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Abstract

The taxonomic status of Arbutus pavarii Pamp., a rare and geographically restricted species
endemic to northeastern Libya, has long been debated, with some treatments consid-
ering it a synonym of A. unedo. To resolve this uncertainty, we applied an integrative
molecular framework that combined multilocus DNA barcoding, phylogenetic inference,
and multivariate statistical analyses. Five barcode loci—nrITS, matK, rbcL, trnH-psbA,
and rpsl6—were analyzed using barcode-gap diagnostics, TaxonDNA identification tests,
and single-locus and concatenated phylogenetic analyses. Barcode-gap analyses based
on Kimura 2-parameter distances revealed clear and reproducible separation between
intra- and interspecific variation for A. pavarii, particularly for nrITS and the concatenated
multilocus dataset, whereas conserved plastid loci showed limited discriminatory power
when used individually. Phylogenetic reconstructions consistently recovered A. pavarii as a
strongly supported monophyletic lineage, distinct from A. unedo and other Mediterranean
congeners, with congruent topologies across the nuclear, plastid, and combined datasets.
Multivariate analyses, including principal component analysis and heatmap clustering,
further corroborate the genetic cohesion and distinctiveness of A. pavarii samples. Col-
lectively, these results provide robust molecular evidence supporting the recognition of
Arbutus pavarii as a distinct evolutionary lineage, rather than an intraspecific variant of
A. unedo. This study established a reproducible multilocus framework for species delimita-
tion in Arbutus and highlighted the importance of integrating nuclear and plastid markers
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1. Introduction

The genus Arbutus L. (Ericaceae, subfamily Arbutoideae) comprises evergreen shrubs
and small trees distributed across the Mediterranean Basin, Macaronesia, and western
North America [1-4]. First described by Linnaeus in 1753, the name “Arbutus” is derived
from the Latin term for “strawberry-tree” and the Celtic word “arboise,” which means
“rough fruit” [5]. Approximately ten species have traditionally been recognized within the
genus [3,6]; however, Plant of the World Online (POWO), maintained by the Royal Botanic
Gardens, Kew, currently recognizes 12 accepted species, with Arbutus pavarii Pamp. is the
only species endemic to Libya [7,8].

The genus Arbutus L. is distinguished from other Ericaceae by its multiple-ovulate
berries with a papillate surface, a key diagnostic trait within the family [6,9]. Four species
are commonly acknowledged in the Mediterranean—Atlantic region: A. unedo L., A. an-
drachne L., A. canariensis Veill., and A. pavarii Pamp. [2]. Arbutus pavarii was originally
described in the Cyrenaican (Al-Akhdar) Mountains of eastern Libya [10,11], where it
remains geographically restricted and ecologically specialized.

Historically, A. pavarii has been distinguished from the widespread A. unedo by a suite
of vegetative and reproductive characters documented in its protologue and subsequent
regional floristic treatment. These diagnostic traits include oblong-lanceolate leaves with
dense, persistent tomentum on the abaxial surface, bark exfoliating in thin, papery layers,
and comparatively larger fruits reaching up to 3 cm in diameter, together with differences in
floral dimensions and inflorescence structure [7,11]. Despite this distinction, the taxonomic
delimitation of A. pavarii remains contentious because of its substantial morphological
overlap with A. unedo.

This ambiguity is further exacerbated by the pronounced phenotypic plasticity within
the genus Arbutus. Recent studies on A. unedo have documented considerable interannual
and genotypic variation in morpho-pomological, physiological, and physio-biochemical
traits under natural conditions, highlighting the instability of several characters tradi-
tionally regarded as taxonomically diagnostic [12,13]. Such plasticity, combined with
complex reproductive biology and developmental dynamics, has contributed to the re-
peated treatment of A. pavarii as a synonym of A. unedo in some taxonomic accounts and
global databases [14].

In contrast, ecological and demographic investigations consistently recognize A. pavarii
as a geographically restricted lineage endemic to Al-Akhdar Mountains, characterized
by distinct population dynamics and significant conservation concern. The species is
classified as Vulnerable on the IUCN Red List [15]; lately recoded as Near Threatened
under criteria A2c [16], based on detailed demographic studies, further underscoring its
threatened status within the Cyrenaican landscape [17]. Its endemic status is acknowledged
by major biodiversity platforms, such as GBIF [18] and POWO. Ecologically, A. pavarii
plays an important role in local ecosystems. It is used as a fuel source, its flowers provide
nectar and pollen for pollinators, and its leaves, fruits, and bark are utilized locally for
tanning, fodder, and human consumption. The fruits are nutritionally valuable, being rich
in carbohydrates, antioxidants, and vitamin C [19].

Given the persistent taxonomic uncertainty surrounding A. pavarii and the limitations
of morphology-based approaches in the presence of phenotypic plasticity, molecular meth-
ods are essential for clarifying species boundaries. DNA barcoding provides a standardized
framework for plant identification and species delimitation by comparing short, conserved
genomic regions with curated reference databases [20-26]. The nuclear ribosomal internal
transcribed spacer (nrITS) is a highly effective marker for species-level resolution in plants,
owing to its relatively rapid rate of sequence evolution [27-29], whereas plastid markers
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such as rbcL, matK, trnH-psbA, and rps16 provide complementary phylogenetic signal and
enable robust multi-locus inference [30-33].

Previous phylogenetic studies have suggested that Arbutus is not monophyletic,
with Mediterranean species showing genetic ties closer to Arctostaphylos, Arctous, and
Comarostaphylis than to their North American counterparts. This pattern has been at-
tributed to the Madrean-Tethyan disjunction hypothesis, which is associated with the
Paleogene-Neogene biogeographic history [34-36]. Although Mediterranean and Canary
Island species have been studied morphologically and genetically, A. pavarii has remained
absent from global barcoding and phylogenetic datasets, leaving its evolutionary status
unresolved. Recent ecological niche modeling has further predicted contrasting future
habitat trajectories under different climate scenarios, emphasizing the vulnerability of this
endemic species [37].

To resolve the taxonomic status of A. pavarii, this study employs a multi-locus DNA
barcoding framework for the first time. We aim to develop a reference barcode library for
A. pavarii, determine whether it constitutes a genetically distinct evolutionary lineage or
represents intraspecific variation within A. unedo, and elucidate its phylogenetic relation-
ships within the Mediterranean—Atlantic Arbutus complex. By integrating five barcode
regions (rbcL, trnH—psbA, matK, rps16, and nrlITS), this study provides an evidence-based
resolution to long-standing taxonomic ambiguity and establishes a crucial foundation for
the conservation of this vulnerable Libyan endemic.

2. Results
2.1. Sequencing Characteristics and Marker Performance

In this study, five candidate plant barcode loci—nrITS, psbA—-trnH, rbcL, matK, and
rpsl6—were successfully amplified and sequenced for all Arbutus specimens (Table 1).
Sequencing was 100% successful across all loci, although amplification success varied,
with nrITS, psbA—trnH, and rbcL achieving full PCR success, whereas rps16 had the lowest
success rate at 87.5% (Supplementary Figure S1). The aligned sequence lengths varied by
locus, from 400 bp for psbA-trnH to 852 bp for matK and 842 bp for rps16.

Table 1. Specimen voucher and GenBank accession for the five barcode loci in Arbutus. For each
specimen, the table lists the voucher identifier and GenBank accession numbers for nrITS, psbA-trnH,
rbcL, matK, and rps16 genes.

GenBank Accession Number

Species Specimen
Voucher ID nrITS psbA-trnH rbcL matK rps16
Arbuuts pavarii 1 PV844808 PV837970 PV861686 PV926144 PV926102
Arbutus pavarii 60 PV844809 PV837971 PV861687 PV926145 PV926103
Arbutus pavarii 64 PV844810 PV837972 PV861688 PV926146 PV926104
Arbutus pavarii 96 PV844811 PV837973 PV861689 PV926147 PV926105
Arbutus unedo 2 PV844812 PV837974 PV861690 PV926148 PV926106
Arbutus unedo 71 PV844813 PV837975 PV861691 PV926149 PV926107
Arbutus unedo 72 PVv844814 PV837976 PV861692 PV926150 PV926108
Arbutus unedo 81 PV844815 PV837977 PV861693 PV926151 PV926109
Arbutus unedo 87 PV844816 PV837978 PV861694 PV926152 PV926110
Arbutus unedo 74 PV844817 PV837979 PV861695 PV926153 PV926111
Arbutus andrachne 3 PV844818 PV837980 PV861696 PV926154 PV926112
Arbutus andrachne 79 PV844819 PV837981 PV861697 PV926155 PV926113
Arbutus andrachne 91 PV844820 PV837982 PV861698 PV926156 PV926114
Arbutus andrachne 93 PV844821 PV837983 PV861699 PV926157 PV926115
Arbutus canariensis 63 PV844822 PV837984 PV861700 PV926158 PV926116
Arbutus canariensis 4 PV844823 PV837985 PV861701 PV926159 PV926117

Note. All sequences generated in this study were deposited in GenBank under the corresponding
accession numbers.
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The mean Kimura 2-parameter (K2P) distances consistently indicated greater inter-
specific than intraspecific divergence for all loci, with barcoding gap ratios (inter/intra)
exceeding 1 in every instance (Table 2). The highest barcoding-gap ratio was found for
rbcL (5.24), followed by psbA—trnH (3.94), matK (3.52), nrITS (3.16), and rps16 (2.63). These
findings underscore rbcL, psbA-trnH, and matK as the most informative single markers
for species identification, with nrITS providing reliable performance and rps16 offering
supportive but limited resolution of species identification.

Table 2. Performance comparison of five candidate DNA barcoding regions (n = 16). PCR success (%),
aligned length (bp), mean intra- and interspecific K2P distance, and barcoding gap ratio (inter/intra).
The sample size (n) refers to the number of PCR attempts per marker.

Aligned Mean Mean Barcoding Ga
Region PCR Success (%) Sequence Intra-Specific Inter-Specific Rati§ P
Length (bp) Distance (K2P) Distance (K2P)
ITS 100 700 0.007579 0.023919 3.15612
psbA—-trnH 93.75 852 0.008757 0.034473 3.93639
rbcL 100 400 0.001038 0.005438 5.241235
matK 100 705 0.002745 0.009649 3.515589
rpsl6 87.5 842 0.001233 0.003239 2.626156

2.1.1. Barcode Gap Analysis and Marker Performance Based on K2P Genetic Distances

The median K2P distances intra- and interspecific indicated strong or moderate bar-
code gap signals for most loci (Supplementary Table S1). The nrITS locus had the highest
inter/intra ratio (~13.1), followed by rps16 (~6), and the combined multilocus dataset
(~4.5). The markers psbA-trnH and rbcL showed favorable patterns with zero intra-median
distances, but their minimum interspecific distances were nearly zero, leading to some
overlap. In contrast, matK exhibited the broadest range of distances, including a signifi-
cant intraspecific outlier (>22%), which may suggest alignment variability or biological
structures that require careful analysis in future studies.

Barcode-Gap Patterns Across Individual Loci

Density plots comparing intraspecific and interspecific K2P genetic distances (Figure 1)
revealed statistically significant separation between the two distributions across all bar-
code loci, although the magnitude and clarity of the separation varied substantially
among markers.

The nuclear nrITS locus showed a pronounced barcode gap pattern, with intraspecific
distances tightly clustered near zero and interspecific distances shifted toward markedly
higher values. The overlap between the two distributions was limited, indicating strong
discriminatory power and consistent species-level resolution.

Among plastid loci, psbA-trnH displayed low intraspecific distances and a broad
interspecific distribution; however, overlap at lower genetic distances was evident, re-
sulting in partial separation between intra- and interspecific variations. The matK locus
showed a similar pattern of moderate barcode-gap structure, characterized by generally
low intraspecific divergence but including extreme intraspecific values that expanded the
overlap region with interspecific distances.

In contrast, rbcL and rps16 exhibited weak or absent barcode gap structures. For both
loci, intra- and interspecific distances were concentrated at low K2P values, with extensive
overlap across most of the distance range, indicating a limited capacity for species-level
discrimination when used individually.
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Figure 1. Barcoding gap evaluation using K2P genetic distance. Density distributions for intraspecific
(blue) and interspecific (red) distances are shown for all sampled species across each barcode locus
and the combined dataset. The vertical dashed line in each panel indicates the Best Close Match

(BCM) threshold, calculated as the 95th percentile of intraspecific variation.

The concatenated multilocus dataset produced the most consistent barcode-gap
pattern, with intraspecific distances remaining tightly constrained and interspecific
distances clearly shifted toward higher divergence, resulting in a minimal overlap

between distributions.
Overall, these results demonstrate that species boundaries in Arbutus are most clearly

resolved using a multilocus barcode framework, particularly when combining nrITS, matK,
and psbA-trnH, with the distinctive genetic profile of A. pavarii consistently evident across

the most informative loci.
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Species-level barcode-gap scatterplots (Figure 2) further validated the presence of a
distinct barcoding gap for most taxa, with A. pavarii points not overlapping with those
of A. unedo points. For each species, the maximum intraspecific K2P distance (x-axis)
was plotted against the minimum interspecific K2P distance (y-axis). The dashed red line
(y = x) represents the threshold for a barcode gap, with points above the line indicating
greater interspecific divergence than intraspecific divergence. This study highlights the
effectiveness of DNA barcoding in differentiating Arbutus species within the Mediterranean
region. Arbutus pavarii stands out with a distinct barcode gap, indicating its good potential
for accurate species identification. In contrast, A. canariensis is noted for its considerable
phylogenetic divergence, suggesting that it represents a unique evolutionary lineage within
the genus. While the rps16 marker proved to be less effective because of overlapping
sequences among species, the inclusion of markers such as nrITS, psbA-trnH, and matK,
along with a concatenated dataset, revealed a much clearer differentiation among species.
Statistical analysis using Wilcoxon one-sided tests further corroborated the significant
interspecific divergence across all utilized markers, affirming the robustness of these
findings (p < 0.05). This suggests that a combination of markers, especially those noted for
strong species-level separability, is critical for resolving complex relationships within the
genus Arbutus and enhancing the utility of DNA barcoding in this context.

2.2. Species Identification Success Under TaxonDNA Best Match and Best Close Match Criteria

TaxonDNA analyses were conducted using the Best Match (BM) and Best Close Match
(BCM; 95th-percentile intraspecific threshold) identification criteria (Table 3). Identifica-
tion success varied markedly among the loci under the BM criterion. The nrITS marker
achieved perfect identification success, correctly assigning all samples (100%; 16/16). The
concatenated multilocus dataset also performed strongly, yielding an accuracy of 87.5%.
In contrast, rbcL showed moderate performance, with 56.3% correct identifications and a
relatively high proportion of incorrect assignments (25%). Both matK and rps16 exhibited
lower discriminatory ability, each achieving 37.5% correct identifications and a moderate
proportion of incorrect or ambiguous results. The plastid spacer psbA-trnH showed the
poorest performance, with many identifications classified as ambiguous (81.3%).

Table 3. Taxon DNA identification outcomes under Best Match (BM) and Best Close Match (BCM;
threshold = 95th percentile of intraspecific K2P distance) for six barcode options (nrITS, psbA—-trnH,
rbcL, matK, rps16, and combined; n = 16 queries per marker).

Best Match (%) BM Best Close Match (%) BCM
Marker Correct Ambiguous Incorrect Correct Ambiguous Incorrect Without Any Match

nriTS 16 (100%) 0 0 2 (12.50) 14 (87.5%) 0 0

matK 6 (37.5%) 7 (43.75%) 3 (18.75%) 0 14 (87.5%) 1 (6.25%) 1 (6.25%)
psbA-trnH 2 (12.5%) 13 (81.25%) 1 (6.25%) 0 14 (87.5%) 0 2 (12.5%)

rbcL 9 (56.25%) 3 (18.75%) 4 (25%) 1(6.25) 13 (81.25%) 1 (6.25%) 1 (6.25%)

rpsl6 6 (37.5%) 8 (50%) 2 (12.50%) 0 16 (100%) 0 0
Combined 14 (87.5%) 0 2 (12.50%) 0 14 (87.5%) 0 2 (12.5%)

Note: BM calls are defined from the nearest-neighbor tie set: Correct = all hits conspecific with the query;
Ambiguous = tie set mixes con- and heterospecific hits; Incorrect = no conspecific hits. BCM calls use a marker-
specific threshold: Correct = all sequences within the threshold are conspecific; Ambiguous = the within-threshold
set contains both con- and hetero-specific hits; Incorrect = only hetero-specific hits; without any match = no
sequence falls within the threshold. Values are reported as counts with row percentages (per marker).

The application of the Best Close Match (BCM) criterion using the 95th-percentile
intraspecific distance threshold resulted in a substantial increase in ambiguous identifi-
cations across all loci. This threshold proved overly permissive for the present dataset,
allowing multiple heterospecific sequences to fall within the “close match” range, thereby
inflating ambiguity. This effect was particularly pronounced for matK and psbA-trnH, each
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yielding 87.5% ambiguous identifications. Under the BCM criterion, the combined multilo-
cus dataset failed to produce any correct identification and was dominated by ambiguous
outcomes (87.5%). Collectively, these results indicate that while BM-based TaxonDNA
analyses provide meaningful insights into marker performance, the BCM approach with a
95th-percentile threshold is insufficiently stringent for reliable species discrimination in
this genus.

Species-level barcode-gap: Comprehensive Comparison

scatterplots plotting maximum intraspecific against
minimum interspecific distances relative to the y = x boundary

Combined ITS

Barcode Gap Analysis (Combined)
oint = species; poinis above y = x indicate a gap
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Each poi
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Figure 2. Barcode gap validation for species delimitation in Arbutus. Scatterplots were used to
compare the maximum intraspecific distance to the minimum interspecific distance for all sampled
species across each barcode locus and the combined dataset.
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2.3. Phylogenetic Analysis
2.3.1. Nuclear Dataset (nrITS), nr (DNA) Marker

The nrITS dataset provided the strongest phylogenetic signal, yielding a well-resolved
species-level topology with high posterior probability support. Most internal nodes
were strongly supported, with posterior probability values from 0.95 to 1.00. Mediter-
ranean taxa (Arbutus andrachne, A. canariensis, A. unedo, and A. pavarii) formed a distinct
and well-supported clade that was clearly separated from Western North American taxa
(e.g., A. arizonica, A. menziesii, and A. occidentalis), reflecting well-defined geographic struc-
turing within the genus.

Arbutus pavarii was recovered as a strongly supported monophyletic lineage (posterior
probability = 0.96) and formed a sister relationship with A. andrachne. In contrast, A. unedo
constituted a separate, well-supported lineage, clearly distinct from A. pavarii, indicating
substantial genetic differentiation among Mediterranean congeners (Figure 3).

Arbutus_arizonica_AF091958_1_
o’:rbums,omdenmlisjmﬂ”il,
S8¥butus peninsulais AF091955.1

0.7 = Arbutus_texana_AF091959.1_
Arbutus_menziesit MW570814_1

—' 1
Arbutus_menziesii AF086828_1_

Arbutus_canariensis_63 PV844822
—' 1
1 Arbutus_canariensis_4_PV844823

Arbutus_unedo_2M_PV844812

1 Arbutus_unedo_815_PV844815
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Py
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Pyrola_rotundifolia_FI378588_1_

1

Enkianthus._camp  OR753912.1_

0.04

Figure 3. Bayesian phylogenetic tree based on nuclear ribosomal ITS sequences, rooted with
Enkianthus campanulatus (Ericaceae). Posterior probability values are shown at nodes, and branch
lengths are proportional to the estimated number of substitutions per site. The tree strongly supports
the separation of A. pavarii (Libyan endemic) and A. unedo into distinct clades, confirming their status
as separate species.

2.3.2. Multilocus Plastid Markers Dataset, cp (DNA) Markers

Among the four plastid markers evaluated (matK, rbcL, trnH-psbA, rps16), phyloge-
netic tree resolution varied among loci but remained broadly congruent in overall topology,
with each marker contributing distinct strengths to phylogenetic reconstruction. The rps16
intron provided moderate support for deeper backbone relationships while consistently
clustering conspecific accessions, indicating its utility for resolving species boundaries
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despite limited resolution at higher taxonomic levels. The rbcL marker yielded a stable and
well-resolved species-level topology with strong clade support (posterior probability values
0.95-1.00), reflecting its conserved yet informative nature across Arbutus. The matK region
offered good resolution at terminal nodes but showed comparatively weaker support along
the backbone, consistent with a higher substitution rate and reduced performance in re-
solving deeper relationships. In contrast, the psbA—trnH intergenic spacer, despite shallow
phylogenetic splits and limited sequence divergence, proved to be a reliable tool for cluster-
ing conspecific accessions with high support, highlighting its effectiveness for species-level
discrimination rather than deep phylogenetic inference (Supplementary Figures S2-S5).

The concatenated plastid dataset yielded a topology largely congruent with the nrITS
phylogeny at deeper nodes, supporting the major geographic and taxonomic structuring
within Arbutus. However, it revealed a differing resolution of relation among Mediterranean
taxa, particularly concerning the placement of A. unedo and A. pavarii.

Across all plastid analyses, Arbutus pavarii consistently emerged as a distinct lineage
and well-supported lineage, clearly separate from A. unedo or A. andrachne, while Mediter-
ranean and Canary Island taxa formed a cohesive and well-supported cluster (Figure 4).
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Figure 4. Bayesian phylogenetic tree of Arbutus species based on the concatenated analysis of four
chloroplast markers (matK, psbA, rbcL, rps16). The tree is rooted with Pyrola rotundifolia and Enkianthus
campanulatus (Ericaceae) as outgroups. Posterior probability values are shown at nodes, and branch
lengths are proportional to the estimated number of substitutions per site. The concatenated chloro-
plast dataset improves species-level resolution and provides increased nodal support relative to
single-locus analyses, thereby reducing stochastic error.

2.3.3. Multilocus Concatenated Dataset

The five-locus concatenated phylogeny, combining the nuclear nrITS region with
plastid loci, produced the most robust and highly resolved topology of the study, with
strong posterior probability support (=>0.95) recovered for all interspecific nodes. This mul-
tilocus analysis consistently resolved Arbutus pavarii as a distinct and strongly supported
monophyletic lineage (posterior probability = 1.00), clearly separated from other Mediter-
ranean congeners. The topology further revealed a pronounced biogeographic structure,
with Mediterranean species forming a well-supported clade distinct from Western North
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American taxa. Species represented by multiple accessions were consistently recovered
as monophyletic, each supported by high posterior probability values, indicating strong
phylogenetic coherence across the genus. Overall, the concatenated dataset provides a
stable and well-supported phylogenetic framework for Arbutus (Figure 5).

Arbutus_occidentalis

Arbutus_arizonica
errbulus_ peninsularis
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Arbutus_menziesii_1
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Arbutus_andrachne_79P

Arbutus_andrachne 91T
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Arbutus_unedo_2M
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1]

Arbutus_unedo_875

Arbutus_unedo_74T

Arbutus_unedo_72L

osalrbutus_unedo_71C

Arbutus_pavarii 1

Arbutus_pavarii 60
1
Arbutus_pavarii 64
Arbutus_pavarii 96
Pyrola_

0.77

Vaccinium_ovatum

1
L snkianthus campanulatus

0.04

Figure 5. Bayesian phylogenetic tree based on combined nuclear (nrITS) and plastid (psbA—-trnH, rbcL,
matK, rps16) sequence data, rooted with Ericaceae outgroups (Pyrola rotundifolia, Vaccinium ovatum,
Enkianthus campanulatus). Posterior probability values are shown at nodes, and branch lengths
are proportional to the estimated number of substitutions per site. This total-evidence phylogeny
integrates signals from both nuclear and chloroplast genomes, providing the most comprehensive
and robust reconstruction of relationships within the genus to date. Strong concordance between
nuclear and plastid markers reinforces species delimitations and supports the distinctiveness of
A. pavarii from A. unedo, among other clades.

2.3.4. Genetic Structure and Multivariate Analyses (Heatmap and PCA)

A phylogenetic correlation matrix derived from the concatenated dataset confirmed
clear genetic separation among the four Mediterranean taxa, showing noticeably higher
genetic similarity within species than between them (Figure 6). As anticipated, the outgroup
genera (Enkianthus, Pyrola, and Vaccinium) formed a distinct cluster, exhibiting maximal
genetic divergence from all members of the genus Arbutus, collectively affirming the strong
phylogenetic structure recovered in this study.
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Figure 6. Heatmap of pairwise genetic distances validates species boundaries and biogeographic
structure. The matrix shows Kimura 2-parameter (K2P) distances based on the concatenated five-
locus dataset (nrITS + psbA—trnH + rbcL + matK + rps16), with hierarchical clustering of rows and
columns. Cool colors (blue) indicate low genetic divergence, while warm colors (yellow /red) indicate
high divergence. The tight clustering and low intraspecific divergence (dark blue squares along
the diagonal) for species like Arbutus pavarii confirm strong genetic cohesion. The clear separation
between the Mediterranean clade (containing A. pavarii, A. unedo, A. andrachne, A. canariensis) and the
western North American clade (e.g., A. menziesii, A. arizonica) is evident as a distinct warm-colored

block, corroborating the deep phylogenetic split.

2.3.5. Principal Component Analysis (PCA)

Strongly confirmed robust clustering consistent with species boundaries, with the
first two principal components accounting for most of the total variance. PC1 (68.9%)
clearly separated the Mediterranean and Western North American lineages, while PC2
(18.3%) captured the fundamental variation within these major clades (Figure 7). Notably,
A. pavarii formed a tight, well-defined group distinct from other Mediterranean species,
such as A. unedo and A. andrachne, which also formed discrete clusters. In contrast, North
American taxa exhibited greater dispersion along the axes, suggesting higher levels of
intraspecific heterogeneity. The complete isolation of outgroups on the positive PC1 axis
further underscored the resolution of the analysis. Combined with the genetic distance
heatmaps, these PCA results validate the power of the multilocus dataset to delineate
species and reveal major biogeographic patterns within Arbutus.
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Figure 7. Principal Component Analysis (PCA) of genetic variation within Arbutus based on con-
catenated barcode loci. The plot shows clear genetic structuring, with individuals color-coded by
biogeographic group: Mediterranean species (blue), western North American species (orange), and
Ericaceae outgroups (gray). The first two principal components explain 87.2% of the total variance
(PC1 = 68.9%, PC2 = 18.3%). The tight clustering of Arbutus pavarii samples, distinct from A. unedo
and other congeners, provides multivariate support for its genetic distinctiveness. Convex hulls
emphasize the strong east-west (Mediterranean vs. North American) phylogeographic partition
within the genus.

3. Discussion
3.1. Taxonomic Resolution of Arbutus pavarii Using Multilocus DNA Barcoding

Taxonomic resolution of Arbutus pavarii using multilocus DNA barcoding by integrat-
ing five DNA barcode markers (nrITS, matK, rbcL, trnH—-psbA, and rps16) with species-level
divergence metrics, TaxonDNA identification tests, and multilocus phylogenetic analyses
establishes a robust and reproducible framework for resolving the taxonomic status of the
Libyan endemic. The combined application of barcode-gap analyses, distance-based identi-
fication criteria, and phylogenetic inference provides complementary lines of molecular
evidence supporting species delimitation, consistent with recent advances in plant DNA
barcoding methodology and analytical optimization [21,22,31].

Across loci, A. pavarii exhibited a pronounced and reproducible barcode gap, char-
acterized by a clear disparity between interspecific and intraspecific K2P distances as
defined by [38]. Key markers—particularly nrITS, matK, and trnH-psbA—consistently
distinguished A. pavarii from its closest Mediterranean congeners, demonstrating their ef-
fectiveness for species-level identification in angiosperms and corroborating findings from
recent barcoding studies [31,39]. Notably, no overlap or misidentification was detected be-
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tween A. pavarii and A. unedo, a result that directly contradicts earlier taxonomic treatments
that synonymized the two species [7] and highlights the limitations of morphology-based
classifications in this group.

3.2. Phylogenetic Evidence for Species Delimitation in Arbutus pavarii

The phylogenetic analyses provide strong molecular evidence for species delimi-
tation within the genus Arbutus. The nrITS phylogeny, widely recognized for its high
resolving power in plant systematics [28,40,41], consistently recovered Arbutus pavarii as
a well-supported monophyletic lineage, resolved as sister to A. andrachne. This topol-
ogy is congruent with previously reported relationships among Mediterranean Arbutus
species [34,36].

Plastid and concatenated multilocus phylogenies yielded broadly congruent topolo-
gies, reinforcing the robustness of this relationship and minimizing the likelihood that the
observed pattern reflects locus-specific artifacts. Across datasets, A. pavarii was consis-
tently resolved outside the Mediterranean-Macaronesian assemblage comprising A. unedo,
A. andrachne, and A. canariensis, indicating an independent evolutionary trajectory. This
pattern is consistent with recent biogeographic reconstructions within the genus [2] and
supports the interpretation that historical isolation within the Cyrenaican floristic province
has played a key role in shaping the evolutionary history of A. pavarii.

Insights into the genomic structure of A. unedo, particularly the presence of extensive
chloroplast genome rearrangements, further underscore the evolutionary complexity of
Arbutus. In parallel, multilocus comparisons between wild and cultivated Arbutus pop-
ulations [42], together with evidence for deep-time diversification across Ericales [43],
highlight pronounced phylogeographic structuring within the genus. Collectively, these
independent lines of evidence position A. pavarii as an evolutionary distinct rather than
a derivative of A. unedo, underscoring the importance of integrated nuclear, plastid, and
concatenated datasets when resolving species boundaries in Mediterranean woody taxa.

Comparison of nuclear and plastid phylogenies reveals a high degree of overall
congruence in the major geographic and taxonomic structure of Arbutus, particularly
in the consistent separation of Mediterranean and Western North American lineages.
Both datasets strongly support the monophyly and evolutionary distinctiveness of A.
pavarii, which is consistently recovered as an independent lineage across all analyses.
Minor topological differences are evident in the relative placement of Mediterranean
congeners, especially A. undeo and A. andrachne, between nuclear (ITS) and plastid datasets.
In particular slight variation was observed in the broader placement of A. pavarii relative to
A. andrachne; however, the central results—strong monophyly and robust support for A.
pavarii as a lineage distinct from A. undeo—are fully congruent across all datasets.

Such cytonuclear incongruence is well documented in recently diverged plant lin-
eages and reflects fundamental properties of gene tree-species tree discordance under
the multispecies coalescent framework [44,45]. In plants, additional contributing factors
may include historical introgression, chloroplast capture, and the contrasting inheritance
modes and effective population sizes of nuclear versus plastid genomes [46,47]. Impor-
tantly, none of these processes undermines the primary conclusion of this study; on the
contrary, the concordant recovery of A. pavarii as a distinct lineage across both nuclear
and plastid genomes provides robust multilocus evidence supporting its recognition as an
evolutionarily independent species.

3.3. Statistical and Multivariate Support for Genetic Distinctiveness

Statistical and multivariate analyses further corroborated the phylogenetic evidence for
the distinctiveness of A. pavarii. Principal Component Analysis (PCA) based on multilocus
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genetic distance matrices revealed a compact and well-defined cluster corresponding to
A. pavarii, clearly separated from Mediterranean and western North American Arbutus
species. This pattern is consistent with expectations for a well-delimited species exhibiting
low internal genetic variance relative to interspecific divergence.

Heatmap-based clustering analyses produced concordant results, highlighting strong
genetic cohesion among A. pavarii samples and pronounced divergence from other species.
These findings agree with earlier population-level studies in A. unedo that employed
ISSR and RAPD markers [48], which documented substantial genetic structuring and
geographic differentiation. In the context of the present study, the observed clustering
patterns support the hypothesis that long-term geographic isolation has contributed to
the maintenance of a distinct genetic identity in A. pavarii. Together, the multivariate and
statistical analyses provide independent, quantitative support for species-level separation
and reinforce conclusions drawn from phylogenetic and barcode-gap evidence.

3.4. Implications for Taxonomy and Conservation

The recognition of A. pavarii as a distinct species has important implications for both
taxonomy and conservation. Its recovery as a genetically cohesive and evolutionarily
independent lineage reflects a prolonged history of adaptation within a geographically and
ecologically distinct region [6,9]. Given ongoing pressures from habitat loss and climate
change, particularly in parts of North Africa where conservation planning remains limited,
acknowledging the independent taxonomic status of A. pavarii is a necessary step toward
informed conservation prioritization [37]. More broadly, these results underscore the value
of integrating phylogenetic, barcoding, and multivariate statistical approaches to resolve
complex species boundaries in Mediterranean plant lineages.

3.5. Limitations and Future Perspectives

Although strong and consistent evidence supports the classification of Arbutus pavarii
as a distinct evolutionary lineage, several limitations should be acknowledged. Sequence
completeness varied among loci and taxa, particularly for sequences obtained from public
databases, resulting in uneven representation across datasets. Missing data can influence
phylogenetic resolution, although its impact is reduced when a strong and congruent signal
exists across independent loci [49,50]. Future studies using complete plastid genomes or
genome-wide nuclear data will further improve resolution [51].

In addition, the relatively small sample size for some populations may underestimate
intraspecific genetic diversity. Expanded sampling across the species’ range is needed
to better characterize population structure and historical demography [52,53]. Finally,
integrative approaches combining molecular, morphological, anatomical, and ecological
data will further strengthen taxonomic conclusions [54,55].

4. Materials and Methods
4.1. Plant Material

Sampling of the genus Arbutus was designed to support molecular phylogenetic
inference through accurate species identification, traceable provenance, and adequate taxo-
nomic and geographic representation. Herbarium vouchers from the University of Reading
Herbarium (RNG) were selected because they provide reliably identified material curated
under standardized conditions, which is essential for comparative molecular studies. A
total of seventeen vouchers representing Arbutus pavarii, A. unedo, A. andrachne, and A.
canariensis were selected to achieve balanced interspecific coverage while avoiding over-
representation of any single taxon (Table 4, Scheme 1). This sampling strategy provides
sufficient representation of the Mediterranean—Atlantic Arbutus complex for evaluating
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species boundaries and phylogenetic relationships. To expand the range and increase phy-
logenetic signal, additional Arbutus sequences available from GenBank were incorporated
in a complementary manner. Only accessions with clear taxonomic identification, voucher
information, and adequate sequence length were retained to minimize potential errors
associated with misidentification or incomplete data.

Table 4. Herbarium vouchers are used for DNA extraction and barcoding.

. Voucher . Collection . .
No. Species Specimen ID Location Collectors Date Latitude Longitude
1 A. pavarii A. pavarii 1 Libya, Massah Jury & Essokne 115 04 May 2009 32.69036 21.5581
2 A. pavarii A. pavarii 60 Libya, Qasr Libya Davis 49988 25 March 1970 32.59426 21.4715
3 A. pavarii A. pavarii 64 Libya, Ras Al Hilal Davis 50162 27 March 1970 32.86717 22.1666
4 A. pavarii A. pavarii, 96 Libya, Al Bayda Davis 49952 28 March 1970 32.76694 21.65
A unedo 2 Lafkih, Jury,
5 A. unedo ) Morocco, Tétouan Carine, Rumsey 07 June 2005 35.36457 —5.2281
(nrITS) 290
A. unedo 61 . OPTIMA Group
6 A. unedo (Plastid) Italy, Scilla 505 15 June 1997 38.23358 15.7
20 September
7 A. unedo A. unedo 71 Cyprus, Kyoko S. Jury 21163 2008 34.96679 32.7166
Lebanon, Aley Dagher, M. &
8 A. unedo A. unedo 72 Caza Dardas, M. 1733 15 June 2000 33.7003 35.4833
. C. Asegionolaza & 10 Novmber
9 A. unedo A. unedo 81 Spain, Alava P. M. Uribe 49343 1999 42.76319 —2.3729
10 A. unedo A. unedo 87 Sicily, Alia, PA G. Certa 20 ?;;zber 37.78376 13.7333
Tunisia, Ain P. Wilkin & E. J. .
11 A. unedo A. unedo 74 Darahim Wellens 193 27 April 1990 36.73349 8.71666
G. Alziar & T.
12 A. andrachne 3 A. andrachne 3~ Cyprus_Vavatsinia Hedderson et al. 18 April 1991 34.89095 33.2292
780
Palestine, Nahal A. Danin, S. G. .
13 A. andrachne 79 A. andrachne 79 Nesher Knees et al. 57-4 06 April 1989 32.75002 35.5167
14 A. andrachne 91 A. andrachne 91 Turkey, Dortyol B. Guner at.al. 55 26 Sez%toesm ber 36.86378 36.3367
. . L.J. Musselman 09 February
15 A. andrachne 93 A. andrachne 93 Palestine, Jenin 10090 1987 32.41229 35.3276
A. canariensis A. canariensis Canaries, La 16 February
16 63 63 Guandha D. Bramwell 707 1969 28.35223 —16.646
17 A. canariensis 4 A. canariensis 4 Canaries, Tenerife Pedro L., Rerez 29 Nlo;/7e2m ber 28.13751 —16.721

Outgroup sampling included three Ericaceae taxa—Enkianthus campanulatus, Pyrola
rotundifolia, and Vaccinium ovatum— selected to provide an appropriate external frame-
work for rooting the tree while maintaining close familial affinity (Table 5). The overall
sampling design follows widely accepted practices in molecular systematics and ensures
that downstream analyses are based on a coherent, well-documented, and phylogenetically
informative dataset.
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Scheme 1. Sampling localities of Arbutus species included in the analysis.
Table 5. GenBank accession numbers for each barcode locus.
Specimen Voucher nrITS psbA-trnH rbcL matK rps16

Arbutus arizonica AF091958.1 - - - -
Arbutus menziesii MW570814.1 - KX677939.1 KX676634.1 -
Arbutus menziesii AF086828.1 - AF419813.1 KX677058.1 -
Arbutus occidentalis AF091955.1 - - - -
Arbutus peninsularis AF091956.1 - - - -
Arbutus texana AF091959.1 - - - -
Outgroup - - -
Pyrola rotundifolia FJ378588.1 OR607737.1 MK526468.1 OR575194.1 KU833271.11:5624-7114
Enkianthus campanulatus OR753912.1 0OPr024383.1 LC610819.1 0OPr024503.1 Pyrola rotundifolia plastid,
Vaccinium ovatum MT603499.1 MG224082.1 MT593012.1 complete genome
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4.2. DNA Extraction, Amplification, and Marker Selection

Genomic DNA was extracted from approximately 20-30 mg of dried leaf material
obtained from herbaria or silica-dried specimens. Leaf tissue was finely pulverized in
liquid nitrogen to ensure effective disruption of cell walls, following protocols optimized
for archival and degraded plant material. DNA extraction was performed using a modified
cetyltrimethylammonium bromide (CTAB) protocol [56-58], with additional adjustments
to enhance DNA yield and purity from degraded tissues and samples rich in secondary
metabolites [24,59].

The preheated CTAB extraction buffer contained CTAB, Tris-HCl, EDTA, NaCl, and
polyvinylpyrrolidone (PVP), with 3-mercaptoethanol added immediately prior to use to
reduce oxidative damage and bind phenolic compounds. Samples were incubated at 65 °C
with gentle inversion to facilitate cell lysis and disruption of nucleoprotein complexes.
Proteins and other contaminants were separated by chloroform: isoamyl alcohol (24:1)
extraction followed by centrifugation. DNA was precipitated from the recovered aqueous
phase using cold isopropanol, pelleted by centrifugation, washed with 70% ethanol to
remove residual salts and impurities, air-dried, and resuspended in sterile TE buffer.

DNA quality and integrity were evaluated by electrophoresis on 1% agarose gels
stained with ethidium bromide. DNA concentrations were estimated by visual comparison
of band intensity against HyperLadder I (Bioline, London, UK). Samples exhibiting clear
high-molecular-weight bands with minimal covering were considered suitable for down-
stream molecular analyses, whereas samples showing lower yield or quality were subjected
to additional purification steps where necessary. This approach integrates previously vali-
dated CTAB modifications tailored for challenging plant materials and demonstrates robust
performance across diverse taxa prepared from silica-dried and herbarium sources [24,57].

Five barcode loci were targeted for amplification: the nuclear ribosomal marker
(nrITS) and four plastid markers (rbcL, trnH-psbA, matK, and rps16). These loci were
selected based on established plant DNA barcoding frameworks and their demonstrated
universality, amplification success, and discriminatory power across angiosperms [60,61].
Polymerase chain reactions (PCRs) were performed in 25 pL reaction volumes using a
commercial premixed polymerase system, supplemented with bovine serum albumin (BSA)
to improve amplification from herbarium-derived DNA. Reaction conditions followed
protocols successfully applied in previous molecular systematic studies of woody plants
and archival material [62,63]. Successful amplification and expected fragment sizes were
verified by agarose gel electrophoresis prior to sequencing.

Primer sequences, annealing temperatures, and locus-specific PCR cycling conditions
are provided in (Supplementary Table S2). Successful amplification and expected fragment
sizes were confirmed by agarose gel electrophoresis prior to sequencing.

PCR products were enzymatically purified using ExoSAP-IT (USB Corporation, Cleve-
land, OH, USA) according to the manufacturer’s recommendations to remove residual
primers and unincorporated dNTPs prior to sequencing. Purified amplicons were then
outsourced to Eurofins Genomics Germany GmbH (Ebersberg, Germany) for bidirectional
Sanger sequencing (forward and reverse directions) using an ABI 3730XL Genetic Analyzer
(Life Technologies Corporation, Carlsbad, CA, USA).

Raw chromatogram reads from both directions were assembled into contigs and
edited to produce high-confidence consensus sequences using GENEIOUS Prime® v.R9
(Biomatters Ltd., ST, USA, https://www.geneious.com/). During assembly and editing,
ambiguous base calls were checked and corrected where supported by chromatogram
evidence, and low-quality terminal regions were trimmed to minimize sequencing artifacts
prior to downstream analyses.
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4.3. Data Analysis
4.3.1. DNA Barcode Analyses

Sequence alignments were performed independently for each locus using ClustalW as
implemented in BioEdit v7.0 (https://bioedit.software.informer.com/) [64,65]. Resulting
alignments were examined by visual inspection and manually refined to correct obvious
misalignments, particularly in regions affected by insertions, deletions, and length poly-
morphisms, which are common in plant barcode loci. Curated single-locus alignments
were subsequently concatenated to generate a multilocus matrix for evaluating species
discrimination under an integrative DNA barcoding framework.

All DNA barcoding analyses and quality-control procedures were conducted in the
R statistical environment (v4.x; https:/ /www.r-project.org/) using RStudio (01 January
2023; Posit Software, PBC, https://posit.co/products/open-source/rstudio/, accessed
on 6 December 2025) [66,67]. Summary statistics, PCR and sequencing success rates, and
pairwise genetic distances were calculated using the packages ape and pegas. Genetic
divergence was estimated under the Kimura two-parameter (K2P) model, which remains
widely used in plant barcoding studies for comparative purposes [60].

Barcode performance and species-level discriminatory power were quantitatively
assessed using the Barcoding Gap Ratio, defined as the ratio between mean interspecific
and mean intraspecific K2P distances following [38]. This metric provides an objective
evaluation of whether genetic divergence between species exceeds within-species varia-
tion, thereby indicating the presence of a barcode gap. Because this study represents the
first multilocus DNA barcoding assessment of Arbutus pavarii, particular emphasis was
placed on combining distance-based criteria with phylogenetic inference to ensure robust
species delimitation.

Species identification success was further assessed using the TaxonDNA criteria of
Best Match (BM), Best Close Match (BCM), and All Species Barcodes [68]. All barcoding
analyses were implemented in the R environment using the packages ape, dplyr, ggplot2,
and phangorn. Statistical differentiation between intra- and interspecific genetic distance
distributions was tested using one-sided Wilcoxon rank-sum tests based on median values,
providing a conservative, non-parametric evaluation of barcode discrimination.

Diagnostic visualization was employed to complement numerical metrics and to ex-
plicitly assess DNA barcoding effectiveness. This included (i) density plots comparing
intra- and interspecific K2P distance distributions to evaluate the presence and extent of a
barcoding gap, and (ii) species-level barcode-gap scatterplots plotting maximum intraspe-
cific against minimum interspecific distances relative to the y = x boundary, facilitating
the identification of taxa exhibiting unambiguous molecular discrimination versus those
showing distance overlap. Collectively, these analyses establish a rigorous, reproducible,
and diagnostically informative DNA barcoding framework suitable for systematic and
evolutionary inference of Arbutus.

4.3.2. Phylogenetic Analyses

Three molecular datasets were assembled, incorporating newly generated and
GenBank-accessible sequences: (i) ntDNA: ITS region (25 sequences; nine taxa), (ii) cpDNA
(matK, rbcL, rps16, trnH-psbA), and (iii) Concatenated: nrITS four plastid loci (25 sequences;
seven taxa).

The best-fitting substitution models were determined using MrModeltest v2.3
(https:/ /github.com/nylander/MrModeltest2, accessed on 6 December 2025) [69] and
PAUP* v4b10 (http:/ /phylosolutions.com/paup-test/, accessed on 6 December 2025) [70]:
HKY + I + G for ntDNA, GTR + G for cpDNA, and GTR + I + G for the concatenated ma-
trix. Bayesian inference (BI) was performed in MrBayes v3.2 (http:/ /nbisweden.github.io/
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MrBayes/, accessed on 6 December 2025) [71] using four Metropolis-coupled MCMC chains
run for 10 million generations, sampling every 1000 generations. Convergence was assessed
in Tracer v1.5 (https:/ /beast.community/tracer, accessed on 6 December 2025) [72]; the
first 10% of samples were discarded as burn-in. Posterior probabilities were calculated
from post-burn-in trees to generate a 50% majority-rule consensus; the resulting trees were
visualized and annotated using FigTree v1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/,
accessed on 6 December 2025) [73].

To further explore the genetic structure, a phylogenetic correlation matrix was com-
puted using ape package [74]. Among-taxon similarity patterns were summarized using
heatmaps generated with the pheatmap and ggplot2 packages [75,76] and pairwise K2P
distance matrices. Multivariate patterns were visualized using Principal Component Anal-
ysis (PCA) via factoextra and ggplot2, generating species-level scatterplots that highlight
clustering patterns and geographical structure [77-79].

5. Conclusions

This research undertakes a thorough molecular reevaluation of the taxonomic classi-
fication of the Libyan endemic species, Arbutus pavarii, resolving persistent ambiguities
about its systematic categorization. Utilizing multilocus DNA barcoding, barcode-gap
diagnostics, phylogenetic inference, and multivariate statistical analyses, we confirm that
A. pavarii is a genetically cohesive and evolutionarily distinct lineage, clearly separate from
A. unedo and other Mediterranean relatives. The strong agreement among nuclear, plastid,
and concatenated datasets reinforces the reliability of this conclusion and underscores the
importance of using complementary molecular markers in species delimitation. Beyond
defining species boundaries, this study establishes a reproducible molecular framework
that aligns with current standards in plant systematics and is broadly applicable to tax-
onomically intricate Mediterranean lineages. Recognizing A. pavarii as a distinct species
has significant implications for biodiversity assessment and conservation planning, es-
pecially in the Cyrenaican region, where endemic species are increasingly threatened by
environmental pressures. By providing conclusive molecular evidence for the evolutionary
uniqueness of A. pavarii, this research enhances the understanding of diversity within
the Arbutus genus and supports informed conservation and management strategies for
Mediterranean plant biodiversity.
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