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ABSTRACT.  It is essential that the genetic variability of preserved 

accessions germplasm banks be evaluated and quantified, which 

allows, for example, the detection of duplicates, generating more 
reliable data, especially for groups of plants that have a wide genetic 

variability, as in the case of the Capsicum genus. . We examined the 

DNA from the leaves of nine accessions of Capsicum spp. from the 
Federal University of Maranhão Germplasm Bank. Amplification 

was performed using 78 microsatellite primers previously described 
as potential molecular markers for Capsicum accessions. Thirty-three 

microsatellite primers produced amplification products, seven of 

which were polymorphic and used to investigate genetic variability 

among nine accessions. The proportion of polymorphic loci in pepper 

accessions was estimated at 21%. A mean of 2.28 alleles was 

detected per polymorphic locus and the number of alleles ranged 

from 1 to 3. The highest effective number of alleles was 1.62, and the 

highest values of mean observed heterozygosity (Ho) and Shannon's 
diversity index (I) were 0.533 and 0.421, respectively. Private alleles 

were detected in two accessions: UFMA17 and UFMA35. The 
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highest Ho value was found in the UFMA10 accession, whereas the 

lowest value was recorded in the UFMA35 accession. Fixation 

indices (FST) indicated that 65% of the total allele frequency variation 

occurred within the analyzed loci. The polymorphism information 

content ranged from 0.011 to 0.354. Clustering of samples based on 
Nei's genetic distance matrix revealed the formation of three 

genetically distinct groups that allowed identifying genetically 

distinct groups based on SSR markers and discriminating the most 

closely related accessions of Capsicum spp. Neighbor-joining cluster 

analysis and PCoA allowed identifying genetically distinct groups 

based on SSR markers and discriminating the most closely related 

accessions of Capsicum spp. 

 
Key words: Variability; Molecular characterization; Simple sequence repeat; 

Principal coordinate analysis; UPGMA 

INTRODUCTION 
 
Brazil has the greatest plant genetic diversity in the world (Campos et al., 2016) and 

is known as a diversity center of peppers of the genus Capsicum. Throughout Brazil, 

Capsicum plants are either domesticated (widely cultivated), semi-domesticated (little 

cultivated), or wild (not commercially cultivated) (Maciel et al., 2016; Carvalho et al., 

2017). In the state of Maranhão, peppers of the Capsicum genus are cultivated due to their 

mystical value, but also because they make up a large part of the typical foods of the region. 

They are used as pickled peppers, with babassu milk and tucupi, and are commonly found 

in local stores. In addition, its importance is also attributed to the value it adds to family 

farming, since its cultivation requires a high demand for labor, from cultivation to harvest. 

Given the genetic variability of the genus Capsicum, species differ in color, fruit 

size, shape, chemical composition, and, especially, degree of pungency or piquancy (Chuah 

et al., 2008). The genus encompasses a wide diversity of bell and chili peppers with 

worldwide economic importance because of their use as food, medicine, ornamental plants, 

and raw materials for pharmaceutical applications (Rêgo et al., 2012; Gomes et al., 2019).  

The expansion of agricultural boundaries associated with the growth of urban 

centers has increased the extinction risk of Capsicum spp. in some regions, thereby 

narrowing the genetic base (Maciel et al., 2016; Carvalho et al., 2017). Germplasm banks, 

together with institutions such as the National Registry of Cultivars, contribute to 
conservation by characterizing morphological, geographical, and molecular data of 

accessions (Hill et al., 2013; Maciel et al., 2016; Carvalho et al., 2017).  

Morphological characterization comprises the quantitative and qualitative analysis 

of morphological characters, which are easily differentiable (e.g., color, fruit shape, and 

level of pungency) (Costa, 2015). Such characterization should be performed using 

descriptors as soon as individuals are inserted into the collection. This procedure generates 

useful information for collection management. However, there are some limitations with 

regard to characters that show non-additive inheritance, as they are highly influenced by the 

environment (Burle et al., 2010). 
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Evaluation of genetic variability, on the other hand, is based on molecular data, 

allowing the generation of a series of information about intrinsic characteristics of the 

species' genome. Such data are of great importance for conservation, whether in situ or ex 

situ, and genetic improvement programs (Azevedo, 2010). Molecular markers are important 

tools for characterizing plant species, including Capsicum spp. In particular, microsatellite 

markers, such as simple sequence repeats (SSRs), have contributed to the characterization 

of a variety of accessions in genetic improvement programs, including chili peppers, bell 
peppers, and their landrace varieties (Pereira et al., 2012; Oliveira et al., 2012; Naz et al., 

2013; Azevedo et al., 2019).  

SSR markers represent short regions of tandemly repeated units of one to six 

nucleotides whose level of polymorphism depends on differences in the number of 

repetitions (Litt and Luty, 1989). Microsatellite sequences are abundantly and uniformly 

dispersed in genomes of all organisms and are efficiently detected by polymerase chain 

reaction (PCR), independent of environmental influences and stage of plant development 

(Morgante and Olivieri, 1993).  

SSRs can be developed directly from genomic DNA libraries or microsatellite 

libraries enriched for specific microsatellite sequences. They can also be found in online 

databases or obtained on the basis of microsatellite transferability (Kalia et al., 2011). One 

of the strategies for microsatellite analysis of species that do not have specific primers is to 

transfer primers of evolutionarily close species. The transferability of SSR markers is higher 

between species from the same genus or closely related genera than between species from 

distant genera of the same family (Cheng, 2016). This study aimed to assess genetic 

diversity among accessions of the genus Capsicum by using microsatellite markers. 

MATERIAL AND METHODS 

Germplasm 
 

The biological material used for molecular characterization was obtained from the 

Capsicum spp. collection of the Center for Agricultural Sciences of the Federal University 

of Maranhão (CCA/UFMA), Brazil. Most accessions maintained in the germplasm bank 

were collected in Maranhão State. Of the nine accessions analyzed in this study, four were 

morphologically characterized by Silva et al.  (2021), namely UFMA17, UFMA18, 

UFMA35, and UFMA 70. Accessions were morphologically characterized based on 24 

qualitative descriptors developed by the International Plant Genetic Resources Institute 

(IPGRI, 1995). The choice of these materials was based on the availability of seeds and 

accessions with greater germination potential, besides having already been characterized 

morpho agronomically. 

  The collection maintained by the Federal University of Maranhão has 

approximately 100 accessions of peppers of the Capsicum genus, whose seeds are kept 

under refrigeration, under controlled humidity and temperature conditions. The accessions 

are constituted of the species C. annum, C. chinense, and C. bacatum, cultivated in the state 
of Maranhão, by small or medium producers or in urban gardens and domestic backyards 

(Silva et al., 2016). It is also noteworthy that the collection does not include wild material, 

only cultivated varieties. The objective is to maintain the accesses already cultivated by 

local producers, and not to provide material for cultivation. 
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DNA extraction and quantification 
 

Genomic DNA was extracted from young leaves collected from 15 pepper 

plants per accession of nine selected accessions, totaling 135 samples. Extraction was 

performed by the 2% cetyltrimethylammonium bromide (CTAB) method (Doyle and 

Doyle, 1990), with modifications. Seeds were sown in polystyrene trays containing 

commercial substrate (Carolina Soil
®
) and maintained in a greenhouse at Paranense 

University, campus 3, Umuarama, Paraná, Brazil, for 30 days. 

Approximately 200 mg of fresh leaf tissue was ground in liquid nitrogen using a 

mortar and pestle. Subsequently, the resulting powder was collected into 2 mL 

microtubes and mixed with 700 µL of 2% CTAB extraction buffer and 2-

mercaptoethanol. After homogenization, microtubes were kept in a water bath at 65 °C 

for 30 min. Then, 600 µL of a 24:1 mixture of chloroform/isoamyl alcohol was added, 

and samples were homogenized by manual inversion for 5 min and centrifuged for 10 

min at 12,000 rpm. The upper phase was transferred to a new microtube and mixed with 

about 50 µL (1/10 of the volume) of a solution containing 10% CTAB and 1.4 M NaCl. 

The aqueous phase was collected into clean microtubes and mixed with 400 µL of cold 

isopropanol (−20 °C) by gently inverting the tubes for 1 min. Samples were placed in a 

freezer (−20 °C) overnight and, after this period, centrifuged for 15 min at 12,000 rpm. 

The supernatant was discarded, and the DNA pellet was washed twice with 70% 

ethanol and twice with absolute ethanol. Microtubes were allowed to air dry at room 

temperature, and the pellet was resuspended in TE solution (1 M Tris-HCl and 0.5M 

EDTA, pH 8.0) containing 10 µg mL
−1

 RNAse. DNA samples were stored in a 

refrigerator until use. 

The concentration and purity of extracted DNA was estimated by absorbance at 

260 nm and the 260 to 280 nm absorbance ratio, respectively. Absorbance readings 

were taken on a Spectra Max Plus 384 Microplate Reader. Subsequently, samples were 

diluted in TE to a concentration of 50 ng µL
−1

. 

Amplification reactions 
 

A total of 78 microsatellite primers were tested in nine accessions of Capsicum 

spp. (Lee et al., 2004; Mimura et al., 2012) (Table 1). Amplification reactions were 

performed in 0.2 mL microtubes containing 10× PCR buffer, 50 mM MgCl2, 12,5 mM 

dNTPs, 10 mg µL
−1

 bovine serum albumin, 1.0 µL of each primer (10 µM), 5 U of Taq 

DNA polymerase, and 1.0 µL of DNA (50 ng µL
−1

). PCR was performed using an 

Eppendorf Mastercycler Personal system set at 94 °C for 4 min and 40 s for initial 

denaturation, followed by 30 cycles of 15 s at 94 °C, 10 s at 50–57 °C (depending on 

the primer used, see Table 1), 20 s at 72 °C, and final extension at 72 °C for 5 min. 

Amplified fragments were separated by horizontal electrophoresis on 3.5% 

agarose gel in 1× TBE buffer (90 mM Tris-borate and 2 mM EDTA). Gels were stained 

with 0,5 µg mL
−1

 ethidium bromide and photographed under ultraviolet light using an 

L-PIX EX-Locus system. The size of PCR fragments was determined by comparison 

with a 1 kb DNA ladder. 
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Table 1. Microsatellite primers used for analysis of genetic diversity in the accessions UFMA08, 

UFMA10, UFMA17, UFMA14, UFMA15, UFMA18, UFMA35, UFMA70 and UFMA 105 of Capsicum 

spp. 

 

Locus Sequence Repeat motif 
Linkage 

group 
Reference 

Ta 

(°C) 

CAMS-117 
F: TTGTGGAGGAAACAAGCAAA 

R: CCTCAGCCCAGGAGACATAA 
(TG)21(TA)3 11 

Mimura et 

al.  (2012) 
50 

CAMS-142 
F: TCCATATAGCCCGTGTGTGA 
R: CGTGGGAATACAATGCTAGA 

(TA)3(AC)7…(AC)12A(TA)8 7 
Mimura et 
al.  (2012) 

50 

CAMS-162 
F: GGACCGTTCAGGAGGTTACA 

R: CCATCATTCAAAACCGAAT 
(TA)7(TG)7TA(TG)6 1 

Mimura et 

al.  (2012) 
50 

CAMS-405 
F: TTCTTGGGTCCCACACTTTC 

R: AGGTTGAAAGGAGGGCAATA 
(TC)18 11 

Mimura et 

al.  (2012) 
50 

CAMS-806 
F: GTCACAAGTGTCAAGGTAGGAG 

R: CCCCAAAAATTTTCCCTCAT 
(AGA)19 10 

Mimura et 

al.  (2012) 
50 

CAMS-864 
F: CTGTTGTGGAAGAAGAGGACA 

R: GCTTCTTTTTCAACCTCCTCCT 
(AGA)32 7 

Mimura et 

al.  (2012) 
50 

Bd12 
F: CAACAGTAGGACCCGAAAATCC 

R: ATGAAGGCTACTGCTGCGATCC 
(CT)2(AG)15 1 

Lee et al.  

(2004) 
52 

F, forward; R, reverse, Ta, annealing temperature. 

Data analysis  
 

Only polymorphic microsatellite markers were considered for analysis. Genetic 

variability among Capsicum accessions was analyzed using GenAlEx software (Peakall and 

Smouse, 2012). The following parameters were determined: number of polymorphic loci, 

actual number of alleles per locus (Na), effective number of alleles (Ne), number of private 

alleles (Pa, defined as alleles detected exclusively in a given population; Jiang et al., 2011), 

mean observed heterozygosity (Ho), mean expected heterozygosity (He), Shannon's diversity 

index (I), fixation index (FST), genetic distance between genotypes (Nei, 1972), and analysis 

of molecular variance (AMOVA). Nei's distance matrix for SSR data was constructed using 

PowerMarker software version 3.25 (Liu and Muse, 2005). Bootstrapping was performed 
with 1,000 replications, and a neighbor-joining tree was constructed using Mega X software 

version 10.2 (Kumar et al., 2018). The polymorphism information content (PIC) was 

calculated using PowerMarker software version 3.25. Principal coordinate analysis (PCoA) 

was performed to confirm dissimilarities using GenAlEx software (Peakall and Smouse, 

2012). 

RESULTS 
 

Proportion of polymorphic loci, number of alleles, effective number of alleles, 

observed and expected heterozygosities, and privative alleles in pepper accessions 

Thirty-three microsatellite primers (42%) designed for the genus Capsicum 

produced amplification products, seven of which were polymorphic and used to assess 

genetic variability among the nine pepper accessions. The estimated proportion of 

polymorphic loci (%P) in the nine pepper accessions was 21%. The percentage of 

polymorphic loci ranged from 14% (UFMA14 and UFMA70) to 71% (UFMA10), with a 

mean of 38% in the nine accessions analyzed. 
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A total of 16 alleles and a mean of 2.28 alleles per polymorphic locus were detected 

in the nine pepper accessions using seven microsatellite primers. Actual (Na) and effective 

(Ne) numbers of alleles per polymorphic locus and mean observed (Ho) and expected (He) 

heterozygosities for the seven loci are presented in Table 2. The number of alleles detected 

by microsatellite markers ranged from 1 to 3, and the highest effective number of alleles 

was 1.62. The highest Ho and I values were 0.533 and 0.421, respectively, both detected in 

the CAMS-806 locus, which contains repeat motifs of (AGA)19 nucleotides. The lowest 

effective number of alleles (1.01) was detected in the CAMS-405 locus, which contains 

(TC)18 repeats (Table 2). The mean genetic diversity for the seven SSR loci was 0.155. He 

values above 0.50 (indicating high genetic diversity) were not detected in any of the 

analyzed microsatellite loci (Table 2). 

 
 

Table 2. Actual number of alleles (Na), effective number of alleles (Ne), Shannon's index (I), mean 

observed heterozygosity (Ho), mean expected heterozygosity (He), polymorphism information content 

(PIC), and fixation index (FST) of single sequence repeat loci in the accessions UFMA08, UFMA10, 

UFMA17, UFMA14, UFMA15, UFMA18, UFMA35, UFMA70 and UFMA 105 of Capsicum spp. 

 

Locus Na Ne I Ho He PI.C FST 

CAMS-117 2.00 1.20 0.199 0.159 0.128 0.162 0.278 
CAMS-142 2.00 1.06 0.078 0.056 0.046 0.160 0.730 

CAMS-162 2.00 1.33 0.230 0.322 0.166 0.243 0.385 

CAMS-405 2.00 1.01 0.022 0.011 0.011 0.011 0.045 

CAMS-806 3.00 1.62 0.421 0.533 0.289 0.354 0.327 

CAMS-864 3.00 1.38 0.290 0.153 0.189 0.318 0.509 

Bd12 2.00 1.47 0.360 0.452 0.254 0.279 0.275 

Mean 2.28 1.29 0.229 0.241 0.155 0.218 0.364 

 

Allele frequency was estimated for each of the seven SSR loci. Private alleles (Pa) 

were detected in two accessions, namely UFMA17 (CAMS-806 and CAMS-864) and 

UFMA35 (CAMS-405). In addition to being an indicator of the occurrence of gene flow, 

private alleles reflect the level of genetic relationship between accessions or populations 

(Szpiech and Rosenber, 2011). The effective number of alleles ranged from 1.04 

(UFMA35) to 1.67 (UFMA17). The highest Ho value (0.419) was found in the UFMA10 

accession, whereas the lowest value (0.043) was recorded in the UFMA35 accession (Table 

3). 

FST values were classified into the following classes, as proposed by Nei (1978): 

low (FST < 0.05), intermediate (0.05 < FST < 0.15), and high (>0.15), indicating low, 

medium, and high population structures, respectively. The analyzed loci were found to have 
high genetic differentiation (>0.15), except CAMS-405 (Table 2). FST values indicated that 

65% of the total allele frequency change at loci is due to genetic differences between 

Capsicum accessions. 

PIC ranged from 0.011 (CAMS-405) to 0.354 (CAMS-806), with a mean value of 

0.218 (Table 2). Three of the seven loci analyzed were moderately polymorphic (0.25 < PIC 

< 0.50) (CAMS-806, CAMS-864, and Bd12). CAMS-117, CAMS-142, CAMS-162, and 

CAMS-405 were uninformative (PIC ≤ 0.25) (Table 2). PIC values were higher than He and 

Ho in three of the seven loci, lower in three of the seven loci, and equal in CAMS-405. 
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Table 3. Actual number of alleles (Na), effective number of alleles (Ne), mean observed heterozygosity 

(Ho), and mean expected heterozygosity (He) in the accessions UFMA08, UFMA10, UFMA17, UFMA14, 

UFMA15, UFMA18, UFMA35, UFMA70 and UFMA 105 of Capsicum spp., as estimated by 

microsatellite markers. 

 

Accessions Na Ne Ho He 

UFMA08 1.42 1.33 0.257 0.180 

UFMA10 1.71 1.50 0.419 0.286 

UFMA17 1.85 1.67 0.357 0.299 

UFMA14 1.14 1.14 0.143 0.071 

UFMA15 1.42 1.31 0.286 0.169 

UFMA18 1.28 1.25 0.196 0.133 
UFMA35 1.42 1.04 0.043 0.041 

UFMA70 1.14 1.14 0.143 0.071 

UFMA105 1.28 1.28 0.286 0.143 

Fixation index, polymorphism information content, and AMOVA 

Neighbor-joining cluster analysis 
 

Sample clustering using Nei's genetic distance matrix by the neighbor-joining 

method revealed three genetically distinct groups (Figure 1). The first comprised UFMA14, 

UFMA70, UFMA18, UFMA17, and UFMA08; the second, UFMA15, UFMA10, and 

UFMA105; and the third, UFMA35 only. UFMA35 was the most distant accession in the 

sample, whereas UFMA18 and UFMA17, in Group I, and UFMA15 and UFMA10, in 

Group II, had the greatest genetic similarity. 

 

 
Figure 1. Neighbor-joining tree of the Capsicum accessions UFMA08, UFMA10, UFMA17, UFMA14, 

UFMA15, UFMA18, UFMA35, UFMA70 and UFMA 105 assessed using simple-sequence repeat markers. The 

tree was constructed using Nei's distance matrix. Bootstrap values at the nodes were obtained in 1,000 replicates. 

Principal coordinate analysis 
 

Accessions were classified into two groups according to genetic relationships and, 

probably, the species to which they belonged (Figure 2). The first (horizontal) axis (42%) 
indicated that UFMA10, UFMA15, UFMA14, UFMA08, UFMA35, and UFMA105, which 

were closest to each other, differed from the group containing UFMA17, UFMA70, and 
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UFMA18. This result demonstrated that approximately 68% of the total variability 

contained in the evaluated accessions can be explained by the two-dimensional plane. 

 

 
Figure 2. Principal coordinate analysis of the Capsicum accessions UFMA08, UFMA10, UFMA17, UFMA14, 

UFMA15, UFMA18, UFMA35, UFMA70 and UFMA 105 assessed using simple-sequence repeat markers. Axis 

1 accounts for the highest amount of total variance, separating the sample into two principal groups. 

DISCUSSION 
 

Of the 33 amplified fragments, only 21% were polymorphic. Although the number 

of polymorphic loci was not high, it was possible to discriminate accessions, suggesting that 

microsatellite markers are promising for the study of diversity in Capsicum.  

The mean number of alleles estimated for the nine Capsicum accessions (2.28 

alleles per locus) is consistent with the results of Dhaliwal (2014), who reported a mean of 
2.78 alleles per locus in 64 accessions of Capsicum. Of the 64 accessions, 49 were from 

indigenous sources and 15 were of exotic origin, belonging to C. annuum, naturally 

occurring landrace varieties of C. chinense and C. frutescens, and C. frutescens (tabasco 
pepper). Sharmin et al.  (2018) observed a mean of 2.00 alleles per locus in 20 accessions of 

peppers grown in Bangladesh. According to Lopes et al.  (2015), comparison with other 

studies should be made with caution, by taking into account differences in sample sizes; 

furthermore, the same number of alleles may not always indicate the same amount of 

variability.  

Studies based on the efficiency of transferability of SSR markers between species of 

the genus Capsicum have been developed and revealed promising results, as well as those 
described by Buso et al. (2016), who evaluated the transferability of 45 SSR markers to 48 

accessions of Capsicum elite in the germplasm bank. The authors detected an average of 6 

alleles, ranging from 2 to 11 alleles. According to the authors, the new markers developed 
were highly informative and their transferability between species was confirmed, suggesting 

that these markers are powerful tools for syntax analysis in peppers. In addition, new 

candidate SSR markers for C. flexuosum, C. recurvatum, and C. campylopodium were 

prepared. 
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Furthermore, Moulin et al. (2015) proposing the construction of an integrated 

genetic map for Capsicum baccatum found that 62 of the 152 pairs of microsatellite markers 

available for C. annuum were successfully transferred to C. baccatum. Furthermore, 42 of 

these markers were mapped, allowing the introduction of C. baccatum in synteny studies 

with other species of the genus Capsicum. 

The lowest effective number of alleles (Ne = 1.04) and the lowest diversity (He = 

0.041) were detected in UFMA35. Azevedo et al.  (2019), in evaluating Capsicum spp. with 

33 SSR markers, found a range of 1.15 to 3.00 effective alleles, with a mean of 

1.691. These values are in line with those expected for accessions that are genetically close 

and from autogamous species (Azevedo et al., 2019). 

Ulhoa et al.  (2014) found that, of the 15 SSR markers used to evaluate 24 strains of 

yellow jalapeño (C. annuum) from the Embrapa Hortaliças germplasm bank, 73% were 

homozygous and the remaining 27% had heterozygosity values of 5–73% (73% 

heterozygosity was observed in CAMS-024 and CAMS-117). In our study, however, 

CAMS-117 did not exhibit high heterozygosity and was not a highly informative locus for 

accession discrimination.  

The relatively high heterozygosity observed in SSRs, especially for UFMA10 (Ho = 

0.419), is potentially significant, because high heterozygosity suggests a substantial amount 

of adaptive genetic variation in the plant population, allowing plants to escape the effects of 

agents that limit their development and survival (Allendorf and Luikart, 2007). Other plant 

populations showed low levels of heterozygosity, such as UFMA35 (Ho = 0.043). Azevedo 

et al. (2019), in investigating six varieties of Capsicum spp., found minimum and maximum 

Ho values of 0.0 and 0.857, respectively, surpassing those found in the present study. 
Ho values higher than He values, observed in the current study for all accessions, 

suggest excess homozygotes. An increase in homozygosis tends to increase inbreeding 

coefficient, self-fertilization rate, and crosses between related individuals, which makes 

them inbred and, therefore, more susceptible to genetic erosion. Expansion of the genetic 

base occurs mainly from crosses between less similar accessions, that is, contrasting 

accessions (Sánchez, 2008). 

The number of private alleles detected here was lower than that found by Azevedo 

et al.  (2019), who reported a high number of private alleles in Capsicum varieties when 

testing SSR markers (18 in ‘De Cayennne’, 17 in ‘Cayenne Long Slin’, 16 in ‘UENF 

Campista’ and ‘Amarela Comprida’, 15 in ‘Cascadura Ikeda’, 8 in ‘UENF 2154’, and 6 in 

‘Malagueta’). According to the authors, the higher the number of private alleles, the lower 

the gene flow; consequently, accessions with the highest number of private alleles tend to 

be more genetically distant from other accessions of the same species, genus, or population 
(Azevedo et al., 2019). This was observed in the current study, in which the accession with 

the highest occurrence of private alleles (UFMA35) had great dissimilarity with other 

accessions by the neighbor-joining method (Figure 3). 
Shannon's index (I) calculates species diversity or richness and phenotypic or 

genotypic diversity within a population. It is possible to assess the proportion of total 

diversity that is concentrated within and between groups (Sambatti et al., 2000). Low I 

values were observed in the present study, ranging from 0.022 in CAMS-405 to 0.421 in 

CAMS-806. A possible explanation for these findings is the origin and morphological 

characteristics of accessions. UFMA35, for instance, as shown by the neighbor-joining 

method, has some peculiarities that do not allow clustering with the other accessions. Added 
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together, these findings confirm the existence of variability in the CCAA/UFMA collection 

of Capsicum spp. I values were lower than those reported by Azevedo et al.  (2019) for 

Capsicum spp., which ranged from 0.410 to 1.099.  

FST values close to one indicate a high degree of difference between populations. 

Values equal to zero indicate identical allele frequencies, whereas values equal to one 

represent different alleles. The mean value of the parameter was 0.364, which means that 

the simulated ideal population had similar allelic frequencies, probably caused by genetic 

drift. 

The estimates generated by SSR markers demonstrated that there is a higher 

proportion of genetic variability within (65%) Capsicum ssp. accessions than among them 

(35%). One possible explanation for this result is that alleles with low frequencies 

contribute little to differentiation between populations. High divergence within populations 

and low divergence between populations have been reported in previous studies on tropical 

tree species (Hamrick and Godt, 1990). 

PIC quantifies the value of polymorphism information of a locus marker; the 

parameter considers the number and relative frequency of alleles (Romero-Severson et al., 

2001). Low PIC values indicate a high frequency of one or two alleles. Loci with high PIC 

values can be used to discriminate germplasm. Loci can be classified as very informative 

(PIC > 0.5), moderately informative (0.25 < PIC < 0.5), or uninformative (PIC < 0.25) 

(Botstein et al., 1980). The mean PIC values for four of the seven loci were lower than 0.25; 

therefore, these loci were uninformative (CAMS-806, CAMS-864, and Bd12) had PIC 

values of 0.25–0.5, being classified as moderately informative. Sharmin et al.  (2018) 

reported mean PIC values of 0.371 (range of 0.255 to 0.500) for 20 accessions of peppers. 
According to the authors, the highest PIC value was obtained for CAMS-806, as also 

observed here; the locus had the highest polymorphic content and was therefore considered 

informative for diversity studies in Capsicum spp. The polymorphism information content 

was on average 0.60, ranging from 0.20 to 0.83 in studies of transferability of SSR markers 

to accessions of the genus Capsicum (Buso et al., 2016).  

The genetic diversity between the nine Capsicum spp. accessions, estimated from 

the dissimilarity matrix (Nei, 1972), ranged from 0.040 (UFMA14 × UFMA35 and 

UFMA35 × UFMA70) to 0.389 (UFMA10 × UFMA17). The narrow genetic base did not 

lead to the formation of heterotic groups; however, the dendrogram revealed that crosses 

between plants of the UFMA35 accessions with accessions of Group I, for instance, are 

promising for enlargement of the genetic base.  

The results of the neighbor-joining tree allowed us to infer that cultivars with the 

highest values of genetic distance can be applied in reciprocal recurrent selection programs, 

given that a pair of accessions with high genetic distance are more different from each other 

than a pair with a low value (Sharmin et al., 2018). However, recommendations for future 

crosses based on the neighbor-joining tree should be considered with caution, because 
isolated analysis of the mean allele number and AMOVA results (which suggests that most 

of the genetic variation occurs within cultivars) hinders the selection of pairs of cultivars 

with sufficient genetic distance to provide variations for heterotic hybrids. 

Both clustering methods (neighbor-joining tree and PCoA) provided similar results. 

UFMA70, UFMA18, and UFMA 17 were grouped in the same cluster in the dendrogram 

and remained closely related in the PCoA plot, in agreement with the results of Silva et al.  

(2021), who characterized the morphology of Capsicum spp. using 24 qualitative 
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descriptors proposed for the genus by IPGRI (1995). The same occurred with the accessions 

UFMA15, UFMA10, and UFMA105, which had the same grouping pattern in both 

analyses. UFMA35 was the most distant from the others, forming an isolated group. The 

accession was the only accession from Espírito Santo State, suggesting that sampling 

locality was responsible for differences between this accession and the others. These 

findings also confirm the existence of variability in the CCAA/UFMA collection of 

Capsicum spp.  

Molecular-level characterization suggested that UFMA35 plants can be crossed 

with Group I accessions (Figure 3) to expand the genetic base of Capsicum spp., increase 

heterozygosity, and introduce useful genes into commercial cultivars, which have important 

agronomic characteristics. Molecular characterization and study of the genetic diversity of 

these accessions may complement morphological analyses, being useful for breeding 

programs and future studies on genetic resources within the genus Capsicum spp. 

CONCLUSIONS 
 

Neighbor-joining cluster analysis and PCoA allowed identifying genetically distinct 
groups based on SSR markers and distinguishing closely related accessions of Capsicum 

spp. These tools are useful to estimate genetic diversity and guide the crossing of 

contrasting parents in genetic improvement programs for Capsicum spp. This preliminary 

study can be used to support the development of a germplasm conservation program for the 

genus Capsicum and may serve as a basis for future investigations on marker-assisted 

selection. 
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