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Mexico is the fourth largest producer of mango and the leading exporter worldwide, and cv ‘Ataulfo’ is 
the largest area sown in the country. New cultivars are required to maintain production, ensure 
competitiveness, and mitigate problems with pests and diseases. The purpose of the present study was 
to identify microsatellite (SSR) markers in zygotic and nucellar seedlings originated by the largest 
embryo in mango seeds, cultured in vitro. DNA was extracted from the foliar tissue of 18 seedlings from 
four different populations, and its origin was identified with six SSRs: MIAC-4, MIAC-5, mMiCIR003, 
mMiCIR030, LMMA1, and LMMA9. The number of alleles found varied from two to three, and allele size 
ranged from 95 to 325 bp. Based on the polymorphism taking place in microsatellites and genetic 
similarity index (GSI) data, more than 15% of the analyzed seedlings were found to be different from the 
female parent. Based on Nei’s genetic distance and UPGMA cluster analysis, the genetic variability 
among the four populations was 6.2%. 
 
Key words: Mangifera indica L., polyembryony, microsatellites. 

 
 
INTRODUCTION 
 
Mango (Mangifera indica L.) is the sixth most important 
fruit tree in terms of production and the second most 
important tropical crop in terms of economic importance 
worldwide, surpassed only by bananas (FAO, 2016). 
Mexico is the fourth largest producer (SIAP, 2018) and 
the leading exporter around the world (SAGARPA, 2017). 
New mango cultivars are required to maintain production, 
ensure competitiveness, and avoid problems associated 
with pests and diseases (Khan et al., 2015). 

Most mango cultivars are bred based on a selection of 
plants obtained by open and controlled pollination (Ruiz, 
2020). In Mexico, the predominant type of cultivar is 
Ataulfo. This cultivar is polyembryonic, that is, a zygotic 
embryo and several nucellar embryos may be present in 
the seed to maintain the genetic constitution of the 
mother plant (Johri et al., 1992; Hand and Koltunow, 
2014; Wang et al., 2017). Nucellar embryony is favorable 
for propagation by grafting since it allows  the  production  
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of clonal plants and helps to maintain uniformity in 
plantations (Ruiz et al., 2020). However, it is undesirable 
for breeding programs because differentiating zygotic 
seedlings from nucellar seedlings is difficult at early 
stages; in addition, the development of nucellar embryos 
can inhibit zygotic embryos and cause their abortion 
(Naumova and Vielle-Calzada, 2001; Batygina and 
Vinogradova, 2007; Hand and Koltunow, 2014). Using 
random amplified polymorphic DNA (RAPD) markers, 
Martínez et al. (2012), identified two or three zygotic 
embryos in 14.3% of seeds, although the evaluated 
seeds were few and from only one population. 

Given that microsatellite markers are specific, highly 
polymorphic, and codominant, they are more efficient 
than RAPD markers for studies involving diversity or 
intraspecific relationships (Duval et al., 2005; Azmat et 
al., 2016); thus, the purpose of the present study was to 
identify zygotic seedlings produced by the largest 
embryos in seeds from Oaxaca, Guerrero, Nayarit, and 
Sinaloa (México). The analysis used simple sequence 
repeat (SSR) microsatellites. Polyembryony was 
assumed to be significantly affected by the environment 
(Hand and Koltunow, 2014) and to have an influence on 
the survival of the zygotic embryo. In 2004, Andrade et al. 
(2004) carried out a study to determine the zygotic or 
nucellar origin in Citrus volkameriana using RAPD 
markers, obtaining satisfactory results. In the same way, 
in the case of the Mexican lemon (Citrus aurantifolia), 
RAPD markers have been used successfully, highlighting 
the use of the OPH15 decamer (Mondal and Saha, 
2014); without there being reports in which other types of 
molecular markers, such as SSRs, have been used. 
 
 
MATERIALS AND METHODS 
 
Vegetative material 
 
Ataulfo mangoes were harvested from the states of Guerrero and 
Oaxaca in the month of May 2017 and from cultivars in Nayarit and 
Sinaloa in July of the same year. One hundred fruits were 
harvested randomly per tree and harvest site when physiologically 
mature. Fruits were transferred to the laboratory (Genetic 
Transformation and Molecular Genetics, Campus Montecillo, 
Colegio de Postgraduados, Texcoco, Mexico) for in vitro culture 
and data collection. 
 
 
In vitro culture 
 

Under aseptic conditions, seed-bearing endocarps were disinfested 
in a sodium hypochlorite solution (Cloralex®) at 50% v/v under a 
laminar flow hood for 5 min and placed on sterile paper towels 
(Sanitas®) to remove excess moisture. Subsequently, the endocarp 
was removed, the seeds were numbered and then immersed in 
80% ethanol for 1 min and 10 s and in 5% sodium hypochlorite 
solution for 3 min. Finally, the seed coat was removed, and 
embryos were seeded in culture medium (20 g·L

-1
 sucrose, 9 g·L

-1
 

agar-Phytagel, 1 g·L
-1

 activated charcoal, 1 mg·L
-1

 thiamine, and 50 
mg·L

-1
 myo-inositol; pH: 5.7) and stored in a dark incubation room 

at 24°C (Figure 1). 
After two weeks, when embryos began to separate naturally  due  
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to imbibition, they were removed from the culture medium and 
classified by size, assigning the value of 1 to the largest embryo 
(Figure 2). Embryos of sizes 2, 3, and 4 were subcultured in culture 
medium (1 mg·L

-1
 benzyladenine, 1 mg·L

-1
 indoleacetic acid, 4 

mL·L
-1

 ammonium nitrate (1 M), 20 mL·L
-1

 calcium nitrate (1 M), 50 
mg·L

-1
 myo-inositol, 1 mg·L

-1
 thiamin, 20 g·L

-1
 sucrose, 9 g·L

-1
 

Phitagel
TM

, 1 g·L
-1

 activated carbon; pH: 5.7) and stored in the 
incubation room at 24°C under a 16-h photoperiod and a light 
intensity of 30 μmol m

-2
s

-1
. The larger embryos were submerged in 

fungicide (Benomilo 1 g·L) for 5 min and transplanted in boxes with 
agrolite to be transferred to the "Vivero Cazones”, a plant nursery 
located in Cazones, Veracruz, Mexico. When seedlings originating 
from small embryos (sizes 2 to 4) reached between 5 and 7 cm in 
length, they were transplanted using the procedure described for 
the larger embryo. All embryos were placed on a substrate 
composed of pine bark, tepezil, earth, and vermicompost 
(30:30:25:15 v/v/v/v). Each plant was identified by number of 
embryo (1-4), number of seed (all seeds were numbered), and 
population where the fruit was collected (Oaxaca, Guerrero, 
Nayarit, or Sinaloa). 
 
 
Extraction of DNA 
 
Young (reddish-violaceous) and mature leaves from 72 plants 
originating from the largest embryos (18 samples per state) were 
collected, placed in perforated glassine bags, and transported in an 
ice box to the experimental site. These samples were frozen at -
80°C and placed in the lyophilizer (Labconco Freezone® freeze 
dryer) for 24 to 48 h, ground (Retcsh® MM 400 mixer mill) at 35 Hz 
for 3 min, and stored at -20°C. 

DNA was extracted using as a reference the methods of Saghai-
Maroof et al. (1984) for species with high content of secondary 
metabolites and Doyle and Doyle (1987) based on the use of 
CTAB. 15 mg of lyophilized tissue were placed in 1.6-mL Eppendorf 
tubes with 600 μL saline buffer (1 M Tris-HCl, 2 M NaCl, 0.5 M 
EDTA pH 8, 0.05% serum albumin). The mixture was vortexed and 
allowed to stand for 15 min at room temperature and centrifuged at 
5000 RCF for 4 min. The supernatant was decanted and 600 μL of 
2% CTAB buffer and 3 μL β-mercaptoethanol were added; the 
mixture was vortexed until completely homogenized and incubated 
at 55°C for 1 h. 400 μL of chloroform: isoamyl alcohol (24:1) was 
added, and the mixture was vortexed and centrifuged at 12000 
RCF for 10 min. The aqueous phase was transferred to a new 
Eppendorf tube, where 600 μL of (cold) isopropanol was added, 
and the phase was homogenized by inversion and allowed to stand 
for 20 min at -20°C. The phase was centrifuged at 5000 RCF for 4 
min, and the supernatant was discarded. The formed pellet was 
added 600 μL of 75% ethanol (cold) and centrifuged at 5000 RCF 
for 4 min; the supernatant was decanted, and the tube was left at 
room temperature until the ethanol was evaporated entirely. Finally, 
the pellet was resuspended in 100 μL of sterile distilled water, 
added 5 μL of RNase (10 mM/mL), and incubated at 35°C for 30 
min and then at 65°C for 5 min to inactivate the RNase. 
DNA quantity and quality were evaluated using a NanoDrop® 1000 
spectrophotometer (Thermo Scientific). 
 
 
Microsatellite markers 
 
The present study focused on six microsatellite loci: MIAC-4, MIAC-
5, mMiCIR003, mMiCIR030, LMMA1, and LMMA9, proposed by 
Arellano-Durán (2017). The PCR mixture (20 μL) contained 50 ng 
of DNA, 1X PCR Buffer (-Mg), 1.5 mM MgCl2, 2.5 mM dNTPs, 0.5 U 
DNA polymerase (Taq DNA Polymerase Invitrogen®), and 0.2 μM 
of each primer. The PCR reaction was performed in a MaxyGene® 
II Thermal Cycler (Axygen), and it consisted of an initial 
denaturation phase at 94°C for 4 min, followed by 30 cycles at 94°C  
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Figure 1. Process used to extract the seed in good conditions and prepare them for in vitro culture. 
 
 
 

for 45 s, at the defined alignment temperature for each initiator for 1 
min (Table 1), at 72°C for 1 min, and a cycle at 72°C for 8 min. The 
PCR product was mixed with 5 μL loading buffer (50 mM Tris, 5 mM 
EDTA pH 8, 25% sucrose; 0.2% w/v bromophenol blue) and 
separated by vertical electrophoresis using an MGV-216-33 Dual 
Triple Wide Mini-Vertical electrophoresis system (CBS Scientific) 
and two-phase (running acrylamide and stacking acrylamide) 
polyacrylamide gel; running buffer was TG 1X. Bands were 
visualized by staining with silver nitrate (0.2%) (CIMMYT, 2006). 
 
 
Statistical analysis 
 
Nucellar plants were identified when compared with the SSR of the 
female parent; the presence of a band was given the value of '1' 
and the absence of a band was given a value of '0'; the studied 
genotypes were considered homozygous or heterozygous when 
one or two fragments were present per locus, respectively (Callen 
et al., 1993). The different amplifications to the female parent were 
recorded as polymorphisms. In order to determine the ability of 
each marker to differentiate the origin of the plants (nucellar or 
zygotic), the polymorphism information content (PIC) was 
calculated according to Novelli et al. (2006), using CERVUS 3.0.7 
software (Kalinowski et al., 2007). The genetic similarity index (GSI) 
between individuals of the same population was determined using 
the formula recommended by Mannen et al. (1993): 

 
𝐼SG = (2𝑝+𝑞)/2𝑁,  

 
where p is the total number of bands defined as S = 1 and q is the 
total number of bands defined as S = 0.5. UPGMA cluster analysis 
and Nei’s (1978) similarity coefficient were used for calculating 
genetic relationships between populations; all these analyses were 
carried out using the NTSYS v. 2.2 Statistical Package (Rohlf, 
2000). 

 
 
RESULTS 
 
The number of alleles found with 6 primers varied from 
two to three and their size from 95 to 325 bp. The 
alignment temperatures used in 5 markers corresponded 
to report by Arellano-Durán (2017), except for MIAC-5 
(Table 1). 

The PIC calculated for 6 SSR markers ranged from 
0.321 to 0.562, with an average PIC of 0.413 (Table 1). 
According to Botstein et al. (1980) criteria, five initiators 
are "moderately informative" (PIC 0.25-0.5), and only one 
marker (LMMA1) was "highly informative" (PIC> 0.5). 

Eleven plants  out  of 72 presented polymorphisms with 

one to five primers (Table 2), thus, 15.27% of seedlings 
were of zygotic origin. The seedling from the largest 
embryo (1) in the seed, identified with number 94 for the 
in vitro culture (Figure 2) and appearing as ‘02’ in the 
electrophoresis results (Figure 3), was the only one that 
showed polymorphism in 5 of 6 SSR, which indicate that 
it was homozygous.  

The GSI, proposed by Mannen et al. (1993), states that 
if values are greater than 95%, plants are considered to 
be genetically identical to their female parent. With this 
premise, 15.27% of seedlings were different, with GSI 
from 0.50 to 0.90 (Table 3). None of the genotypes was 
found to be identical to the mother plant: in Oaxaca, 
Guerrero, and Sinaloa populations, 3 out of 18 seedlings 
(16.6%) were different and 2 of 18 (11%) seedlings were 
different in the Nayarit population. 

The genetic similarity among the four populations 
evaluated is high (93.8%). The populations from 
Guerrero-Nayarit are the most genetically distant (0.062), 
followed by Sinaloa-Guerrero (0.057), Oaxaca-Nayarit 
(0.054) and Sinaloa-Oaxaca (0.049). The distance 
between Oaxaca-Guerrero and Sinaloa-Nayarit was the 
lowest (-0.020). 

The UPGMA cluster analysis separated the populations 
into two groups: Oaxaca-Guerrero and Nayarit-Sinaloa 
(Figure 4). 
 
 
DISCUSSION 
 
Allele sizes found in the present study were comparable 
to data reported in the literature for the same SSRs in 
different mango cultivars of different provenances (India, 
Pakistan, Florida, Filipinas, Thailand, Mexico), both 
monoembryonic and polyembryonic (Duval et al., 2005; 
Honsho et al., 2005; Viruel et al., 2005; Azmat et al., 
2016); however, the number of alleles was slightly lower, 
possibly due to the low genetic diversity resulting from 
evaluating only one cultivar, and considering that the 
largest embryos were, theoretically, of nucellar origin; 
genetic variability was further reduced. 

Concerning polymorphic information content (PIC), the 
results differ from those reported by Azmat et al. (2016), 
who classified MIAC-5 and mMiCIR030 as "highly 
informative";  MIAC-4  as  "moderately   informative",  and  
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Table 1. Initiator, number of alleles, size, alignment temperature, and PIC values for 6 SSRs evaluated in cv Ataulfo. 
 

Initiator author Sequence (5´– 3’) 
No. of 
alleles 

Allele size 

(pb) 

Ta 
(ºC) 

PIC 

Honsho et al. (2005)      

MIAC-4 
F: CGTCATCCTTTACAGCGAACT 

2 95-100 57.8 0.375 
R: CATCTTTGATCATCCGAAAC 

      

MIAC-5 
F: AATTATCCTATCCCTCGTATC 

3 135-150 53 0.424 
R: AGAAACATGATGTGAACC 

      

Duval et al. (2005)      

mMiCIR003 
F: GATGAAACCAAAGAAGTCA 

2 320-325 51 0.321 
R:CCAATAAGAACTCCAACC 

      

mMiCIR030 
F: GCTCTTTCCTTGACCTT 

3 190-200 51 0.423 
R:TCAAAATCGTGTCATTTC 

      

Viruel et al. (2005)      

LMMA1 
F:ATGGAGACTAGAATGTACAGAG  

3 195-205 51 0.562 
R:ATTAAATCTCGTCCACAAGT 

      

LMMA9 
F:TTGCAACTGATAACAAATATAG  

2 195-200 51 0.375 
R:TTCACATGACAGATATACACTT 

 

 
 

Table 2. Seedlings whose band patterns differed from that of the mother plant with 6 
SSR primers. 
 

Population Different seedlings Initiators showing differences 

Oaxaca 

04 4 

08 3 

11 2 

   

Guerrero 

04 4 

08 1 

16 4 

   

Nayarit 
02 5 

15 4 

   

Sinaloa 

10 3 

15 1 

16 2 
 

 
 

LMMA1, LMMA9 and mMiCIR003 as "not informative". 
The difference in PIC values may be due to the low 
number of alleles measured in the present study, since 
there is a significant positive correlation (0.66) between 
the number of alleles amplified by a particular marker and 
its PIC value (Azmat et al., 2016). 

Each microsatellite is a locus; therefore, different coding 
and non-coding regions of the genome are analyzed when 

using several SSRs. These markers are highly specific, 
and their length polymorphism ranges from 1 to 2 bp. 
Consequently, plants whose band patterns were different 
from the female parent’s band pattern, at least in a 
microsatellite were zygotic. However, Cordeiro et al. 
(2006) and Martínez et al. (2012) have classified them as 
nucellar using RAPD markers. The fact that some 
seedlings  are  polymorphic in  fewer  microsatellites may  
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Figure 2. Polyembryony in the seed of Mangifera indica L. cv Ataulfo. (A) Original seed germinated (17 days). (B) 
Series of four embryos obtained from original seed; embryos were numbered from largest to smallest (1, 2, 3, 4). 
The arrows indicate the radicle, (pl) plumule and (94) number asigned at the seed. 

 
 
 

 
 

Figure 3. Band patterns observed in Individuals 02 and 15 differed from the band pattern of the female parent (M). 
SSR marker mMiCIR030 (Nayarit population). 

 
 
 
be due to the greater kinship between the female and 
male parent in comparison with seedlings whose parents 
showed polymorphism with more microsatellites. The 
SSR markers constitute a useful tool for the study of the 
genetic diversity of citrus fruits due  to  their  efficacy  and 

information (Mohamed et al., 2011). Its use for the 
detection of hybrids (Mondal et al., 2015) is more 
practical, effective and advantageous, because the 
studies that used RAPD and ISSR (Andrade et al., 2004; 
Golein  et  al.,  2011)  generally  obtain a large number of  
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Table 3. Genetic Similarity Index (GSI) among cv Ataulfo mango individuals from Oaxaca, Guerrero, 
Nayarit, and Sinaloa populations determined using 6 SSR markers. 
 

Plant 
Population 

Oaxaca Guerrero Nayarit Sinaloa 

1 1 1 1 1 

2 1 1 0.50 1 

3 1 1 1 1 

4 0.50 0.53 1 1 

5 1 1 1 1 

6 1 1 1 1 

7 1 1 1 1 

8 0.70 0.90 1 1 

9 1 1 1 1 

10 1 1 1 0.67 

11 0.75 1 1 1 

12 1 1 1 1 

13 1 1 1 1 

14 1 1 1 1 

15 1 1 0.53 0.90 

16 1 0.50 1 0.77 

17 1 1 1 1 

18 1 1 1 1 

     

Percentage of plants identical to the mother plant (GSI ≥ 0.95) 

 83 83 89 83 

 

 
 

Coefficient

-0.02 0.01 0.04 0.07 0.10

          

 OAXACA 

 GUERRERO 

 NAYARIT 

 SINALOA 

 
 

Figure 4. Dendrogram of cv Ataulfo mango populations based on Nei’s genetic distance and UPGMA cluster analysis. 

 
 
 
non-informative monomorphic bands that can hinder the 
data analysis. RAPD and ISSR, being dominant markers, 
do not allow differentiation of heterozygous individuals, 
unlike SSR, which are codominant markers. 

All the plants that showed different banding patterns 
with  respect   to   the   female   parent   were  considered 

polymorphic; consequently, the percentage of zygotic 
plants using the polymorphism of the SSR and the GSI 
was the same. 

There was no microsatellite in which all the seedlings 
showed polymorphism, although three markers (MIAC-4, 
LMMA9,  and  MIAC-5  or  mMiCIR030) were sufficient to  
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identify the zygotic or nucellar origin of the 72 plants 
analyzed in the present study. Similarly, Viruel et al. 
(2005) point out that three selected microsatellites allow 
for the unambiguous identification of mango genotypes of 
different geographical origin and seed type. 

It is important to mention that none of the different 
individuals in the population showed uniformity in all their 
progeny. Although the fruits could be distinguished 
morphologically, the generic similarity among the four 
populations was high since all of them were from cv 
Ataulfo. The populations from Oaxaca and Guerrero were 
very close both genetically and geographically, as well as 
the populations from Nayarit and Sinaloa; however, these 
two groups presented a certain degree of variability, 
which can be attributed to the selection process and the 
different environments where the populations were 
sampled. The first population could have been very 
different: it is believed that only one of the nine mango 
trees that were initially planted in Mr. Ataulfo Morales’s 
orchard had the best characteristics, but the material of 
the rest of the trees was also propagated (personal 
communication). Nevertheless, only the clone IMC-M2 
Ataulfo spread extensively (Infante et al., 2011). In fact, 
Salvador et al. (2008) reported 4.3% of genetic variability 
among individuals in the father orchard of the cv Ataulfo, 
which was associated with cross-pollination. 

The genetic variability found by the present study can 
also be due to the genetic origin of the propagated plant; 
two plants usually emerge from the planted seed, and 
nurserymen tend to choose the larger one assuming that 
the cutting is a "clone" of the progenitor. In the cv 
Rosinha, Cordeiro et al. (2006) found that 90% of the 
more vigorous plants were of zygotic origin; eighteen 
seeds out of 30 in the cv Ubá contained zygotic embryos, 
and the zygotic seedling was the more vigorous in six of 
the 18 seeds (20%) (Rocha et al., 2014). In the present 
study, 15.27% of seedlings, originated by the largest 
embryo in the seed, were classified as zygotic. Although 
the percentage of zygote seedlings was not as high as in 
the cv Rosinha, not all the highly vigorous cv Ataulfo 
seedlings or the larger embryos were clones of the 
mother plant. 

Results found by Cordeiro et al. (2006), Martínez et al. 
(2012), and Rocha et al. (2014) show that the zygotic 
embryo does not always degenerate and can give rise to 
the most vigorous plant of the seed. 

In mango, more than two zygotic seedlings have been 
identified per seed (Martínez et al., 2012; Rocha et al., 
2014); consequently, identifying the genetic origin of 
embryos 2 to 4 using SSR markers is advisable as an 
addition to existing information, to verify previously 
obtained data, and to identify a possible alternative 
apomictic route in addition to the nucellar. 
 

 

Conclusion 
 

The 15% of seedlings originated by the largest embryo  in  

 
 
 
 
the seed are not clones of the mother plant. Markers 
SSR, MIAC-4, MIAC-5, mMiCIR030, mMiCIR003, 
LMMA9, and LMMA1 are recommended to identify the 
genetic origin of mango seedlings. Three SSRs were 
sufficient to identify the zygotic or nucellar origin of the 72 
plants analyzed in this work. 
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