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Abstract

The present study fills a knowledge gap in the distribution and genetic variation of
Morimus populations in the Balkans, by studiyng the representatives of the genus in
Bulgaria — M. asper funereus Mulsant, 1862, M. verecundus bulgaricus Danilevsky, 2016
and M. orientalis Reitter, 1894. Additional information is provided for Albania and
northern Greece. The mitochondrial cytochrome C oxidase subunit | (COI) marker and the
nuclear internal transcribed spacer 2 (ITS2) were used for the genetic analyses. Three of
the previously-defined mitochondrial lineages (Lb/HgA, L2 and L3) were detected in
Bulgaria, as well as a new lineage (Str) from the Strandzha Mountains (south-eastern
Bulgaria). A total of 24 distinct haplotypes, 20 of them in Bulgaria, were found. Bulgarian
populations of Morimus demonstrated relatively high nucleotide diversity. The L3 COI
lineage was confirmed as the most diverse and frequentin the Balkans. The L3 lineage is
dominant in most of Bulgaria, but was not identified in the easternmost parts near the
Black Sea coast, where the L2 and Str lineages were found. New data highlighted two
dispersal routes of the L2 mitochondrial lineage on the Balkan Peninsula: 1) northwards
along the Black Sea coast and 2) westwards, across the Balkans where only disjunct
populations remain. North-western Bulgaria seems to be the eastern limit of the basal
lineage Lb/HgA distribution. Our results show high levels of genetic exchange between
most of the mitochondrially defined lineages, yet some of the easternmost populations
probably remained isolated for comparatively longer periods.
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Introduction

The members of the genus Morimus Brullé, 1832 are saproxylic longhorned beetles,
widespread in central, southern and eastern Europe and in some regions of western
Asia. They inhabit mostly old deciduous forests and possess a limited dispersal ability as
they are flightless (Sama and L6bl 2010, Hardersen et al. 2017). The European and
Oriental members of the genus show intra- and interpopulation variability and overlap in
the features used for taxonomic identification (Solano et al. 2013). Solano et al. (2013),
based on the cytochrome C oxidase subunit | (COI) and the internal transcribed spacer 2
(ITS2) sequences, reasonably stated that all European and Turkish populations of
Morimus should be referred to M. asper (Sulzer, 1776) and all other taxa have
infraspecific position. The study covered the territories of Italy, Slovenia, Croatia,
Montenegro, Greece, Turkey and Iran, defining the four main phylogeographic
mitochondrial lineages of the M. asper s..: a basal lineage (Lb) consisting of five
haplogroups (HgA-E) and three others — L1, L2 and L3. Giannoulis et al. (2020) added
information from France and central Greece and confirmed M. asper asper and M. asper
funereus as close forms by studying COIl mutations. They also revealed similar
karyotypes and behaviour of both subspecies and their ability to mate in captivity.
Gojkovi¢ et al. (2022) completed the data by investigating the genetic diversity of the
species in Serbia, supporting their study with geometric morphometrics. They found 15
distinct haplotypes from the lineages Lb-HgA; L2 and L3 sensu Solano et al. (2013) on
the territory of Serbia and defined at least two evolutionarily and demographically distinct
groups within the M. asper complex in the Balkans. The ITS2 sequences indicate an
entirely homogeneous population. The geometric morphometric data confirmed the
obtained genetic data of the Serbian population of Morimus asper s.I. (Gojkovi¢ et al.
2022).

According to the latest publication by Danilevsky (2020) and Tavakilian and Chevillotte
(2024), based on morphological characteristics, at least three species of the genus
Morimus are present in Bulgaria: Morimus asper funereus Mulsant, 1862, M. verecundus
bulgaricus Danilevsky, 2016 and M. orientalis Reitter, 1894. Other authors have treated
M. verecundus (Faldermann, 1836) as a subspecies of M. asper (Sama and L&bl 2010).
Morimus asper s.|. populations in Bulgaria are associated with beech forests and (to a
much lesser extent) with oak and other deciduous forests, mainly in lowland forests (
Kostova et al. 2023). Morimus asper funereus is widespread throughout Bulgaria; M.
verecundus bulgaricus has an extremely localised population — until now found only in
the Botanical Gardens of Sofia University in Balchik and Varna (north Black Sea coast)
and M. orientalis is with confirmed localities only in the Strandzha Mts. (Bringmann 1996,
Danilevski etal. 2016, Georgiev et al. 2018).

Despite imperfections, due to different evolutionary processes that could bring
discordance between gene and species trees (Mallo and Posada 2016, Gojkovic et al.
2022), COI mtDNA is the most widely used marker for species delimitation and barcoding



to date (Hebert et al. 2003, Dietz et al. 2022). Understandably, COI provides the most
complete and comparable picture of genetic variation in Morimus.

The present study aims to extend the knowledge on the phylogenetic lineages
distribution and genetic diversity of M. asper s.I. by extensive sampling in Bulgaria and
neighbouring countries and to outline some routes of dispersal out of Pleistocene refugia
that have remained undiscussed.

Material and methods
Sampling, molecular procedures and data preparation

Material was collected between 2019 and 2022 from Bulgaria, Albania and Greece
(northern part). Sampling was targeted to cover populations of M. asper funereus, M.
verecundus bulgaricus (type locality) and M. orientalis (Strandzha Mts.) (Fig. 1). A total of
62 samples (adult specimens or one of their hind legs) were collected and stored in
absolute alcohol at -20°C. Total DNA was isolated from the hind femur by using a Qiagen
DNeasy Blood & Tissue Kit following the instructions of the manufacturer. New data were
obtained for two molecular markers: a fragment from the mitochondrial cytochrome C
oxidase | gene (COI), amplified with primers C1-J-2183 and TL2-N-3014 (Simon et al.
1994) and a fragment from the nuclear internal transcribed spacer 2 (ITS2), amplified
together with the 5.8S rRNA gene using primers TAGAGGAAGTAAAAGTCG forward and
GCTTAAATTCAGCGG reverse (Weekers et al. 2001). Polymerase chain reaction (PCR)
was carried out using HotStarTaq Plus Master Mix (Qiagen Inc). Thermal cycling followed
Solano et al. (2013) for COIl and Weekers et al. (2001) for ITS2. Sanger sequencing was
carried out by Macrogen Europe BV.

Chromatograms were processed with CodonCode Aligner v.8.0.2 (CodonCode,
Dedham, MA, USA). The obtained COI and ITS2 sequences were submitted to GenBank
under accession numbers OR827907- OR827968 and OR844461- ORB844487,
respectively. Our own data were compiled with DNA sequences from previous studies (
Solano et al. 2013, Gojkovi¢ et al. 2022), accessed from GenBank (Suppl. material 1).
Alignments were created using Mega X (Kumar et al. 2018). Protein-coding sequences
were checked for stop codons with DAMBE v.7.0.39 (Xia 2018).

Molecular phylogeny and demographic analyses

The mitochondrial phylogenetic analysis was based on the COI fragment and the newly-
obtained 62 sequences were compiled with the published data — 54 sequences (
Solano et al. 2013, Gojkovi¢ et al. 2022) (Suppl. material 1). The ITS2 analysis was
based on 107 ingroup sequences from which 27 new and 80 published (Solano et al.
2013, Gojkovic¢ et al. 2022) (Suppl. material 1). The taxon Lamia textor (Linnaeus 1758),
sequence MN886082 (Souza et al. 2020) was included as an outgroup for the COI
phylogenetic analysis and the taxon Iberodorcadion perezi(Graélls, 1849), sequence
OK048710, was used as an outgroup for the ITS2 phylogenetic analysis (Dascalu et al.
2022).



The best substitution models (for each coding position of COI and for ITS2 as a single
partition) were estimated with PartitionFinder ver. 2.1.1 (Lanfear et al. 2016). Phylogeny
was reconstructed through Bayesian Inference (Bl) accomplished in MrBayes v. 3.2.7 (
Ronquist et al. 2012). The analysis used four simulations of Markov chains with 4 x 10°
generations, sampling 1 of every 100 trees. Chain parameters were checked for
convergence in Tracer ver. 1.7.1 (Rambaut et al. 2018). The first 25% of trees were
discarded as burn-in.

Nucleotide diversity, Tajima’s D (Tajima 1989), Fu and Li D' and F' test statistics (Fu and
Li 1993) and Fu’s Fs (Fu 1997) were calculated in DnaSP v.6 (Rozas et al. 2017) to infer
population dynamics. Confidence intervals were obtained through coalescent
simulations under the Standard Neutral Model (SNM). Haplotype networks were created
using the TCS algorithm (Clement et al. 2000) implemented in PopART 1.7 (Leigh and
Bryant 2015). The mitochondrial haplotype network used our own and published COI
sequences, while a 5.8S-ITS2 fragment was used for new data only (see below).

Results
Distribution of genetic diversity in the eastern Balkans
- COl gene

The final length of the COI fragment was 756 bp. A total of 62 new Morimus aspers.|. COI
sequences were obtained from Bulgaria, northern Greece and Albania. These
represented 24 distinct haplotypes (Suppl. material 1). Three of the mitochondrial
lineages discussed in Solano et al. (2013) were detected, as well as one distinct lineage
from the Strandzha Mountains (southeast Bulgaria). More than 80% of the samples (15
distinct haplotypes) found across the whole territory of Bulgaria, northern Greece and
northern Albania arranged within the L3 lineage. The basal lineage, haplogroup HgA
(Lb-HgA) was found in the westernmost part of the Stara Planina Mts. close to the border
with Serbia. The L2 lineage was found only in south-western (Melnik in the foothills of the
Pirin Mts.) and in north-eastern Bulgaria (Baltata, Albena). One sample, morphologically
identified as M. verecundus (Balchik), also arranges within the L2 lineage. Three unique
haplotypes were found in the Strandzha Mountains showing 2-3% genetic distance from
the L3 lineage. A detailed map of the distribution of COI lineages in the Balkans and
north-western Turkey, as well as the haplotypes obtained in this study, is shown in Fig. 2.

-ITS gene

Overall, 27 new sequences from the nuclear 5.8S-ITS2 partial fragment were obtained in
this study. The final length of the fragment was 373 bp, including gaps. Our own DNA
sequences were aligned with those from Solano et al. (2013) and Gojkovic¢ et al. (2022)
for comparison. The majority of the new samples demonstrate the Mor ITS2 (1a)
genotype. The sample from the Balchik Botanical Garden (morphologically M.
verecundus) showed a unique sequence, although very similar to the Mor ITS2 (5a)
haplotype from the Giresun Region in Turkey (Suppl. material 1, Suppl. material 3).



Phylogeny and population dynamics

The final length of the COI fragment used for phylogeny was 756 bp, from which 166
variable and 76 parsimony informative sites were obtained. The Bl tree obtained in this
study does not significantly contradict the previously-published phylogenies of Solano et
al. (2013) and confirms the main lineages. The newly-sampled Strandzha populations
arrange within M. asper s.l., forming a sister clade to L3. The majority of the new samples
are arranged within L3 (Suppl. material 2). The final length of the ITS2 alignment was 388
bp (including 26 gaps) with 43 variable and 11 parsimony informative sites. The Bayesian
ITS2 tree provided strong support for deeper nodes. The majority of the Bulgarian
samples arranged together with samples from Greece, Serbia, Slovenia and Croatia. The
samples from Strandzha Mts. and the Black Sea coast (Albena) were grouped together
with samples from Turkey provided by Solano et al. (2013). The samples from the Balchik
Botanical Garden and from Giresun (Turkey) formed a fully supported clade, but its
position remained unresolved (Suppl. material 3). The TCS haplotype network of all
samples of mitochondrial COI haplotypes confirmed previous findings (Solano et al. 2013
, Gojkovi¢ et al. 2022). The L3 lineage shows a clear star-like pattern with genetic
distances within 1-5 bp, while the other lineages show greater diversity and more
complex patterns (Fig. 3). All statistics calculated for the L3 lineage (including our own
and published data) were negative (Table 1). The nucleotide diversity of the Bulgarian
sample of the mitochondrial COI gene sequences demonstrated a relatively high value
(pi = 0.018), close to those of Serbia and Montenegro samples. The number of COI
haplotypes detected was also relatively high (20).The nuclear TCS network was based
on a 5.8S-ITS2 fragment of 373 bp which consisted of selected specimens from Bulgaria,
Albania and the northern part of Greece (Fig. 4). Differences from the main cluster were
observed in the Albanian samples. Morphologically identified M. verecundus bulgaricus
(Balchik Botanical Garden) demonstrated a distinct ITS2 genotype for the Balkans, yet
similar to a sequence from Giresun, Turkey, published earlier (Solano et al. 2013) (Suppl.
material 3).

Discussion
Morimus asper s.l. lineages in the eastern Balkans

Our study extends the knowledge on the distribution of mitochondrial lineages of M.
asper in the eastern Balkans, covering most of the territory of Bulgaria, a part of northern
Greece and northern Albania (Munella Mt.). New data demonstrates the presence of four
mitochondrial lineages of Morimus asper s.l. in Bulgaria. Three of these were already
defined by Solano etal. (2013) as Lb — HgA; L2 and L3 and one is new — the Str lineage
from the Strandzha Mountains (south-eastern Bulgaria, shared partly with the European
part of Turkey). The most abundant COI lineage in Bulgaria and the sampled region of
northern Greece is L3, confirming the results of Gojkovi¢ et al. (2022). Haplotypes
previously reported from Montenegro, Croatia, Slovenia and Serbia were also found in
Bulgaria. The most abundant Bulgarian haplotype (Bal05) was observed in samples from
the Danubian Plain, Predbalkan, Shumen Plateau, central and eastern Stara Planina



Mts., Rhodope Mts., Pirin Mts., Kresna Gorge and Belasitsa Mts. in Bulgaria, as well as
Falakro Mts., Menoikio Mt. and Pangaion Mt. in northern Greece. This haplotype was
previously published from Croatia — Velebit Mts. (Solano et al. 2013) and Serbia — Cer Mt.
(Gojkovi¢ et al. 2022). The L3 lineage dominates in most of Bulgaria, but was not found in
the easternmost parts of the country close to the Black Sea coast, where L2 is found (Fig.
2). Despite the extensive sampling, only three individuals from L2 were reported, two of
them near the Black Sea coast and one, surprisingly, in south-western Bulgaria (near
Melnik Town). The Lb lineage was found in the north-westernmost part of the country in
the foothills of the Stara Planina Mts. close to the Serbian border. One of the haplotypes
(Gorni Lom vill.) was identical to one from Montenegro. This lineage is also found in
Croatia, Montenegro, Albania and Serbia (Solano et al. 2013, Gojkovi¢ et al. 2022 and
this study). Bulgaria seems to be the eastern limit of Lb/HgA distribution.

The sample from the type locality of M. verecundus bulgaricus belongs to the L2 COI
lineage and is identical with a haplotype already reported from Serbia by Gojkovi¢ et al.
(2022). Its nuclear ITS2 gene sequence differs from all Balkan samples (Fig. 4) and is
similar to a sequence from the Black Sea region of north-eastern Turkey (Mor ITS2 (5a),
reported in Solano et al. (2013)), where M. verecundus verecundus Faldermann, 1836 is
known to occur (Ozdikmen 2022) (Suppl. material 3). This locality, ‘Giresun Daglari, 3 km
N of Kimbet,” was not represented with mitochondrial DNA in the analyses of Solano et
al. (2013). While nuclear data for Morimus remain insufficient, some of the most divergent
populations are reported along the Black Sea coast (Black Sea region of Turkey,
Bulgarian Black Sea coast, Strandzha Mts.). With the exception of the Str lineage in the
Strandzha Mts., these populations share similar ITS2 genotypes and L2 mitochondrial
DNA, although it remains unclear whether the populations are isolated and associated
with morphologically identified M. verecundus.

The three individuals found in Strandzha Mts. have three mitochondrial haplotypes,
similar to each other, but equally distant from the rest. These formed a clade sister to L3
on the COI phylogenetic tree (Suppl. material 2) though with low support. All specimens
from Strandzha were identified as M. orientalis, based on morphology, but are genetically
distant from individuals studied by Solano et al. (2013) from Turkey, where M. orientalis
was described for the first time (Reitter 1894). However, all three individuals show the
Mor ITS2 (1a) nuclear genotype, which is predominantly found in the eastern Balkans.
Due to these relatively high distances in mitochondrial DNA and the unclear taxonomic
status of the populations, we currently consider these as a new lineage of M. asper s.l.
(Str lineage hereafter).

Our results, as well the previous study by Solano et al. (2013), showed intense exchange
gene flow between the different populations and genetic lineages of Morimus sp. and itis
very likely that both M. verecundus and M. orientalis are subspecies of M. asper as
Solano et al. (2013) stated, but still, a taxonomic decision could not be made. Similar
morphological variability, hybridisation and species delimitation problems have been
observed in other Cerambycidae groups, such as the flightless Dorcadionini (Dascalu et
al. 2022, Karpinski et al. 2023), as well as in some winged Cerambycini, such as the
Ropalopus ungaricus/insubricus group (Karpinski et al. 2020). In all cases, phylogenetic



trees, based solely on COIl sequences, do not provide delimitation of all species. Adding
the ITS2 molecular marker in the case of European and Turkish Morimus representatives
showed discrepancies in the obtained phylogenetic trees. These contradictions, between
COIl and ITS2-based phylogenetic trees in grouping of M. orientalis samples from
Bulgaria and Turkey, as well as of M. verecundus bulgaricus and M. verecundus
verecundus from Turkey and Iran, showed that there is still a gap in our knowledge of the
phylogenetic relationships in the genus Morimus. The observed discrepancies in the
phylogenetic trees of Morimus follow a geographical pattern, which, according to Toews
and Brelsford (2012), shows differentiation in isolation followed by secondary contact and
hybridisation, an indication of a recent speciation. However, to fully understand the
phylogenetic relations and species boundaries in Morimus in Europe and Turkey, an
integrative approach has to be applied by adding more nuclear markers and in-depth
morphological analyses, as well as further extensive sampling in Turkey and the
Caucasus.

Dispersal routes

This study does not provide sufficient data for testing hypotheses about population
structure, gene flow or confidently locating glacial refugia of M. asper. However,
extensive sampling in the eastern Balkans (Bulgaria and northern Greece) bridges a
significant knowledge gap regarding the distribution of genetic lineages, reaching the
northern Black Sea coast to the east, thus highlighting some dispersal routes. In Bulgaria,
the L3 lineage clearly dominates (Fig. 2) showing a typical star-like haplotype network
(Fig. 3). Negative values for all test statistics were obtained using Bulgarian samples of
L3 (Table 1), though with non-significant p values — possibly because of the low sample
size. However, a statistically significant negative Tajima’s D was obtained with all
available sequences from L3 (Solano et al. 2013, Gojkovi¢ et al. 2022, this study) which
strongly supports the recent expansion of the lineage. The majority of samples reported
from Serbia also belong to the L3 lineage (Gojkovi¢ et al. 2022), but Lb-HgA is much
more common there compared to Bulgaria, suggesting that the main dispersal route of L3
is in the eastern direction.

Prior to this study, the highest diversity of the L2 lineage was mainly reported from Turkey,
with isolated haplotypes in Croatia (Solano et al. 2013) and Serbia (Gojkovi¢ et al. 2022).
New data highlight two dispersal routes of this mitochondrial lineage on the Balkan
Peninsula: 1) to the north along the Black Sea coast and 2) in a somewhat south-western
direction where only separate disconnected populations remain (Melnik, Bulgaria;
Sopotnica, Serbia; Biokovo Mountains, Croatia). A separate colonisation event in Europe
from the Orient was also suggested by Solano et al. (2013). Although our study does not
imply divergence times estimations, one plausible scenario, based on the phylogenetic
position and the distribution of L2, is that the L2 lineage colonised the Balkans first and
was later largely outcompeted or assimilated by L3 during a later stage of interglacial
radiation. Such processes reflect glacial-interglacial cycles and are well-studied (e.g.
Taberlet and Cheddadi (2002), Hewitt (2004), Hewitt (2011)). Additionally, levels of
genetic exchange between the mitochondrially defined lineages are probably high. Two
sampled individuals from south-western Bulgaria, namely Melnik Town and Kalimantsi



vill., at ca. 10 km distance, belong to the L2 and L3 COI lineages, respectively, while
showing identical ITS2. Similarly, genetically distant mitochondrial haplotypes (Lb/HgA
and L3) with identical ITS2 were found close to each other in Albania (Munella Mt.).

All this is in line with a previously discussed scenario based on the association of
Morimus with beech forests (Romero-Samper and Bahillo 1993) and a post-glacial
dispersal out of refugia linked with that of Fagus sylvatica (Solano et al. 2013).
Paleobotanical and genetic data suggest that glacial refugia of Fagus in Europe were not
restricted to particular areas, but represented small, scattered patches in multiple suitable
regions in Europe, from which beech populations rapidly spread as the glacial period
ended (Magri 2007). It is reasonable to assume that Morimus populations survived
glacial periods, restricted to suitable forest habitats and, after climatic conditions
improved and suitable habitats spread, lineages started recolonising new areas. In the
case of L3, the low nucleotide diversity and highly negative Tajima’s D and other tests
reflect this pattern.

The newly-proposed Str lineage is more intriguing, as it is sister to L3, according to our
phylogeny (Suppl. material 2) and there is ca. 2.5% distance between them. None of the
previously reported lineages was found in the Strandzha Mts., while the genetic diversity
of Str seems to be comparatively high (Fig. 3). The three distinct COIl haplotypes,
belonging to Str, have not been reported in previous studies. While robust conclusions
cannot be based solely on COI, we accept that the isolation of Str likely occurred before
the last glacial-interglacial cycle (compare mutation rates for COIl in Papadopoulou et al.
(2010), Pons et al. (2010)). Most likely, populations finding refugia close to the Strandzha
Mts. were initially isolated during a glacial stage, but after that, there were no suitable
conditions for them to colonise vast areas and to reconnect with others. Geographically,
the Strandzha Mts. are surrounded by the Thracian Plain and the Black Sea. While at the
end of the Last Glacial Period, humidity in western and central Europe increased, drier
climate persisted in the Balkans (Wright et al. 2003, Mauri et al. 2015), especially in
lowlands (Connor et al. 2013). Besides, pollen analyses show that Fagus was amongst
the last tree genera to recolonise the Peninsula (Tonkov 2003, Tonkov et al. 2013,
Connor et al. 2013), which presumably delayed the expansion of Morimus in the Balkans.
According to our genetic data, when beech forests finally established in the plains of the
eastern Balkans during the late Holocene (Magri et al. 2006), the most successful
colonisers of the newly-appeared habitats were members of the L3 lineage of M. asper.
The L2 and Str remained restricted to areas closer to their glacial refugia. Moreover,
Morimus has been found in association with various tree species along its range. For
instance, on the Iberian Peninsula, M. asper has been reported on trees of the genera

Quercus, Alnus, Populus, Cedrus, Larix, Pinus etc. (Romero-Samper and Bahillo 1993
and references therein). In Turkey, M. orientalis has been reported on Quercus conferta,
Castanea sativa, Pinus maritima and Abies sp., while M. verecundus has been reported
on Fagus orientalis, Quercus sp., Picea orientalis, Pinus sp. (Ozdikmen 2022). The
Strandzha Mt. lineage was only found in F. orientalis and Quercus sp. tertiary relict forests
with specific undergrowth and microclimate conditions that are very different from the
surrounding vegetation communities (Savev et al. 2015) and is genetically distant from all



populations sampled so far (Fig. 3). This could be explained by geographical isolation
only or could indicate some stage of the formation of an ecotype, following the model
described by Karpinski et al. (2021), triggered by divergent adaptations to some
ecological variables. However, currently available data are insufficient to estimate the
gene flow between Str and the rest of the lineages and to identify any consistent habitat
differences across the range of Morimus. Karpinski et al. (2021) state that 'ecotypes
occur throughout the geographic range of a species in similar ecological niches'.
Regarding the genus Morimus, its range is huge and there is no consensus on its
systematics, with many populations remaining unsampled. Therefore, it remains unclear
whether the observed populations should be considered species, subspecies or
ecotypes.

Conservation considerations

The taxonomic status of saproxylic beetles of the genus Morimus in Europe remains
unclear and is highly debated with regard to their conservation and the inclusion of
individual taxa in the Habitats Directive (Solano et al. 2013, Gojkovi¢ et al. 2022). Despite
the taxonomic uncertainty, strict protection has to be applied for all lineages of Morimus in
Bulgaria, although under the taxon M. funereus, special attention regarding the rare and
localised Lb/HgA, L2 and Str lineages has to be paid when making a management plan
for the M. asper s.l. in Bulgaria in order to retain the genetic diversity and uniqueness of
the Bulgarian populations. The localities of the Lb/HgA lineage fall within the Natura
2000 site BG0001040 West Stara Planina and Predbalkan, where the beech forests are
still intact and well preserved. On the other hand, the representatives of the L2 COI
lineage are particularly threatened due to the increasing decline and severe
fragmentation of the lowland and riparian forests along the Black Sea coast, even if parts
of them are protected in Natura 2000 sites and nature reserves. Suitable habitat
fragments are separated by large distances (Kostova et al. 2023), preventing gene
exchange between the Morimus populations there. The deciduous forests around the
town of Melnik in the foothills of the Pirin Mountains, where the isolated L2 lineage also
was found, are protected as a Natura 2000 site — BG0001028 Middle Pirin — Alibotush.
This area requires additional research effortand precautionary measures for the
conservation of habitats, as it is the only inland location of the L2 lineage in Bulgaria and
indicates the presence of a nearby Pleistocene refugium, probably also for other
organisms. The Strandzha Mountains, whose forests descend to the coast of the Black
Sea, are of exceptional importance for the genetic diversity of Morimus asper s.l.,
preserving the unique Str lineage of the genus. Although most Strandzha territory is a
protected area as a nature park, including five nature reserves and itis a NATURA 2000
site (BG0001007) for its unique habitats, investment plans and logging activities threaten
to fragment the deciduous forests. There is an urgent need to adopt a management plan
for the Strandzha Nature Park to ensure the protection and continuity of suitable habitats
for the Str lineage of Morimus. Joint efforts should also be made with the Turkish Forestry
Administration in order to conserve this unique genetic lineage.



Acknowledgements

We thank all colleagues who contributed to the sample collection from Bulgaria and
Albania. Thanks also to Ognyan Sivilov (Sofia University) for the Morimus verecundus
bulgaricus image. We are also grateful to the anonymous reviewer, the subject editor
Lech Karpinski (Museum and Institute of Zoology, Polish Academy of Sciences) and
Paolo Audisio (Sapienza University of Rome) for their thoughtful suggestions that
significantly improved this manuscript.

The material was collected under permit Ne 773/13.02.2019 for exceptions under the
Biodiversity Act and for collection of protected beetle species from the Ministry of
Environment and Water of the Republic of Bulgaria to the team associated with the
National Museum of Natural History-BAS.

Grant title

The research was supported by the project: “Cybertaxonomic approach to phylogenetic
studies of model invertebrate genera (Invertebrata, Arachnida, Insecta) clarifying the
problems of origin, formation and conservation of the Invertebrate Fauna of the Balkan
Peninsula”. Grant KP-06-H21/1-17.12.2018 National Science Fund.

Conflicts of interest

The authors have declared that no competing interests exist.

References

. Bringmann HD (1996) Die Morimus - und Acanthoderes Arten Bulgariens (Col.,
Cerambycidae). Entomologische Nachrichten und Berichte 40: 237—239.

. Clement M, Posada D, Crandall KA (2000) TCS: a computer program to estimate gene
genealogies. Molecular Ecology 9: 1657-1659. https://doi.org/10.1046/j.1365-294x.
2000.01020.x

. Connor SE, Ross SA, Sobotkova A, Herries A, Mooney SD, Longford C, lliev | (2013)
Environmental conditions in the SE Balkans since the last glacial Maximum and their
influence on the spread of agriculture into Europe. Quaternary Science Reviews 68:
200-215. https://doi.org/10.1016/j.quascirev.2013.02.011

. Danilevski M, Gradinarov D, Sivilov O (2016) A new subspecies of M. verecundus
(Faldermann, 1836), from Bulgaria and a new subspecies of M. asper (Sulzer, 1776) from
Greece (Coleoptera, Cerambicidae). Humanity space, International almanac 5 (2):
187-191.

10


https://doi.org/10.1046/j.1365-294x.2000.01020.x
https://doi.org/10.1046/j.1365-294x.2000.01020.x
https://doi.org/10.1016/j.quascirev.2013.02.011

Danilevsky ML (2020) Chrysomeloidea | (Vesperidae, Disteniidae, Cerambycidae). In:
Danilevsky ML (Ed.) Catalogue of Palaearctic Coleoptera. 2, 6/1. Brill, Leiden, The
Netherlands, Boston, MA, USA, 712 pp._https://doi.org/10.1163/9789004440333 002
Dascalu M, Caba F, Fusu L (2022) DNA barcoding in Dorcadionini (Coleoptera,
Cerambycidae) uncovers mitochondrial-morphological discordance and the hybridogenic
origin of several subspecies. Organisms Diversity & Evolution 22 (1): 205-229. https://
doi.org/10.1007/s13127-021-00531-x

Dietz L, Eberle J, Mayer C, Kukowka S, Bohacz C, Baur H, Espeland M, Huber B, Hutter
C, Mengual X, Peters R, Vences M, Wesener T, Willmott K, Misof B, Niehuis O, Ahrens D
(2022) Standardized nuclear markers improve and homogenize species delimitation in
Metazoa. Methods in Ecology and Evolution 14 (2): 543-555. https://doi.org/
10.1111/2041-210x.14041

Fu YX, Li WH (1993) Statistical tests of neutrality of mutations. Genetics 133 (3):
693-709. https://doi.org/10.1093/genetics/133.3.693.

Fu YX (1997) Statistical tests of neutrality of mutations against population growth,
hitchhiking and background selection. Genetics 147: 915-925. https://doi.org/10.1093/
genetics/147.2.915

Georgiev G, Gradinarov D, Gjonov |, Sakalian V (2018) A checklist and areography of
longhorn beetles (Coleoptera:Cerambycidae) in Strandzha Mountain - Bulgaria and
Turkey. Silva Balcanica 19: 89-116.

Giannoulis T, Dutrillaux A-, Sarri C, Mamuris Z, Dutrillaux B (2020) Phylogenetic
relationships between genera Dorcadion, Lamia, Morimus, Herophila and some other
Lamiinae (Coleoptera: Cerambycidae) based on chromosome and CO1 gene sequence
comparison. Bulletin of Entomological Research 110 (3): 321-327. https://doi.org/10.1017/
S0007485319000737

Gojkovi¢ N, Ludoski J, Milankov V (2022) The encounter of distinct Morimus asper
(Coleoptera: Cerambycidae) phylogeographic lineages on the Balkan Peninsula:
conservation implications. Journal of Insect Conservation 26 (5): 773-792. https://doi.org/
10.1007/s10841-022-00421-3

Hardersen S, Bardiani M, Chiari S, Maura M, Maurizi E, Roversi P, Mason F, Bologna M
(2017) Guidelines for the monitoring of Morimus asper funereus and Morimus asper asper
. Nature Conservation 20: 205-236. https://doi.org/10.3897/natureconservation.20.12676
Hebert PN, Cywinska A, Ball S, deWaard J (2003) Biological identifications through DNA
barcodes. Proceedings of the Royal Society of London. Series B: Biological Sciences
270 (1512): 313-321. https://doi.org/10.1098/rspb.2002.2218

Hewitt GM (2004) Genetic consequences of climatic oscillations in the Quaternary.
Philosophical Transactions of the Royal Society of London. Series B: Biological
Sciences 359 (1442): 183-195. https://doi.org/10.1098/rstb.2003.1388

Hewitt GM (2011) Quaternary phylogeography: the roots of hybrid zones. Genetica 139
(5): 617-638. https://doi.org/10.1007/s10709-011-9547-3

Karpinski L, Szczepanski WT, Kruszelnicki L (2020) Revision of the Ropalopus
ungaricuslinsubricus group (Coleoptera: Cerambycidae: Callidiini) from the western
Palaearctic region. Zoological Journal of the Linnean Society 189 (4): 1176-1216. https:/
doi.org/10.1093/zoolinnean/zlz154

Karpinski L, Gorring P, Kruszelnicki L, Kasatkin D, Szczepanski W (2021) A fine line
between species and ecotype: a case study of Anoplistes halodendri and A. kozlovi

11


https://doi.org/10.1163/9789004440333_002
https://doi.org/10.1007/s13127-021-00531-x
https://doi.org/10.1007/s13127-021-00531-x
https://doi.org/10.1111/2041-210x.14041
https://doi.org/10.1111/2041-210x.14041
https://doi.org/10.1093/genetics/133.3.693.
https://doi.org/10.1093/genetics/147.2.915
https://doi.org/10.1093/genetics/147.2.915
https://doi.org/10.1017/S0007485319000737
https://doi.org/10.1017/S0007485319000737
https://doi.org/10.1007/s10841-022-00421-3
https://doi.org/10.1007/s10841-022-00421-3
https://doi.org/10.3897/natureconservation.20.12676
https://doi.org/10.1098/rspb.2002.2218
https://doi.org/10.1098/rstb.2003.1388
https://doi.org/10.1007/s10709-011-9547-3
https://doi.org/10.1093/zoolinnean/zlz154
https://doi.org/10.1093/zoolinnean/zlz154

(Coleoptera: Cerambycidae) occurring sympatrically in Mongolia. Arthropod Systematics
& Phylogeny 79: 1-23. https://doi.org/10.3897/asp.79.e61499

Karpinski L, Gorring P, Cognato A (2023) DNA vs. morphology in delineating species
boundaries of endemic Mongolian Eodorcadion axa (Coleoptera: Cerambycidae).
Diversity 15 (5). https://doi.org/10.3390/d 15050662

Kostova R, Bekchiev R, Popgeorgiev G, Kornilev Y (2023) First exhaustive distribution
and habitat modelling of Morimus asper (Sulzer, 1776) sensu lato (Coleoptera,
Cerambycidae) in Bulgaria. Nature Conservation 53: 39-59. https://doi.org/10.3897/
natureconservation.53.104243

Kumar S, Stecher G, Li M, Knyaz C, Tamura K (2018) MEGA X: Molecular evolutionary
genetics analysis across computing platforms. Molecular Biology and Evolution 35 (6):
1547-1549. https://doi.org/10.1093/molbev/msy096

Lanfear R, Frandsen P, Wright A, Senfeld T, Calcott B (2016) PartitionFinder 2: New
methods for selecting partitioned models of evolution for molecular and morphological
phylogenetic analyses. Molecular Biology and Evolution 34 (3): 772-77. https://doi.org/
10.1093/molbev/msw260

Leigh J, Bryant D (2015) POPART:full-feature software for haplotype network
construction. Methods in Ecology and Evolution 6 (9): 1110-1116. https://doi.org/
10.1111/2041-210x.12410

Magri D, Vendramin G, Comps B, Dupanloup |, Geburek T, Géméry D, Latatowa M, Litt T,
Paule L, Roure JM, Tantau I, Van Der Knaap WO, Petit R, De Beaulieu J (2006) A new
scenario for the Quaternary history of European beech populations: palaeobotanical
evidence and genetic consequences. New Phytologist 171 (1): 199-221. https://doi.org/
10.1111/).1469-8137.2006.01740.x

Magri D (2007) Patterns of post-glacial spread and the extent of glacial refugia of
European beech (Fagus sylvatica). Journal of Biogeography 35 (3): 450-463. https://
doi.org/10.1111/].1365-2699.2007.01803.x

Mallo D, Posada D (2016) Multilocus inference of species trees and DNA barcoding.
Philosophical Transactions of the Royal Society B: Biological Sciences 371 (1702).
https://doi.org/10.1098/rstb.2015.0335

Mauri A, Davis BA, Collins PM, Kaplan JO (2015) The climate of Europe during the
Holocene: a gridded pollen-based reconstruction and its multi-proxy evaluation.
Quaternary Science Reviews 112: 109-127. https://doi.org/10.1016/j.quascirev.
2015.01.013

Ozdikmen H (2022) Longicorn beetles of coniferous forests in Turkey: Part IV. Lamiinae
(Coleoptera: Cerambycidae. Munis Entomology & Zoology 17 (1): 223-251.
Papadopoulou A, Anastasiou |, Vogler AP (2010) Revisiting the insect mitochondrial
molecular clock: The Mid-Aegean Trench calibration. Molecular Biology and Evolution 27
(7): 1659-1672. https://doi.org/10.1093/molbev/msg051

Pons J, Ribera |, Bertranpetit J, Balke M (2010) Nucleotide substitution rates for the full
set of mitochondrial protein-coding genes in Coleoptera. Molecular Phylogenetics and
Evolution 56 (2): 796-807. https://doi.org/10.1016/j.ympev.2010.02.007

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA (2018) Posterior summarization
in bayesian phylogenetics using Tracer 1.7. Systematic Biology 67 (5): 901-904. https://
doi.org/10.1093/sysbio/syy032

Reitter E (1894) Uebersicht der Arten der Coleopteren - Gattung Morimus Serv. Wiener
Entomologische Zeitung 13: 43-44.

12


https://doi.org/10.3897/asp.79.e61499
https://doi.org/10.3390/d15050662
https://doi.org/10.3897/natureconservation.53.104243
https://doi.org/10.3897/natureconservation.53.104243
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msw260
https://doi.org/10.1093/molbev/msw260
https://doi.org/10.1111/2041-210x.12410
https://doi.org/10.1111/2041-210x.12410
https://doi.org/10.1111/j.1469-8137.2006.01740.x
https://doi.org/10.1111/j.1469-8137.2006.01740.x
https://doi.org/10.1111/j.1365-2699.2007.01803.x
https://doi.org/10.1111/j.1365-2699.2007.01803.x
https://doi.org/10.1098/rstb.2015.0335
https://doi.org/10.1016/j.quascirev.2015.01.013
https://doi.org/10.1016/j.quascirev.2015.01.013
https://doi.org/10.1093/molbev/msq051
https://doi.org/10.1016/j.ympev.2010.02.007
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/sysbio/syy032

Romero-Samper J, Bahillo P (1993) Algunas observaciones sobre la distribucién y
biologia de Morimus asper (Sulzer, 1776) (Coleoptera: Cerambycidae) en la Peninsula
Ibérica. Boletin de la Asociacion Espariola de Entomologia 17: 103-122.

Ronquist F, Teslenko M, van der Mark P, Ayres D, Darling A, Héhna S, Larget B, Liu L,
Suchard M, Huelsenbeck J (2012) MrBayes 3.2: Efficient bayesian phylogenetic
inference and model choice across a large model space. Systematic Biology 61 (3):
539-542. https://doi.org/10.1093/sysbio/sys029

Rozas J, Ferrer-Mata A, Sanchez-DelBarrio JC, Guirao-Rico S, Librado P, Ramos-
Onsins SE, Sanchez-Gracia A (2017) DnaSP 6: DNA sequence polymorphism analysis
of large data sets. Molecular Biology and Evolution 34 (12): 3299-3302. https://doi.org/
10.1093/molbev/msx248

Sama G, L6bl | (2010) Cerambycidae, Western Palaearctic taxa, eastward to Afghanistan,
excluding Oman and Yemen and the countries of the former Soviet Union. In: L&bl 1,
Smetana A (Eds) Catalogue of Palaearctic Coleoptera: Chrysomeloidea. 6. Apollo Books,
Stenstrup, 84-334 pp.

Savev S, Borisov M, Bekchiev R, Kostova R, Tsankov N, Shurulinkov P, Petrov B (2015)
Old forests in Strandzha Nature Park - conservation and sustainable management.
Directorate of Strandzha Nature Park, Malko Tarnovo, 200 pp. [In Bulgarian].

Simon C, Frati F, Beckenbach A, Crespi B, Liu H, Flook P (1994) Evolution, weighting,
and phylogenetic utility of mitochondrial gene sequences and a compilation of conserved
polymerase chain reaction primers. Annals of the Entomological Society of America 87:
651-701. https://doi.org/10.1093/aesa/87.6.651

Solano E, Mancini E, Ciucci P, Mason F, Audisio P, Antonini G (2013) The EU protected
taxon Morimus funereus Mulsant, 1862 (Coleoptera: Cerambycidae) and its western
Palaearctic allies: systematics and conservation outcomes. Conservation Genetics 14
(3): 683-694. https://doi.org/10.1007/s10592-013-0461-3

Souza DdS, Marinoni L, Monné ML, Gémez-Zurita J (2020) Molecular phylogenetic
assessment of the tribal classification of Lamiinae (Coleoptera: Cerambycidae).
Molecular Phylogenetics and Evolution 145 https://doi.org/10.1016/j.ympev.2020.106736
Taberlet P, Cheddadi R (2002) Quaternary refugia and persistence of biodiversity.
Science 297 (5589): 2009-2010. https://doi.org/10.1126/science.297.5589.2009

Tajima F (1989) Statistical method for testing the neutral mutation hypothesis by DNA
polymorphism. Genetics 123 (3): 585-595. https://doi.org/10.1093/genetics/123.3.585
Tavakilian G, Chevillotte H (2024) Titan Database about Longhorns or Timber-Beetles
(Cerambycidae). http://titan.gbif.fr/accueil _uk.html. Accessed on: 2024-1-23.

Toews DL, Brelsford A (2012) The biogeography of mitochondrial and nuclear
discordance in animals. Molecular Ecology 21 (16): 3907-3930. https://doi.org/10.1111/].
1365-294x.2012.05664.x

Tonkov S (2003) Holocene palaeovegetation of the Northwestern Pirin Mountains
(Bulgaria) as reconstructed from pollen analysis. Review of Palaeobotany and
Palynology 124 (1-2): 51-61. https://doi.org/10.1016/S0034-6667(02)00247-6

Tonkov S, Bozilova E, Possnert G (2013) Postglacial vegetation history as recorded from
the subalpine lake Ribno (NW Rila Mts), Bulgaria. Open Life Sciences 8 (1): 64-77.
https://doi.org/10.2478/s11535-012-0104-6

Weekers PH, De Jonckheere J, Dumont H (2001) Phylogenetic relationships inferred
from ribosomal ITS sequences and biogeographic patterns in representatives of the
genus Calopteryx (Insecta: Odonata) of the West Mediterranean and adjacent est

13


https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1093/aesa/87.6.651
https://doi.org/10.1007/s10592-013-0461-3
https://doi.org/10.1016/j.ympev.2020.106736
https://doi.org/10.1126/science.297.5589.2009
https://doi.org/10.1093/genetics/123.3.585
http://titan.gbif.fr/accueil_uk.html
https://doi.org/10.1111/j.1365-294x.2012.05664.x
https://doi.org/10.1111/j.1365-294x.2012.05664.x
https://doi.org/10.1016/S0034-6667(02)00247-6
https://doi.org/10.2478/s11535-012-0104-6

European Zone. Molecular Phylogenetics and Evolution 20 (1): 89-99. https://doi.org/
10.1006/mpev.2001.0947

Wright HE, Ammann B, Stefanova |, Atanassova J, Margalitadze N, Wick L,
Blyakharchuk T (2003) Late-glacial and Early-Holocene dry climates from the Balkan
Peninsula to Southern Siberia. In: Tonkov S (Ed.) Aspects of palynology and
palaeoecology. Pensoft Publishers, Sofia, 127-136 pp.

Xia X (2018) DAMBE7: New and improved tools for data analysis in molecular biology
and evolution. Molecular Biology and Evolution 35 (6): 1550-1552. https://doi.org/10.1093/

molbev/msy073

14


https://doi.org/10.1006/mpev.2001.0947
https://doi.org/10.1006/mpev.2001.0947
https://doi.org/10.1093/molbev/msy073
https://doi.org/10.1093/molbev/msy073

Figure 1.

Habitus of the representatives of genus Morimus in Bulgaria.

a) M. asper funereus (Vitosha Mts., Bosnek Vvill.); b) M. verecundus bulgaricus (Balchik,
Botanical Garden, © O. Sivilov); and ¢) M. orientalis (Strandzha Mts., Kosti vill.)
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Figure 2.

Distribution of the COI lineages of Morimus asper s.I. in the Balkans and neighbouring parts of
Turkey (including data by Solano et al. (2013) and Gojkovi¢ et al. (2022)) and the haplotypes
obtained from the present study. Shape of the symbols indicates the COI lineages and the
colour indicates the haplotypes.
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Figure 3.

TCS network of the mitochondrial COI haplotypes of all samples. The original signatures of the
haplotypes from Solano et al. (2013) and Gojkovi¢ et al. (2022) are used and the haplotypes
from the present study are noted as 'Bal' (Suppl. material 1). Haplotypes, identical with ones

published previously, are noted with the '=' symbol.
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Figure 4.

TCS network of selected ITS2 gene sequence of Bulgarian, northern Greece and Albanian
samples. Codes correspond to voucher specimens’ number (Suppl. material 1).

18


https://arpha.pensoft.net/zoomed_fig/10901045
https://arpha.pensoft.net/zoomed_fig/10901045
https://arpha.pensoft.net/zoomed_fig/10901045
https://doi.org/10.3897/BDJ.12.e116619.figure4
https://doi.org/10.3897/BDJ.12.e116619.figure4
https://doi.org/10.3897/BDJ.12.e116619.figure4

Table 1.

Nucleotide diversity and neutrality tests for L2 and L3 COl lineages including our own and published
data (Solano et al. 2013, Gojkovi¢ et al. 2022, present study). The significant value is marked with
an asterisk.

Lineage Samples Haplotypes S Nucleotide Tajima's Significance CIl (99%) of D' F' Fu's Fs
diversity D of D

Tajima's D Hp: SNM

(P
L3 68 29 31 0.00389  -2.3355* < (0.001 -1.955+2.677 -3.4095 -3.6073 -45.984
L2 11 9 14 0.00551 -0.91732 >0.10 -1.889+2.032 -1.1067 -1.1877 -5.556
L3 45 12 13 0.00351 -1.62679 >0.10 -2.043+2.329 -1.9921 -2.1570 -12.165
Bulgaria
Bulgaria 54 20 49 0.01891 -0.09968 >0.10 -2.048+2.144 0.3837 0.2783 -9.570
all
lineages
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Supplementary materials

Suppl. material 1: Detailed sample information

Authors: Kostova R, Borissov S, Bobeva A, Bekchiev R

Data type: Table

Brief description: Contains information about voucher specimens, localities, coordinates, COI
and ITS2 accession numbers at GenBank, COI haplotypes (obtained from this study are noted as

“Bal’), COI lineages and nuclear ITS2 comparison with previous studies (Solano et al. 2013;
Gojkovi¢ et al. 2022).

Download file (30.75 kb)

Suppl. material 2: Bayesian inference tree using all available COl sequences

Authors: Kostova R, Borissov S, Bobeva A, Bekchiev R

Data type: phylogenetic tree

Brief description: Bayesian inference tree using all available COI sequences (Solano et al. 2013,
Gojkovic¢ et al. 2022 and present data)

Download file (191.40 kb)

Suppl. material 3: Bayesian inference tree using all available ITS2 sequences

Authors: Kostova R., Borisov S., Bobeva A., Bekchiev R.

Data type: phylogenetic tree

Brief description: Bayesian inference tree using all available ITS2 sequences (Solano et al.
2013, Gojkovi¢ et al. 2022 and present data)

Download file (720.31 kb)
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