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Abstract 

Manilkara (Sapotaceae) includes tropical tree species of high ecological and socio-economic value, yet 

genetic and phylogenetic evidence remains uneven across taxa and eco-geographic regions. Here, we 

synthesize studies conducted between 1999 and 2025 which summarize the use of molecular markers 

to infer genetic diversity, connectivity, population structure, and evolutionary relationships within 

this genus. The studies are dominated by PCR-based marker systems, including dominant markers 

(like RAPD and SCoT) and microsatellites from the nuclear genome and plastid genome. Other 

studies rely on PCR-amplified sequence loci, such as ITS and chloroplast regions, while others use 

high-throughput technologies, including NGS-assisted SSR development, sequences of complete 

plastomes, and targeted nuclear sequencing. Overall, studies using SSRs provide the most 

informative estimates for within-species diversity and fine-scale structure, whereas plastid datasets 

(cpSSR/cpDNA) mainly support inference on maternal lineages and plastid-based relationships but 

can be constrained by uniparental inheritance and limited variation, especially under small sampling. 

Some limitations found include heterogeneous sampling, inconsistency in reporting the 

methodological parameters, and limited connection with ecological or phenotypic parameters which 

restricts chances of inferences on demography and adaptation. Based on this review, future research 

in Manilkara would benefit from setting up a broader taxonomic and geographic coverage, 

incorporating genome-wide technology where feasible to strengthen conservation management, and 

breeding opportunities in Manilkara. 

Keywords: genetic diversity; population structure; sapotaceae; technical gaps; genome 

 

1. Introduction 

An ecosystem dominated by species of the Sapotaceae family serves as a reliable indicator of 

forest quality in tropical regions (Gautier, 2003). Sapotaceae grow slowly and produce high quality 

timber that is increasingly recognized internationally (Christe et al., 2021). Moreover, species of the 

Sapotaceae family represent key structural elements of Neotropical rainforests, although certain taxa 

also inhabit seasonally dry environments. The family is characterized by distinctive morphological 
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traits such as the exudation of latex, simple entire leaves, malpighiaceous hairs, and flowers typically 

grouped in fascicles (De Faria et al., 2017). Because their flowers and fruits are frequently scarce or 

located high in the forest canopy, they are often difficult to collect or observe (Swenson and 

Anderberg, 2005; Kümpers et al., 2016). These conditions contribute to the taxonomic complexity of 

the family. Consequently, Sapotaceae species remain insufficiently investigated from both taxonomic 

and molecular perspectives across many tropical regions (Christe et al., 2021).  

The pantropical plant family Sapotaceae comprises about 1250 species (Govaerts et al., 2001; 

Pennington, 1991), but it is steadily increasing in tropical America (Pennington, 2006, 2007), Africa 

(Gautier et al., 2016) and the Pacific region (Swenson et al., 2007; Munzinger and Swenson, 2009; 

Swenson and Munzinger, 2012, 2016). Currently, this family includes 65–70 genera (Swenson et al., 

2020). In Peru, it comprises 10 genera and 90 species, most of which are evergreen trees that produce 

white latex and have exudations on all parts of the plant (Gentry, 1993). The Manilkara genus 

currently comprises approximately 102 species found in tropical regions (GBIF.org, 2026). 

Nevertheless, although numerous species face severe extinction risks driven by anthropogenic 

pressures, information regarding their genetic diversity, population structure, and reproductive 

biology remains scarce (Pennington, 2008, 1990, 1991). 

Tropical forests harbor the highest levels of biodiversity on the planet and include numerous 

species of the genus Manilkara. Nonetheless, these ecosystems have undergone extensive 

deforestation and degradation as a result of human activities (Dirzo and Raven, 2003; Phillips et al., 

2017). The escalating demand for timber, energy, food, and agricultural resources to meet human 

needs has intensified deforestation, leaving much of the remaining flora and fauna confined to small, 

isolated forest remnants. This ongoing habitat loss has triggered sharp population declines, 

accelerating global warming and the consequent erosion of biodiversity worldwide (Laurance et al., 

2014; Betts et al., 2019). 

The threat extends ranges from the complete disappearance of species to the potential erosion 

of genetic diversity and the diminished capacity of surviving populations to adapt and recover 

(Pither et al., 2003; Choi et al., 2024). Deforestation and habitat fragmentation modify landscape 

structure, biodiversity and natural connectivity (Choi et al., 2024; Taylor et al., 1993). These changes 

can reduce genetic diversity in multiple ways. (i) Direct loss of genetic variation: when habitats shrink 

or disappear, their populations and unique genetic traits may be lost due to declining numbers. (ii) 

Isolation of surviving groups: fragmented populations experience limited gene flow, further reducing 

genetic exchange (White et al., 2002). 

Such processes may lead to genetic bottlenecks, intensify random genetic drift, and increase the 

likelihood of inbreeding depression (Young et al., 1996; Choi et al., 2024). Reduced seed and pollen 

dispersal can alter the mating patterns of trees and modify their genetic distribution across 

landscapes. When habitat fragmentation isolates populations, greater distances between populations 

increase the likelihood that relatives will interbreed. This increased inbreeding ultimately reduces 

genetic variation within species (Carvalho et al., 2017). 

Molecular characterization of forest species serves as a crucial tool for elucidating their genetic 

diversity, population structure, and evolutionary relationships, all of which are vital for the 

conservation and sustainable management of their genetic resources. Different molecular tools exist 

and have historically been applied according to diverse research objectives. Nuclear markers (SSR, 

RAPD, SNP) have been typically used to assess intraspecific and population-level diversity, while 

cpDNA and nuclear ITS regions are commonly used for species identification and phylogenetic 

inference (Hollingsworth et al., 2011; Avise, 2012). Collectively, these molecular techniques have 

offered opportunities for investigating, conserving, and managing forest genetic resources. 

Combining molecular evidence with ecological and biogeographic data can deepen our 

understanding of species evolution and adaptive responses to environmental change (Kremer et al., 

2012). 

In this methodological context and because Manilkara studies have applied heterogeneous 

marker systems this review briefly clarifies the DNA-marker concepts used throughout the synthesis. 
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DNA markers are defined as particular genomic sequences that disclose inheritable genetic variation 

among individuals or populations. These markers may be located within coding or non-coding 

regions of the genome and are identified using molecular techniques such as PCR amplification or 

DNA sequencing, offering indirect insights into genetic diversity and evolutionary relationships 

(Nilkanta et al., 2017; Amiteye, 2021). They can also be employed to identify polymorphisms among 

distinct genotypes within a population by examining variations in specific DNA sequences (Amom 

et al., 2018; Bidyananda et al., 2024).  

This review focuses on the application of molecular characterization to elucidate patterns of 

genetic diversity, population structure, and phylogenetic relationships among species of the genus 

Manilkara. Specifically, we: (i) identify molecular markers employed in previous studies; (ii) 

summarize the diversity of Manilkara species investigated and (iii) synthesize methodological gaps 

and future directions for ensuring the resilience of the species. 

This global framework is particularly relevant, because in Peru, Manilkara bidentata is classified 

as a threatened species under Supreme Decree No. 043-2006-AG. This status requires the integration 

of molecular information to answer key questions about genetics, phylogeny, connectivity, and 

sampling representativeness. That is why has motivated us to synthesize the diversity of molecular 

studies conducted worldwide on species of the genus Manilkara. In parallel, in Peru we are 

developing genomic analyses and a reconstruction of the actual spatial distribution of M. bidentata 

(Contract N° PE501093163-2024-PROCIENCIA-BM). In general, our objective is to provide the global 

academic community dedicated to molecular studies for research on the conservation and 

improvement of species of the genus Manilkara, optimize the allocation of resources, promote the 

integration of research with policies, support countries in adapting their forest governance strategies, 

and contribute to the sustainable development of the world’s forests. 

This document is organized as follows: Section 2 describes materials and methods; Section 3 

describes the results; Section 4 describes the discussions; Section 5 describes future directions; and 

Section 6 describes the conclusions. 

2. Materials and Methods 

2.1. Study Design 

As there is still no comprehensive review addressing the molecular characterization of Manilkara 

species, this study was developed as an exploratory synthesis. It aims to gather and evaluate available 

scientific evidence to (i) identify the molecular markers used in prior research; (ii) analyze the 

diversity of Manilkara species examined while highlighting major taxonomic, methodological, and 

geographic gaps in current molecular studies and (iii) outline future methodological directions to 

advance molecular applications and improve the adaptive and resilience potential of these species 

amid global environmental challenges. 

2.2. Bibliographic Search and Selection of Articles 

A literature search was performed in Scopus scientific database, using Boolean combinations 

such as. “Manilkara” AND “Molecular characterization”, “Manilkara” AND “molecular markers”, 

“Manilkara” AND “genetic diversity”, “Manilkara” AND “population structure”, “Manilkara” AND 

“genetic”, “Manilkara” AND “phylogeny” OR “phylogenetics”. The selection of articles was carried 

out in four steps. First, elimination of duplicate studies. Second, review of titles and abstracts 

according to inclusion and exclusion criteria. Third, review of relevant citations in Scopus to identify 

additional studies. Fourth, we prioritized studies reporting extractable metrics, but we did not 

exclude studies solely for lacking uniform metrics; instead, such studies were synthesized 

narratively. 

Scopus was selected as the primary source for document retrieval due to its broad coverage of 

peer-reviewed literature and its standardized indexing and export functionalities, which facilitate a 

transparent and reproducible screening workflow (Burnham, 2006). The decision to rely on a single 
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database stems from the formatting incompatibilities that often arise when combining datasets from 

multiple sources (Scott et al., 2021). A comparative search conducted in both Scopus and Web of 

Science (WoS) the two leading academic indexing platforms (Chadegani et al., 2013) showed that 

Scopus contained 53% more records, with 85% of the WoS entries already included in Scopus. 

Therefore, Scopus was selected as the most suitable database for this study. 

The literature search and data collection were carried out until December 31, 2025, the date 

established as the cutoff date for inclusion of studies in this review. 

2.3. Eligibility Criteria 

2.3.1. Inclusion Criteria 

The studies were selected based on the following criteria. (i) articles that considered species of 

the genus Manilkara as the object of study; (ii) research that used molecular markers for genetic and 

phylogenetic characterization. (iii) Studies published in peer-reviewed scientific journals; (iii) Articles 

in English and (v) research published between 1999 and 2025, to cover the historical development of 

molecular techniques applied to this genus. 

2.3.2. Exclusion Criteria 

The following types of studies were excluded. (i) articles that did not use molecular markers for 

species of the genus Manilkara; (ii) research that did not focus on species of the genus Manilkara and 

(iii) non-peer-reviewed gray literature (theses, technical reports, posters or conference abstracts). 

2.4. Study Selection 

A structured search yielded a total of 47 articles (Figure 1). After applying manual screening 

according to the established inclusion and exclusion criteria, 23 studies were ultimately retained, 

ensuring a focused and detailed review. All data were sourced exclusively from the Scopus database. 

 

Figure 1. PRISMA-style flow diagram (reporting structure) illustrating the steps followed in the search, selection, 

and screening of studies included in this exploratory review. Adapted from Haddaway et al. (2022). 
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2.5. Data Extraction 

From studies that met the inclusion criteria, we extracted: (i) general information (authors, year, 

title, and journal); (ii) methodological characteristics (molecular marker type(s), sample size, and 

geographic scope); (iii) main outcomes, including genetic diversity metrics, population 

structure/differentiation, phylogenetic or evolutionary inferences (when reported), and any evidence 

of gene flow or introgression (when assessed) and (iv) reported methodological limitations and 

research gaps. Throughout this review, we use “individuals” for sampled organisms within 

populations, “accessions” for germplasm entries or other curated sampling units, and “populations” 

for geographically defined sampling groups as described in the original studies. 

3. Results 

3.1. Study Characteristics 

Of the 23 publications selected, six publications belong to Q1 quartile journals, representing 26%. 

Nine publications belong to Q2 quartile journals, representing 39%. Five publications belong to Q3 

quartile journals, representing 22%. Three publications belong to Q4 quartile journals, representing 

13%. The main publishers identified were Wiley-Blackwell Publishing Ltd (2), Elsevier B.V. (2), 

Oxford University Press (2), Springer Nature (2), University of Brawijaya (2) and Cambridge 

University Press (2) (See Supplementary Table S1).  

Also, Supplementary Figure S1 shows the evolution over time (1999-2025) of the use of different 

molecular markers in studies on species of the genus Manilkara. It can be seen that SSRs are the most 

widely used marker, with sustained use in almost all periods since 2005. cpDNA has been used 

intermittently, with applications in 2007, 2013, 2018, and 2020. RAPD appears only three times (1999, 

2013, and 2017), indicating occasional use. ITS is used in specific years (2014 and 2023), without 

continuity. cpSSR has been used in the year 2008. SCoT has been used in the year 2020. Overall, the 

trend shows a growing and sustained preference for SSR as the main marker, while the others are 

used sporadically.  

Of these, seven studies were from Brazil (Azevedo et al., 2008, 2007, 2005; Moraes et al., 2013; 

Sebbenn et al., 2008; Silva-Junior et al., 2016; Waqar et al., 2021a), five from the United States (Arias 

et al., 2020; Armstrong et al., 2014; Ganzhorn et al., 2015; Heaton et al., 1999; Thompson et al., 2015), 

four from India (Goraniya et al., 2013; Malik et al., 2013; Rathva et al., 2024; Sathanandam et al., 2022), 

two of Mexico (González-Hernández et al., 2012; Martínez-Natarén et al., 2017), two from Indonesia 

(Sari and Murti, 2015; Sari et al., 2018), one from Thailand (Vanijajiva, 2020), one from China (Liu et 

al., 2019) and one from Switzerland (Randriarisoa et al., 2023) (Figure 2).  

 

Figure 2. Heat map showing the frequency of scientific output on molecular markers in species of the genus 

Manilkara by country. 
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Likewise, within the studies, Figure 3 indicates a strong dominance of SSR markers (13/23 

records), used mainly in Brazil (6), followed by the USA (3), India (2), and Mexico (2). RAPD is the 

second most frequent marker (5/23), reported primarily in India and Indonesia (2 each) and less often 

in the USA (1). All other markers are rare: SCoT appears only once (Thailand), while cpDNA/cpSSR 

and ITS are infrequent and typically reported in combination (China, Brazil, Switzerland, and the 

USA). 

 

Figure 3. Frequency of molecular marker use by country/region in studies of species within the genus 

Manilkara. 

3.2. Synthesis of the Results 

The review of the scientific articles showed that markers can be classified into two groups, based 

on the type of molecular marker used: (i) RAPD, SCoT, nuSSR, and cpSSR markers, for main studies 

of genetic diversity and population structure (Heaton et al., 1999; Azevedo et al., 2005; 2007; 2008; 

Sebbenn et al., 2008; González-Hernández et al., 2012; Moraes et al., 2013; Goraniya et al., 2013; Malik 

et al., 2013; Thompson et al., 2015; Ganzhorn et al., 2015; Sari and Murti, 2015; Silva-Junior et al., 2016; 

Martínez-Natarén et al., 2017; Sari et al., 2018; Arias et al., 2020; Vanijajiva, 2020; Waqar et al., 2021; 

Sathanandam et al., 2022; Rathva et al., 2024) and (ii) nuclear ITS markers and cpDNA-derived 

markers used in phylogeny and evolutionary studies of the genus Manilkara (Armstrong et al., 2014; 

Liu et al., 2019; Randriarisoa et al., 2023). Therefore, we reviewed the studies separately according to 

the type of molecular approach used. 

3.3. Utilization of Molecular Marker Systems 

The key features of the studies included in this review are presented in Supplementary Table S2. 

Five studies used on RAPDs as the markers of choises (Heaton et al., 1999; Malik et al., 2013; Goraniya 

et al., 2013; Sari and Murti, 2015; Sari et al., 2018). One study applied SCoT markers (Vanijajiva, 2020). 

Thirteen studies used SSR markers (Arias et al., 2020; Azevedo et al., 2007, 2005; Ganzhorn et al., 2015; 

González-Hernández et al., 2012; Martínez-Natarén et al., 2017; Moraes et al., 2013; Rathva et al., 2024; 

Sathanandam et al., 2022; Sebbenn et al., 2008; Silva-Junior et al., 2016; Thompson et al., 2015; Waqar 

et al., 2021a). One study focused utilised cpSSR markers (Azevedo et al., 2008). One study focused on 

sequencing cpDNA (Liu et al., 2019). One study applied  ITS nuclear markers and three more 

cpDNA-derived markers (Armstrong et al., 2014). Only one study used ITS nuclear markers 

(Randriarisoa et al., 2023). In Supplementary Table S2, for the purpose of updating the taxonomic 

nomenclature of the species under study, we have verified World Flora Online, which was updated 

in December 2024 (WFO, 2025), and Plants of the World Online (POWO, 2025). 

The development of DNA markers may rely on coding or non-coding regions of genes, and 

depending on the technique used, prior sequence information may or may not be required 

(Bidyananda et al., 2024; Nadeem et al., 2018). Researchers continue to develop more reliable and 
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accurate DNA markers, currently applying IRAP, REMAP, RBIP, IPBS, PARMS, CDDP, PBA, TBP, 

ISAP, S-SAP, ILPs, iSNAP, DALP, PAAP, TRAP, CoRAP, SCoT and DAMD, nuSSR, ISSR, cpSSR, ITS, 

SNP and DArT (Amiteye, 2021). In addition, recent sequencing methods such as Skim sequencing 

and PacBio HiFi, among others, offer higher resolution for detecting genomic variation and 

complement marker-based approaches (Wang et al., 2023; Wang (王博) et al., 2025). An optimal DNA 

marker should exhibit key attributes including high polymorphism, clear dominant or co-dominant 

inheritance, widespread occurrence, stability across environmental and developmental conditions, 

strong reproducibility, straightforward accessibility, and rapid, cost-effective analysis (Amom and 

Nongdam, 2017; Hasan et al., 2021). 

3.3.1. Random Amplification of Polymorphic DNA (RAPD) 

RAPDs represent one of the first-generation DNA markers that were the result of amplifying 

random DNA regions across various loci using short, arbitrary primers. This technique allowed the 

detection of polymorphisms in the amplified fragments which are visualized by electrophoresis 

(Williams et al., 1990; Bidyananda et al., 2024). This technique is straightforward, rapid, and 

inexpensive, and demonstrated strong efficiency in assessing genetic variation in both wild and 

cultivated plant species (Mendonça et al., 2014). Some constrains of RAPDs involved the dominant 

nature of these markers which limited the detection of genotype at individual-levels (because 

heterozygous and dominant homozygous cannot be differentiated) and it can increase sampling 

variance and bias in population-structure parameters, reducing the power to detect actual 

differentiation (Lynch and Milligan, 1994). Other studies reported lack of reproducibility as RAPD 

banding patterns may be less reliable due to sensitivity to reaction conditions (Amiteye, 2021). 

Subsequent individual genotyping using codominant or sequence-based markers would better 

resolve fine-scale structure and clarify potential genotype–phenotype associations. In addition, some 

studies using composite DNA samples from a given population (DNA bulking) seemed to affect 

individual resolution and dilute allele-frequency signals in pooled samples, constraining 

discrimination among germplasm sources (Reyes-Valdés et al., 2013). 

Among the earliest molecular assessments in Manilkara, Heaton et al. (1999) used RAPD markers 

from bulked DNA samples to test whether the morphological differentiation observed between forest 

and swamp populations of M. zapota had a detectable genetic correlation. Across four populations, 

RAPD data indicated no significant genetic differentiation (χ² = 68.35; P > 0.1), suggesting potential 

genetic homogeneity at the loci surveyed in the populations and/or a failure of the markers to tag 

regions associated to local differentiation. In this study, the combination of RAPD and bulking offered 

rapid, low-cost-effective screening to answer questions about differentiation u=in populations from 

different geographic origin.  

Building on early findings, Malik et al. (2013) combined agro-morphological descriptors with 

RAPD markers to characterize diversity among 23 M. hexandra accessions from Gujarat and Madhya 

Pradesh. Fruits of this species have some importance in the region and understanding levels of 

diversity unlocked opportunities in breeding. The study generated 119 bands (78% polymorphic), 

with a pairwise similarity ranging from 0.52 to 0.82. The multivariate analysis showed and two main 

clusters, indicating appreciable diversity within the germplasm assessed. Given the study goal 

(germplasm screening), RAPD markers provided an informative overview of genetic differentiation. 

Goraniya et al. (2013) used 25 RAPD primers to compare species M. hexandra with Averrhoa 

carambola, generating polymorphic profiles for both species, each one showing different marker 

profiles   which were validated with UPGMA clustering based on a similarity matrix. The authors 

concluded here that RAPD markers can be more appropriate for identification/authentication and for 

similarity-based grouping rather than for inferring evolutionary phylogeny, because RAPD is a 

dominant marker system which prevent of additional inferences on species differentiation (Sun et al., 

2024). 

From a methodological standpoint, Sari and Murti (2015) addressed a practical bottleneck in the 

study of Manilkara genetics, the lack of DNA quality. At the time of the study, the current methods 
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for DNA isolation could not separate contaminants in Manilkara zapota so that the DNA extracted 

showed low quality. This group worked on optimizing the CTAB-based DNA extraction from mature 

M. zapota leaves which were rich in polyphenols, polysaccharides and other secondary metabolites. 

Presence of those compounds are known to obstruct enzymatic events and negatively impact 

amplification of DNA. Their protocol named “Modification 5” (adapted from Doyle and Doyle (1990)) 

improved the recovery of DNA and made it suitable for downstream PCR, which is relevant for 

studies where tissue chemistry can compromise genotyping. Though this was a rather technical 

effort, the generation of a procedure that showed consistently yield DNA of good quality was 

important for the research groups doing DNA-based research in Manikara. 

Later, Sari et al. (2018) assessed genetic diversity among 26 M. zapota accessions from five 

districts using RAPD markers. The goal of this project was to determine levels of spatial variation 

among the five districts assessed. The results showed that accessions tend to cluster by their location 

of origin. An attempt to test association between markers with fruit shape showed no correlation. 

This study reported high polymorphism (98.85% across 87 RAPD loci), with slightly more variation 

within populations (53%) than among populations (47%), and clusters that broadly reflected 

geographic origin; accessions collected in the Gunungkidul region showed comparatively higher 

diversity than the other locations, highlighting this as a good candidate area for conservation and 

selection. 

In summary, studies conducted using RAPD markers in Manilkara provided preliminary 

insights on the levels of genetic variation for populations of Manikara spp. Most of these studies 

revealed patterns of genetic variation to detect some genetic differentiation and structure in the 

populations evaluated. Some inferences were also presented about strategies of conservation and 

breeding. Some limitations in the studies can be attributed to sampling size and an underestimation 

of diversity due to the use of dominant markers. But, in the past, RAPD markers were one of the most 

important genetic markers and many studies relied on their use. 

3.3.2. Start Codon-Targeted Polymorphism (SCoT) 

SCoT markers target short, conserved regions surrounding the ATG start codon in plant genes 

(Collard and Mackill, 2009). Compared to arbitrary RAPD and ISSR markers, they offer higher 

reproducibility and efficiency in analyzing genetic diversity and population structure across various 

plant species (Amom et al., 2020). Each SCoT primer consists of 18 nucleotides designed to anneal to 

the conserved sequence near the start codon, with detection performed through PCR amplification 

followed by visualization on ethidium bromide stained agarose gels (Panchariya et al., 2024). 

However, because SCoT profiles are typically scored as dominant (presence/absence bands), a direct 

estimation of allele frequencies and heterozygosity (Ho/He) is not straightforward without additional 

assumptions or dedicated estimators (Lynch and Milligan, 1994). 

Building upon the methodological advantages, Vanijajiva (2020) assessed patterns of genetic 

diversity among 36 accessions in four Manilkara species (Manilkara hexandra, Manilkara kauki, 

Manilkara littoralis, and Manilkara zapota) in Thailand using 30 SCoT primers. The assay generated 176 

bands (57.38% polymorphic), and multivariate analysis allowed to separate these accessions into two 

main clusters, which were consistent with locality and the morphological features evaluated such as 

fruit characteristics. This study supported the use of SCoT markers as a effective tool for cultivated-

germplasm characterization unlocking possibilities of using them for conservation and breeding. In 

particular, the author of this study emphasized the advantages of using SCoT markers for effective 

conservation of germplasm by reducing size of collections (core collections). 

3.3.3. Simple Sequence Repeats (SSRs) 

Simple Sequence Repeats (SSRs), or microsatellites, are DNA markers composed of short 

tandemly repeated motifs whose repeat numbers vary among loci (Coutinho et al., 2018). These 

markers provide several advantages over other molecular systems. They are highly reproducible and 

do not require ultra-pure DNA templates, making them reliable for genetic analyses. Moreover, SSRs 
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exhibit high polymorphism, enabling the detection of allelic differences even among closely related 

genotypes (Amom and Nongdam, 2017). Their co-dominant inheritance facilitates straightforward 

result interpretation, and their abundance and widespread distribution across eukaryotic genomes 

further enhance their utility (Tautz, 1989). 

Simple sequence repeats (SSRs) are codominant and typically highly polymorphic markers that 

are well suited for estimating genetic diversity and related parameters such as gene flow, parentage, 

and population structure across species. In Manilkara, Azevedo et al. (2005) developed and 

characterized 12 microsatellite loci for M. huberi from an enriched genomic library. The loci were 

highly variable (4-8 alleles per locus) with high expected heterozygosity (He = 0.721-0.862), 

supporting applications in diversity assessment and sustainable management. The initial 

characterization relied on a small sample (n = 12), so broader testing across populations and ecological 

settings would strengthen inference (Scaketti et al., 2025). Expanding on this, Azevedo et al. (2007) 

applied SSRs to evaluate genetic structure, gene flow, and the mating system of M. huberi. They 

reported high genetic diversity (He > 0.82), a predominance of allogamy (tm = 0.995), inbreeding (f = 

0.175–0.240), and restricted pollen flow (47 m), and recommended collecting seed from at least 175 

trees and conserving large continuous areas to maintain variability. Because the study used seven 

SSR loci, fine-scale estimates would benefit from additional markers and complementary field 

validation where feasible. From a modeling perspective, Sebbenn et al. (2008) modeled how selective 

logging could affect the genetic diversity and population composition of M. huberi and other 

Amazonian tree species, using genotype data at microsatellite loci for the simulations. They 

concluded that current practices are not sustainable for M. huberi, predicting drastic reductions in 

basal area and loss of alleles under short cycles and low minimum cutting diameters. They therefore 

recommended species-specific management prescriptions. As a simulation-based study, conclusions 

depend on assumptions about starting population conditions and disturbance history, so results are 

best interpreted alongside empirical monitoring. 

In a related approach, González-Hernández et al. (2012) tested the transferability of M. huberi 

microsatellites to characterize genetic variation in M. zapota. They detected many alleles but low 

heterozygosity, highlighting potential genetic erosion and the need to expand sampling for 

conservation. Only 7 of the 12 loci were useful in M. zapota and null alleles may have influenced 

estimates; their dendrogram should therefore be viewed as similarity-based clustering rather than a 

phylogenetic framework. 

Complementarily, Moraes et al. (2013) developed eight polymorphic microsatellites for M. 

multifida, reporting high allelic diversity and heterozygosity without evidence of null alleles, which 

supports conservation and genetic management applications. Sampling was restricted to two 

locations; therefore, broader geographic sampling is advisable before generalizing population-level 

patterns, as sampling design and geographic coverage strongly influence how well genetic diversity 

is represented in conservation-oriented inferences (Rosenberger et al., 2021). 

Similarly, by using of microsatellites, Thompson et al. (2015) assessed genetic variation and 

structure across five M. zapota populations located in ancient Maya ceremonial centers, home 

gardens, and clonal cultivars to test whether cultivation reduced diversity. They found substantial 

variation and low differentiation, with no evidence of reduced diversity associated with 

management, consistent with strong natural gene flow in dense forests. Comparisons are limited by 

the absence of fully unmanaged wild populations and potential imbalance among management 

categories. 

Following this, Ganzhorn et al. (2015) evaluated spatial genetic structure in M. maxima to test 

whether recent fragmentation reduced genetic variability. They found that fragmentation had not 

markedly reduced diversity and that gene flow/connectivity among populations remained high. The 

analysis was based on five SSR loci and low population density in fragmented sites, which can limit 

resolution for subtle structure. To broaden the range of available markers, Silva-Junior et al. (2016) 

developed 17 species-specific SSR markers for M. maxima and analyzed genetic diversity across three 

natural populations. The loci showed high variability and strong discriminatory capacity, with no 
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indication of substantial null alleles, supporting their use in population genetics and ecological 

research. The survey covered three sites and did not explicitly evaluate among-population 

differentiation, so expanded spatial coverage would strengthen inference (Wang et al., 2024). 

In a landscape-level study, Martínez-Natarén et al. (2017) used SSRs to analyze genetic diversity 

and population structure of M. zapota in 15 forest fragments and one continuous forest to evaluate 

long-term fragmentation. They reported high diversity and low differentiation, with little effect of 

fragment size or isolation. The analysis relied on three SSR loci and an unreplicated continuous-forest 

reference, limiting detection of fine-scale structure (Wang et al., 2021; Alves et al., 2024). From a 

technological standpoint, Arias et al. (2020) generated a nuclear SSR resource for M. zapota to support 

germplasm conservation and population genetics, obtaining 3,870 primer pairs and evaluating 384 

loci to identify 47 high-quality polymorphic SSRs. This substantially expands tools for fingerprinting 

and diversity screening. Sampling per group was small (4-10 accessions) and excluded natural 

populations, and loci were not coupled to population-structure or trait-based analyses, so 

downstream validation across wild and managed materials remains important. 

Subsequently, Waqar et al. (2021b) compared adults and juveniles of M. multifida in two 

protected fragments to evaluate intergenerational impacts of fragmentation. They found a marked 

reduction in heterozygosity and greater genetic structure in juveniles, consistent with reduced gene 

flow under habitat loss. The study used eight SSR loci and two sites (the Veracel Station (EVC) and 

the Una Biological Reserve (UBR)), and paternity-based inferences may be sensitive to incomplete 

sampling of reproductive adults. 

More recently, Sathanandam et al. (2022) developed 30 highly polymorphic SSR markers for M. 

zapota and analyzed 53 genotypes. They detected high genetic diversity and differentiation, 

identifying three main groups with strong admixture, providing useful tools for conservation and 

genetic improvement. Interpretation is bounded by the ex-situ focus and limited phenotypic or 

environmental data to explain genetic patterns, and technical replication was not clearly specified.  

Finally, Rathva et al. (2024) analyzed 10 genotypes of M. achras (currently M. zapota (L.) P. Royen, 

according to POWO (2025) using 20 SSRs. They detected 59 alleles and moderate-to-high genetic 

diversity, with grouping by geographical origin and alleles useful for genetic fingerprinting, 

supporting varietal identification and breeding. The relatively small sample size may yield imprecise 

or biased estimates and thus limits broader population-level inference Scaketti et al. (2025). In 

addition, the absence of standard diversity and structure metrics further constrains comparability 

across studies. 

3.3.4. Chloroplast Simple Sequence Repeat (cpSSRs) Microsatellites 

Microsatellites, also known as SSRs, are dispersed randomly throughout both nuclear and 

chloroplast genomes in plants. Compared to nuclear genomes, chloroplast genomes tend to have a 

lower mutation rate, which makes it more challenging to detect significant sequence variation within 

them (Amiteye, 2021). In contrast, cpSSR usually exhibit lower levels of polymorphism than nuSSRs 

due to the conserved nature of chloroplast genomes. However, they remain valuable for tracing 

maternal inheritance, seed dispersal, and phylogeographic patterns in plants (Moore et al., 2010; 

Drew et al., 2014). The non-coding regions of cpDNA - primarily introns and intergenic spacers - 

evolve at a slow rate and tend to be highly conserved within species. Despite this, they are 

particularly useful for phylogenetic and phylogeographic research, as they provide insight into 

maternal inheritance patterns and evolutionary connections among populations or species (Shaw et 

al., 2007). Interest in these regions stems from the generally slow evolutionary rate of cpDNA, which 

limits its variability for population and evolutionary analyses. Moreover, non-coding regions often 

consist of repetitive DNA sequences arranged in tandem, such as microsatellites (Dong et al., 2012). 

Although cpDNA exhibits low allelic diversity, it remains a valuable tool for reconstructing 

phylogenetic relationships among closely related taxa and exploring maternal genetic structure 

(Moore et al., 2010; Haasl and Payseur, 2011; Drew et al., 2014). Overall, cpDNA has proven to be an 
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informative marker system, enabling the generation of robust data for elucidating phylogenetic 

relationships both within and between species (Moore et al., 2010; Drew et al., 2014). 

Building on this principle, Azevedo et al. (2008) used cpSSRs together with cpDNA sequences 

to test for matrilineal spatial genetic structure in M. huberi, that is, patterns expected under limited 

seed-mediated dispersal. They detected significant spatial structure up to 250 m and identified 15 

chloroplast haplotypes, indicating high chloroplast diversity despite modest haplotype richness. The 

authors interpreted these patterns as consistent with isolation by distance and argued for conserving 

large, contiguous tracts of primary forest to maintain locally structured maternal lineages. Because 

the study focused on a single population and only four of nine cpSSR loci were polymorphic, the 

inferred scale of structure should be viewed as population-specific. Chloroplast inheritance was 

treated as strictly maternal, although occasional nonmaternal (including paternal) chloroplast 

inheritance has been reported in some angiosperms (McCauley et al., 2007). 

In a complementary approach, Liu et al. (2019) assembled and annotated the complete 

chloroplast genome (159,853 bp; 125 genes) of M. zapota to clarify its phylogenetic placement within 

Sapotaceae. The plastome provides a genomic resource for comparative studies and, in their cpDNA-

based tree, Manilkara clustered with other Ericales lineages, appearing close to Ebenaceae 

representatives included in the analysis. However, the inference relied on a single accession and 

plastid-only data, which limits the ability to evaluate intraspecific variation and to detect reticulate 

processes; plastid and nuclear datasets may also be incongruent due to factors such as hybridization 

and shared ancestral polymorphism (López-Alvarado et al., 2014). In addition, the use of neighbor-

joining with limited taxon sampling (13 species) constrains phylogenetic resolution; broader 

sampling and likelihood/Bayesian frameworks, ideally combined with nuclear markers, would 

strengthen inference. 

3.3.5. Internal Transcribed Spacer (ITS) 

When it comes to identifying species accurately, ITS markers are essential tools in DNA 

barcoding. These markers work by targeting the spacer DNA found within the repetitive sequences 

of ribosomal RNA genes (Chen et al., 2010). What makes the ITS region of nuclear ribosomal DNA 

particularly useful is its interesting dual nature: it shows considerable variation between different 

species, yet remains relatively stable within any given species. This unique characteristic is precisely 

why researchers favor these genetic markers when they need to distinguish species from one another 

(Cheng et al., 2016).  

In terms of phylogeny, the genus Manilkara was reconstructed using nuclear and plastid 

sequences to infer its origin and dispersal. It was determined that, using a relaxed molecular clock 

calibrated with fossils, Manilkara evolved between 32 and 29 million years ago (Mya) in Africa. This 

was followed by two dispersal events, to tropical America (26-18 Mya) and tropical Asia (28-15 Mya). 

Higher rates of diversification were identified in the Neotropical clade, confirming that the 

pantropical distribution is due to long-distance dispersal events, not continental fragmentation 

(Armstrong et al., 2014).  

The Maximum Clade Credibility (MCC) tree obtained from the BEAST analysis (Figure 7) 

indicates that the subtribe Manilkarinae has an average estimated age of about 32 million years, with 

a Highest Posterior Density (HPD) interval ranging from 36 to 29 Mya (node K). The genus Manilkara 

dates to approximately 29 million years ago (HPD 32–28 Mya; node Q), suggesting that both lineages 

originated during the Oligocene period. Moreover, the findings show that speciation and 

intercontinental dispersal events within Manilkara took place from the Oligocene through the 

Miocene, becoming particularly pronounced from the middle to late Miocene. 
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Figure 4. Time-calibrated phylogeny and biogeographic structure of Manilkara and related genera (ITS dataset). 

Figure reproduced from Armstrong et al. (2014). Frontiers in Genetics, 5:362. Licensed under CC BY 4.0. 

The maximum clade credibility chronogram derived from the ITS dataset depicts the temporal 

diversification and continental distribution of Manilkara within the tribe Mimusopeae (Sapotaceae). 

The genus originated in Africa during the Oligocene (29 Mya) and subsequently dispersed to other 

tropical regions through long-distance colonization events. 

Four principal regional lineages of Manilkara are resolved: (i) African clades (X, V): represent the 

basal and most ancestral groups, showing diversification from the Oligocene to the Miocene, 

including both rainforest and dry-adapted taxa. (ii) Neotropical clade (S): derived from an African 

ancestor between 26 and 18 Mya, and later differentiated into South American (U2) and Central 

American-Caribbean (T) subclades during the Miocene (16-10 Mya). (iii) Asian clade (Y): originated 

from a single African dispersal between 27 and 19 Mya, with limited subsequent radiation across the 
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Sahul and Sunda shelves. (iv) Madagascan lineages (X3-X4): represent at least two independent 

colonization events from Africa between 8 and 4 Mya. 

Branch colors correspond to continental regions - Africa (yellow), Madagascar (green), Asia 

(blue), South America (pink), and Central America & Caribbean (orange). The bars at each node 

represent the 95% Highest Posterior Density (HPD) intervals, which show the estimated range of 

divergence times. Pie charts represent ancestral-area probabilities at key nodes, and the inset map 

summarizes the timing and direction of intercontinental dispersal inferred from the chronogram. 

Expanding on these phylogenetic efforts, Randriarisoa et al. (2023) determined the genetic 

variability and phylogenetic structure of several Amazonian species of Manilkara using ITS and 

cpDNA sequences. It found relatively limited haplotype diversity and marked genetic differentiation 

between species and populations. The authors conclude that Manilkara, as currently defined, is not 

monophyletic, and they recommend a taxonomic revision. Floral evolution provides useful 

synapomorphies for redefining genera. The effectiveness of phylogenomic in resolving complex 

relationships in groups with morphological convergence is highlighted.  

The phylogenetic analysis of Manilkarinae reveals a clearly defined structure composed of two 

principal clades (Figure 8). The first clade (PP = 0.99) groups Labramia and Manilkara s.str. as sister 

lineages, while the second clade (PP = 1.00) includes the three Pacific Manilkara species, which form 

a distinct lineage, as also reported by Armstrong et al. (2014), sister to the clade that encompasses all 

Labourdonnaisia and Faucherea species. 

 

Figure 5. Species tree reconstruction of Manilkara and related genera inferred from ASTRAL-II. Figure 

reproduced from Randriarisoa et al. (2023). Taxon, 72(6):1404-1428. Licensed under CC BY 4.0. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 March 2026 doi:10.20944/preprints202603.0173.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.0173.v1
http://creativecommons.org/licenses/by/4.0/


 14 of 25 

 

The species tree generated with ASTRAL-II, using data from 89 specimens and 787 gene trees 

reconstructed with RAxML, elucidates the phylogenetic relationships among species of Manilkara and 

related genera within the tribe Mimusopeae (Sapotaceae). The topology supports four major, well-

defined genetic clades that partly correspond to the traditional taxonomic classification. 

Within Manilkara, the core lineage (Manilkara s.str.) (orange) forms a strongly supported 

monophyletic group closely related to the Labourdonnaisia-Faucherea clade (pink), both 

representing the main diversification centers of the genus across Africa, Madagascar, and the 

Neotropics. The Labramia clade (dark green) appears as a basal lineage within Mimusopeae, mostly 

restricted to Madagascar and the Mascarene Islands, confirming its early divergence from Manilkara 

s.str. In contrast, the Abebaia clade (blue) is recovered as a distinct evolutionary lineage, clearly 

separated from Manilkara, with affinities to the African - Asian complex. 

ASTRAL support values are shown for internal nodes. Because ASTRAL estimates only internal 

branch lengths, terminal branches are represented with equal length for all taxa. Branch colors 

correspond to generic circumscription: Labramia (dark green), Manilkara s.str. (orange), 

Labourdonnaisia + Faucherea (pink), and Abebaia (blue). Regional abbreviations: Afr - Africa; Mad - 

Madagascar; Msc - Mascarenes; Com - Comoros; Ind - Indonesia; Pac - Pacific Asia; Ame - Americas; 

RN - Réserves Naturelles; SF - Service Forestier. 

4. Discussion 

Using an exploratory synthesis, we integrated genetic and phylogenetic evidence for Manilkara 

from 23 peer-reviewed studies published between 1999 and 2025. Grouping studies by marker system 

and geographic scope revealed substantial progress in characterizing genetic diversity, population 

structure, and lineage relationships, but also exposed persistent geographic, methodological, and 

taxonomic gaps that currently limit conservation inference. In particular, research effort is 

concentrated in the Americas and Asia, whereas African lineages (despite Africa being inferred as 

the center of origin for Manilkara) remain markedly underrepresented (Armstrong et al., 2014). This 

imbalance is consistent with broader constraints in Sapotaceae systematics, including cryptic 

diversity, morphological complexity, limited high-quality herbarium material, and a shortage of 

recent integrative taxonomic work (Christe et al., 2021). 

Verification of Manilkara presence records in Global Biodiversity Information Facility (GBIF.org, 

2026) revealed a highly uneven spatial distribution of sampling effort and data mobilization, rather 

than a faithful representation of the genus’s true distribution. This verification produced a dataset of 

39,701 records (See Supplementary Figure S2). Accordingly, GBIF occurrence records for Manilkara 

reflect a biased pattern of data availability, which increases uncertainty when assessing population 

status, genetic representativeness, and climate-change vulnerability in poorly documented regions. 

From a conservation perspective, priorities include: (i) targeted surveys and sampling in 

underrepresented areas where Manilkara is expected to occur, (ii) strengthening inventories and 

collections with reliable georeferencing and metadata, and (iii) designing genomic sampling 

campaigns that maximize spatial and environmental coverage, avoiding inference of “absences” from 

data gaps. 

Across species, comparisons between phenotypic differentiation and genetic structure suggest 

that morphology does not always track neutral genetic variation. Forest versus swamp populations 

of M. zapota show pronounced phenotypic differences, yet RAPD and SSR data indicate low to 

moderate genetic differentiation (Heaton et al., 1999; González-Hernández et al., 2012; Martínez-

Natarén et al., 2017), implying that environmentally induced plasticity may contribute strongly to 

observed morphological divergence. By contrast, M. huberi shows high heterozygosity and 

maintained reproductive performance under selective logging, consistent with demographic stability 

and sustained gene flow buffering genetic erosion (Azevedo et al., 2007; Sebbenn et al., 2008). 

Intermediate diversity has been reported for Atlantic Forest endemics (e.g., M. multifida and M. 

maxima), where restricted dispersal and fragmentation can constrain connectivity, particularly if 

pollen-mediated gene flow is reduced. For several Asian taxa (e.g., M. hexandra and M. littoralis), the 
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evidence base remains comparatively weak because studies have relied largely on dominant PCR-

based markers with limited allelic resolution. Collectively, these patterns motivate integrative 

designs that combine genome-wide data with standardized morphometrics and eco-physiological 

measurements to distinguish adaptive divergence from plastic responses across Manilkara. 

Taxonomic coverage is itself a major limitation. The literature is dominated by a small subset of 

commercially important or accessible species (notably M. huberi, M. zapota, and M. multifida), whereas 

many wild or poorly known taxa remain genetically uncharacterized (Christe et al., 2021; Wei and 

Jiang, 2021; Phang et al., 2025). This restricts phylogenetic completeness and undermines the 

identification of evolutionarily significant units (ESUs) that could guide conservation prioritization 

(Hoelzel, 2023). Addressing this gap requires deliberate sampling strategies that target 

underrepresented regions and lineages (especially African taxa) and that link vouchers, geo-

referenced metadata, and open sequence resources to reduce downstream uncertainty. 

Methodological heterogeneity further limits comparability across studies. Variation in DNA 

extraction protocols, locus choice, marker system, diversity metrics, and sampling design impedes 

cross-study synthesis and can bias conclusions about diversity, structure, and connectivity. The 

predominance of neutral markers (e.g., SSR, RAPD) has been valuable for first-pass characterization 

but is limited for testing hypotheses about selection, functional variation, and climate-related 

adaptation (Kremer et al., 2012; Savolainen et al., 2013; Wei and Jiang, 2021; Feng et al., 2024).  

A cross-cutting limitation is the weak integration of genetic evidence with ecological and 

landscape information, which restricts inference about how environmental gradients, fragmentation, 

and land-use history shape genetic variability (Dauphin et al., 2023; Aitken et al., 2024; Chambers et 

al., 2025). Only a small subset of studies explicitly incorporates fragmentation context, mating 

systems, or pollen and seed dispersal processes, despite their centrality for interpreting diversity and 

connectivity in tree populations. In M. zapota, for example, SSR-based studies illustrate how 

conclusions regarding fragmentation effects or potential domestication signals can shift with 

sampling design and marker resolution (Thompson et al., 2015; Martínez-Natarén et al., 2017), 

consistent with general expectations about fragmentation-driven genetic responses in plants (Aguilar 

et al., 2008). 

In the context of accelerating climate change and biodiversity loss (Feng et al., 2024; Li et al., 

2025), future research should prioritize coordinated, question-driven sampling that quantifies 

intraspecific diversity and phenotypic plasticity across environmental gradients, while expanding 

geographic and taxonomic coverage. Combining nuclear and plastid evidence (e.g., ITS, cpDNA, and 

additional nuclear loci) with ecological and morphological datasets should improve phylogenetic 

resolution and clarify evolutionary relationships. Establishing systematic collections, seed banks, and 

germplasm repositories spanning Neotropical, African, and Asian regions will provide the baseline 

required for comparative and conservation genomics and for subsequent breeding-oriented 

applications (Chung et al., 2023; Heuertz et al., 2023; Aitken et al., 2024; Alseekh et al., 2025). 

Recent phylogenetic work underscores that taxonomic instability in Manilkara is closely tied to 

morphological homogeneity, the scarcity of diagnostic characters, and long-standing controversies 

in species delimitation (Randriarisoa et al., 2023). Across Manilkarinae, revisions of generic 

boundaries and the adoption of phylogenomic datasets have become increasingly necessary because 

trees inferred from few loci often lack resolution and may not capture complex evolutionary histories 

(Randriarisoa et al., 2023; Swenson et al., 2023; Beckers et al., 2025). Although ITS-based analyses 

(especially when interpreted alongside plastid and additional nuclear loci) have improved 

biogeographic and phylogenetic inference, restricted taxon sampling and continued reliance on 

single or few loci still constrain robust evolutionary interpretation, particularly when morphological 

evidence is not explicitly integrated (Christe et al., 2021; Randriarisoa et al., 2023). Moreover, if 

reticulate processes such as hybridization or introgression contribute to gene-tree discordance, low-

locus approaches can be misleading, reinforcing the need for multilocus and genome-scale strategies 

(Hibbins and Hahn, 2022; Bjornson et al., 2024). Future work that couples phylogenomic inference 

with explicit tests of discordance will be essential to resolve intrageneric relationships and clarify the 
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roles of speciation and adaptation in this tropical lineage (Bock et al., 2023; Olivares et al., 2024; 

Pezzini et al., 2023). 

5. Future Directions 

In Manilkara, evidence has been dominated by marker-based studies, while the adoption of 

genomic approaches is relatively recent. However, in trees and plants, genomic and multi-omic 

approaches allow genomic variation to be linked to stress response mechanisms and traits associated 

with biological fitness (Feng et al., 2024; Ijaz et al., 2024; Li et al., 2025). Integrative frameworks that 

combine genomic datasets with transcriptomic, epigenomic, or metabolomic layers can accelerate the 

identification of putatively functional variants and improve inference in non-model tropical tree 

genomes (Naidoo et al., 2019; Feng et al., 2024). 

Reduced-representation and target-capture genotyping (GBS/GBTS) can support population-

scale inference in non-model trees, once taxonomy, vouchered collections, and geographically 

balanced sampling are secured (Feng et al., 2024). Genomic selection and genomic prediction are 

increasingly operational in forest trees, but their gains depend on training-population design, cost–

benefit planning, and multi-site validation—not “plug-and-play” deployment (Lebedev et al., 2020; 

Grattapaglia, 2022).  

CRISPR/Cas has strong proof-of-concept in woody species, yet for largely wild Manilkara it is 

best framed short-term as functional validation, given regeneration bottlenecks and lengthy field 

testing (Cao et al., 2022; Cardi et al., 2023). Therefore, near-term priorities are foundational: reference 

resources, standardized marker panels, harmonized phenotyping, and ethical/benefit-sharing 

safeguards that enable reproducible, scalable datasets for downstream modeling (El-Kassaby et al., 

2024). AI-assisted phenotyping can be realistic via UAV/ground imagery, but only when models are 

trained on quality-controlled data and externally validated across environments and seasons (Xu and 

Li, 2022).  

Multi-omics and microbiome studies can clarify stress mechanisms, yet their immediate value 

depends on replication, experimental controls, and hypothesis-driven designs rather than broad 

exploratory profiling (Naidoo et al., 2019; Feng et al., 2024). 

In light of new trends, where the deployment of genetically improved material is contemplated, 

decisions should be evaluated within ecological and socioeconomic frameworks, including 

regulation and public acceptance of genetically modified or genome-edited trees (Koch et al., 2025; Li 

et al., 2025; Spök et al., 2022). Risk assessments should explicitly consider gene escape and 

containment feasibility (Caradus, 2025), alongside context-dependent benefits for restoration, carbon 

sequestration, and sustainable agroforestry (Islam et al., 2024). As genotyping costs continue to fall, 

integrating genome-wide marker systems (e.g., GBS, skim sequencing, and long-read approaches) 

with predictive breeding and multi-omics will be increasingly important for next-generation forest 

tree improvement, but only when clear research questions, appropriate sampling designs, and 

reproducible data standards with open repositories are in place (Xu et al., 2022; Grattapaglia, 2022; 

Duarte et al., 2024; Mora-Poblete et al., 2024; Sthapit et al., 2025). 

6. Conclusions 

This review of 23 peer-reviewed studies (1999–2025) shows that molecular research in Manilkara 

has advanced from early PCR-based markers to microsatellites and, more recently, plastome and 

nuclear sequencing, but evidence is still insufficient to fully characterize genetic representativeness 

and evolutionary relationships across the genus. 

Research remains strongly biased toward a few economically important and accessible species, 

leaving most Manilkara taxa genetically unassessed and limiting the delineation of conservation-

relevant units, particularly in underrepresented African lineages. 
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Cross-study synthesis is constrained by methodological heterogeneity (sampling design, marker 

choice, and inconsistent reporting of quality control and core statistics), which reduces comparability 

and helps explain divergent diversity estimates for the same species. 

Future work should prioritize broader, well-documented sampling (voucher specimens, 

coordinates, metadata), standardized reporting, and combined nuclear–plastid evidence to improve 

inference on lineage history, connectivity, and population structure. 

Where feasible, genome-wide SNP datasets and targeted sequencing, supported by automated 

pipelines and machine-learning tools for quality control and genotype–environment analyses, should 

complement legacy markers to strengthen demographic and conservation inference. 

Integrating genomics with ecological and landscape data, enhanced by remote sensing and AI-

based spatial modeling, will improve the identification of conservation units and support effective 

restoration, long-term persistence, and sustainable use of Manilkara. 
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