DOI 10.15407/2002025.05.477
UDC 595.768.11:57.087.1:577.21

WHEN MORPHOLOGY MEETS MOLECULES:
BARCODING CONFIRMS AN ANCIENT SEPARATION
OF PHYTOECIA TIGRINA SUBSPECIES
(COLEOPTERA, CERAMBYCIDAE)

A. M. Zamoroka

Vasyl Stefanyk Precarpathian National University,
Taras Shevchenko St., 57, Ivano-Frankivsk, 76018 Ukraine

E-mail: andrew.zamoroka@pnu.edu.ua
https://orcid.org/0000-0001-5692-7997
urn:Isid:zoobank.org:pub:D6FD470B-AF17-4E03-BEC2-E27B72BEC526

When Morphology Meets Molecules: Barcoding Confirms an Ancient Separation of Phytoe-
cia tigrina subspecies (Coleoptera, Cerambycidae). Zamoroka, A. M. — The molecular anal-
ysis of Phytoecia tigrina revealed substantial genetic differentiation (5.8-7.0%) between popula-
tions on opposite sides of the Carpathian Arc. Two distinct haplogroups were identified: PhtZk
(western, haplotype PhtZk-1) and PhtPo (eastern, haplotypes PhtPo-1 and PhtPo-2), including
the type locality of Phytoecia tigrina podillica Zamoroka, Ruicanescu & Manci, 2024. These find-
ings support the division of Ph. tigrina into two subspecies. The pronounced genetic divergence
suggests that the separation between Ph. tigrina tigrina and Ph. tigrina podillica, occurred much
earlier than previously assumed. Moreover, the coexistence of two highly distinct haplotypes
within Ph. tigrina podillica populations suggests episodes of rapid range expansions and contrac-
tions during the Late Pleistocene and Holocene. Overall, our results provide valuable insights
into the evolutionary processes driving intraspecific diversification in Ph. tigrina in response to
cyclical climate fluctuations.

Key words: longhorn beetles, barcoding, molecular phylogeny, speciation, evolution, metapopu-
lations, range dynamics, climate changes.

Introduction

Phytoecia (Pilemia) tigrina (Mulsant, 1851) is a Ponto-Pannonian subendemic species, distribut-
ed in Europe across the Danube and Dnister River basins, as well as the Balkan Mountains
(Zamoroka et al., 2024). Its range includes Hungary, Ukraine, Romania, Moldova, Serbia, Bulgar-
ia, and western Turkey (Crisan et al., 2017; Zamoroka et al., 2024). This species is among very few
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longhorn beetles (Cerambycidae) strictly protected under various European legal frameworks.
These include the EU Habitats Directive (Council Directive, 1992; Crisan et al., 2017), Resolution
6 of the Convention on the Conservation of European Wildlife and Natural Habitats (Bern Con-
vention) (Revised Annex I...,2011; Crisan et al., 2017; Zamoroka et al., 2024), and the Red Data
Book of Ukraine (Zamoroka, 2022 a, b; Zamoroka et al., 2024).

The conservation status of Ph. tigrina has long been associated with its low population den-
sity, the patchy distribution of its host plant, Cynoglottis barrelieri (All.) Vural& Kit Tan, and the
extreme fragmentation of its habitat (Crisan et al., 2017; Zamoroka et al., 2024). Despite the host
plant’s extensive range in Europe and Asia Minor, the range of Ph. tigrina is significantly smaller,
primarily limited by the availability of suitable ecological conditions (Zamoroka et al., 2024). The
species is confined to thermophilous habitats, specifically calcareous steppe meadows and dry
grasslands on loess or rocky substrates where its host plant occurs (Report... 2013-2018).

Over the past decade, several studies have focused on the population status of Ph. tigrina,
reporting new localities and providing data that have considerably expanded knowledge of its
range, biology, and ecology (Ili¢ & Cur¢i¢, 2015; Téth et al., 2016; Crisan et al., 2017; Tezcan et al.,
2020; Bacal et al., 2020; Georgiev, 2020; Zamoroka, 2022 ¢; 2023; Zamoroka et al., 2024). The re-
cent surge in research attention is likely driven by the species’ conservation status and the need to
assess its populations for the development and implementation of conservation management
plans. This need arises largely from the lack of comprehensive information available in standard
datasets such as Natura 2000 and EUNIS. Unfortunately, despite the significant amount of recent
data on the distribution, biology, and ecology of Ph. tigrina, these datasets remain outdated and
provide limited information.

Our recent study (Zamoroka et al., 2024) has provided comprehensive information on the
distribution, ecology, and evolution of Ph. tigrina. At the same time, significant morphological
differences were identified between metapopulations of Ph. tigrina located east and west of the
Carpathian Arc. These findings served as the basis for the taxonomic division of the species into
two subspecies: Phytoecia (Pilemia) tigrina tigrina (Mulsant, 1851) and Ph. (P) tigrina podillica
Zamoroka, Ruicanescu & Manci, 2024. A key focus of the study was the differentiation of Ph. ti-
grina metapopulations on either side of the Carpathian Arc during the Holocene, followed by
their divergence and the emergence of new morphological traits (Zamoroka et al., 2024). Mor-
phological differences, combined with ecological niche modeling based on paleoclimatic data,
allowed for a broad reconstruction of the species’” evolutionary history and the identification of
the most likely glacial refugia of Ph. tigrina in Europe. However, a limitation of that study was the
reliance solely on morphological traits, as molecular data were not available at the time. As a re-
sult, the findings provide only a partial understanding of the evolutional processes that shaped
Ph. tigrina metapopulations.

In the current study, we conducted the first sequencing of a 658-nucleotide fragment (the
standard DNA barcode) of the cytochrome ¢ oxidase subunit I gene (COI) for Ph. tigrina. The
main objective of this study is to test the validity of dividing Ph. tigrina into two subspecies using
molecular phylogenetic methods. Additionally, we aimed to estimate the divergence time of these
subspecies using a molecular clock approach.

Material and Methods

Specimens of Ph. tigrina were collected during April-May 2018-2020 from the Zakarpattia and
Ivano-Frankivsk Regions of Ukraine (Fig. 1; Table 1). For genetic analysis, only the right hind leg
of adult specimens was preserved in 96% ethanol under field conditions, properly labeled, and
transported to the laboratory. Before DNA extraction, the samples were stored in ethanol at
-20 °C to ensure DNA integrity. Vouchers (adult specimens, which are the DNA donors) have
been deposited in the entomological collection of Vasyl Stefanyk Precarpathian National Univer-
sity, Ivano-Frankivsl, Ukraine (PUIF).

DNA Extraction. The femur muscles of Ph. tigrina were used for DNA extraction. The
femur was cut into small pieces using sterile microscissors and placed in an individual well of a
96-well PCR plate. A total of 25 uL of lysis buffer C was added to each sample, consisting of
200 mM Tris (pH 8.0), 25 mM EDTA (pH 8.0), 0.05% Tween-20, and 0.4 mg/ml Proteinase K
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Fig. 1. General distribution range of Phytoecia tigrina (adapted from Zamoroka et al., 2024) (a),
with the barcode sampling area highlighted (b)

(Korlevi¢ et al., 2021). The mixture was homogenized to ensure even distribution of the lysis
buffer, followed by incubation at 56 °C for two hours to facilitate complete cell lysis and DNA
release. After incubation, a portion of the lysate was diluted 10-fold, and subsequent PCR steps
were carried out using the unpurified DNA extract (Korlevi¢ et al., 2021; Makunin et al., 2022).

P CR. Indexed universal COI primers HCO and LCO were used for PCR amplification (Sri-
vathsan et al., 2021). The reaction mix was prepared as follows: 5 pL of Master Mix (MM), 0.3 pL
of Forward Primer (Pr F), 0.3 pL of Reverse Primer (Pr R), 3.2 uL of distilled water, 0.7 pL of DNA
template, and 0.5 pL of Dimethyl sulfoxide (DMSO), resulting in a final volume of 10 uL per re-
action. The PCR conditions included an initial denaturation at 95 °C for 2 minutes, followed by
25-35 cycles of denaturation at 95 °C for 30 seconds, annealing at 40 °C for 30 seconds, and
extension at 72 °C for 45 seconds. A final extension at 72 °C for 5 minutes was performed to
complete amplification. A 2 uL aliquot of each PCR product was immediately analyzed via gel
electrophoresis for DNA verification, while the remaining volume was stored at 4 °C for
subsequent sequencing.
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Table 1. The COI sequences used in the current study

Species Isolate (this study) | GenBank voucher | Boldsystems voucher
Phytoecia tigrina tigrina CER-107 PV408207 -
Phytoecia tigrina tigrina CER-108 PV408206 -
Phytoecia tigrina podillica CER-172 PV408208 -
Phytoecia tigrina podillica CER-173 PV408209 -
Phytoecia tigrina podillica* CER-187 PV408210 -
Phytoecia tigrina podillica CER-188 PV408211 -
Phytoecia affinis CER-94 PV655108 -
Phytoecia affinis CER-95 PV655109 -
Phytoecia affinis CER-96 PV655110 -
Phytoecia affinis CER-182 PV655113 -
Phytoecia affinis - - GBCLC1882-19
Phytoecia affinis - - GBCLC1883-19
Phytoecia pustulata CER-181 PV655112 -
Phytoecia pustulata - - GBCOUS5162-14
Phytoecia pustulata - - TDAOE1874-23
Phytoecia pustulata - - GBAAWS53195-24
Phytoecia pustulata - - GCOL11363-16
Phytoecia pustulata - - GCOL4268-16
Phytoecia virgula CER-106 PV655114 -
Phytoecia virgula - - GBMUS006-17
Phytoecia virgula - - GBMUS007-17
Phytoecia virgula - - TDAAT153-19
Phytoecia caerulea CER-98 PV655111 -
Phytoecia caerulea - - UNIFI1975-24
Phytoecia caerulea - - UNIFI1977-24
Phytoecia cylindrica CER-179 PV655115 -
Phytoecia cylindrica - - GBCOU1126-13
Phytoecia cylindrica - - FBCOA539-10
Phytoecia cylindrica - - DTNHM6394-23
Phytoecia cylindrica - - UKAN3660-24
Phytoecia cylindrica - - NOCLP2082-20
Phytoecia caerulescens - - CLPFR020-21
Phytoecia caerulescens - - GCOL11827-16
Phytoecia caerulescens - - GRAEL1390-22
Phytoecia caerulescens - - TDAOE3501-23
Phytoeciauncinata - - GBCOUS5164-16
Phytoeciauncinata - - GBCOU9570-15
Oberea linearis - KU917689.1 -
Oberea oculata - HQ559268.1 -
Saperda scalaris CER-123 PV655116 -
Menesia bipunctata CER-208 PV655117 -

* Sequence from the type locality of Phytoecia tigrina podillica.
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Library Preparation and Sequencing. The DNA barcoding workflow was followed
for sequencing (Srivathsan et al., 2021). The process began with barcode attachment, where
uniquely indexed primers were used during PCR amplification to generate distinguishable se-
quence tags for each sample. After amplification, PCR products were pooled together, ensuring
an even distribution of each sample within the sequencing library. For library preparation, the
pooled PCR amplicons were purified using a magnetic bead-based cleanup step to remove excess
primers, nucleotides, and other reaction components that could interfere with sequencing. The
purified amplicons were then ligated with ONT sequencing adapters using the ligation sequenc-
ing kit, allowing compatibility with the ONT flow cell. The prepared library was quantified to
assess DNA concentration and quality before loading onto the sequencing platform. During se-
quencing, the prepared library was introduced into the ONT flow cell and processed using a
MinION device. The sequencing run was monitored in real-time to ensure high-quality data ac-
quisition. Once sequencing was complete, base calling was performed to convert raw signal data
into nucleotide sequences. Subsequent bioinformatics processing included demultiplexing the
barcoded reads, filtering for high-quality sequences, and generating consensus sequences. These
steps were conducted using ONTBarcoder 2.0 (Srivathsan et al., 2024) to ensure accurate se-
quence reconstruction and species identification.

Phylogenetic Analysis. The phylogenetic analysis was performed using Seaview 5.0, a
multi-platform software designed for sequence alignment, molecular phylogenetics, and tree rec-
onciliation (Gouy et al., 2021). Multiple sequence alignments were generated with the MUSCLE
algorithm integrated within Seaview 5.0. The resulting alignments were reviewed and manually
refined to correct regions with missing data and eliminate poorly aligned positions. Phylogenetic
trees were constructed using the maximum likelihood (ML) method implemented in the PhyML
algorithm (Guindon et al., 2010). The general time-reversible (GTR) model was selected to de-
scribe sequence evolution, while branch support was evaluated through the approximate likeli-
hood-ratio test (aLRT), which compares the log-likelihood values of the inferred tree and alterna-
tive topologies (Anisimova & Gascuel, 2006; Guindon et al., 2010). Tree topology optimization was
conducted using a combination of nearest-neighbor interchange (NNI) and subtree pruning and
regrafting (SPR) strategies. Additionally, the neighbor-joining (BioNJ) algorithm was applied to
enhance branch length estimation and improve the overall tree structure (Gascuel, 1997). The
Jukes-Cantor (1969) genetic distance model was used for the calculation of the genetic distances.

Estimation of molecular divergence and evolution. To estimate the species tree,
a Nexus file containing 41 sequences of 658-nucleotide fragments of the COI gene was prepared
and loaded into BEAST2 v2.7.5 (Bouckaert et al., 2019) using the BEAUTi interface. The analysis
was conducted under the Yule speciation process (Gernhard, 2008), a model that assumes a con-
stant rate of speciation across lineages, making it suitable for species-level phylogenetics. An un-
correlated relaxed clock with a lognormal distribution (Drummond et al., 2006) was applied to
account for variation in mutation rates among lineages, allowing the model to estimate different
rates for different branches without assuming strict uniformity. A Bayesian Markov chain Monte
Carlo (MCMC) analysis was run for 10 million generations, with sampling performed every 1000
steps to ensure comprehensive exploration of tree space. After completion, Tracer v1.7.2 (Rambaut
et al,, 2018) was used to assess the convergence of the MCMC runs by evaluating the effective
sample sizes (ESSs) of estimated parameters, ensuring that they were sufficiently large to support
reliable inferences. To obtain a final consensus tree, multiple independent runs were combined
using LogCombiner v2.7, which merged posterior distributions while discarding a portion of ear-
ly samples as burn-in to remove artifacts of initial model adjustments. A maximum clade credibil-
ity (MCC) tree representing the best-supported topology was generated using TreeAnnotator
v2.7.5, which calculates posterior probabilities for each clade based on the sampled trees (Bouck-
aertetal., 2019). The resulting MCC tree was visualized and annotated in FigTree v1.4.4 (Rambaut,
2014), a software designed for graphical representation of phylogenetic trees, allowing for further
interpretation and analysis of evolutionary relationships.

Nodes calibration. The calibration of the tree nodes was based on fossil data for repre-
sentatives of the genus Saperda. This approach was necessary because no fossil remains are known
for Phytoecia, and those attributed to Oberea are highly questionable (e. g., Oberea praemortua
von Heyden, 1862 is known from a single elytron). Nevertheless, Saperda is well documented in
the fossil records from the Late Miocene (e. g., Saperda florissantensis Wickham, 1916) and Plio-
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cene (e. g., Saperda robusta (Schmidt, 1967)) (Vitali, 2015). Many other species previously inter-
preted as Saperda, as noted by Vitali (2015), do not actually belong to this genus. Although the
oldest representative of Saperda is considered to be Saperda caroli Vitali, 2015 from the Early
Eocene, it is likely that this species also does not belong directly to Saperda, but rather represents
one of the basal groups of the tribe Saperdini. Therefore, for calibration in this study, an average
divergence time between the Saperda—Menesia and Oberea—Phytoecia lineages in the Middle Mi-
ocene (11 Ma) was adopted.

Results

Resultantly, we obtained for the first time 658-nucleotide sequences of the cyto-
chrome c oxidase subunit I (COI) gene (the standard DNA barcode) for Ph. tigrina.
This allowed us to perform a comparative phylogenetic analysis of specimens col-
lected from the both sides of Carpathian Arc named Zakarpattian (west side) and
Podillian (east side) metapopulations (for details see Zamoroka et al., 2024). Our
findings reveal significant genetic differences between the analyzed samples from
both metapopulations, ranging from 5.8% to 7.0%. In contrast, genetic variability
within each metapopulation is substantially lower: 0.0-0.9% for the Zakarpattian
metapopulation and 0.0-3.7% for the Podillian metapopulation (Table 2).

Our results allowed us to identify two haplogroups, each corresponding to one
of the studied metapopulations. Specifically, haplogroup PhtZk is characteristic of
the Zakarpattian metapopulation, while haplogroup PhtPo is associated with the Po-
dillian metapopulation. Within haplogroup PhtZk, we identified only one haplo-
type — PhtZk-1. In contrast, haplogroup PhtPo contains two distinct haplotypes:
PhtPo-1 (including the topogenotype COI of Ph. t. podillica) and PhtPo-2.

To facilitate comparison, we constructed a consensus sequence as a reference
and examined three haplotypes to determine key nucleotide substitutions (Fig. 2).
These substitutions serve as clear genetic markers for haplotype identification. Hap-
lotype PhtPo-1 is characterized by seven key nucleotide substitutions; haplotype

Table 2. Pairwise comparison of nucleotide sequences within Ph. t. tigrina
and Ph. t. podillica: upper right — percentage (%) differences;
lower left — genetic distances (substitutions per site)

o N 3 3 3 S
S S o = o = o = o = ©
82| 2% | 35 | S5 EF %2
R R X > X x
Ph. t. tigrina CER-107 0.0 0.9 7.0 6.3 5.8 5.8
Ph. t. tigrina CER-108 0.009 0.0 7.0 6.3 5.8 5.8
Ph. t. podillica CER-172 0.072 0.072 0.0 3.7 3.3 3.3
Ph. t. podillica CER-173 0.063 0.063  0.039 0.0 0.5 0.5
*Ph. t. podillica CER-187 0.058 0.058 0.034 0.004 0.0 0.0
Ph. t. podillica CER-188 0.058 0.058 0.034 0.004 0.000 0.0

* Sequence from the type locality of Phytoecia tigrina podillica
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PhtPo-2 exhibits 14 substitutions and finally haplotype PhtZk-1 is the most distinct,
with 33 substitutions.

Our analysis demonstrates that each haplotype possesses a unique set of nu-
cleotide substitutions, reflecting long-standing divergence processes between
and within the metapopulations they represent. Notably, haplotypes PhtPo-1 and
PhtPo-2 differ by 3.3-3.7%, yet both occur within a relatively small geographic
area and belong to the same metapopulation. This degree of genetic variation
likely indicates a complex evolutionary history for the Podillian metapopulation,
involving multiple migration waves and potential local extinctions throughout
the Holocene.

The genetic variability among the identified haplogroups and haplotypes of Ph.
t. tigrina and Ph. t. podillica, as well as the outgroup species, is visualized in the phy-
logenetic tree (Fig. 3), which exhibits a high level of branch support (SH = 0.83-
1.00). This tree clearly illustrates the deep divergence between the Ph. tigrina meta-
populations located on opposite sides of the Carpathian Arc. Specimens from the
Zakarpattian metapopulation (Ph. t. tigrina) form a single cluster representing hap-
logroup PhtZk, with intra-group variability reaching up to 0.9%. In contrast, speci-
mens from the Podillian metapopulation (Ph. t. podillica) form a distinct and distant
cluster corresponding to haplogroup PhtPo, which contains two haplotypes, PhtPo-1
and PhtPo-2. The average genetic difference between these two haplotypes is 3.4%,
while variation within each haplotype does not exceed 0.5%. Surprisingly, the aver-
age genetic distance between the two metapopulations reaches 6.2%. This significant
genetic differentiation likely indicates a prolonged period of isolation between the
Ph. tigrina metapopulations. Given the topology of our phylogenetic tree, we hy-
pothesize that these results represent the final stages of speciation in geographically
isolated populations of Ph. tigrina. A denser sampling of barcode sequences, includ-
ing specimens from other metapopulations, is necessary to clarify the situation and
make definitive conclusions regarding the taxonomic status of Ph. t. tigrina and
Ph. t. podillica.

We estimated the probable divergence time (Fig. 4) of the three studied haplo-
types of Ph. tigrina using COI molecular markers and the Calibrated Yule Model.
Our results indicate that the average divergence time between Ph. t. tigrina and
Ph. t. podillica is approximately ~1.2 Ma. The lower boundary of the divergence in-
terval for these genetic lineages is estimated at ~1.7 Ma and the upper is ~0.7 Ma.
Meanwhile, the average divergence time between haplotypes PhtPo-1 and PhtPo-2
within the Podillian metapopulation of Ph. t. podillica is approximately ~0.2 Ma,
with relatively short range which is approximately + 0.04 Ma. This time is two orders
of magnitude greater than we previously assumed based solely on bioclimatic mod-
elling of the ecological niche for Ph. tigrina (Zamoroka et al., 2024). Overall, the
Mid-Pleistocene Transition (~1.25-0.7 Ma) should be considered the key period of
divergence between the evolutionary lineages of Ph. t. tigrina and Ph. t. podillica.
Furthermore, our current study, based on COI molecular markers, enhances our
understanding of the range dynamics of Ph. t. podillica, revealing periods of its rapid
expansion and contraction influenced by climatic oscillations during the Late Pleis-
tocene. In light of these new molecular data, the results of bioclimatic modeling
from our previous study should be reinterpreted.
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Fig. 3. Intraspecific phylogenetic relationships between Phytoecia tigrina tigrina and Ph.tigrina
podillica (highlighted)
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Fig. 4. Estimated divergence time between haplotypes of Phytoecia tigrina tigrina (PhtZk-1) and
Ph. tigrina podillica (PhtPo-1 and PhtPo-2) (highlighted); The mean node divergence time values
are shown; Time scale is in millions of years (Ma)

Discussion

Our study presents the results of COI sequencing for Ph. tigrina, including mate-
rials from two metapopulations located to the east and west of the Carpathian Arc.
These sequences represent the two subspecies, Ph. t. tigrina and Ph. t. podillica,
whose subdivision we previously proposed based on morphological and ecological
characteristics (Zamoroka et al., 2024). Our earlier research did not include mo-
lecular data; however, in this study, such data became available, confirming the
validity of our previous conclusions regarding the differentiation of Ph. tigrina on
two subspecies. Specifically, our molecular analysis revealed deep genetic differ-
ences between the two studied metapopulations. The dissimilarity between Ph. ti-
grina sequences from the Zakarpattian and Podillian metapopulations ranges from
5.8% to 7.0%. It is significantly higher than the 2.2-2.9% differences we previously
observed when delimiting subspecies of Anastrangalia dubia (Scopoli, 1763)
(Zamoroka et al., 2019). This suggests a more advanced stage of speciation than we
have documented before.

The significant genetic differences between Ph. t. tigrina and Ph. t. podillica may
be due to their location at the northernmost extremes of the Ph. tigrina range sepa-
rated by Carpathian Arc. As a result, these metapopulations have experienced long-
term isolation and strong divergence, both from each other and from other popula-
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tions. Reveled previously (Zamoroka et al., 2024) distinct differences in morphology
and structure of terminalia between Ph. t. tigrina and Ph. t. podillica in the Zakarpat-
tian and Podillian metapopulations, along with currently found substantial genetic
dissimilarities, suggest that speciation is in its final stages. In our previous study
(Zamoroka et al., 2024), we found intermediate morphological traits of both subspe-
cies in the Moldavian metapopulation. This may result from introgression between
the two subspecies in the Southern Carpathians. Based on our findings, we suggest
that gene flow occurs between neighboring metapopulations. However, whether a
reproductive barrier exists between the most divergent of them remains unknown,
as has been shown for many other biological species (Eckert et al., 2008; Hargreaves
& Eckert, 2013; Turner, 2013). In this context, our research contributes to a growing
body of studies that have explored various speciation mechanisms in cerambycid
beetles using molecular phylogenetics, including hybridization, ecological diversifi-
cation, reticulate evolution, convergence, and homoplasy (Zamoroka et al., 2019,
2022; Dascalu et al., 2021; Zamoroka, 2022 d; Karpinski et al., 2023, 2024; Caba &
Dascilu, 2024).

The bioclimatic model presented in our previous study (Zamoroka et al., 2024)
indicated that conditions suitable for the existence of Ph. tigrina east of the Car-
pathian Arc first emerged during the Preboreal time (10.3-9.0 ka) of the Pleisto-
cene. This is significantly later than the divergence time estimated in the present
study based on molecular data for Ph. t. tigrina and Ph. t. podillica, which averages
around 1.2 Ma. This discrepancy can be explained by the fact that our earlier as-
sessment considered bioclimatic suitability only for the late Pleistocene and Holo-
cene, under the assumption that the Last Glacial Maximum acted as the primary
trigger for the divergence of Ph. t. tigrina and Ph. t. podillica. However, this inter-
pretation turned out to be incorrect, as both subspecies actually split much earlier,
during the Middle Pleistocene.

Our molecular dating corresponds temporally with the Mid-Pleistocene
Transition (~1.25-0.7 Ma), a period marked by significant climate cooling due
to glacial stages that became at least twice as long (Scherrenberg et al., 2025).
It is plausible that these prolonged glacial periods facilitated extended isola-
tion of separate populations. It is likely that the genetic lineages of Ph. t. tigrina
and Ph. t. podillica were already separated and well differentiated by this time,
with divergence potentially beginning even before the onset of the Mid-Pleis-
tocene Transition. This is further supported by the lower bound of the molec-
ular time interval (1.7 Ma) indicated by our data (Fig. 4). The dynamics of the
initial range of Ph. tigrina during this period remain unclear. However, it is
likely that its distribution underwent repeated contractions and expansions
corresponding to the alternating glacial and interglacial phases throughout the
Middle and Late Pleistocene. Nevertheless, our results clearly indicate that an-
cestral populations persisted for an extended time on both sides of the Car-
pathian Arc.

Despite this, the question of the specific refugium from which the genetic
lineage of Ph. t. podillica originated remains unresolved. The bioclimatic model
we previously constructed (Zamoroka et al., 2024) reflects the probable range
dynamics of Ph. tigrina at the end of the Pleistocene and throughout the Holo-
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cene. According to this model, two main refugia for Ph. tigrina existed during
the Last Glacial Maximum: one in the Pannonian Basin and another in the re-
gion of the Aegean and Marmara Seas. Additionally, scattered microrefugia like-
ly persisted along the Danube Valley between the Black Sea and the Southern
Carpathians. However, the molecular data obtained in this study point to a much
earlier divergence of Ph. t. tigrina and Ph. t. podillica and a long-term isolation of
their lineages. It is therefore plausible that ancient glacial microrefugia of Ph. t.
podillica also existed in the Dnister Valley. This scenario appears particularly
credible in light of the hypothesis proposed by Kajtoch et al. (2016), suggesting
the existence of scattered microsite refugia for thermophilic biota in xerocryo-
steppe conditions within the periglacial zone during the last glaciation. Our cur-
rent results may serve as indirect support for this hypothesis, though further
studies are needed to confirm it.

A surprising result of our current study was the discovery of genetically
distinct individuals within the Podillian metapopulation of Ph. t. podillica. No-
tably, the sample CER-172 from the Pidpechery population differs by 3.3-3.7%
in the nucleotide sequence of the COI gene from the specimens collected in
neighboring localities. This contrasts sharply with the other three populations,
where genetic differences range from only 0.0% to 0.5%. This finding indicates
that at least two distinct genetic lineages exist within the Podillian metapopu-
lation, which we have identified as haplotypes PhtPo-1 and PhtPo-2. This dis-
covery likely represents a relic signal from the past, pointing to historical fluc-
tuations in the range of Ph. t. podillica. We hypothesize that there were at least
two waves of range expansion for Ph. t. podillica, separated by a period of sig-
nificant contraction.

The estimated average divergence time between haplotypes PhtPo-1 and
PhtPo-2 within the Podillian metapopulation of the subspecies Ph. t. podillica is
approximately 0.2 Ma (Fig. 4). This event is likely associated with a substantial
range contraction of Ph. t. podillica during the Riss glaciation (0.30-0.13 Ma).
This contraction led to the formation of isolated populations east of the Carpath-
ian Arc, although the exact locations of these refugia remain entirely unknown.
It is probable that this range reduction caused a bottleneck effect, preserving
only one or a few very small isolated populations of the PhtPo-2 haplotype. At
least one such population persisted in the western part of the Podillia Upland to
the present day.

The expansion of the PhtPo-1 haplotype, which is the most widespread
among the studied populations, is associated with the end of the Wiirm glaci-
ation, around 0.01 Ma. The origin of this expansion remains uncertain. It may
have arisen from a small group of populations on the west of Podillia Upland
or from a rapid and short-term migration from the Moldavian Plateau. Further
detailed molecular studies across the entire range of Ph. tigrina are needed to
clarify this question. Nevertheless, since mitogenomes are non-recombinant,
both haplotypes PhtPo-1 and PhtPo-2 are maintained within the populations,
despite introgression and hybridization between these two genetic lineages.
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Conclusions

In summary, it should be emphasised that our current molecular phylogeny re-
sults fully support the validity of the previous division of Ph. tigrina into subspe-
cies Ph. t. tigrina and Ph. t. podillica, based solely on morphological and ecolog-
ical analysis. However, the divergence of the evolutionary branches of both sub-
species is much more ancient as previously assumed, dating back to a time of the
Mid-Pleistocene Transition. Climatic oscillations throughout the Late Pleisto-
cene have also had a significant impact on the genetic structure of Ph. t. podillica
populations, reflecting the complex history of its range expansion and contrac-
tion. Further research, including a significantly larger number of samples from
all known metapopulations of Ph. tigrina, will address questions concerning the
taxonomy, evolutionary history, and the impact of climate on this rare and pro-
tected the longhorn beetle.
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