 5), showing less 
nucleotide diversity for this marker. Andean sam-
ples were not present in this analysis as they do not 
amplify for this marker. C2 allowed to distinguish 
the Cch and Cpu species from the others, similar to 
the Waxy marker. Most of the variable sites of the 
sequence were present in this last species. Further-
more, it was possible to separate Ca into two groups, 
the domestic varieties (Caa) grouped together, and 
the wild varieties (Cag) grouped together with Cba 
(Fig. 6A–D). In contrast to Waxy, C2 was able to dis-
criminate Cfr individuals from Ca, including some 
samples with a high morphological similarity to Cag 
individuals, which we called “wild Cfr” (Fig. 6E–F). 
Therefore, this marker was not able to discriminate 
between Cba and Cag, something that did not happen 
with the Waxy marker and that has not been reported 
by Jeong et al. (2010).

Sequence comparison by BLAST was not pos-
sible because only one sequence of this marker is 
registered in NCBI. However, a manual check with 
the Jeong et  al. (2010) sequences showed the same 
haplotypes for most species with the exception for 
Cag individuals, that were not studied by Jeong et al. 
(2010) and in this study converged in the same haplo-
type as Cba individuals.

Accessions B6 and KF were two samples that 
could not be identified by morphological character-
istics because they belong to the high morphologi-
cal similarity annuum complex, however, molecular 
barcoding showed that B6 belongs to the Cch species 
(Fig.  7) and KF belongs to the Cfr species (Fig.  2). 

Likewise, G17 was an accession that never developed 
a reproductive stage, so morphological identification 
was not possible. However, barcoding showed that 
this sample belonged to the Cpu species (Fig. 7).

Discussion

Often, the use of Colombian accessions in global 
Capsicum research is low (Lee et  al. 2016; Taranto 
et  al. 2016; Tripodi and Greco 2018; Colonna et  al. 
2019). This represents a gap in information, as the 
country has two centers of diversification of the 
genus, the Amazon and the Andes, and represents 
the point of entry of chilies to Centro America and 
North America (Carrizo García et  al. 2016). The 
Waxy and C2 markers were developed for Jeong et al. 
(2010) and tested on commercial cultivars of Capsi-
cum (domesticated species), with the exception of C. 
chacoense, which is a wild species. Although they 
work to discriminate these species, a test on wild 
accessions and other species of Capsicum, including 
Colombian material, were needed to confirm their 
discriminating ability. This study has shown that the 
use of Waxy and C2 markers over 95 accessions col-
lected from the Colombian southwest, is usable for 
the discrimination of taxonomic species, including 
the Andean clade and semi-wild varieties, which have 
more genetic diversity than commercial crops.

The Andean clade of Capsicum represents the 
most ancestral group of the genus with eight spe-
cies. Some common characteristics of the members 
include the absence of capsaicionoids in their fruits, 
yellow corolla for most members, and a karyotype 
2n = 26 (Barboza et  al. 2019). Phylogenetic analy-
sis also distinguishes these species from the others, 
corresponding to a well-supported monophyletic 
clade (Carrizo García et  al. 2016; Barboza et  al. 
2019). In this study, the analysis of three Andean 
species showed that the Waxy marker could dis-
criminate them from each other as well as from 
the other species. In fact, most of the nucleotide 
substitutions and indels registered for Waxy in this 
study are attributed to the Andean species (Fig. 2), 
which shows the great genetic divergence between 
the Andean clade and the other species of the genus. 
This patronage was also observed by Jarret (2008), 
who evaluated the same marker in some species of 
Capsicum and reported that 54 of 73 substitutions 

Fig. 5  Sequence alignment of C2_At5g04590 marker for 22 
individuals of Capsicum. Gray columns show variable sites

◂
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were found in Crh, including the same indel of 12 
nucleotides that we have found in this study. None 
of these species amplified for the C2 marker. How-
ever, we do not know if this lack of PCR amplifica-
tion is due to mutations in the primer recognition 
area, so a more intense analysis needs to be done.

Ca is one of the Capsicum species that has two 
well-defined taxonomic varieties. A remarkable 
result was the differentiation of Ca varieties, Cag 
and Caa. On the one hand, Caa includes all com-
mercial accessions that have undergone some 
degree of plant breeding and have medium or large 
fruit size, and on the other hand, Cag includes the 
wild accessions that have small fruit size. Jeong 
et  al. (2010) included only Caa accessions in their 
study. Therefore, the discrimination of the two Ca 

varieties is a novel result of this study. In addition, 
Cag accessions share the same haplotype as Cba, so 
it is not possible to separate these two species with 
this marker, but the Waxy marker could do it. Thus, 
even after including wild accessions and Andean 
Capsicum species, the combined use of both mark-
ers to discriminate Capsicum species proposed by 
Jeong et al. (2010) is still valid. Waxy is useful for 
the discrimination of Cba and the Andean clade, 
and C2 is useful for the discrimination of Cfr and 
Cag individuals. Both could easily distinguish the 
Cpu and Cch species.

Molecular barcoding has the advantage of iden-
tifying an individual at any stage of this develop-
ment, as we have shown for the G17 accession. This 
is different from taxonomic identification, which 

Fig. 6  Flower and fruit of 
two varieties of C. annuum 
and an accession of C. 
frutescens. A–B Flower and 
fruits of C. annuum var. 
glabriusculum. C–D Flower 
and fruits of C. annuum 
var. annuum. E–F Flower 
and fruits of C. frutescens 
(“wild accession”). Note 
the similarity of the fruit 
between B and F

Fig. 7  Tree produced using 
the unweighted pair group 
method with arithmetic 
mean (UPGMA) method 
based on C2 marker of Cap-
sicum species. Accession 
name of some samples is in 
parenthesis
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requires reproductive traits to make an effective cat-
egorization. However, DNA barcoding needs a good 
genetic database in order to make a correct identifi-
cation, and although this study improves the data-
base with new haplotypes for both markers, a better 
database, especially for C2, is needed to improve 
the discrimination of the barcoding.

Finally, by reducing the number of individuals to 
be sequenced, HRM analysis is a practical tool to 
reduce the costs associated with sequencing. Out of 
95 samples, only 42 were sequenced because it is 
assumed that individuals with the same HRM curve 
have the same nucleotide sequence. Therefore, in 
order to have their nucleotide composition, only two 
or three individuals need to be sequenced for the 
curve. In addition, HRM curves could be stored for 
comparison with samples from future research, so 
only new curves would have to be sequenced.

Conclusion

The combination of Waxy and C2 markers is usa-
ble to discriminate efficiently the Capsicum species 
evaluated in this study, Waxy could separate Cba, 
Cch, Cpu and Andean clade (Cdi, Crh and Cly), 
while C2 could separate Caa, Cag and Cfr. In addi-
tion, this study registered a new haplotypic diversity 
with the genotyping of wild accessions (Cag, Cdi, 
Crh and Cly). This showed the great genetic diver-
sity found in samples that have not been subjected 
to plant breeding and the importance of genotyping 
other Capsicum species and varieties to verify the 
discriminatory ability of Waxy and C2 markers.
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