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Abstract 
 
The assessment of genetic diversity is essential for the conservation and breeding purposes. This study aimed to assess and 
evaluate the genetic diversity of 116 accessions of mango (Mangifera indica) germplasm using microsatellite markers. The DNA was 
extracted from young fresh leaf before genotyping using microsatellites to determine the allele size. The analysis of 20 polymorphic 
microsatellite markers revealed a total of 122 alleles ranging from two (MiIIHR10, MiIIHR21, and MiIIHR25) to 11 alleles per locus 
(MiIIHR28 and MiIIHR30) with an average of 6.1. The mean polymorphic information content (PIC) value was 0.4585 which ranged 
between 0.0081 (MiIIHR10) to 0.9573 (MiIIHR28). The UPGMA dendrogram indicated that the accessions were divided into two 
major clusters, which were divided into several sub-clusters based on their genetic distance matrix values. Some accessions were 
highly similar to each other, probably due to the duplication of collected accessions or insufficient microsatellite markers to 
differentiate them. The analysis of the population structure of the individuals also showed two subpopulations, suggesting that the 
accessions could be separated into two groups, which supported the generated dendrogram. The findings of this study facilitate 
improved conservation management of the germplasm and help to find strategies for future breeding activities. 
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Introduction 
 
Mangifera indica Linn., popularly referred to as mango, is 
one of the most popular fruit crops in the tropical and 
subtropical regions of the world (Khan et al., 2015). M. 
indica (2n=40) is one of roughly 850 species which are 
grouped into 73 genera in the family of Anacardiaceae under 
the order Sapindales. The genus Mangifera consists of about 
70 species distributed in tropical Asia and can be separated 
into two sub-genera (Limus and Mangifera), wherein mango 
is classified in the sub-genus Mangifera (Shamili et al., 
2012). It is considered to be one of the most economically 
important food crops, cultivated mainly for either industrial 
consumption or just to be eaten as a fruit. Mangoes have 
pan-tropical distribution owing to extensive cultivation and 
naturalization through several centuries and also because 
they are highly adaptive. It is considered to be a native fruit-
crop originating from the Indian sub-continent and Southern 
Asia, where it originated as an allopolyploid. Either way, the 
practice of mango cultivation most likely originated from 
India, where there is over 1000 different known varieties, 
most of which occur naturally from open-pollinated 
seedlings (Shamili et al., 2012; Iyer and Degani, 1997). 
Domestication of mango began more than 400 years ago. 
The subsequent migration of human populations resulted in 

the outward spread and naturalization of mangoes to 
Southeast Asia, then to Africa, Central America, and finally 
South America. Presently, more than 90 countries are 
producing mangoes, but only a small proportion of this 
produce makes it to the international trading channels. 
However, the past two decades have witnessed a 
considerable increase in the traded volume (Evan and 
Mendoza, 2009). Mangoes are considered to be one of the 
most popular and valued fruit crops and account for almost 
50% of the global tropical fruit production, which equates to 
5.5% of the total annual fruit production globally. According 
to Shamili et al. (2012) based on Food and Agriculture 
Organization (FAO) statistic in 2010, the global mango 
production reached about 40 million tons, placing mango 
among the top five most important fruit crops worldwide. 
India, China, Thailand, Mexico, Pakistan, and Indonesia 
produce over 75% of all the mangoes, of which India is the 
main producer with over 15 million tons produced (40% of 
the global production).  
Exploitation of germplasms with distinguishing 
characteristics in breeding programs needs exact 
information in order to develop new cultivars. Different 
mango cultivars globally have several limitations such as low 
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production, alternate bearing, narrow ripening time frame, 
and low quality of fruits. Therefore, it is critical to rectify the 
genetic disparity in mango and conserve the threatened and 
commercial mango cultivars to extend and expand the 
genetic resources (Litz, 2004). The expansion of agricultural 
activity has led to mango plantations, either commercial or 
wild, to be disturbed and destroyed. This has caused 
irreversible depletion of the genetic resources of mango. 
Therefore, it is essential to formulate long-term plans in 
order to safeguard and conserve the genetic resources of 
mango. This can be done by implementing both in situ and 
ex-situ conservation approaches (Bompard, 1993). 
Conservation of genetic resources of mango requires the 
identification, characterization, and assessment of the 
genotypes for effective utilization in mango breeding 
programs and appropriate conservation management (Khan 
et al., 2015). Several methods and approaches, including 
morphological, biochemical, and molecular or DNA marker-
based characterization and identification of mango 
genotypes have been applied globally. Markers can easily 
identify features specific to plants, which can be recorded 
with confidence and are comparatively abundant. In general, 
there are two main types of genotypic markers: molecular 
markers and morphological markers. Conventional 
characterization of mango cultivars was based on the 
morphological characters of the flowers, leaves, fruits, and 
seeds (Bhat et al., 2010). Although the use of morphological 
traits for the characterization of cultivars is still important 
for proper identification genotypes, the sole use of 
morphological traits often leads to inaccurate and 
inconsistent results, owing to the environmental influence 
and phenological factors, which is often restricted by the 
number of distinct contrasting characters (Khan et al., 2015). 
Therefore, molecular markers provide a more dependable 
alternative to morphological markers. Similar to other fruit 
species, molecular-based identification of mango cultivars 
has recently been done using various molecular marker 
systems such as isozymes, ISSRs, AFLPs, RAPDs, SCOTS, 
microsatellites or SSRs (Majumder et al., 2012; Pruthvish and 
Chikkaswamy, 2016; Luo et al., 2011; Shamili et al., 2012), 
and even more recently, Single Nucleotide Polymorphism 
(SNP) (Sherman et al., 2015). High throughput microsatellite 
markers are extremely sensitive and extensively used in 
plant genomic studies because of their highly polymorphic, 
abundant, multi-allelic nature, simple analytical procedure 
and transferability across genotypes (Vieira et al., 2016). 
Therefore, they are beneficial to increase the efficiency of 
classification and identification of mango accessions, giving 
necessary information for future biodiversity conservation 
and gene bank management. Also the availability of 
published or reported SSR markers of Mangifera indica has 
brought us to assess the genetic diversity of our mango 
germplasm. 
 
Results 
 
Characterization of microsatellite markers  
 
A total of 32 microsatellite markers were initially used to 
evaluate the mango germplasm containing 116 mango 
accessions. Only 20 (62.5%) microsatellite markers were 
polymorphic and amplifiable across the accessions. The 
remaining microsatellite markers were discarded because 

they were either monomorphic or failed to amplify for more 
than 90% of the total number of accession. The analysis of 
the selected 20 microsatellite markers revealed a total of 
122 alleles with an average of 6.1 alleles per locus and range 
from two (MiIIHR10, MiIIHR21, and MiIIHR25) to 11 
(MiIIHR28 and MiIIHR30). Both microsatellite markers 
(MiIIHR28 and MiIIHR30) that showed the presence of the 
highest number of alleles were simple di-repeat motif SSR 
markers. The PIC ranged from 0.0081 (MiIIHR10) to 0.9573 
(MiIIHR28) with an average of 0.4585. The PIC value was 
used to assess the informativeness of the molecular markers 
used in this study. Following the philosophy of Hildebrand et 
al. (1994), only five microsatellite markers (25%) were 
considered to be highly informative (PIC value > 0.7). In 
addition, the value of heterozygosity per locus ranged from 
0.000 (MiIIHR10) to 0.8443 (MiIIHR29). The details of the 
characterization of the 20 polymorphic SSR markers are 
summarized in Table 1.  
 
Genetic diversity and population structure of selected 
mango germplasm 
 
The UPGMA dendrogram (Figure 1), generated from shared 
allele matrix, indicated that the studied germplasm was 
divided into two major clusters (Green and Red cluster). 
Green cluster consisted of 37 (31.9%) accessions, while the 
remaining accessions (68.1%) were grouped in Red Cluster. 
Within these two major clusters, there were several sub-
clusters based on the values of genetic distance matrices. 
The dendrogram also revealed high similarity between 
certain accession within their sub-clusters (Group 1: 
Harumanis, MLooi, Gadung, and Graham; Group 2: Berselera 
and Haji Yusuf; Group 3: Bobby, Ind_Mayu, Telor, Sri Siam, IR 
Taiwan, and Serdang; Group 4: Tony_B, Tony_C, MARDI_1, 
and MARDI_6), which might be caused either by duplication 
in accession collection or insufficiency of microsatellite 
markers to differentiate the varieties. The pairwise genetic 
distance showed the highest genetic distance (0.7941) 
between Tetenene and Bangkok2, and between Tetenene 
and Okrong (Supplementary Table 3).  
A plot of ∆K against the number of K as described by Evanno 
et al. (2005) showed that the optimal ∆K was at K=2 (Figure 
2). This suggested that the population structure of the 224 
plant individuals consisted of two genetically distinct 
genotype groups. These analyses supported the dendrogram 
analysis, which also revealed the presence of two major 
clusters. Both clusters showed a mixture of poly-embryonic 
and mono-embryonic seed-type varieties in their cluster.  
 
Discussion 
 
SSRs remain the most trusted markers for genotyping plants 
for more than the past 20 years owing to their 
characteristics of being informative, highly polymorphic, 
multi-allele, co-dominant, experimentally reproducible, and 
transferable across the species (Vieira et al., 2015). 
Moreover, the microsatellite is greatly useful in diversity 
assessment measured in terms of genetic distance, cultivar 
identification through DNA fingerprinting, linkage and QTL 
analysis, and even in evolutionary studies (Kalia et al., 2011). 
In  this  study,  two  markers –  MiIIHR28  and   MiIIHR30 –  
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                          Table 1. Characterization of 20 polymorphic microsatellite markers based on 116 Mangifera indica accessions.  

Marker Major Allele 
Frequency 

Allele 
No 

Gene 
Diversity 

Heterozygosity PIC 

MiIIHR01 0.5690 3 0.5352 0.1078 0.4429 
MiIIHR06 0.3822 9 0.6917 0.6405 0.6310 
MiIIHR07 0.5886 7 0.6033 0.5232 0.5669 
MiIIHR10 0.9959 2 0.0082 0.0000 0.0081 
MiIIHR11 0.8197 4 0.2978 0.3525 0.2570 
MiIIHR12 0.6537 5 0.4917 0.4631 0.4221 
MiIIHR14 0.9044 4 0.1751 0.1644 0.1639 
MiIIHR16 0.6749 5 0.4563 0.3786 0.3759 
MiIIHR18 0.3960 9 0.7535 0.3584 0.7201 
MiIIHR20 0.7889 4 0.3571 0.3238 0.3313 
MiIIHR21 0.9710 2 0.0564 0.0134 0.0548 
MiIIHR22 0.5840 6 0.5908 0.0820 0.5427 
MiIIHR24 0.3642 7 0.7406 0.6207 0.7000 
MiIIHR25 0.8017 2 0.3180 0.2727 0.2674 
MiIIHR26 0.6507 10 0.5488 0.4629 0.5248 
MiIIHR27 0.8598 6 0.2527 0.2218 0.2408 
MiIIHR28 0.2626 11 0.8192 0.5756 0.7953 
MiIIHR29 0.2766 8 0.8017 0.8443 0.7740 
MiIIHR30 0.4144 11 0.7616 0.7658 0.7361 
MiIIHR32 0.4471 7 0.6704 0.5110 0.6140 

Mean 0.6203 6.1000 0.4965 0.3841 0.4585 

 

 
Fig 1. Dendogram based UPGMA approach of 116 mango accessions using 20 polymorphic SSR markers. 

 
Fig 2. Estimation of number of population structure, K where K = 2 based on ∆K (∆K = m([L’’K])/s[L(K)]) where the optimal number 
of K refers to the highest value of ∆K. 
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Fig 3. Diagram of population genetic structure generated by Structure program, when K = 2 as determined by 
∆K = m([L’’K])/s[L(K)], based on 20 polymorphic SSR markers. The diagram suggest the presence of two genetically distinct genotype 
groups among the accessions. Both clusters showed a mixture of poly-embryonic and mono-embryonic seed-type varieties in their 
cluster. 
 
showed the presence of the highest number of alleles, with 
11 alleles each detected for both markers. Both these 
markers represent the dinucleotide perfect repeat motif 
microsatellite type, with high numbers of repeat motifs (11 
and 12 repeats, respectively). This is in agreement with the 
study conducted by Merrit et al. (2015), wherein the 
frequency of repeats were positively correlated with the 
number of alleles detected, suggesting that longer repetitive 
sequences tended to have higher chances and greater 
extent of polymorphism irrespective of the mutation 
mechanism (Primmer et al., 1996; Ellegren, 2004). Besides, 
the study by Merrit et al. (2015) also demonstrated that 
microsatellite markers with dinucleotide repeat motifs 
showed a significantly higher number of alleles compared to 
the tri-, tetra-, and penta-nucleotide repeats, which might 
be caused by the relative ease of mutation via DNA slippage 
during replication (Chakraborty et al., 1997; Ellegren, 2000). 
Even though a desired level of polymorphisms was 
produced, the major drawbacks of dinucleotide repeat motif 
included difficulty in scoring, as they produced more stutter 
peaks compared to other repeat motifs (Merrit et al., 2015). 
Besides, both markers (MiIIHR28 and MiIIHR30) also 
represented perfect repeat motif microsatellite markers, 
and Merrit et al. (2015) observed that microsatellite markers 
with perfect motif appeared to produce higher levels of 
genetic polymorphism (in terms of higher number of alleles) 
than microsatellite markers with imperfect/interrupted 
repeat motifs.  
The duplication of the accessions is undeniably prevalent in 
germplasm banks. In addition, the identification of duplicate 
accessions is important for the reduction of maintenance 
costs as well as to facilitate appropriate management of 
germplasm banks. Besides, the identification of duplicate 
also helps in the genetic breeding program, since the 
identical genotypes or accessions will then not be chosen for 
field trial experiments, avoiding crossing between them. The 
phenomenon of duplication appears to be common in 
vegetative propagated plants (Irish et al., 2010), owing to 
regular exchanges of the propagules among farmers of 
different regions, especially for cultivars having high 
economical value. When introduced to a new place, the 
accession/genotypes may receive a new name, resulting in 
duplication of samples and maintenance of the accessions 
on the germplasm banks. Thus, although characterization 
with molecular markers can help identify duplicate, the 
genetically identical accessions may not be discarded 
immediately, at least before characterization is complete. 
This study showed the possibility of occurrence of four 
duplicate  groups  with  highly  similar  genotypic  data sets  

within their group (Group 1: Harumanis, MLooi, Gadung, and 
Graham; Group 2: Berselera and Haji Yusuf; Group 3: Bobby, 
Ind_Mayu, Telor, Sri Siam, IR Taiwan, and Serdang; Group 4: 
Tony_B, Tony_C, MARDI_1, and MARDI_6). Characterization 
based on morphology is still important in the evaluation of 
all accessions with the purpose of identity confirmation. 
Similar studies, on hevea (de Souza et al., 2015), cassava 
(Moura et al., 2013), potato (Favoretto et al., 2011) and 
Plum (Šiško, 2016), have reported the identification of 
duplication in germplasm collection through the use of 
microsatellite markers. 
The finding of this study showed both clusters (Green and 
Red cluster) consisted of a mixture of poly- and mono-
embryonic seed types. A large number of the accessions are 
still in the assessment and evaluation stage, which makes it 
impossible to confirm the seed type contained in each 
accession. Nevertheless, the commercial mango and some 
established mangoes were shown to have a mix of the 
mono-embryonic and poly-embryonic seed type. For 
example, the variety Kensington pride has poly-embryonic 
seeds, while Keitt has mono-embryonic seeds, although both 
varieties are grouped together in the green cluster of the 
dendrogram. A previous study conducted by Tsai et al. 
(2013) also could not separate mono-embryonic seed-
bearing cultivars from poly-embryonic ones despite using 37 
microsatellite markers. Besides, the studies by Schnell et al. 
(1995) and Eiadthong et al. (1999) using the dominant 
markers RAPD and ISSR, respectively, were also unable to 
separate the mono-embryonic and poly-embryonic seed-
bearing cultivars. A recent study by Sherman et al. (2015), 
using Single Nucleotide Polymorphism (SNP) markers 
derived from transcriptome sequences, was also unable to 
distinguish between the mono-embryonic group and the 
poly-embryonic group. In contrast, Lopez-Valenzuela et al. 
(1997) were able to separate the two groups using RAPD 
markers. 
Generally, cultivars originating from Southeast Asia, as well 
as tropical Latin America are poly-embryonic, while those 
originating from Florida and India are largely mono-
embryonic (Vasanthaiah et al., 2007). The plants developing 
from apomictic embryos of poly-embryonic seeds are 
genetically similar to the maternal plants. This property 
facilitates easy clonal propagation and also allows the 
development of cultivars from their own roots. Poly-
embryony in mango was originally hypothesized to be under 
the control of recessive genes. However, the subsequent 
genetic evidence proved that poly-embryony in mango is 
actually under the control of a single dominant locus. A 
study conducted by Kuhn et al. (2017) reported a significant 
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association between a single locus with the dimorphic seed 
type (mono-embryonic and poly-embryonic) in Linkage 
Group 8 (LG8). Their study also suggested that a 
heterozygous dominant allele regulates polyembryony, 
while the homozygous recessive allele regulates mono-
embryony.  
 
Materials and Methods 
 
Plant material and genomic DNA isolation  
 
 A total of 224 samples representing 116 mango accessions 
were obtained from the mango germplasm at the Malaysian 
Agriculture Research and Development Institute (MARDI), 
Sintok, Malaysia (6 ° 28’ 53’’N, 100 ° 29’ 00’’E). The details of 
the accessions are summarized in Supplementary Table 1. 
Young fresh leaves of each individual were collected and 
stored with silica gel in a zip lock plastic for air drying. Small 
fragments of the young leaves were transferred onto a 96-
well plate containing stainless steel beads (2.3 mm 
diameter) and were immediately frozen at –80°C for a 
minimum of one night. The frozen tissue was ground using 
Tissue Lyser (Qiagen, Germany) immediately after addition 
of the Extraction buffer (2% CTAB, pH8 of 100 mM Tris-HCl, 
20 mM EDTA, 1.4 M NaCl, 0.05% β-mercaptoethanol). The 
total genomic DNA was extracted using the method 
described by Mace et al. (2003). The integrity of the DNA 
was estimated on 0.8% agarose gels, while DNA 
concentration was measured using Fluoraskan Ascent 
(Thermo Fisher Scientific, United States).  
 
SSR genotyping 
 
A total of 32 SSR markers (Supplementary Table 2) were 
chosen from a previous study by Ravishankar et al. (2011). 
The PCR was performed as described by Schuelke (2000) by 
ligating one of the locus-specific primers (either forward or 
reverse) with a non-fluorescent labeled M13 sequence tail 
(TGTAAAACGACGGCCAGT) and an M13 adapter labeled with 
a fluorescent dye (FAM, PET, or VIC). The PCR reaction 
mixture was prepared to a final volume of 10 µL, and 
contained 1x buffer (Invitrogen, United States), 10 µM each 
of forward and reverse primer, 5 µM fluorescence-labeled 
M13 primer, 2 µM of each dNTP (Invitrogen, United States), 
0.1 µL of bovine serum albumin (BSA) as PCR enhancer and 1 
U of Taq polymerase (Invitrogen, United States). 
Amplification was performed using GeneAmp

®
 PCR System 

9700 (Applied Biosystems, United States) with initial 
denaturation at 94°C for 2 min, followed by 35 cycles of 94 
°C for 30 sec, 41–65 °C for 45 sec, and 72 °C for 45 sec, 
followed by final extension at 72 °C for 7 min. After the 
amplification, the PCR product was multiplexed using up to 
four primers with a combination of four different 
fluorescent dyes. The products were then diluted and mixed 
with Hi-Di formamide and GeneScan 500 LIZ, which were 
used as standard molecular weight ladder (Applied 
Biosystems, United States), before being resolved using ABI 
3130xL Genetic Analyzer (Applied Biosystems, United 
States).  
 
 
 
 

Statistical analysis 
 
The allele-scoring program GeneMapper Version 5 (Thermo 
Fisher Scientific, United States) was used to score the allele 
size. The generated electropherograms were scored and 
analyzed as described by Arif et al. (2010). The software 
PowerMarker was used to calculate the number of alleles, 
Major Allele Frequency, Gene Diversity, the extent of 
heterozygosity, and Polymorphism Information Content 
(PIC) of each microsatellite marker. The shared-allele 
genetic-distance base was calculated using PowerMarker 
software (Liu and Muse, 2005) and was used to describe the 
genetic relationships among all accessions. In addition, 
MEGA7 (Kumar et al., 2016) was used to generate 
dendrogram based on the Unweighted Pair Group Method 
with Arithmetic Mean (UPGMA) which constructed using the 
calculated matrices genetic distance of the shared 
microsatellite alleles. The software STRUCTURE version 2.3 
(Pritchard et al., 2000) was used to assign the individuals to 
their respective cluster based on Bayesian clustering in the 
absence of knowledge on their population affinity. The 
number of genotype groups (K) was assessed from one to 
nine with 20 independent runs per K value, with run length 
of 100,000 generations as burn-in period and 100,000 
Markov chain Monte Carlo (MCMC) repetitions. The optimal 
value of K was calculated using the value of Delta K (∆K), 
calculated as ∆K = m([L’’K])/s[L(K)] described previously by 
Evanno et al. (2005) by using STRUCTURE HARVESTER (Earl, 
2012). 
 
Conclusion  
 
Evaluation of the genetic diversity in germplasm is essential 
and greatly useful in germplasm conservation management. 
Application of molecular markers has been globally accepted 
to be an efficient and effective way for management or 
evaluation of the genetic diversity of the germplasm. 
Besides, understanding the diversity of the germplasm 
allows the breeder to exploit the heterosis by crossing 
diverse accessions. Besides, duplications detected in the 
germplasm could also prevent the breeder from crossing 
among the duplicated accessions, avoiding genetic 
depression which could be caused by inbreeding.  
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