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ABSTRACT 

Solanum lycopersicum var. cerasiforme is widely distributed in Veracruz, Mexico, and 

represents genetic material that must be evaluated as a genetic pool of groups of tomato plants 

that can be used in a management program. The objective of the study was to evaluate the 

genetic diversity of S. l. var. cerasiforme from 12 sites in the state of Veracruz, Mexico, using 

SSR markers. DNA was extracted from the leaf tissue of tomato plants from 12 sites of 
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occurrence and their genetic diversity was evaluated using 14 SSR markers, amplified with 

the polymerase chain reaction technique, and visualized in polyacrylamide gels. Genetic 

diversity and structure were with POPgene, FSTAT, GenAlex, STRUCTURE, and 

STRUCTURE Harvester software. With 73.74 % Polymorphic Information Content, the 

observed heterozygosity (Ho=0.2251) was lower than the heterozygosity within, between 

groups, and the total, an indicator of low genetic diversity, due to the high genetic 

differentiation coefficient (GST=0.743) The genetic differentiation index indicated 35 % 

differentiation (Fst= 0.655), with a low differentiation coefficient between (Fis= 0.209) and 

within groups (Fit= 0.727). In the dendrogram, four main groups and four subgroups were 

formed, related based on geographic-genetic distance. The groups of tomato plants showed 

genetic differentiation and may constitute valuable germplasm for genetic diversity 

management programs. 

Keywords: Genetic resources, Genetic variation, repetitive DNA. 

RESUMEN  

Solanum lycopersicum var. cerasiforme se encuentra ampliamente distribuido en Veracruz, 

México y representa material genético que debe ser evaluado como un acervo genético para 

su conservación y su mejoramiento. Sin embargo, no existe información sobre el pool 

genético de grupos de plantas de tomate silvestre que pueda ser utilizado en un programa de 

manejo. El objetivo del estudio fue evaluar la diversidad genética de Solanum lycopersicum 

var. cerasiforme de 12 sitios del estado de Veracruz, México utilizando marcadores SSR. Se 

extrajo ADN de tejido foliar de plantas de tomate de 12 sitios de ocurrencia y se evaluó su 

diversidad genética utilizando 14 marcadores SSR, amplificados con la técnica de reacción 

en cadena de la polimerasa y visualizados en geles de poliacrilamida. La diversidad y 
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estructura genética se evaluó con los softwares POPgene, FSTAT, GenAlex, STRUCTURE 

y STRUCTURE Harvester. Con un 73,74 % de Contenido de Información Polimórfica, la 

heterocigosidad observada (Ho=0,2251) fue menor a la heterocigosidad dentro, entre grupos 

y a la total; indicador de baja diversidad génica, debida al alto coeficiente de diferenciación 

genética (GST=0,743). El índice de diferenciación genética indicó un 35 % de diferenciación 

(Fst= 0,655), con un bajo coeficiente de diferenciación entre (Fis= 0,209) y dentro de grupos 

(Fit= 0,727). En el dendograma se formaron cuatro grupos principales y cuatro subgrupos, 

relacionados con base en la distancia geográfica-genética. Los grupos de plantas tomate 

mostraron diferenciación genética y pueden constituir germoplasma valioso para programas 

de manejo de la diversidad genética. 

Palabras clave: ADN repetitivo, recursos genéticos, variación genética. 

INTRODUCTION 

Tomato is an herbaceous plant belonging to the Solanaceae family (Rai et al., 2012) 

and is one of the most significant vegetables in the world for fresh consumption and 

processed products (Seymour and Rose, 2022).  It is the fourth most economically important 

crop globally (Kaushal et al., 2017) in terms of the area under cultivation and the income 

generated producing 186,821,216 Tons; placing Mexico as the ninth producer worldwide 

with 3,370,827 Tons and the largest exporter with 1,663,316 Tons (FAOSTAT, 2020). 

Tomatoes, specifically Solanum lycopersicum var. cerasiforme, are widely distributed 

across various habitats and regions with high edaphoclimatic variability conditions (Délices 

et al., 2019), boasting a vast genetic diversity. While predominantly self-compatible and 

autogamous, they exhibit varying degrees of allogamy depending on the geographical region 

under consideration (Blanca et al., 2012). Globally, it is estimated that 80 % of the germplasm 
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lacks characterization data, and 95 % lacks agronomic evaluation data (Xu, 2010). In this 

context, the evaluation of morphological traits is a method used to assess genetic 

differentiation (Nyadanu et al., 2014). However, morphological characters are significantly 

influenced by Genotype x Environmental interaction (Shirasawa and Hirakawa, 2013). In 

this regard, the evaluation of the germplasm of tomato is a valuable resource for crop 

improvement programs and breeding to meet the current and future needs of humanity 

(Kaushal et al., 2017). 

For an accurate evaluation of genetic diversity, molecular markers play a crucial role 

(Korir et al., 2014) as they offer abundant information and high efficiency (Al Shaye et al., 

2018). Microsatellites or simple sequence repeats (SSR) are effective codominant markers 

for detecting genetic diversity among tomato germplasm (Mazzucato et al., 2008). This is 

due to their high levels of allelic diversity at different loci (Benor et al., 2008). 

Tomato (S. l. var. cerasiforme) is a genetic resource that represents a potential pool for 

genetic improvement. However, conservation and efficient use of germoplasm require 

accurate genetic potential information (Aguirre et al., 2017) This study aims to evaluate the 

genetic and structure genetics of plants of S. l. var. cerasiforme in twelve occurrence sites of 

Veracruz state, Mexico, using microsatellites markers. 

MATERIALS AND METHODS 

Collection of biological material: Samples of tomato S. l. var. cerasiforme were taken from 

twelve localities with different edaphic and climatic conditions in Veracruz state, Mexico. 

Samples of mature fruits were taken from September 2016 to November 2017. Each sample 

was coded using the name of the locality, which included: 1-Tuxpan, 2-Zongolica, 3-

Tenejapan, 4-Ixhuatlán, 5-Palenque, 6-Mahuixtlán, 7-Ocotitlán, 8-Coscomatepec, 9-
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Córdoba, 10-Xalapa, 11-Pajapán, and 12-Maltrata (Fig. 1). Seeds from fruits of each locality 

were sown in pots and grown in a greenhouse for morphological and phenotypic 

characterization (Délices, 2021).  

Microsatellite genotyping to describe genetic diversity: For genetic diversity analysis, leaf 

samples from 25 plants from each locality were sampled and kept in dry ice until stored at -

80 C. The biological material of the plants was collected from leaf and fruit tissue, which 

was initially stored in dry ice at environmental temperature and subsequently at -80 oC in the 

laboratory. For DNA extraction, young leaves tissue was pulverized in liquid nitrogen as 

Chetty et al. (2013). DNA quality and concentration were determined using a 

spectrophotometer, in addition, the quality of DNA was confirmed using 3 % agarose gels. 

The extracted DNA was diluted to a final concentration of 50 ng/µl with 1X TE buffer and 

stored at 4 °C. For PCR amplification, fourteen microsatellites SSRs were selected from the 

Solanum genomic network (https://solgenomics.net/). PCR amplification was conducted in a 

25 µl reaction mix comprising 2.5 µl each of forward and reverse primers, 0.2 µl of Taq 

polymerase (1 U), 0.5 µl of DNTP mix (dTTPs, dGTPs, dCTPs, dATPs), 5 µl of 10x PCR 

buffer with MgCl2, 2 µl of DNA template, and 12.3 µl H2O. The amplifications were carried 

out with an initial denaturation at 94°C for two minutes, followed by 40 cycles of 

denaturation at 94 °C for 45 seconds, annealing at 60 °C for 45 seconds, and extension at 

72°C for 45 seconds. Subsequently, the amplicons were analyzed by electrophoresis on 5 % 

agarose gels. Visualization of the DNA banding patterns was performed using the ChemiDoc 

XRS + Bio-Rad system. 

 

https://solgenomics.net/
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Data analysis of diversity and genetic structure: Genetic diversity and population genetic 

differentiation were analyzed using the GDA software for Windows. The proportion of 

polymorphism and private alleles for each group were calculated using GDA (Lewis and 

Zaykin, 2001). The observed number of alleles (na), effective number of alleles (ne), observed 

heterozygosity (Ho), total heterozygosity (Ht), heterozygosity within populations (Hs), 

heterozygosity between groups (DST), and gene flow were calculated using POPgene Ver. 

1.31. Indicators of genetic differentiation such as F-statistics, Fst, and Fis were calculated 

using FSTAT Ver 2.94 (Goudet, 2003) and were considered to have little differentiation 

when FST ≤ 0.05, moderate differentiation when 0.05 < FST ≤ 0.15, strong differentiation 

when 0.15 < FST ≤ 0.25, and very strong differentiation when FST> 0.25 (Mohammadi and 

Prasanna, 2003).  

We used GENALEX version 6.51 to determine the proportion of genetic variability and 

genetic distance with a principal component analysis (PCA) (Peakall and Smouse, 2012). 

The unweighted pair group method with arithmetic average (UPGMA) dendrogram was 

constructed based on genetic distance and identity (Nei, 1973), and Principal Coordinate 

Analysis (PCoA) was performed using data standardization with GENALEX version 6.51 

(Peakall and Smouse, 2012).  

The population structure was determined using the Bayesian clustering approach 

implemented in the STRUCTURE V 2.3.4 software, employing the admixture model with 

correlated allele frequencies. Twenty independent runs were performed, setting the number 

of populations (K) from one to ten to identify the optimal number of populations present 

within the 12 collections (samples) (Pritchard et al., 2000). The following parameters were 

used: a burn-in period of 10,000 and a Markov Chain Monte Carlo replication of 10,000.  
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The best K-value was estimated using the ad-hoc statistic ΔK via the online software 

Structure Harvester V0.6.94, to classify samples of tomato plants based on their similarity 

and dissimilarity of genetic diversity (http://taylor0.biology.ucla.edu/structureHarvester) 

(Evanno et al., 2005). 

RESULTS 

The analysis of 14 microsatellite loci in 12 occurrence sites of S. l. var. cerasiforme in 

Veracruz, México, revealed that all the loci were polymorphic in at least one locality, except 

for group nine, where no variants were detected, with all 14 markers monomorphic. Because 

it is considered that when markers turn out to be monomorphic, they do not meet the 

assumptions of Hardy-Weinberg equilibrium; and according to Peakall and Smouse (2011), 

for the analysis of genetic diversity, those samples should be excluded. Considering it, group 

nine was not included in the calculation of diversity indices; however, it was considered in 

the other analyses. 

Allelic diversity ranged from six to 11 alleles, with an average of 7.7 alleles. The effective 

number of alleles was less than the number of alleles (4.5 on average), an indicator that they 

are only transmitted to the next generation (Table 1). The observed heterozygosity was lower 

than total, within and between populations heterozygosity, indicating low genetic diversity 

(Table 1). This was consistent with heterozygosity between populations (DST), which is 

mediated by the genetic differentiation (Gst) (Table 1). Polymorphic information content 

(PIC), evaluated with the panel of 14 microsatellite markers was 73.74 average (Table 1). 

The mean observed heterozygosity (Ho), total genetic diversity (Ht), heterozygosity between 

populations (DST), and heterozygosity within populations were 0.224, 0.763, 0.541, and 

0.222, respectively, indicating that the genetic diversity between populations was larger than 
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within populations. The mean genetic differentiation (Gst) was 0.743, suggesting that the 

majority of genetic diversity was between groups of plants, and it was less within groups of 

plants. 

Genetic Structure: We estimated F statistics and found that the mean inbreeding coefficient 

(Fis) was 0.209, indicating inbreeding between individuals within the population and a 

moderate deficit of heterozygotes. The mean overall inbreeding coefficient (Fit) was 0.727, 

suggesting that the allelic variance in local populations compared to the overall population 

was due to the inbreeding process. The mean fixation index (Fst) was 0.655, indicating strong 

genetic differentiation between populations, which aligned with the Gst value. The gene flow 

was found to be very low, with a value of Nm= 0.083. 

 Based on the genetic distance, a cluster analysis was conducted, revealing four main 

clusters (Fig. 2). The first cluster comprised Tuxpan, Xalapa, Zongolica and Tenejapan; the 

second cluster included Ixhuatlán and Palenque; the third cluster consisted of Ocotitlán, 

Coscomatepec, Mahuixtlán, Córdoba and Pajapán; and the fourth cluster solely contained 

Maltrata (Fig. 2).   

 Structure admixture analysis on the complete dataset identified a maximum rate of 

change in the log probability of data was K= 4 with Evanno’s method. The analysis delineated 

four plant groups represented by distinct colors (green, yellow, red, and blue), for the 12 

collections of S. l. var. cerasiforme (Fig. 3). The first population (red) included Tuxpan, 

Coscomatepec, Ocotitlán, Córdoba and Pajapán. The second population (green) comprised 

individuals from Zongolica, Tenejapán, and Ixhuatlán; the third one (blue) included 

Mahuixtlán, Xalapa, and individuals from Tuxpan, Maltrata, Ixhuatlán, and Palenque were 

part of the fourth plant group. The AMOVA detected 64 % of the variation between 
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populations, 26 % within individuals, and 10 % among individuals; with no variation detected 

among regions. 

Principal component analysis using genetic distance illustrated the dispersion of 

populations across all four quadrants of the PCOA (Fig. 4), highlighting the genetic diversity 

observed between populations from various localities in Veracruz. A separation of Maltrata 

was noted, consistent with observations from the UPGMA dendrogram. Additionally, a lesser 

genetic distance was observed between populations from the northern and central regions 

compared to those from the southern region. 

DISCUSSION 

When genetic diversity within individuals, within plant groups, and between plant groups of 

tomato species S. l. var. cerasiforme was examined. Our study revealed a higher allelic 

diversity (observed number of alleles per locus Na) compared to Aguirre et al. (2017) who 

reported 4.92 alleles per locus. The Na values observed in our study indicate significant 

genetic variability in the tomato S. l. var. cerasiforme sampled in Veracruz. Previous studies 

conducted by He et al. (2003) and García-Martínez et al. (2006) have highlighted the 

significance of SSR markers in evaluating genetic diversity and variation in tomatoes. In this 

study, all 14 markers were found to be polymorphic. In other studies, with tomatoes Aguirre 

et al. (2017), identified thirteen polymorphic markers in 31 introductions of Cherry tomatoes 

using 36 microsatellite markers. The Na values observed in our study indicate significant 

genetic variability in the tomato S. l. var. cerasiforme sampled in Veracruz.  

Furthermore, we observed higher total heterozygosity (HT) across the loci SSR19, SSR28, 

and SSR86 in our study compared to those reported by Aguirre et al. (2017) in various tomato 

introductions. All markers in our study were highly informative, displaying a high level of 
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polymorphism with PIC values exceeding 0.5. Bredemeijer et al. (2002) reported PIC values 

of 0.40 when assessing 500 tomato varieties with microsatellites, while García-Martínez 

(2006) reported PIC values ranging from 0.035 and 0.775 using amplified fragment length 

polymorphism (AFLP) to evaluate tomato germplasm. Our PIC values were higher than those 

reported by some authors but like others, such as Meng et al. (2010) and Kwon et al. (2009). 

Notably, the markers SSR19, SSR28, SSR86, SSR92, and SSR248 used in our study were 

not polymorphic in a previous study by Rai et al. (2016) assessing genetic variation in tomato 

genotypes (Solanum lycopersicum L.) using SSR molecular markers. This discrepancy may 

be attributed to the greater genetic diversity present in tomatoes S. l. var. cerasiforme 

compared to cultivated tomatoes, with cultivated tomatoes representing only 5 % of the 

genetic diversity of wild tomatoes (Miller and Tanksley, 1990). Kwon et al. (2009) also noted 

high polymorphism in 28 tomato varieties using these markers. 

We observed high genetic diversity, with an Ht value of 0.763, which was higher than 

the Ht values reported by Domingos (2011) in evaluating genetic diversity introductions from 

eight different locations in Mexico (0.32), in nine introductions from Ecuador (0.20), and in 

the evaluation of genetic diversity among different tomato varieties by Korir et al. (2014) 

(0.49). The Ho was lower than Ht, indicating the presence of inbreeding between individuals. 

The inbreeding index varied from -0.473 to 0.703 with markers Lega007, SSR248, SSR19, 

and SSR448 detecting a high number of heterozygotes.  

A positive Fis value of 0.209 was recorded, indicating an inbreeding index and a 

deficit of heterozygotes. This deficit was attributed to non-random mating within the groups 

or localities, where individuals within the same group were more closely related than 

expected. The genetic variation analysis revealed that most of the genetic variation between 
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individuals stemmed from heterozygosity, as the variation within the individuals (26 %) 

exceeded that between individuals (10 %).  

A high proportion of variation between populations was observed with an Fst value of 

0.665, indicating significant genetic differentiation between populations according to Wright, 

(1984). This value was notably higher than the lowest Fst value of 0.3474 reported by Aguirre 

et al. (2017) in a previous study. The 64 % variation between populations aligned with the 

Fst value of 0.655, signifying a genetic differentiation of 65.5 % between populations. The 

observed differences between groups may be linked to the geographical distances of the 

collection sites and variations among individuals potentially influenced by an adaptative 

process as has been explained by Vilas et al. (2015), who demonstrated that a maximum 

allelic leads to a higher adaptative potential.  

Tomato, S. l. var. cerasiforme, being self-compatible and autogamous, has some level 

of allogamy based on its geographical region, contributing to the observed variation between 

groups and within individuals in those groups.  

The dendrogram displayed a clear separation between the groups, indicating genetic 

differentiation among them. Maltrata separation can be explained by the geographic 

separation of this valley from the other localities in the center of the state. In addition, genetic 

differentiation may be due to the adaptation of this group to a variable biogeographic area in 

climatic and orographic terms, since it includes characteristic climates of the Nearctic region 

and influence of the Neotropical region, it presents a soil of arid origin with little 

precipitation, but a favorable temperature for its development. Also, represents an important 

area for the tomatoes, since they were transported from the coasts of the Gulf of Mexico in 

Veracruz to Puebla (Jenkins, 1948).  
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These results were supported by the principal coordinate analysis (PCoa), which 

corroborated the findings from the cluster analysis. Aguirre et al. (2017) also found similar 

results, with clustering analysis revealing distinct groups based on genetic distance and 

identity in the S. l. var. cerasiforme. 

The structure analysis detected a gene flow process, and all four plant groups 

identified by the STRUCTURE analysis showed admixture. These tomato populations 

exhibited a high capacity for adaptation due to the high allelic diversity and the low migration 

rate (Nm= 0.083). According to Caballero and García-Dorado (2013), allelic diversity is a 

predictor of long-term and total adaptation. It is explained by the long history of tomatoes in 

Mesoamerica. According to Long (2022), this species arrived in Mesoamerica as a 

spontaneous plant through natural dispersal by animals as birds, without human intervention. 

In the new environment, it found a favorable ecological niche for its development, and when 

man arrived in Mesoamerica a domestication process started  

CONCLUSIONS 

The present study revealed significant genetic diversity in the tomato groups analyzed. The 

highest genetic diversity was found in the central region of Veracruz. The populations 

exhibited a high capacity for adaptation, suggesting their ability to survive environmental 

changes. 

Furthermore, some of the tomato populations in Veracruz showed admixture, indicating their 

potential value as germplasm for crop improvement programs. The SSR markers used in this 

study proved to be highly informative in assessing genetic diversity, as evidenced by the 

results obtained. 
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TABLES AND FIGURES. 

Table 1. The observed number of alleles (na), effective number of alleles (na), observed 

heterozygosity (Ho), heterozygosity within populations (He), total heterozygosity (Ht), 

heterozygosity between populations (Dst), Polymorphic information content (PIC) and 

Genetic differentiation coefficient (Gst), overall populations of S. l. var. cerasiforme. 

Locus na ne Ho He Ht Dst PIC Gst 

Lega007 9 4.65 0.644 0.7882 0.801 0.332 0.764 0.482 

SSR28 8 3.77 0.1695 0.7375 0.678 0.497 0.695 0.772 

Lega003 9 6.20 0.060 0.843 0.834 0.747 0.823 0.909 

SSR92 7 3.90 0.109 0.747 0.771 0.609 0.713 0.817 

SSR65 7 4.33 0.102 0.772 0.812 0.655 0.739 0.834 

SSR248 9 6.03 0.663 0.838 0.825 0.355 0.815 0.445 

SSR306 6 4.29 0.068 0.770 0.764 0.616 0.735 0.836 

SSR19 11 7.88 0.432 0.877 0.863 0.497 0.861 0.631 

SSR448 9 4.13 0.514 0.761 0.746 0.364 0.734 0.502 

SSR218 7 3.55 0.068 0.721 0.736 0.572 0.685 0.810 

LEta003 7 3.01 0.085 0.671 0.659 0.507 0.645 0.799 

SSR86 6 3.73 0.102 0.735 0.749 0.651 0.690 0.889 

LEaat002 6 5.03 0.068 0.805 0.817 0.652 0.771 0.836 

LEaat001 7 3.14 0.068 0.685 0.632 0.519 0.653 0.846 

Mean 7.714 4.546 0.2251 0.768 0.763 0.541 0.7374 0.743 
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Figure 1. Localities where the species have been collected in Veracruz, México (1-Tuxpan, 

2-Zongolica, 3-Tenejapan, 4-Ixhuatlán, 5-Palenque, 6-Mahuixtlán, 7-Ocotitlán, 8-

Coscomatepec, 9-Córdoba, 10-Xalapa, 11-Pajapan, and 12-Maltrata). 
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Figure 2. The UPGMA clustering method of twelve groups of tomatoes, evaluating genetic 

diversity using 14 SSRs markers. 
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Figure 3. (a) Delta K values for different numbers of populations assumed (K) in the 

STRUCTURE analysis. (b) Classification of twelve group of tomatoes from different 

localities of Veracruz into four populations K= 4 using STRUCTURE v2.3.4 

 



26 
 

Figure 4. Principal coordinate analysis (PCoA) showing the detection of four groups, the first 

coordinate explaining 28.43 % and the second coordinate 23.36 % of the variation. 


