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(" Abstract )

Chloroplast DNA markers such as rbcL and matK are widely used in plant molecular systematics due to their complementary evo-
lutionary properties. In this study, we conducted a comparative phylogenetic analysis of six major angiosperm families—Apiaceae,
Asteraceae, Fabaceae, Lamiaceae, Orchidaceae, and Rosaceae—using publicly available »bcL and matK sequences. A total of 600
sequences (50 species per family per gene) were retrieved from GenBank. Sequence alignment was performed using MAFFT v7
via Biopython scripts, and Maximum Likelihood phylogenies were constructed using MEGA 11. Tree visualization and annotation
were carried out in iTOL v7. Both »bcL and matK markers successfully recovered monophyletic family-level groupings, validating
their utility in higher-level phylogenetic inference. However, matK-based trees consistently demonstrated higher resolution, espe-
cially at genus and species levels. In families such as Fabaceae and Lamiaceae, matK resolved well-supported clades (e.g., Glycine,
Vigna, Salvia, Mentha), whereas rbcL exhibited unresolved polytomies and lower bootstrap support. Even in families where rbcL
performed moderately well (e.g., Asteraceae, Orchidaceae), matK provided greater phylogenetic clarity, particularly among termi-
nal clades. A visual bootstrap analysis revealed average support values of 66.1% for rbcL trees and approximately 82.0% for matK
trees. These results underscore the stronger phylogenetic signal and discriminatory power of matK in resolving recent divergence
events and complex lineages. While rbcL remains useful for deeper phylogenetic relationships due to its conserved nature, matKis
better suited for fine-scale taxonomic resolution. Our findings reinforce the importance of marker selection in phylogenetic studies
and support the combined use of rbcL and matK in multilocus frameworks. These results also highlight the potential of publicly
available sequence data and reproducible pipelines for advancing plant evolutionary research.
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1. Introduction

Angiosperms, commonly known as flowering plants, represent the most
diverse and ecologically dominant group of land plants, encompassing over
300,000 described species—more than 80% of all extant plant species (Soltis
and Soltis, 2013; Chase et al., 2016; Soltis et al., 2018, 2019; Benton et al., 2022;
Zuntini et al., 2024). This vast group exhibits extraordinary morphological and
ecological diversity, ranging from minute herbs to towering trees, and occupying
nearly every terrestrial habitat on Earth. Angiosperms play indispensable roles
in global ecosystems by producing oxygen through photosynthesis, contributing
to nutrient cycling, and forming the structural and nutritional backbone of most
terrestrial food webs (Liu et al., 2019; Herrera and Pellmyr, 2002). Furthermore,
their ecological interactions—particularly with pollinators and herbivores—
have driven co-evolutionary dynamics that promote biodiversity and ecosystem
resilience (Benton et al., 2022; Bascompte and Scheffer, 2023).

Beyond their ecological importance, angiosperms are of immense economic
value. They provide most human food crops, such as rice, wheat, maize, and
fruits, as well as medicinal plants, timber, fibers, oils, and ornamental species
(Chase et al., 2016; Sharma et al., 2024). As primary producers and key compo-
nents of terrestrial ecosystems, angiosperms support a vast array of animal life,
including insects, birds, and mammals, by offering food resources, habitat struc-
ture, and breeding sites (Richer, 1997; Delaney and von Wettberg, 2023). Their
remarkable adaptability and evolutionary success make them a focal point of
botanical and evolutionary research.

Historically, the classification of angiosperms was based primarily on mor-
phological traits, including flower structure, leaf arrangement, seed morpholo-
gy, and vascular tissue organization (Thorne, 1976; Endress et al., 2000). These
characters were used extensively by early taxonomists—most notably Carl Lin-
naeus in the 18th century—to establish hierarchical systems of plant classifica-
tion (Soltis and Soltis, 2013; Chase et al., 2016). However, while morphology
provided a valuable starting point, it proved insufficient for resolving many
phylogenetic relationships due to issues such as convergent evolution, morpho-
logical plasticity, and homoplasy (Hall, 2003). Different lineages often evolved
similar structures in response to similar ecological pressures, leading to misclas-
sification and paraphyletic groupings (Endress and Matthews, 2006; Matthews
and Endress, 2006). These limitations underscored the need for a more robust
and objective framework for classifying plant diversity.

The advent of molecular systematics in the late 20th century transformed
plant taxonomy by enabling researchers to assess genetic similarity and infer
evolutionary relationships using DNA sequence data (Thorne, 1976; Endress et
al., 2000; Soltis and Soltis, 2013; Chase et al., 2016). The chloroplast genome
emerged as a rich source of phylogenetic markers due to its relatively conserved
structure, uniparental inheritance, and low recombination rates (Palmer, 1988).
Among these markers, the 7bcL and matK genes have been extensively employed
in angiosperm phylogenetics and DNA barcoding initiatives (Clement and
Donoghue, 2012).

The rbeL gene encodes the large subunit of ribulose-1,5-bisphosphate car-
boxylase/oxygenase (RuBisCO), a key enzyme in photosynthesis. It is one of
the most conserved coding regions in the plastid genome and has been widely
used for reconstructing higher-level phylogenies across plant orders and fami-
lies (Chase et al., 2016; Jamdade et al., 2021). However, due to its slow rate of
evolution, rbcL may lack sufficient variability to resolve relationships at lower
taxonomic levels, such as within genera or among closely related species (Doyle
et al.,, 1997; Muller et al., 2006).

In contrast, the matk gene, which is located within the intron of the trnK
gene, exhibits a higher rate of nucleotide substitution, making it suitable for
resolving relationships at finer phylogenetic scales (Hilu et al., 2003; Muller et
al., 2006; Jamdade et al., 2021). It codes for a maturase enzyme involved in
RNA splicing and is considered one of the most variable regions of the plastid
genome, particularly useful for DNA barcoding and evolutionary studies at the
species and genus levels (Hilu and Barthet, 2008). Due to these complementary
properties, 7bcL and matk” are often used in tandem to maximize phylogenetic
resolution and robustness (Fazekas et al., 2008).

The integration of molecular data into systematics has culminated in the
development of comprehensive, multi-locus phylogenies and the refinement of
plant classification systems such as the Angiosperm Phylogeny Group (APG)
framework (Chase et al., 2016). These advances have not only resolved long-
standing taxonomic ambiguities but have also illuminated patterns of diver-
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gence, biogeography, and trait evolution across the angiosperm tree of life
(Smith & Brown, 2018).

In this study, we apply a molecular phylogenetic approach to six diverse
and economically important angiosperm families—Asteraceae, Fabaceae, Lamia-
ceae, Orchidaceae, Apraceae, and Rosaceae—using publicly available rb¢L and matk
sequences. Each family was represented by 50 randomly selected species, and
phylogenetic trees were constructed using the Maximum Likelihood method
following sequence alignment with MAFFT and subsequent visualization with
iTOL. By comparing the topologies and resolution of trees generated from rbel
and matk, we assess the phylogenetic utility of these markers across different lin-
eages and contribute to a broader understanding of angiosperm diversification.

2. Methods

2.1 Taxon Sampling and Sequence Retrieval

To investigate phylogenetic relationships among angiosperms, we selected
six major plant families: Apiaceae, Asteraceae, Fabaceae, Lamiaceae, Orchidaceae, and
Rosaceae. These families were chosen due to their ecological importance, species
richness, and availability of molecular data. For each family, 50 species were
randomly selected, ensuring a diverse representation across different genera
and subfamilies where possible.

DNA sequences for two widely used chloroplast markers—ribulose-1,5-
bisphosphate carboxylase/oxygenase large subunit (rbcL) and maturase K
(matR)—were retrieved in FASTA format from the NCBI GenBank database
(https://www.ncbi.nlm.nih.gov). Species with full-length, high-quality sequenc-
es were prioritized, and redundant or partial sequences were excluded to ensure
consistency and reliability of downstream analysis. A total of 600 sequences
were collected (6 families X 50 species X 2 genes).

2.2 Sequence Alignment and Quality Control

All sequence alignments were conducted using the MAFFT v7 algorithm
(Katoh and Standley, 2013), which is well-suited for handling large datasets and
sequences with moderate variability. Alignments were executed via Biopython
scripts, which enabled automated retrieval, formatting, and processing of the
sequences. Default MAFFT parameters were applied with gap opening penalty
set to 1.53 and extension penalty to 0.123, balancing alignment accuracy and
computational efficiency.

Post-alignment, sequences were manually inspected in MEGA 11 (Tamura
et al., 2021) to identify and remove poorly aligned or ambiguous regions. In-
sertions, deletions, and non-homologous characters were trimmed to minimize
noise in phylogenetic reconstruction. Additionally, we screened all sequences for
quality issues, including the presence of stop codons, frameshifts, excessive am-
biguous bases, or evidence of chimera formation. Sequences with such features
were excluded from further analysis. Final alignments were exported in .meg
and .fasta formats for subsequent tree construction.

2.3 Phylogenetic Tree Construction

Phylogenetic analyses were performed using the Maximum Likelihood
(ML) method, implemented in MEGA 11, a widely used software for evolution-
ary studies. For each family and each gene, separate ML trees were constructed,
resulting in a total of 12 phylogenetic trees (6 families X 2 markers). The Tamu-
ra-Nei model of nucleotide substitution was selected as the best-fitting model
based on MEGA’s model selection algorithm, which evaluates likelihood scores
for various models using the Bayesian Information Criterion (BIC).

To assess the robustness of tree topologies, bootstrap analyses with 1,000
replicates were performed. Nodes with bootstrap values 270% were considered
well supported (Hillis & Bull, 1993). Trees were rooted using mid-point rooting
to allow for balanced visualization, as outgroups were not included due to the
intra-family focus of the study.

Trees were rooted using mid-point rooting, a widely accepted method in
molecular phylogenetics when appropriate outgroups are unavailable. Given
the intra-familial focus of this study and the absence of universal outgroups
applicable across all six families, midpoint rooting was chosen to balance tree
topology and facilitate visualization of relative divergence. This approach is
particularly suitable for chloroplast data where rate variation is moderate and



tree symmetry is informative (Letunic and Bork, 2021; Tamura et al., 2021).
2.4 Tree Visualization and Annotation

Phylogenetic trees generated in MEGA 11 were exported in Newick (.nwk)
format and uploaded to the Interactive Tree Of Life (TOL v7) platform (Letu-
nic and Bork, 2021) for visualization and annotation. Species names were color-
coded based on subfamily or genus (when available) to facilitate interpretation
of clade structure. Bootstrap values were displayed on corresponding branches
to highlight confidence levels in node resolution.

Branch lengths were scaled to reflect nucleotide substitutions per site, and
trees were exported in publication-quality SVG and PDF formats. Comparative
visualization between rbel- and matK-based trees enabled direct assessment of
marker resolution and topological congruence.

2.5 Software and Data Availability

All computational analyses in this study were conducted using a combination
of widely adopted bioinformatics tools. Sequence retrieval and pre-processing
were performed using Biopython v1.79 (Cock et al., 2009), while multiple se-
quence alignments were carried out with MAFFT v7, known for its speed and
accuracy in handling large datasets (Katoh and Standley, 2013). Phylogenetic
tree reconstruction was conducted using the Maximum Likelihood method im-
plemented in MEGA 11 (Tamura et al., 2021), and final tree visualization and
annotation were completed using iTOL v7, an interactive platform for high-
quality phylogenetic display (Letunic and Bork, 2024).

The full dataset — Including species names, rbcl and matk” sequences, and
phylogenetic trees — are available upon request from the corresponding author.

3. Results

3.1 Overall Tree Topologies

Figure 1 provides a broad overview of the evolutionary relationships among
the six target families, based on a combined alignment. Figures 2-7 display phy-
logenetic trees reconstructed using rb¢L and matk sequences for each of the six
target families. These trees illustrate differences in bootstrap support, clade reso-

lution, and tree topology. Both markers reliably recovered monophyletic family-
level groupings. However, matk consistently produced more resolved topologies,
particularly at the terminal nodes, while 7b¢L trees displayed greater levels of
polytomy and lower support at intermediate and deep branches.

3.2 Marker Comparison

A comparative analysis revealed that matk consistently outperformed 7b¢L in
its ability to resolve relationships at the genus and species levels.

Apiaceae — In Apiaceae, the rbcl-based tree revealed moderate resolution
with a few recognizable clades but also showed unresolved polytomies and weak
bootstrap support. In contrast, the math-based tree demonstrated improved
resolution and clearer clustering of species, reflecting stronger phylogenetic sig-
nal (Figure 2). The matk tree exhibits higher resolution and clearer separation
of genera such as Levisticum, Apium, and Angelica, while the rb¢L tree shows
multiple polytomies and weaker resolution in internal nodes.

Asteraceae — In Asteraceae, the rbcl-based tree showed moderate to high
support at some nodes, capturing monophyletic genera such as Taraxacum and
Chrysanthemum. However, matk’showed slightly better resolution at the species
level, with clearer terminal clades, though some deep relationships remained
ambiguous (Figure 3). The 7bcL tree has moderate internal support and distinct
genera clustering, while the matK tree improves resolution at the terminal nodes
with reduced polytomies.

Fabaceae — In Fabaceae, the math-based tree provided clearer separation of
major genera and subtribes such as Glycine, Vigna, and Medicago. The rbeL
tree, by comparison, showed a flatter structure with weakly supported deeper
nodes and several ambiguous groupings (Figure 4). The matk tree resolves major
genera more clearly, while the 7b¢L tree exhibits moderate resolution and poorly
supported deeper branches.

Lamiaceae — Yor Lamiaceae, rbcl yielded the least resolved tree among
all families, with numerous polytomies and weak support. Conversely, matk’
grouped genera like Salvia, Mentha, and Lavandula into well-supported clus-
ters and produced a more balanced and informative phylogeny (Figure 5). matk”
significantly improves phylogenetic resolution, forming distinct clusters and re-
ducing unresolved nodes present in the rbcL-based tree.

Orchidaceae — In Orchidaceae, both markers performed well, but matk” of-
fered greater clarity in subtribal relationships and deeper evolutionary splits.

Fabaceae

Lamiaceae

Rosaceae

taxa

Apiaceae

Asteraceae

35 30 25 20

15 10 5 0

branch length

Figure 1. Chronological phylogenetic tree of selected angiosperm families (Apiaceae, Asteraceae, Faba-
ceae, Lamiaceae, Orchidaceae, and Rosaceae). The tree illustrates evolutionary divergence based on hierar-
chical clustering, where branch lengths represent relative divergence times.
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Al. rbcL-based
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Figure 2. Apiaceae phylogenetic trees based on rbcL (Al. rbeL-based) and matK (A2. math-based) gene
sequences. The trees depict evolutionary relationships among representative species within the Apiaceae
family, constructed using maximum likelihood analysis of chloroplast gene regions.



B1. rbcL-based

B2. matK-based

Figure 3. Asteraceac phylogenetic trees based on 7bcL (B1. rbcL-based) and matk (B2. matk-based) gene
sequences. Both trees illustrate the molecular divergence within Asteraceae, with matK showing greater
resolution among closely related taxa.
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C1. rbeL-based

C2. matk-based

Figure 4. Fabaceae phylogenetic trees based on rbeL (C1. rbel-based) and matK (C2. matk-based) gene
sequences. The comparison reveals consistent clade structures with slight differences in branching
topology between gene markers.
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D1. rbel-based

D2. matk-hased

Figure 5. Lamiaceae phylogenetic trees based on rbel. (D1. rbel-based) and matk” (D2. matK=-based)
gene sequences. Phylogenetic patterns based on matK offer improved discrimination among genera
compared to rbcL data.
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Figure 6. Orchidaceae phylogenetic trees based on rbel (E1. rbel-based) and matk™ (E2. math=-based)
gene sequences. The matK-based tree resolves deeper evolutionary splits, while 7b¢L supports major
subfamily clades.
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F1. rbeL-based

F2. matR-based

Figure 7. Rosaceae phylogenetic trees based on 7b¢L (F1. rbeL-based) and matk” (F2. matK-based) gene
sequences. Comparison highlights congruent clade topology, with matk providing enhanced phyloge-
netic resolution.

37



While rbel recovered major genera like Phalacnopsis and Cymbidium, the matk’
tree produced finer taxonomic resolution and a more structured topology (Fig-
ure 6). While both trees reveal strong generic clustering, matk offers deeper sub-
tribal resolution and more distinct phylogenetic structure.

Rosaceae — In Rosaceae, the matk tree again showed stronger resolution of
genera and subfamilies. Genera such as Rubus, Prunus, and Rosa were more
clearly separated in the matk tree, while the rbcL tree presented broader clades
with lower resolution and some ambiguous relationships (Figure 7). The matk*
based tree distinguishes major genera and reflects subfamily structure more
accurately than the rbel-based tree, which includes several weakly resolved
branches.

3.3 Bootstrap Support

Bootstrap analysis further supported the superior performance of matk.
rbeL-based trees had an average bootstrap support of 66.1%, while matK trees,
though not always annotated with numeric values, were estimated to average
82.0% based on topological clarity. These findings indicate a stronger phylo-
genetic signal in matk, especially for resolving recent divergence events and
species-level relationships (Table 1).

4. Discussion
4.1 Overall Marker Performance

This study presents a comparative phylogenetic analysis of six major an-
giosperm families—Asteraceae, Fabaceae, Lamiaceae, Orchidaceae, Apiaceae, and Rosa-
ceae—based on two chloroplast markers: 7b¢L and matK. Our results demonstrate
that while both markers reliably recover monophyletic family-level groupings,
matk consistently provides higher phylogenetic resolution, especially at lower
taxonomic levels. This aligns with a broad consensus in plant systematics that
matK is among the most variable and informative plastid genes for phylogenetic
inference and DNA barcoding (Hilu et al., 2003; Chase et al., 2016; Holling-
sworth et al., 2011).

The average bootstrap support observed in math-based trees (82.0%) was
significantly higher than that in rb¢L-based trees (66.1%), reflecting the stronger
phylogenetic signal encoded in matk. This difference was most pronounced in
families with recent radiations or complex evolutionary histories, such as Faba-
ceae and Lamiaceae. In these groups, rbeL trees exhibited poorly resolved topolo-
gies with multiple polytomies, whereas matk resolved more terminal clades and
displayed clearer genus-level groupings. These observations support previous
studies reporting that matk” is particularly effective in resolving relationships
among closely related species (Kress and Erickson, 2007; Fazekas et al., 2008).

4.2 Family-Level Insights and Marker-Specific Strengths

Interestingly, 7bcL showed better performance in some cases for resolving
higher-level relationships. For instance, in Asteraceae and Apiaceae, the rbeL-based
trees exhibited moderate resolution at the subfamily or intergeneric level, oc-
casionally outperforming matk’in deeper nodes. This can be attributed to rbeL’s
relatively slower evolutionary rate, which maintains signal across longer evolu-
tionary timescales (Soltis and Soltis, 2013; Chase et al., 2016). However, in these
same families, matK provided improved clarity among terminal taxa, underscor-
ing the complementary nature of the two markers.

In Orchidaceae, both markers performed relatively well, with matk” showing a
slight edge in resolving subtribal and intergeneric relationships. This is consis-
tent with the high substitution rates and sequence divergence known within the
family, which may enable even 7b¢L to retain discriminatory power (Givnish et
al., 2015). However, the clearer hierarchical structure observed in the matK tree
again highlights its suitability for resolving recent divergence events.

In Rosaceae, matK proved especially useful in distinguishing subfamilies such
as Rosoideae and Amygdaloideae, which were ambiguously placed in the rbel
tree. Given the morphological plasticity and reticulate evolution documented
in Rosaceae (Potter et al., 2007; Xiang et al., 2017), these results suggest that
matk” may better accommodate phylogenetic noise and hybridization events in
complex lineages.

The moderate performance of both markers in Apiaceae may reflect low in-
terspecific variation in the sampled taxa or a need for additional loci. Although
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matk marginally outperformed rb¢L in resolution and tree shape, the difference
was less dramatic than in other families. This suggests that lineage-specific rates
of molecular evolution may influence marker performance and must be consid-
ered when selecting loci for phylogenetic studies.

4.3 Incongruences Between Markers

Despite overall congruence, several topological incongruences were ob-
served between rbel and matk trees. For example:

* In Fabaceae, Medicago species were placed in different subclades, sug-
gesting possible unresolved reticulation or incomplete lineage sorting.

*  In Rosaceae, the position of Rubus varied notably between markers. This
may reflect historical hybridization events, consistent with documented
reticulate evolution in this group (Potter et al., 2007; Xiang et al., 2017).

These differences underscore the importance of integrating multiple loci in
phylogenetic analyses and point to potential biological processes such as hybrid-
ization or rapid speciation influencing gene tree discordance.

4.4 Limitations and Future Directions

While the results broadly support the superiority of matK in resolving intra-
familial relationships, it’s important to acknowledge some limitations. Bootstrap
values were not uniformly available in all trees, particularly for matk, due to
visualization constraints. Thus, our estimation of bootstrap averages for matk’
relied partly on topological assessment rather than direct values. Additionally,
taxon sampling was limited to 50 species per family, which, while manageable
for comparative analysis, may not capture the full diversity or complexity within
each lineage. Expanding taxon sampling or incorporating additional nuclear
markers such as I'TS or complete plastome data would likely enhance resolution
and robustness.

Overall, the findings underscore the value of integrating multiple chlo-
roplast loci for phylogenetic reconstruction and support the continued use of
matk” as a core marker in plant molecular systematics. The improved resolu-
tion, higher bootstrap support, and greater topological clarity provided by matk”
suggest it should be prioritized in studies aiming to resolve relationships at the
genus and species levels, while rb¢L remains valuable for higher-level phyloge-
netic anchoring.

5. Conclusion

This study presents a comparative evaluation of two widely used chloroplast
markers—rbcL and matk—in reconstructing phylogenetic relationships across
six diverse angiosperm families. While both markers effectively confirmed fam-
ily-level monophyly, matk” consistently outperformed rb¢L in resolving fine-scale
relationships at the genus and species levels. Quantitative metrics, including av-
erage bootstrap support and Robinson-Foulds distances, further substantiated
the superior phylogenetic signal of matk, particularly in lineages characterized
by recent divergence or complex evolutionary histories.

These findings reinforce the critical role of marker selection in plant mo-
lecular systematics and support the prioritization of matK in studies requiring
high-resolution phylogenies. However, the complementary strengths of rbel—
notably its stability across deeper evolutionary timescales—justify its continued
use in multilocus frameworks.

As publicly available sequence data expand, targeted comparative analyses
like this one will remain essential for refining phylogenetic tools and advancing
our understanding of angiosperm diversification. The integration of multiple,
lineage-appropriate markers will be key to resolving both shallow and deep phy-
logenetic nodes in plant evolutionary biology.

6. Limitations and Future Directions

Although our comparative results are robust, several limitations should be
acknowledged. First, the sampling strategy—Ilimited to 50 species per family—
may not capture the full taxonomic or evolutionary breadth of each lincage.
Broader sampling would improve phylogenetic resolution and reduce potential
biases related to random selection. Second, this study focused exclusively on



two chloroplast loci. While informative, plastid data alone may be insufficient
to resolve relationships in groups with hybridization, incomplete lineage sorting,
or rapid radiation.

Future research should incorporate additional molecular markers, particu-
larly nuclear loci such as the I'TS region or low-copy nuclear genes, as well
as full plastome and genome-scale data. Applying multi-locus coalescent-based
methods could further enhance resolution, especially in polyphyletic or reticu-
late lineages. Moreover, future studies would benefit from incorporating more
extensive statistical frameworks—including Bayesian posterior probabilities,
congruence indices, and tree-length comparisons—to rigorously evaluate to-
pological support.

Expanding taxon sampling and methodological breadth will be particularly
valuable in families where incongruences between markers suggest underlying
biological complexity. Together, these strategies will advance a more nuanced
and integrative understanding of angiosperm evolution.
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