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Advances in Plant Molecular Taxonomy: Techniques, Challenges, and Applications
ABSTRACT
Advances in plant molecular taxonomy have revolutionized species identification and classification, overcoming the limitations of traditional morphology-based approaches. Morphological taxonomy often faces challenges such as cryptic species, hybridization, and phenotypic plasticity, which complicate the distinction of closely related taxa. Molecular techniques, including DNA barcoding and plastid genome analysis, have emerged as powerful tools to address these issues. DNA barcoding, utilizing standardized genetic markers such as rbcL, matK, and ITS regions, has become indispensable for species identification, biodiversity assessment, and conservation efforts. The integration of next-generation sequencing (NGS) technologies has further enhanced molecular taxonomy, enabling large-scale genomic and transcriptomic studies. Plastid genome sequencing, in particular, has provided deeper insights into plant phylogenetics, resolving complex evolutionary relationships and clarifying taxonomic ambiguities. Despite challenges such as insufficient variability in certain markers, hybridization, and incomplete reference databases, advancements in NGS, third-generation sequencing, and bioinformatics are expanding the frontiers of molecular taxonomy. Emerging technologies, including SNP analysis, RAD-seq, and machine learning, are offering unprecedented resolution and new opportunities for exploring plant diversity. Future directions will focus on expanding genomic databases, integrating phenotypic and molecular data, and applying these tools for large-scale biodiversity monitoring. These efforts will ensure continued progress in plant taxonomy, systematics, and conservation, particularly in the face of global environmental change.
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1. INTRODUCTION
Plant taxonomy is a fundamental discipline in botany, focusing on the classification, identification, nomenclature, and evolutionary relationships of plants. Traditionally, plant taxonomy has relied heavily on morphological characteristics, such as leaf shape, flower structure, and seed morphology. While these classical methods have been instrumental in plant classification, they often suffer from limitations due to phenotypic plasticity, convergent evolution, and environmental influences. Similar morphological traits in unrelated species or significant variation within the same species due to ecological factors can lead to misclassification (Rieseberg & Willis, 2007; Schlichting & Wund, 2014). To overcome these challenges, molecular taxonomy has emerged as a powerful tool, offering more precise and reliable classification based on genetic information. Molecular taxonomy, also referred to as molecular systematics or phylogenetics, utilizes DNA, RNA, and protein sequences to establish evolutionary relationships among plant species. The rapid advancements in molecular techniques over the past few decades have revolutionized taxonomy by enabling researchers to analyze genetic diversity at a finer scale (Hebert et al., 2003; Hollingsworth et al., 2011). The development of molecular markers such as Restriction Fragment Length Polymorphism (RFLP), Random Amplified Polymorphic DNA (RAPD), Amplified Fragment Length Polymorphism (AFLP), Simple Sequence Repeats (SSR), and Single Nucleotide Polymorphisms (SNPs) has provided an accurate means of assessing genetic variation (Vos et al., 1995; Ellegren, 2004). Among these, DNA barcoding, which involves short, standardized DNA sequences such as rbcL, matK, and ITS regions, has become widely used for species identification (CBOL Plant Working Group, 2009).

The advent of next-generation sequencing (NGS) technologies has further propelled molecular taxonomy by enabling large-scale genomic and transcriptomic studies. Whole-genome sequencing (WGS), RNA sequencing (RNA-seq), Restriction-site Associated DNA Sequencing (RAD-seq), and targeted sequencing approaches such as Hyb-Seq have provided deeper insights into plant phylogenetics and evolutionary history (Davey et al., 2011; Weitemier et al., 2014). These high-throughput sequencing methods allow for a comprehensive understanding of genetic relationships, hybridization events, and speciation mechanisms, addressing long-standing taxonomic ambiguities that could not be resolved through morphology-based classification alone (Soltis et al., 2018). Furthermore, bioinformatics tools and computational approaches have played a crucial role in molecular taxonomy. Phylogenetic tree reconstruction using methods like Maximum Likelihood (ML) and Bayesian Inference (BI) has provided robust frameworks for understanding evolutionary relationships (Felsenstein, 1981; Ronquist & Huelsenbeck, 2003). Databases such as GenBank, the Barcode of Life Data System (BOLD), PLAZA, Ensemble Plants, and Phytozome serve as repositories for molecular data, facilitating comparative studies and taxonomic revisions (Benson et al., 2013; Van Bel et al., 2018). Despite these advancements, challenges remain in molecular taxonomy, including issues related to incomplete reference databases, horizontal gene transfer, and difficulties in extracting DNA from ancient or degraded specimens (Straub et al., 2012; Hollingsworth et al., 2016).

The integration of molecular taxonomy with classical taxonomy is essential for achieving a holistic understanding of plant diversity and evolution. By combining genetic data with morphological, ecological, and geographical information, researchers can develop more comprehensive classification systems that reflect true evolutionary relationships (Dayrat, 2005; Mishler et al., 2020). The future of plant taxonomy is likely to be shaped by emerging technologies such as artificial intelligence (AI) and machine learning, which can enhance species identification, automate phylogenetic analysis, and refine classification frameworks (Wäldchen & Mäder, 2018; Thessen, 2016). In this review, we explore the various molecular techniques used in plant taxonomy, their applications, challenges, and future prospects. We discuss how molecular data have transformed plant classification and highlight recent advancements in genomics and bioinformatics that are reshaping our understanding of plant evolutionary history. By providing an overview of molecular taxonomy, this review aims to emphasize its significance in biodiversity conservation, crop improvement, and evolutionary biology.

2. MOLECULAR MARKERS IN PLANT TAXONOMY
Molecular markers play a crucial role in plant taxonomy by providing genetic insights that enhance species identification, phylogenetic relationships, and evolutionary studies. Among the various molecular approaches, DNA barcoding has emerged as a powerful tool for plant classification. DNA barcoding relies on short, standardized DNA sequences to distinguish species based on genetic variation. It has gained significant importance due to its ability to identify plant species accurately, even when morphological characteristics are ambiguous or unavailable.

2.1 DNA Barcoding and ITS Regions
DNA barcoding in plants primarily utilizes specific gene regions that exhibit sufficient interspecies variation while remaining conserved within species. The most commonly used markers include rbcL (Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit), matK (Maturase K), ITS (Internal Transcribed Spacer), and trnH-psbA (Intergenic spacer region of chloroplast DNA) (Ajmal Ali et al., 2014; Amiteye, 2021; Basak et al., 2019a; Yong et al., 2024). Each of these markers has distinct advantages and applications in plant taxonomy (Vijayan & Tsou, 2010). The rbcL gene, located in the chloroplast genome, is widely used due to its high universality and ease of amplification (Basak et al., 2019a; Hu et al., 2024; Shelke & Rangan, 2022), though its resolution for species differentiation is sometimes limited. The matK gene, also found in the chloroplast, has a higher evolutionary rate, making it more effective in distinguishing closely related species (Basak et al., 2019a; Ho et al., 2021). The ITS region, part of nuclear ribosomal DNA, is highly variable and is particularly useful for identifying species within genera (Michel et al., 2016; Yao et al., 2010), while the trnH-psbA spacer has been employed as a supplementary barcode due to its high variability and broad applicability across plant taxa  (Bolson et al., 2015; Feng et al., 2017; Loera-Sánchez et al., 2020).
DNA barcoding offers several advantages in plant taxonomy. It enables rapid and accurate species identification, even from fragmented or processed plant material, which is particularly valuable for forensic botany, herbarium specimen authentication, and biodiversity studies  (Basak et al., 2019a; Do & Drábková, 2018; Ferri et al., 2015; Nithaniyal et al., 2021; Zeng et al., 2018). It also facilitates the discovery of cryptic species that may not be distinguishable based on morphology alone (Ji et al., 2020; Jiang et al., 2020). Additionally, DNA barcoding has been instrumental in monitoring plant trade, detecting adulteration in medicinal plants, and conserving endangered species by precisely delineating their genetic identity (Senapati et al., 2022) (Safhi et al., 2022).

Despite its advantages, DNA barcoding has some limitations (Besse et al., 2021; Senapati et al., 2023; Shelke & Rangan, 2022; Yan et al., 2018). The universality of barcode markers is not always guaranteed, as certain plant groups exhibit poor PCR amplification due to secondary structures or low sequence variability in selected barcode regions (Duan et al., 2019; Shelke & Rangan, 2022). Additionally, hybridization, polyploidy, and horizontal gene transfer can complicate barcode-based identification by introducing genetic inconsistencies (Basak et al., 2019a; Yang et al., 2021). In some cases, certain DNA barcodes may lack sufficient variation or resolving power to accurately discriminate between species or genera. Another challenge is the availability of comprehensive reference databases, as incomplete or erroneous barcode records can lead to misidentification (Chen et al., 2015; Krawczyk et al., 2014). Integrating multiple markers or employing next-generation sequencing approaches can help overcome these limitations and improve the accuracy of plant molecular taxonomy (Chetri, Senapati, et al., 2024b, 2024a; Senapati et al., 2023; Shelke & Rangan, 2022). By leveraging DNA barcoding and ITS markers, researchers can significantly enhance plant classification, biodiversity assessment, and evolutionary studies. The continued development of robust databases and advanced sequencing technologies will further refine DNA-based taxonomy, making it an indispensable tool in modern plant systematics.

2.2 Molecular Markers for Phylogenetics

Molecular markers play a crucial role in phylogenetic studies by providing genetic evidence for evolutionary relationships among plant species (Basak et al., 2014; Shelke et al., 2020; Shelke & Das, 2015). Unlike morphological traits, which can be influenced by environmental factors and convergent evolution, molecular markers offer precise and heritable genetic variations that reflect evolutionary divergence (Agarwal et al., 2008). Several types of molecular markers have been developed, each with unique characteristics, advantages, and applications in plant phylogenetics. Below are some of the most frequently and popularly used markers in plant molecular taxonomy: 
2.2.1 Restriction Fragment Length Polymorphism (RFLP)
RFLP has been widely used in plant molecular taxonomy to analyze genetic diversity, establish phylogenetic relationships, and resolve taxonomic ambiguities (Bhat et al., 1995; Song et al., 1988). By detecting variations in DNA fragment patterns among species, RFLP helps classify plants at the species, and genus levels (Miller & Tanksley, 1990). It has been instrumental in distinguishing closely related taxa, such as wild and cultivated plant varieties, and has contributed to understanding evolutionary divergence in crops like Brassica, Lycopersicon, Vigna, and Banana (Bhat et al., 1995; Fatokun et al., 1993; Miller & Tanksley, 1990; Song et al., 1988). One of RFLP's strengths in plant taxonomy is its codominant nature, allowing differentiation between homozygous and heterozygous individuals, which is crucial for studying hybridization and genetic lineage (Amiteye, 2021; Bhat et al., 1995; Fatokun et al., 1993; Miller & Tanksley, 1990; Song et al., 1988). This has been particularly useful in identifying plant hybrids and assessing genetic introgression in breeding programs. RFLP analysis has successfully identified inter-population differences in several forest tree species, including Gliricidia sepium ((Lavin et al., 1991), as well as Quercus robur and Q. petraea (Kremer et al., 1991) (Lavin et al., 1991) . Moreover, nuclear RFLP markers have been applied to distinguish between Populus tremuloides and P. grandidentata. RFLP has also been applied in the authentication of medicinal plants by verifying their genetic identity and differentiating them from adulterants or closely related species (Mizukami et al., 1993).
Despite its effectiveness, RFLP is gradually being replaced by faster and high-throughput sequencing methods like SNP analysis and whole-genome sequencing (Henry et al., 2020; Islam et al., 2022). RFLP's limitations include the requirement for large amounts of high-quality DNA, its labor-intensive and time-consuming procedures, and its relatively low throughput compared to more modern methods (Agarwal et al., 2008). Additionally, RFLP sometime provides lower resolution when distinguishing closely related species due to the limited number of polymorphic sites it detects. However, it remains a valuable tool for historical molecular taxonomy, particularly in instances where existing RFLP data can be integrated with modern genomic techniques to improve plant classification.

2.2.2 Random Amplified Polymorphic DNA (RAPD)
RAPD is a PCR-based marker technique that amplifies random genomic DNA sequences using short primers, making it a cost-effective tool for genetic analysis. Despite its limitations in reproducibility, it has been widely applied in plant molecular taxonomy to assess genetic diversity, species differentiation, and phylogenetic relationships (Basak et al., 2019; Shelke & Das, 2015; Vilatersana et al., 2005). In plant taxonomy, RAPD has proven useful for distinguishing morphologically similar species, identifying cryptic taxa, and resolving complex taxonomic classifications (Castiglione et al., 1993; Rahman, 2006). It has been extensively used in analyzing genetic variation within and between plant populations, particularly in medicinal plants, crop cultivars, and wild relatives (Shelke & Das, 2015; Shinde et al., 2007). For instance, RAPD markers have been applied in the classification of Musa (Banana), Zingiber, and Popular species, where morphological traits alone were insufficient for accurate identification (Basak et al., 2019b; Castiglione et al., 1993; Shelke & Das, 2015). RAPD is particularly valuable for studying endemic and rare plant species, aiding in conservation efforts by identifying genetic diversity hotspots (Chen et al., 2005; Tansley & Brown, 2000). Its ability to generate multiple markers without prior genome information makes it a practical tool for taxonomic studies in non-model plants (Agarwal et al., 2008). However, its dominant nature and sensitivity to reaction conditions have led to its gradual replacement by more precise techniques like SSR (Simple Sequence Repeats) and SNP analysis (Agarwal et al., 2008). Nonetheless, RAPD remains a foundational method in molecular taxonomy, often used in preliminary screenings before employing more advanced genomic approaches.

2.2.3 Amplified Fragment Length Polymorphism (AFLP)
AFLP is a high-resolution DNA fingerprinting technique that combines restriction digestion with PCR amplification, generating highly polymorphic markers for genetic analysis. Its reproducibility and ability to detect genome-wide variations make it a powerful tool in plant molecular taxonomy (Agarwal et al., 2008)
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2.2.4 Simple Sequence Repeats (SSR)
SSR markers, or microsatellites, are highly polymorphic and codominant DNA sequences widely used for genetic diversity assessment and phylogenetic studies (Shelke et al., 2020). Their high specificity and reproducibility make them valuable tools in plant molecular taxonomy (Shelke et al., 2020). In plant taxonomy, SSRs have been extensively applied to distinguish closely related species, identify genetic relationships, and clarify species boundaries (Yin et al., 2023; Zhu et al., 2023). They have been particularly useful in molecular taxonomic studies of complex plant genera like Vitis (grapes), Triticum (wheat), and Musa (banana), where morphological traits alone are insufficient. SSR markers provide high-resolution genetic profiles, aiding in species authentication, cultivar identification, and hybrid detection in breeding programs (Gao et al., 2022; Huang et al., 2022). SSR-based taxonomy has played a significant role in conservation genetics, helping to assess genetic variability in endangered plant species and guiding conservation strategies (Hu et al., 2024; Huang et al., 2022). Additionally, SSRs have been used in forensic botany and medicinal plant authentication, ensuring the correct identification of economically important species  (Huang et al., 2022; J. Li et al., 2018). Despite their advantages, SSR marker development requires prior genome sequence data, making it more labor-intensive compared to newer genomic approaches (Shelke et al., 2020; Shelke & Rangan, 2022) Nonetheless, SSRs remain a powerful and widely used tool in modern plant molecular systematics.
2.2.5 Single Nucleotide Polymorphisms (SNP)
SNP markers, which represent single-nucleotide variations in DNA sequences, are among the most abundant and evolutionarily stable genetic markers in plant genomes (Morgil et al., 2020; Udoh et al., 2021). Their high resolution, reproducibility, and genome-wide distribution make them highly effective for studying genetic diversity, evolutionary relationships, and species differentiation in plant molecular taxonomy (Islam et al., 2022; Miller & Tanksley, 1990; Muraguri et al., 2020; Perumal et al., 2021; Yang et al., 2021). Unlike traditional markers such as RFLP, RAPD, and AFLP, SNPs offer finer-scale genetic insights, enabling more accurate classification and phylogenetic analysis (Udoh et al., 2021). SNP-based molecular taxonomy has been instrumental in resolving complex plant classifications, especially in species with low morphological variation or high hybridization rates (Buck et al., 2020; Reutimann et al., 2020; Sawangproh et al., 2020). They have been widely used in different Oak species, Cannabis, and Pine, where distinguishing between closely related taxa using morphology or conventional markers has been challenging (Cosín-Roldán et al., 2023; Cull & Joly, 2025; Jackson et al., 2022; Kremer et al., 2024; Reutimann et al., 2020). SNPs enable taxonomists to differentiate species at the sub-genomic level, facilitating the identification of cryptic species, subspecies, and hybrid taxa (Buck et al., 2020; Reutimann et al., 2020; Sawangproh et al., 2020). In conservation genetics, SNP markers help assess genetic structure and evolutionary lineages in endangered plant species, supporting conservation strategies and biodiversity management (W. Li et al., 2018). They also provide valuable insights into adaptive evolution, helping to identify genomic regions associated with stress tolerance, disease resistance, and ecological adaptation in various plant groups (Morgil et al., 2020; Rostoks et al., 2005; Zhao et al., 2021).

SNP markers have also become indispensable in molecular taxonomy programs, allowing for precise discrimination and identification of species, genetic fingerprinting, and finding hybridization event which could not sometimes tracked through plastid markers (Buck et al., 2020; Cosín-Roldán et al., 2023; Jackson et al., 2022; McNally et al., 2009). High-throughput sequencing technologies such as genotyping-by-sequencing (GBS), whole-genome sequencing (WGS), and transcriptome sequencing have facilitated large-scale SNP discovery, making this approach scalable for both model and non-model plant species (Islam et al., 2022; Korecký et al., 2021; W. Li et al., 2018). Despite their numerous advantages, SNP analysis requires extensive genomic resources, including reference genome sequences and advanced bioinformatics tools, making it more complex and data-intensive than other marker systems (Morgil et al., 2020; Udoh et al., 2021). However, as sequencing costs continue to decline and computational tools advance, SNPs are becoming the gold standard in plant molecular taxonomy, providing unparalleled accuracy in species classification and evolutionary studies.

3. NEXT-GENERATION SEQUENCING (NGS) IN PLANT TAXONOMY
Next-Generation Sequencing (NGS) has revolutionized plant molecular taxonomy by enabling high-throughput sequencing of entire genomes, transcriptomes, and targeted genetic regions (Islam et al., 2022; Shelke et al., 2020; Udoh et al., 2021). Unlike traditional molecular markers, NGS provides unprecedented resolution in phylogenetic studies, species identification, and evolutionary analyses (Buck et al., 2020; Shelke & Rangan, 2022; Yang et al., 2021). By generating vast amounts of genomic data, NGS allows taxonomists to reconstruct deep evolutionary histories, detect cryptic species, and refine plant classification systems with high precision.

3.1 Role of NGS in Phylogenomics and Whole-Genome Sequencing
Next-Generation Sequencing (NGS) has transformed plant molecular taxonomy by enabling large-scale genomic data analysis, providing deeper insights into species relationships, evolutionary history, and genetic diversity (Buck et al., 2020; Chetri, Sonu, et al., 2024; Cull & Joly, 2025). Unlike traditional marker-based approaches, NGS-based phylogenomics utilizes whole-genome sequencing (WGS) to resolve taxonomic complexities, particularly in plant groups with high genetic variability, hybridization, and polyploidy (Islam et al., 2022; Reutimann et al., 2020; Vaughn et al., 2014).

In plant molecular taxonomy, WGS has played a crucial role in redefining species boundaries, clarifying cryptic species, and resolving phylogenetic uncertainties. For example, studies in Brassicaceae (mustard family), Poaceae (grass family), and Orchidaceae (orchids) have utilized whole-genome comparisons to distinguish closely related taxa and uncover speciation patterns that were previously obscured by morphological convergence or incomplete lineage sorting. WGS has also been essential in tracing genome duplications, which are common in plants and often complicate classification using traditional taxonomic methods. Moreover, whole-genome sequencing provides valuable data for comparative genomics, allowing taxonomists to identify conserved and variable genomic regions across plant taxa. This approach is particularly beneficial for analyzing economically and ecologically important plant groups, such as Solanaceae (nightshades) and Fabaceae (legumes), where high-throughput genome-wide comparisons have refined taxonomic classifications. By offering unprecedented resolution, NGS-based phylogenomics is now a cornerstone of modern plant systematics, supplementing classical taxonomic methods with high-throughput genome analysis. As sequencing costs continue to decline and bioinformatics tools advance, the integration of WGS into plant taxonomy will further enhance our understanding of plant evolutionary relationships, speciation processes, and genetic diversity.

3.2 Targeted Sequencing Approaches
Targeted sequencing methods such as Restriction-site Associated DNA Sequencing (RAD-seq), Hybridization-based Target Enrichment (Hyb-Seq), and Chloroplast Genome Sequencing have enhanced plant molecular taxonomy by providing cost-effective and high-resolution genetic data:

3.2.1 Restriction-site Associated DNA (RAD) Sequencing 
Restriction-site Associated DNA Sequencing (RAD-seq) is a high-throughput technique that identifies genome-wide SNPs using restriction enzyme digestion, making it a powerful tool in plant molecular taxonomy (Davey & Blaxter, 2010). RAD-seq is particularly effective for resolving taxonomic ambiguities, studying population genetics, and detecting hybridization events in closely related plant species (Blanco-Pastor et al., 2019; Léveillé-Bourret et al., 2020)
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3.2.2 Hybridization-based (Hyb) Sequencing 
Hybridization-based target enrichment sequencing (Hyb-Seq) is a powerful NGS approach that selectively captures and sequences phylogenetically informative nuclear loci, improving taxonomic resolution in complex plant groups (Liu et al., 2024; Weitemier et al., 2014). This method is particularly valuable in plant molecular taxonomy, where deep evolutionary relationships and species delimitation require high-precision genomic data (Villaverde et al., 2018). Hyb-Seq has been effectively applied in taxonomically challenging plant families such as Dubyaea (Asteraceae) and Oak (Fagaceae), where morphological convergence and hybridization obscure species boundaries (Liu et al., 2024; Xu & Chen, 2021). By enriching conserved nuclear genes, Hyb-Seq provides robust phylogenomic frameworks for resolving intricate evolutionary histories, distinguishing closely related species, and detecting cryptic lineages (Liu et al., 2024; Xu & Chen, 2021). Beyond species classification, Hyb-Seq has proven essential for retrieving specific nuclear sequences from herbarium specimens, thanks to its ability to capture highly degraded DNA, remove contaminants, and generate high read coverage (Forrest et al., 2019). Its ability to integrate plastid genome data further enhances phylogenetic resolution, making it a crucial tool in modern plant taxonomy and evolutionary biology (Liu et al., 2024).
3.2.3 Chloroplast Genome Sequencing: 
Chloroplast genome sequencing is a crucial tool in plant molecular taxonomy due to the highly conserved and uniparentally inherited nature of chloroplast DNA (Chetri et al., 2024; Vaughn et al., 2014). It provides valuable phylogenetic markers for species classification, evolutionary studies, and resolving complex taxonomic relationships (Senapati et al., 2023; Shelke & Rangan, 2022; Yang et al., 2021). Compared to nuclear markers, chloroplast DNA offers high conservation, making it particularly useful for broad taxonomic comparisons (Senapati et al., 2023; Shelke & Rangan, 2022). Genes such as matK, rbcL, and trnH-psbA are commonly used for species differentiation (Basak et al., 2019a), as they exhibit relatively stable mutation rates and clear phylogenetic signals. Unlike traditional single-gene barcoding, full plastome sequencing enhances species resolution, as demonstrated in Mesua, Cissus and Clusioid (Malpighiales) where it has successfully clarified species boundaries that other molecular markers failed to distinguish (Chetri et al., 2024b; Jin et al., 2020; Senapati et al., 2023; Shelke & Rangan, 2022).

However, chloroplast genome sequencing has limitations compared to nuclear markers (Yang et al., 2021). Since chloroplast DNA is maternally inherited in most plants, it is less effective in detecting hybridization events, where nuclear markers like RAD-seq or SNP-based approaches provide greater resolution (Cosín-Roldán et al., 2023; Hipp et al., 2020; Reutimann et al., 2020; Yang et al., 2021). Additionally, the relatively low intraspecific variation in chloroplast genomes makes them less useful for studying population genetics and recent divergence, where techniques such as WGS-SNP, RAD or Hyb-Seq are more informative (Dong et al., 2022; Islam et al., 2022; Teske et al., 2020; Xu & Chen, 2021). Another limitation stems from the maternal inheritance of chloroplast DNA, which can result in chloroplast genome capture via interspecies hybridization and backcrossing. This process yields plants with novel combinations of nuclear and chloroplast genomes, further complicating phylogenetic analyses (Yang et al., 2021). Despite these limitations, chloroplast genome sequencing remains an indispensable tool in plant molecular taxonomy, particularly for reconstructing deep evolutionary relationships, resolving species complexes, and refining plant classification systems (Jin et al., 2020; Vaughn et al., 2014).
4. COMPUTATIONAL AND BIOINFORMATICS APPROACHES IN PLANT MOLECULAR TAXONOMY
Advancements in computational biology and bioinformatics have significantly enhanced plant molecular taxonomy by enabling large-scale genomic data analysis, phylogenetic reconstruction, and species identification. With the vast amount of sequencing data generated through NGS, RAD-seq, Hyb-Seq, and organelle genome assembly, bioinformatics tools and computational models are essential for processing, analyzing, and interpreting plant genetic information.

4.1 Phylogenetic Tree Construction: Maximum Likelihood and Bayesian Inference
Phylogenetic tree reconstruction is a fundamental aspect of plant molecular taxonomy, allowing researchers to infer evolutionary relationships among species using genetic data. Two widely used computational methods, Maximum Likelihood (ML) and Bayesian Inference (BI), provide robust frameworks for constructing phylogenies and resolving taxonomic ambiguities. These approaches are particularly valuable in studying complex plant groups such as Orchidaceae (orchids), Fabaceae (legumes), and Asteraceae (sunflowers). 

Maximum Likelihood (ML) is a statistical approach that selects the phylogenetic tree most likely to have produced the observed genetic sequences under a given evolutionary model (Yuan et al., 2013). It evaluates multiple tree topologies and assigns a likelihood score to each, ultimately selecting the tree with the highest probability (Miura, 2011). ML-based methods are highly accurate and widely used in genome-wide phylogenetic studies, thanks to their ability to incorporate sophisticated models of nucleotide and amino acid substitution (Tamura et al., 2021). Tools like RAxML, IQ-TREE, and PhyML enable efficient ML analyses, particularly in large datasets generated through NGS, RAD-seq, and Hyb-Seq (Guindon et al., 2005; Nguyen et al., 2015; Stamatakis et al., 2005). ML has been instrumental in resolving species complexes, detecting hybridization events, and clarifying species boundaries in Fagales and Clusioid (Malpighiales) (Jin et al., 2020; Shelke & Rangan, 2022; Yang et al., 2021). However, ML is computationally intensive and requires careful model selection, as incorrect assumptions can impact the accuracy of the phylogenetic tree.

In contrast, Bayesian Inference (BI) applies a probabilistic framework to estimate the most likely phylogenetic tree while accounting for uncertainty in evolutionary parameters (van de Schoot et al., 2014). Using Markov Chain Monte Carlo (MCMC) simulations, BI explores multiple tree possibilities and assigns posterior probabilities to each branch, providing a measure of statistical confidence (Chib, 2001). This approach is particularly advantageous for molecular dating, as it allows the integration of time-calibrated evolutionary models to estimate divergence times (Oaks et al., 2022). Tools like MrBayes and BEAST are commonly used for BI-based phylogenetics, especially in studies focused on historical biogeography and evolutionary timelines (Drummond & Rambaut, 2007; Huelsenbeck & Ronquist, 2001). BI has been successfully applied to reconstruct deep evolutionary relationships in many plant groups, where accurate dating of divergence events is crucial (Acar et al., 2022; Zhou et al., 2022). Despite its strengths, BI is computationally demanding, requires extensive processing time, and depends on prior knowledge, which can introduce bias if not carefully selected.

Both ML and BI have become indispensable in plant molecular taxonomy, each offering unique advantages for phylogenetic reconstruction (Ye et al., 2024). ML is particularly well-suited for large-scale genomic analyses and species delimitation, whereas BI provides powerful tools for dating evolutionary events and resolving phylogenetic uncertainties (Oaks et al., 2022; Yang et al., 2021; Zhou et al., 2022). The integration of both approaches has greatly improved taxonomic classification, species identification, and evolutionary systematics in plants (Ye et al., 2024). As computational tools and sequencing technologies continue to advance, these phylogenetic methods will further refine our understanding of plant evolution, enabling more precise classification and conservation strategies for global biodiversity.

4.2 Databases in Plant Molecular Taxonomy
Bioinformatics plays a crucial role in plant molecular taxonomy by providing access to publicly available genetic databases that store and retrieve molecular data for taxonomic research. These databases serve as essential tools for species identification, evolutionary analysis, and phylogenomic studies by offering reference sequences for newly sequenced plant taxa (Blankenberg & Hillman-Jackson, 2014; Singh et al., 2020; Tillich et al., 2017; Zheng et al., 2020). One of the most widely used databases is GenBank (NCBI), a comprehensive repository of DNA, RNA, and protein sequences submitted by researchers worldwide (https://www.ncbi.nlm.nih.gov/). GenBank provides a vast resource for molecular taxonomy, comparative genomics, and phylogenetics, facilitating the identification of genetic relationships across diverse plant species. It is particularly valuable for integrating molecular marker data such as rbcL, matK, and ITS in plant classification. Another key database is the Barcode of Life Data System (BOLD), which specializes in DNA barcode sequences for species identification and biodiversity studies. BOLD supports global DNA barcoding initiatives by maintaining standardized reference sequences that enable rapid and accurate taxonomic classification (Ratnasingham & Hebert, 2007). This database is widely used in plant authentication, conservation genetics, and ecological monitoring.

For plant-specific genomic data, Phytozome, PLAZA, and Ensembl Plants serves as a dedicated platform providing annotated whole-genome sequences of various plant species (Bolser et al., 2016; Goodstein et al., 2012; Proost et al., 2009). These databases is instrumental in evolutionary and functional studies, allowing researchers to analyze gene families, regulatory elements, and genome-wide phylogenies. It is particularly useful for studying economically important crops such as Oryza (rice), Zea (maize), and Glycine (soybean). Additionally, Plastid Genome Databases, such as Geseq, Chloroplast Genome Database and NCBI Taxonomy Database (https://www.ncbi.nlm.nih.gov/taxonomy), focus on chloroplast and mitochondrial genomes, offering crucial insights into plant systematics and evolution (Singh et al., 2020; Tillich et al., 2017). These databases play a significant role in chloroplast phylogenomics, species delimitation, and resolving complex taxonomic relationships in plant families where nuclear markers alone may be insufficient. By integrating these databases with advanced bioinformatics tools, plant molecular taxonomy has significantly improved in precision and efficiency (Dierckxsens et al., 2017; Nguyen et al., 2015; Stamatakis et al., 2005; Tamura et al., 2021). As sequencing technologies continue to evolve, the expansion and refinement of these databases will further enhance the accuracy of plant classification and evolutionary studies, supporting global biodiversity conservation and sustainable agricultural practices.
4.3 Challenges in Data Processing and Analysis
Despite the transformative impact of computational methods in plant molecular taxonomy, several challenges persist in data processing and analysis, affecting the accuracy and efficiency of taxonomic classification (Karbstein et al., 2024). One of the primary challenges is the large volume of sequencing data generated by NGS. WGS, RNA-seq, GBS, RAD-seq, and Hyb-Seq produce massive datasets that require high-performance computing infrastructure, specialized storage solutions, and efficient bioinformatics pipelines for data processing (Blankenberg & Hillman-Jackson, 2014; Kearse et al., 2012). Managing and analyzing these vast genomic datasets can be computationally expensive and time-intensive, posing a barrier for researchers with limited resources (Cheng et al., 2023; Kulkarni & Frommolt, 2017). Genome complexity in plants further complicates phylogenetic reconstruction and species classification (Claros et al., 2012; Yang et al., 2021). Many plant species exhibit polyploidy, hybridization, and genome duplications, making it difficult to distinguish evolutionary lineages (Claros et al., 2012; McKain et al., 2016; Záveská et al., 2016). In groups like Oak, Zingiber, and Fagales, high levels of genetic redundancy often obscure phylogenetic signals, requiring sophisticated analytical methods to resolve species relationships accurately (Cosín-Roldán et al., 2023; Reutimann et al., 2020; Yang et al., 2021; Záveská et al., 2016).

Another challenge lies in annotation and standardization issues. Inconsistent or incomplete genome annotations across different databases can lead to misclassification, taxonomic ambiguities, and errors in phylogenetic inference (Senapati et al., 2023; Tillich et al., 2017). Discrepancies in naming conventions and metadata curation across repositories like GenBank, BOLD, and Phytozome can create obstacles in data integration and comparative studies. Standardized workflows and curated reference datasets are essential to mitigate these inconsistencies. Additionally, computational expertise remains a limiting factor in the field of plant molecular taxonomy. Many taxonomists and botanists lack formal training in bioinformatics, making it challenging to utilize advanced phylogenetic software, statistical models, and high-throughput data processing tools. The learning curve for tools such as RAxML, BEAST, IQ-TREE, and MrBayes can be steep, necessitating interdisciplinary collaboration between plant scientists and computational biologists to maximize the potential of molecular taxonomy.

Despite these challenges, computational approaches continue to revolutionize plant molecular taxonomy by providing high-resolution phylogenies, genome-wide insights, and refined species classification (Blankenberg & Hillman-Jackson, 2014; Tamura et al., 2021; Tillich et al., 2017). With continuous advancements in sequencing technologies, improved bioinformatics tools, and increasing accessibility to computational resources, the future of plant taxonomy will rely on integrative frameworks that merge genomic, transcriptomic, and environmental data to enhance species identification, evolutionary studies, and biodiversity conservation.
5. APPLICATIONS IN PLANT MOLECULAR TAXONOMY AND SYSTEMATICS
Molecular approaches have transformed plant systematics and evolutionary studies by providing precise genetic insights that complement traditional morphological classification. The integration of DNA barcoding, molecular markers, and next-generation sequencing (NGS) has significantly improved species identification, phylogenetic reconstruction, and evolutionary analysis. One of the primary applications of plant molecular taxonomy is resolving taxonomic ambiguities. Morphological similarities due to convergent evolution, phenotypic plasticity, or hybridization often lead to misclassification in traditional taxonomy. Molecular markers such as ITS, rbcL, and matK have successfully delineated cryptic species and clarified species boundaries in complex plant groups like Orchidaceae (orchids), Asteraceae (sunflowers), and Fabaceae (legumes). Whole-genome sequencing and chloroplast phylogenomics have further refined classifications in challenging taxa such as Brassicaceae (mustards) and Poaceae (grasses). In conservation genetics and biodiversity assessment, molecular taxonomy plays a crucial role in identifying rare, endangered, and endemic species. DNA barcoding enables rapid species identification in ecological surveys, while eDNA and metagenomics provide non-invasive methods for monitoring plant populations in their natural habitats. These approaches have been extensively applied in forest biodiversity studies, habitat restoration efforts, and climate change impact assessments. The identification of genetically distinct populations informs conservation strategies, ensuring the protection of genetically diverse and ecologically significant plant species.
Molecular taxonomy also contributes to crop improvement and germplasm characterization by enabling precise identification of wild relatives, landraces, and elite cultivars. SSR, SNP, and AFLP markers facilitate the assessment of genetic diversity, parentage analysis, and marker-assisted breeding in economically important crops like rice (Oryza sativa), wheat (Triticum aestivum), maize (Zea mays), and soybean (Glycine max). Phylogenomic approaches further assist in tracing domestication origins, detecting adaptive traits, and improving crop resilience to biotic and abiotic stresses. Overall, plant molecular taxonomy has become an essential tool in modern systematics, enabling accurate species classification, evolutionary studies, and biodiversity conservation. As sequencing technologies and bioinformatics tools continue to evolve, molecular approaches will further enhance our understanding of plant evolution, facilitating more effective conservation, sustainable agriculture, and ecosystem management.
6. CHALLENGES AND FUTURE PERSPECTIVES IN PLANT MOLECULAR TAXONOMY
Despite its transformative impact on plant systematics, molecular taxonomy still faces certain limitations that must be addressed to improve its efficiency and accuracy. One key challenge is the limitations of molecular approaches in taxonomy. While DNA barcoding and molecular markers provide high-resolution genetic data, they may not always resolve taxonomic complexities, especially in cases of incomplete lineage sorting, hybridization, and horizontal gene transfer. Additionally, molecular methods rely heavily on well-curated reference databases, and the absence of sequences for certain taxa can lead to misidentification or inconclusive results. Furthermore, WGS and other NGS approaches, though powerful, require significant computational resources, bioinformatics expertise, and high-quality DNA samples, which can be limiting in large-scale biodiversity studies. To overcome these challenges, there is a growing need for the integration of molecular and morphological data. Traditional taxonomy based on morphology remains essential, as genetic data alone may not capture ecological adaptations, reproductive traits, or developmental variations that define plant species. By combining genetic markers, morphological traits, and ecological data, taxonomists can create more robust classification systems. Advanced techniques such as geometric morphometrics and spectral imaging are now being integrated with molecular methods to enhance species delimitation and identification, particularly in challenging groups like Orchidaceae, Poaceae, and Asteraceae.
Looking ahead, the future of plant molecular taxonomy will be shaped by AI and machine learning (ML). AI-powered algorithms can analyze massive genomic datasets, detect phylogenetic patterns, and automate species identification with unprecedented accuracy. Machine learning models are being developed to predict evolutionary relationships, classify unknown taxa, and detect cryptic species by integrating multi-omic datasets, including genomic, transcriptomic, proteomic, and metabolomic data. Additionally, AI-driven tools can enhance automated image recognition for morphological traits, linking phenotypic and genetic data to refine plant classification systems. As sequencing costs continue to decline and computational tools become more accessible, molecular taxonomy will advance toward real-time species identification, high-throughput biodiversity assessment, and enhanced conservation strategies. The integration of AI, bioinformatics, and multi-omic approaches will further refine our understanding of plant evolution, taxonomy, and biodiversity, ensuring a more comprehensive and accurate classification system for the future.
7. CONCLUSION
Plant molecular taxonomy has revolutionized species classification, phylogenetics, and biodiversity studies by providing precise genetic insights that overcome the limitations of traditional morphology-based taxonomy. The application of DNA barcoding, molecular markers (RFLP, RAPD, AFLP, SSR, SNP), and next-generation sequencing (NGS) has enhanced species identification, resolved taxonomic ambiguities, and improved our understanding of plant evolution. High-throughput sequencing techniques such as RAD-seq, Hyb-Seq, and chloroplast genome sequencing have further refined phylogenetic relationships, particularly in complex plant groups like Orchidaceae, Asteraceae, and Fabaceae. Computational and bioinformatics approaches, including phylogenetic tree reconstruction (Maximum Likelihood, Bayesian Inference) and the use of databases like GenBank, BOLD, and Phytozome, have facilitated large-scale comparative studies. However, challenges remain, such as handling large genomic datasets, genome complexity due to polyploidy and hybridization, and the need for standardized annotation across databases. Moving forward, the integration of molecular and morphological data will strengthen plant classification by combining genetic and phenotypic traits for a more holistic taxonomy. Emerging technologies, particularly AI and machine learning, will play a crucial role in automating species identification, analyzing complex genomic datasets, and refining evolutionary models. As sequencing costs decrease and computational tools become more accessible, molecular taxonomy will continue to evolve, driving advancements in species conservation, crop improvement, and global biodiversity assessment. Ultimately, plant molecular taxonomy is an indispensable tool for modern systematics, offering unparalleled resolution in species classification and evolutionary studies. By embracing technological innovations and interdisciplinary collaborations, future research will further enhance our understanding of plant diversity, ensuring more accurate and efficient taxonomic frameworks.
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