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Abstract
It is crucial to analyze the population structure and genetic diversity of the samples to be studied before a breeding program 
can be launched. Thirty-one genotypes of papaya germplasm from Spain, Brazil, Ecuador, China, Taiwan, India, and several 
locations in Bangladesh were genotyped using ten polymorphic simple sequence repeat markers to investigate their molecular 
diversity as well as their genetic relatedness. The highest numbers of alleles, gene diversity and polymorphic information 
content were seen in the P3K1024CC and P6K900CC markers. This result confirms the suitability of these markers in the 
assay of the genetic diversity of papaya genotypes. The model-based population structure and the distance-based assessment 
categorized the genotypes into six different subcategories. The analysis of molecular variance revealed that 11% of the entire 
genetic diversity was due to differences among the populations, while 89% was a result of differences within the population. 
The FST value of 0.136 showed a high level of genetic diversity among the groups alongside a negative FIS (− 0.232) and FIT 
(− 0.065). The diverse material revealed by our research expands the current papaya genetic resources, which can be used 
effectively in genomic studies in papaya improvement programs as well as in germplasm conservation studies.
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1  Introduction

The beautiful shapes, colors, and sizes of its appealing 
fruit are some of the reasons why papaya is very popular. 
Due to the potential benefits of papaya, much attention 
from growers and researchers has been directed toward the 
plant. Researchers have chosen papaya as a model plant 
based on its diploid chromosome number and its relatively 
small genome size of 372 Mb (Oliveira et al. 2015). Addi-
tionally, papaya is the first crop species to be exposed to 
genome sequencing (Wei and Wing 2008). This plant is 

the second-most-consumed fruit in Southeast Asia, a point 
which highlights the importance of papaya. Papaya con-
tains the cysteine protease enzyme papain, which assists 
the rate of digestion, mainly while acting on protein-rich 
meals (Adiaha and Adiaha 2017). The fruit also contains 
significant amounts of calcium, iron, vitamin B complex, 
potassium, and fiber. The combination of all these benefits 
makes papaya an important fruit crop within the subtropical 
and tropical zones.

Apart from the health benefits of papaya, farmers have 
an interest in planting papaya because of its commercial 
value. In some countries like Bangladesh, weather con-
ditions are a determining factor in the profitability of 
any crop. The reason is that these countries frequently 
experience sudden changes in environmental conditions, 
which can result in significant production losses for farm-
ers. However, papaya can withstand such challenges as a 
fruit crop. Papaya plants can survive as long as 20 years, 
although their commercial life is up to 3 years due to 
excessive plant height and pathological attack (Jiménez 
et al. 2014). If papaya is adequately managed, it is a lucra-
tive crop for farmers who use an irrigation method such as 
the homestead pond for the extended dry summer months. 
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Due to its nutritional value, including being a fundamental 
source of papain, papaya brings high revenue per unit area.

Carica papaya L. belongs to the Caricaceae family. The 
Caricaceae family was derived from Africa but spread to 
Central America over 0.35 billion years ago (Carvalho and 
Renner 2014). Between 0.27 and 0.19 billion years ago, 
the species of Caricaceae moved from Central America to 
South America (Carvalho and Renner 2014). Despite the 
controversy surrounding the details of its origin, sufficient 
information has been gathered (Chávez-Pesqueira and 
Núnez-Farfán 2016) to show that papaya originated from 
the Caribbean islands of Mesoamerica. Based on its life 
history, it is believed that C. papaya colonized gradually 
within the lowlands of rainforests and sustained a genetic 
diversity with its genetic potential. However, human dis-
turbance in Northern Mesoamerica exposed C. papaya to 
a high level of threat to its extension and genetic diversity 
(Chávez-Pesqueira and Núnez-Farfán 2016).

An important precursor to systematic plant breeding 
is the knowledge of genetic variation, particularly for the 
establishment of new varieties. The initiation of plant 
breeding programs requires a sound understanding of 
the genetic diversity of existing plant material. Moreo-
ver, the same knowledge is crucial for the conservation of 
genetic diversity within a specific gene pool. When mor-
phological and biochemical characterization are combined 
with molecular characterization, the latter can be a use-
ful device for the recognition of genetic differentiation, 
population structure, and heterozygosity level. Hence, the 
use of DNA markers is an option which alleviates time, 
effort, and cost. Estimation of genotypic differentiation 
via DNA markers can increase the reliability compared 
to physiological or morphological characteristics. (Feng 
et al. 2016; Liu et al. 2018). Researchers have applied 
several molecular markers for the genetic diversity evalu-
ation of papaya, such as SSR (De Oliveira et al. 2010; 
Matos et al. 2013; Vidal et al. 2014; Luciano-Rosario et al. 
2018), AFLP (Ratchadaporn et al. 2007; Calderón et al. 
2016; Chan-León et al. 2017), and RAPD (Madarbokus 
and Ranghoo-Sanmukhiya 2012; Sudha et al. 2013; Sabara 
and Vakharia 2018).

In the past, SSR markers or microsatellites have been 
effectively applied to the identification of molecular varia-
tion among the papaya cultivar. Some SSRs have been estab-
lished to assess the papaya germplasm (Chen et al. 2007; Yu 
et al. 2009; Blas et al. 2012). Some of the useful properties 
of SSR markers include DNA profiling, kinship evaluation, 
and genetic linkage analysis. By considering all these points, 
we aim to determine the genetic diversity and population 
structure of papaya germplasm sampled from different 
locations across the world. This can be used effectively in 
genomic studies in papaya improvement programs as well 
as in germplasm conservation studies.

2 � Materials and methods

Plant materials –  Thirty-one samples of papaya were taken 
from India, China, Spain, Ecuador, Brazil, Bangladesh, and 
Taiwan for this research (Table S1).

DNA extraction of the collected germplasm –  An adjusted 
CTAB approach (Allen et al. 2006) was used for DNA isola-
tion of the sampled germplasm. In this study, two grams of 
fresh leaf samples collected from 15-day-old seedlings of 
each genotype were used. A spectrophotometer was used to 
quantify the extracted DNA, while the DNAs were run on 
0.8% agarose gel to determine their quality. The dilution of 
the DNA samples was performed using Tris–EDTA, and the 
working concentration of the DNA was set as 50 ng μL−1.

PCR condition and gel electrophoresis –  The genotypic 
analysis of the papaya was performed with ten polymorphic 
SSR markers. PCR amplification was done within a 25 μL 
reaction mixture which was made up of 25 mM MgCl2, 10× 
PCR buffer, 10 pmol each of forward and reverse primer, 
50 ng template DNA, 0.3 units of Taq DNA polymerase, and 
2.5 mM dNTPs. The PCR reactions, which were performed 
in a Bio-Rad Thermal Cycler, include: initial denaturation 
at 95 °C followed by 35 cycles of 95 °C for 45 s, anneal-
ing at 54–59 °C (Table S2) for 45 s, and extension at 72 °C 
for 1 min. The last extension was made to operate at 72 °C 
for 5 min. The PCR products were separated using a 3.5% 
metaphor agarose gel (Huda et al. 2019).

Statistical analyses –  The data computation for the allele 
frequency and allele number, gene diversity, and polymor-
phic information content (PIC) was performed by the use 
of Power Marker 3.23 software (Liu and Muse 2005). The 
estimation of genotypic distance was done for all the sam-
ples, while the genotypic relation and clustering pattern 
were shown in an unweighted neighbor-joining (NJ) tree by 
DARwin 5.0.158 software (Perrier and Jacquemoud-Collet 
2010). The analysis of the molecular variance (AMOVA) 
was conducted with the use of GenAlEx 6.5 (Peakall and 
Smouse 2006). The analysis of Wright’s F statistics was per-
formed with the same software. STRU​CTU​RE 2.3.3 soft-
ware (Pritchard et al. 2000) was used for the assessment of 
the population structure of all sampled genotypes. A triple 
replication run was done for each K in which the value of 
K fell between 1 and 10. By using the Monte Carlo chain 
replicates of 100,000, the burn-in period for every run was 
100,000 steps. A web-based program called Structure Har-
vester (http://taylo​r0.biolo​gy.ucla.edu/struc​tureH​arves​ter/) 
was used for the determination of the final population. MeV 
4.9 software (Howe et al. 2011) was used for the produc-
tion of the graphic representation of the dissimilarity matrix, 

http://taylor0.biology.ucla.edu/structureHarvester/
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while the dissimilarity matrix and the 3D dispersion analysis 
were conducted with the use of Genes software (Cruz 2013). 
Sigma Plot 12.0 software (Chaturvedi et al. 2015) was used 
for the construction of the 3D scatter plot.

3 � Results

Polymorphism of SSR markers –  To determine the poly-
morphism among the 31 papaya genotypes, ten SSR mark-
ers were utilized (Supplementary file S3). The ten markers 
amplified 54 alleles in total (Table 1). Generally, the number 
of alleles ranged between 4 and 8, while on average, the 
number of alleles stood at 6. The highest allele number was 
amplified by the marker P3K1024CC (8) and preceded by 
the markers CPM1842A5 and P3K168CC, both of which 
produced seven alleles each. P6K883CC produced the lowest 
number of alleles (4), followed by the marker P8K395CC, 
which produced five alleles. The smallest major allele fre-
quency (0.29) was revealed by the marker P6K900CC, while 
the highest major allele frequency (0.52) was produced by 
the marker CPM1580CC.

Ten SSR loci were used to evaluate the allelic diversity, 
and the level of polymorphism among the 31 papaya geno-
types, as a result, showed variability among the markers. A 
PIC range from 0.62 to 0.77 was shown by the studied mark-
ers; the marker P3K1024CC showed the highest PIC value at 
0.77, followed by the marker P6K900CC, which revealed a 
PIC value of 0.768. On the other hand, the lowest PIC value 
(0.62) was shown by the marker CPM1580CC, followed 
by a 0.64 PIC value found by the marker P8K395CC. The 
gene diversity ranged between 0.66 and 0.80, with an aver-
age value of 0.74. The marker P6K900CC found the high-
est gene diversity value at 0.80, followed by P3K1024CC 
(0.79). The lowest gene diversity value was 0.66, which was 

discovered by CPM1580CC, preceded by the 0.71 estimated 
by the marker P8K395CC.

Dissimilarity matrix and dispersion analysis –  The genotype 
G22 was the most genetically dissimilar sample compared to 
other genotypes in the dissimilarity matrix except for G18, 
G23, and G24 (Fig. 1). Also, a considerable dissimilarity 
was shown by G19, G23, G29, and G31 to the other geno-
types. The most similar genotypes were G1, G2, G4, G5, G6, 
G7, G8, G8, G9, and G10, but G3 showed a distance relation 
with G11, and G4 showed a distance relation with G9. The 
3D dispersion graph (Fig. 2) also supports the result given 
by the dissimilarity matrix.

Clustering of genotypes based on SSR marker data –  The 
unweighted neighbor-joining tree shown in Fig. 3 was cre-
ated using DARwin 5.0.158 software. This figure disclosed 
the genetic relatedness among the 31 papaya genotypes 
with the use of ten SSR markers. The unweighted neighbor-
joining tree formed six clusters of genotypes; cluster I is 
made up of G1, G2, G5, G10, G11, G12, G13, G14, G15, 
and G16, while cluster II includes G3, G4, G6, G7, and G8. 
Cluster III is made up of only G9; cluster IV contains G17, 
G18, G19, G21, G24, G25, G26, G27, and G30. Cluster V 
contains G20, G28, G29, and G31, while cluster VI is made 
up of G22 and G23.

Population structure of the studied papaya genotypes 
–  Evanno’s ΔK (Evanno et al. 2005) was used to find the K 
value. The highest K value determines the optimum number 
of populations or groups for the studied genotypes. Among 
the 31 studied papaya genotypes, the highest K value was 
6 (Fig. 4). In evaluating the population structure, the pure 
and admixtures are the two groups of individuals which can 
be considered. The pure individual group consists of the 
individuals beyond 0.8 membership, while those below 0.8 
were categorized as admixtures.

The overall population of the 31 studied papaya geno-
types was grouped into six subgroups based on the K value 
(Fig. 5).

Analysis of Molecular Variance –  Significant genetic vari-
ations (p > 0.001) among the germplasm were shown by 
the analysis of molecular variance (AMOVA), which was 
acquired using the SSR data of the papaya genotypes. The 
analysis showed that 11% of the total genetic differences 
were a result of differences between the populations, while 
89% of the genetic differences were due to differences within 
the population (Supplementary file S4).

Fixation Indices –  A − 0.065 value for FIS and a − 0.232 
value for FIT were shown by Wright’s F statistics on 
all ten studied SSR loci (Table 2). The FST value for the 

Table 1   Allele number, major allele frequency, gene diversity 
(expected heterozygosity), polymorphic information content (PIC) of 
the studied markers

Marker Major allele 
frequency

Allele no. Gene diversity PIC

CPM727CC 0.42 5 0.70 0.644
CPM1580CC 0.52 6 0.66 0.625
CPM1842A5 0.45 7 0.73 0.701
P3K168CC 0.39 7 0.76 0.733
P3K1024CC 0.39 8 0.79 0.770
P3K7368CC 0.32 6 0.77 0.733
P6K883CC 0.35 4 0.73 0.681
P6K900CC 0.29 6 0.80 0.768
P8K395CC 0.42 5 0.71 0.664
Mean 0.39 6 0.74 0.702
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polymorphic loci within all lines was shown to be 0.136. The 
implication of this result is a high level of genetic dissimilar-
ity among individuals. The pairwise FST estimation among 
the sub-clusters revealed that the groups are considerably 
diverse from one another.

4 � Discussion

Polymorphism of SSR markers –  Compared with previous 
reports, the average number of alleles per locus (6) of the 
31 papaya genotypes collected from different countries of 
the world was higher (Oliveira et al. 2015; Warnakula et al. 
2017). The allele numbers recognized by the studied mark-
ers fall between 4 and 8 (Table 1). The results obtained were 
considerably higher than the outcomes of Warnakula et al. 
(2017), in which 33 alleles from 13 SSRs with an average of 
2.5 alleles were obtained. Oliveira et al. (2015) discovered 
an average allele number of 4.5 with the use of 59 polymor-
phic SSR markers for papaya germplasm collected across 
the world. De Oliveira et al. (2010) conducted research on 
30 papaya samples and 18 landraces with 59 SSR markers 
and discovered a lower average number of alleles per SSR 

Fig. 1   Dissimilarity matrix 
showing the genetic distances 
among the genotypes. The 
distance between genotypes 
as indicated by the gradient of 
color; the red color denotes the 
highest dissimilarity, and the 
green color means the lowest 
genetic distance. Also, the red 
color represents the diagonal

Fig. 2   Genetic distances being indicated by 3D dispersion analysis. 
The larger dot dispersion shows the prominent genetic divergence of 
the population. The number 1 to 31 indicated the accessions
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locus (4.02). Ocampo Pérez et al. (2005) studied the papaya 
germplasm collected from the Caribbean region with 15 
SSR primers and found 99 allele numbers, ranging from 
3 to 14 with an average value of 6.6. Lesser genetic diver-
sity among the studied papaya samples was shown by the 
relatively low number of alleles which were amplified by 
the markers. This occurrence is possible since papaya has a 
very narrow genetic base (Kim et al. 2002). Nevertheless, 
it is possible to conclude from this study that the markers 
P3K1024CC, CPM1842A5, and P3K168CC are valuable 
markers for further genetic studies on papaya. Also, the three 
markers can be handy in the establishment of genetic maps 
and the estimation of linkage disequilibria among alleles.

In this study, the mean PIC value (0.70) obtained is sig-
nificantly lower than that of Asudi et al. (2010), who found 

an average PIC value of 0.81 by using seven SSR markers in 
42 Kenyan papaya germplasm. A PIC value beyond 0.5 in 
a given molecular marker denotes that the marker is highly 
polymorphic and applicable for genetic study (Eltaher et al. 
2018). During the characterization of the studied papaya 
genotypes, all ten SSR markers used revealed a PIC value 
beyond 0.5. The results of our study suggest that the marker 
P3K1024CC is the most potent marker in the study of these 
papaya genotypes.

To determine the power of any SSR marker in a genetic 
differentiation study, gene diversity is a vital measure (Salem 
and Sallam 2016). Gene diversity is also a measure of 
expected heterozygosity (Harris and DeGiorgio 2017; Luo 
et al. 2019). In this situation, a higher value shows a higher 
ability of a specific marker to detect polymorphism. The 

Fig. 3   Unweighted neighbor-joining tree showing genetic relationship among the papaya genotypes using ten SSR markers. The roman numbers 
represent the clusters, while the numeric numbers stand for the genotypes
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gene diversity found in this study (mean 0.74) is higher than 
reported by Kaluram et al. (2018), who reported an average 
gene diversity of 0.59 with the use of ten SSR markers in 23 
papaya genotypes.

Dissimilarity matrix –  A crucial factor in the selection of 
parents for breeding programs is the genetic distance among 
the germplasm. The reason is that hybridization between 
distantly related parents will end in more useful progenies 
in the segregation of generations. Measures such as the 
distance matrix, dispersion analysis, and cluster analysis 
revealed that many genotypes show distant relation to other 
genotypes. Hence, these genotypes have less significance for 
breeding programs, but their conservation and maintenance 
can still be useful, as they provide a few beneficial attributes. 
The distantly related other genotypes could be noted as a 
useful material to establish a breeding program.

Population structure of the studied papaya germplasm 
–  The analysis of the population structure revealed the 
homogeneous groups of individuals and the admixtures 
among the papaya samples. In all subpopulations, a sig-
nificant number of admixtures were seen. Compared to the 
frequently used methodologies such as growth habit and 
geographic location, this means of classification is more 
dependable (Kilian et al. 2006; Malysheva-Otto et al. 2006; 
Yahiaoui et al. 2008) in finding out the population struc-
ture. Among the studied germplasm, the relatively high 
number of admixtures may be a result of the sourcing of 
the samples from different locations across the globe. For 
example, the genotypes G17, G18, G19, G22, and G23, 
which were obtained from exotic sources, displayed more 
admixtures. However, the local genotypes that show rela-
tively lower admixtures may denote the domestication pro-
cess. The reproductive biology of papaya is another possible 
reason for this type of population distribution. Papaya is 
predominantly a cross-pollinated species, which can result 
in enhanced variation and more admixture types. Moreover, 
the population is made up of only hermaphrodite and female 
fruits, which can lead to the declination of variation. In light 
of this, morphological and horticultural trait information of 
the studied germplasm, combined with the outcomes of the 
structure software, can be more conclusive.

AMOVA for genetic diversity of studied papaya genotypes 
–  Results of AMOVA indicated that 11% of the total genetic 
diversity was due to differences between populations, while 

Fig. 4   K value for the recognition of the probable number of subpop-
ulations among the total population. K values ranged from 1 to 10

Fig. 5   A bar plot of papaya genotypes showing the distribution pattern of population structure. Every upright colored bar represents a distinct 
genotype. The x-axis represents the papaya genotypes, while the y-axis corresponds to the subgroups

Table 2   Wright’s F statistics at all ten SSR loci of studied papaya 
genotypes

Probability, p (rand ≥ data), for FST, FIS, and FIT is measured based on 
the standard permutation across the total data set

F statistics Value p (rand ≥ data)

FST 0.136 0.001
FIS − 0.232 1.000
FIT − 0.065 0.982
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89% of the overall genetic diversity was a result of differ-
ences within the population. A few possible reasons for the 
relatively higher variation differences might include the 
reproductive system (Luo et al. 2007), dispersion of the 
species among farmers (Ov et al. 2011), and evolutionary 
changes within the species. The outcome of this study shows 
that the samples within the subpopulation are genetically 
diverse and are useful as a potential material of parental line 
for a breeding program.

Wright’s F statistics –  A moderate genetic diversity 
(FST = 0.136) within the studied papaya germplasm was 
observed. A prominent genetic diversity can be seen in a 
larger population with a higher number of individuals (Cha-
luvadi et al. 2014). The negative FIS and FIT imply a low 
level of inbreeding, which can be related to the outcrossing 
nature of the papaya fruit (Brown et al. 2012).

An analysis of the diversity pattern of papaya genotypes 
obtained from different nations across the world was per-
formed in this study. Several statistical methods used in this 
study showed that a series of variations are present among 
the studied 31 genotypes. Additionally, this study found 
that the variable materials used can serve as a fundamental 
source for the establishment of a mapping population and the 
choice of parental lines within any hybrid breeding program.
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