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Abstract

Dorcadionini is a highly speciose tribe within Cerambycidae and is also one of the most challenging in terms of species
identification owing to the large number of taxa, intraspecific variability or similarity between species. To support species
identification and taxonomic decisions, we generated DNA barcodes for 24 species and 152 specimens. Cases of disagree-
ment between the barcode and taxonomic species were further analysed with the 28S and internal transcribed spacer 2 (ITS2)
nuclear markers. The mitochondrial variation is mostly in accordance with the traditional taxonomy except a case of haplo-
type sharing between Dorcadion murrayi, Dorcadion axillare and Dorcadion pusillum that suggest hybridisation events. We
hypothesise that introgression is the likely explanation for part of the large morphological variability found in many other
species. In Dorcadion aethiops and Dorcadion fulvum, the taxonomic subspecies are not distinguishable using molecular
data, as the haplotypes are identical or very similar, while in Dorcadion equestre, the subspecific structure is in accordance
with the genetic data. A low between-species divergence ranging from 0.62 to 2.38% was found in four species, in contrast
with the deep intraspecific divergences in D. equestre. We use two methods for single-locus species delimitation (General
Mixed Yule Coalescent and Poisson Tree Processes), but none was perfect as both have shortcomings in oversplitting or
lumping species. Dorcadion fulvum fulvum is confirmed for Romania.
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Introduction

DNA barcoding is widely recognised as a valuable molecu-
lar tool for a fast and accurate identification of species and
biodiversity assessment (Hebert et al., 2016; Hendrich et al.,
2015). In animals, it is based on sequencing and analysing a
comparatively short, standardised fragment from the 5' end
of the mitochondrial cytochrome c¢ oxidase I (COI) gene
(Hebert et al., 2003; Valentini et al., 2009). This technique
relies on the legacy of morphology-based taxonomy as, for
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the purpose of specimen identification, the barcodes are
linked with already known species (Gibbs, 2018). For the
method to work well in the identification process, the taxo-
nomic coverage of the sequence database must be almost
exhaustive (Ekrem et al., 2007) and the identification suc-
cess must be tested with new sequences. With the rapid
increase in the number of available barcodes, at least theo-
retically identifications become straightforward: if a speci-
men is included in a known Barcode Identification Number
(BIN), it is then accurately matched to a corresponding spe-
cies (except cases of barcode sharing); if not, it may repre-
sent a potentially new or overlooked species (Gibbs, 2018;
Ratnasingham & Hebert, 2013). Even if species delimita-
tion using a single locus has many shortcomings (Mallo
& Posada, 2016), DNA barcoding still has the immense
advantage of being a fast and standard method, generating
compatible datasets and sparing biologists from starting to
gather sequences from scratch all over again. Practically,
data amassed from all over the globe can be integrated and
compared.
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For insects, the numerous barcodes for Central Europe
were mostly generated by the ‘Barcoding Fauna Bavarica’
(BFB) and the ‘German Barcode of Life’ (GBOL) projects
(Moriniere et al., 2019) but comprehensive barcode librar-
ies were also published for Northern Europe (e.g. Huemer
et al., 2014; Pentinsaari et al., 2014a; Pohjoisméki et al.,
2016). Concerning Coleoptera, the largest barcoding effort
in Europe was directed towards particular geographic regions
(Hendrich et al., 2015; Pentinsaari et al., 2014a) and ecologic
(Rougerie et al., 2015) or taxonomic (Baselga et al., 2015;
Bergsten et al., 2012a, b; Fossen et al., 2016; Horecka et al.,
2017; Lopes et al., 2015; Magoga et al., 2018; Marin et al.,
2010; Pentinsaari et al., 2014b; Raupach et al., 2010, 2016,
2018) groups. No comprehensive studies are available for
the Mediterranean region except the DNA barcode reference
library provided for the Iberian butterflies by Dinca et al.
(2015) and Ortiz et al. (2017), and for the Euro-Mediterranean
leaf beetles (Baselga et al., 2015; Lopes et al., 2015; Magoga
et al., 2018). Southeastern Europe remains poorly covered,
related to the limited funding and availability of taxonomic
experts. Nevertheless, Romania is the single country in this
region where a library of DNA barcodes for almost all known
butterflies was created (Dincd et al., 2011).

DNA barcodes are available for many representatives of
Cerambycidae due to several large DNA barcoding projects
(Grebennikov et al., 2017; Hebert et al., 2016; Hendrich
et al., 2015; Pentinsaari et al., 2014a; Rougerie et al., 2015)
or various studies that focused on integrative taxonomy (e.g.
Etzler et al., 2013; Jin et al., 2019; Kvamme et al., 2012; Li
et al., 2016; Wallin et al., 2009), intraspecific diversity (Jeon
etal., 2015; Wu et al., 2020) or economic topics (Torres-Vila
& Bonal, 2019; Wu et al., 2017). Yet, other studies use pub-
licly available sequences to solve taxonomic issues (Wallin
et al., 2017; Zamoroka et al., 2019). Complete mitogenomes
are now available for over 100 species of Cerambycidae (Nie
et al., 2021; Zhang et al., 2021).

However, almost no species of the tribe Dorcadionini has
the DNA barcode published and publicly available except
Iberodorcadion fuliginator (Linnaeus, 1758) that is one of
the most northern species, its distribution reaching Ger-
many. It was barcoded during the BFB and GBOL projects
(Hendrich et al., 2015; Rulik et al., 2017).

Dorcadionini is a morphologically diverse Palaearctic
tribe in the subfamily Lamiinae (Cerambycidae) and con-
sists of six genera (Danilevsky, 2006, 2020; Danilevsky &
Kasatkin, 2007; Danilevsky et al., 2005). It is a specious
group of flightless coleopterans, representing about 40% of
the European longhorn beetles fauna (Sama et al., 2010),
with most species and subspecies being distributed in the
south, where the DNA barcoding effort is the lowest.

The species of Dorcadionini from Romania are well
understood taxonomically, likely most taxonomic issues
being solved (Dascalu, 2018; Dascilu & Fusu, 2012; Pesarini
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& Sabbadini, 2010; Sama et al., 2010; Zamoroka, 2019). Sev-
eral species are represented by more than one subspecies,
allowing DNA barcoding at a subspecific level. Being flight-
less, they have low dispersal capabilities (Baur et al., 2005,
2020) and are therefore prone to significant phylogeographic
structure, which might be a problem for molecular species
delimitation (Moritz & Cicero, 2004; Mutanen et al., 2012;
Sukumaran & Knowles, 2017). Yet, most species in the study
area are likely immigrants at the beginning of the Holocene
(Taberlet et al., 1998; Vitali & Schmitt, 2017) and hence
less genetically structured and less challenging to delimit
molecularly (but see “Results”). It logically follows that
Dorcadionini are a good model for testing DNA barcoding
success and molecular species delimitation. The aims of the
current study were to provide the barcodes for all the species
of Dorcadionini (Cerambycidae, Coleoptera) from the Roma-
nian fauna and partly from other European countries and to
analyse the effectiveness of DNA barcodes in discriminating
152 specimens representing 21 species of Dorcadion, two
species of Neodorcadion and one of Iberodorcadion used as
outgroup.

We discuss our findings by comparing the results with
other groups, where speciation is better understood, since
there is a general feeling that the taxonomy of Dorcadionini
with so many taxa is an unnecessary complication, and it
could be much simplified. Speciation is a complex and usu-
ally gradual phenomenon that is by no means complete in
all the cases one investigates. It is additionally complicated
for the human observer by the partial or complete fusions
by hybridisation and introgression of previously indepen-
dently evolving lineages. DNA barcoding is a tool that can
give us clues to the natural phenomena that underlay the
observed biological diversity, but neither it nor any other
genetic technics in our toolkit will solve all taxonomical
issues; they only give us a more complete picture to guide
our subjective—but this time better informed—decisions to
lump or split taxa.

Material and methods
Specimens

The study covers all the species and subspecies of Dor-
cadionini from Romania plus several more other species
from the neighbouring countries (Bulgaria, Czech Repub-
lic, Greece, Hungary, Republic of Moldova and Ukraine),
to obtain a better estimate of genetic diversity (Table 1).
Additionally, we sampled a specimen of Dorcadion mnisze-
chi Kraatz, 1873, the type species of the subgenus Cribri-
dorcadion. For each taxon, multiple individuals mostly
coming from different localities were sequenced, except
single specimens that were used for the locally rare species
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Table 1 Taxa used for DNA barcoding including voucher numbers and collecting locality

Voucher Species Country County/region and locality
Dorcadion (Carinatodorcadion)
aeS101 Dorcadion aethiops aethiops (Scopoli, Romania Sibiu co., Slimnic
1763)
aeZa02, aeZa04 D. aethiops aethiops Romania Mures co., Zau de Campie
aeTMO1 D. aethiops aethiops Romania Mures co., Cerghid, Tarnava Mica
aeKeOl Dorcadion aethiops strumense Dani- Greece Serres reg., Angistron Mts.
levsky, 2014
aeKe02 D. aethiops strumense Greece Serres reg., near Promachonas
aeVe0l Dorcadion aethiops propinquum Breun-  Greece Imathia reg., Kato Vermio
ing, 1962
fuCz01, fuCz02 Dorcadion fulvum fulvum (Scopoli, 1763) Czech Rep. S Moravian reg., Klentnice
fuPeHu1701, fuPeHu1702 D. fulvum fulvum Hungary Baranya co., Pécs
fuCj02, fuCj03, fuCj07 D. fulvum fulvum Romania 4 km N Clyj
fuBg1701, fuBg1702 Dorcadion fulvum erythropterum Fischer Bulgaria Dobrich obl., S of Durankulak
von Waldheim, 1823
fuBg1901 D. fulvum erythropterum Bulgaria Burgas obl., Varli Bryag
fuSp1704, fuSp1705 D. fulvum erythropterum Romania Buzau co., Spataru forest
fuDDO03 D. fulvum erythropterum Romania Tasi co., Ursoaia
fuDul6 D. fulvum erythropterum Romania Constanta co., Dumbraveni
fuMa01 D. fulvum erythropterum Romania Tasi co., Rediu, Marzesti meadows
fuUc1102 Dorcadion fulvum opillicum Zamoroka,  Ukraine Lviv obl., near Holohirky
2019
Dorcadion (Cribridorcadion)
axBg1701, axBg1702, axBg1704, Dorcadion axillare axillare Kiister, 1847  Bulgaria Dobrich obl., Obrochishte
axBg1705
axSZ03 D. axillare axillare Bulgaria Stara Zagora
axDD1701-axDD1703 Dorcadion axillare moldavicum Dascdlu  Romania Tasi co., Ursoaia
& Fusu, 2012
axMal703-axMal705, axMz01 D. axillare moldavicum Romania Iasi co., Rediu, Marzesti meadows
axVD1701, axVD1702 D. axillare moldavicum Romania lasi co., Valea lui David
axGS1801 D. axillare moldavicum Romania Iasi co., Gara Soldana
axHal801 D. axillare moldavicum Romania Iasi co., Hilceni
axRC1701 D. axillare moldavicum Romania Valui co., Ratesu Cuzei
axGl11401 D. axillare moldavicum Romania Vaslui co., Glodeni
axCh1201-axCh1203 D. axillare moldavicum Romania Vaslui co., Chircesti

ciRz1101, ciRz1102

ciTol101
deHu1601
eqDD1201

eqTol101, eqTo1102
eqDD1501, eqDD1502
eqVDO0701

eqBa0901

eqBel201, eqBel801, eqBe1802

xAk1701
2aBg1701-gaBg1705

2aGDO1

Dorcadion cinerarium zubovi Lazarev,
2011

D. cinerarium zubovi
Dorcadion decipiens Germar, 1823

Dorcadion equestre equestre (Laxmann,
1770)

D. equestre equestre
D. equestre equestre
D. equestre equestre
D. equestre equestre

Dorcadion equestre transsilvanicum
Ganglbauer, 1884

Dorcadion etruscum etruscum (Rossi,
1790)

Dorcadion gashtarovi Sama, Dascélu &
Pesarini, 2010

D. gashtarovi

Rep. Moldova

Rep. Moldova
Hungary

Romania

Rep. Moldova
Romania
Romania
Romania
Romania

Greece
Bulgaria

Romania

Taloveni distr., Rizeni

Leova distr., Tomaiul Nou
Béacs-Kiskun co., Fiilophaza

Iasi co., Ursoaia

Leova distr., Tomaiul Nou
Iasi co., Ursoaia

Iasi co., Valea lui David
Tulcea co., Babadag
Buziu co., Joseni (Berca)

Akarnanika Mts., near Palairos
Dobrich reg., S of Durankulak

Constanta co., Gura Dobrogei
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Table 1 (continued)

Voucher Species Country County/region and locality

gaBal501-gaBal507 D. gashtarovi Romania Tulcea co., Babadag

hoVD1101 Dorcadion holosericeum holosericeum Romania lasi co., near Valea lui David
Krynicki, 1832

hoMK1801 D. holosericeum holosericeum Romania Tasi co., near M. Kogélniceanu

hoGB1901 D. holosericeum holosericeum Romania Tasi, Botanical Garden

xTom1701, xTom1702 Dorcadion kozanii kozanii Breuning, Greece Tomaros Mt., near Ioanina
1962

linAng1001 Dorcadion lineatocolle Kraatz, 1873 Greece Serres reg., Angistron Mts.

1uKe0801 Dorcadion lugubre lugubre Kraatz, 1873  Greece Kerkini Mts., near Neo Petritsi

1uKe1001, luKe1002 D. lugubre lugubre Greece Kerkini Mts., near Vyronia

linPro1001 D. lugubre X D. lineatocolle Greece Serres reg., Promachonas

litCe1301 Dorcadion litigiosum litigiosum Gangl- Romania Tulcea co., Cerna
bauer, 1884

1itMa0701 D. litigiosum litigiosum Romania Tulcea co., Micin, Lacul Sarat

mnGel701 Dorcadion mniszechi georgianum Lazarev, Georgia Shida Kartli reg., 4 km NE of Gory
2014

muSp1101, muSp3_1701, muSp3_1702,  Dorcadion murrayi Kiister, 1847 Romania Buzau co., Spataru forest

muSpl_1703, muSpl_1704, mySp02,
mySp03

muCht1701-muCht1704, muChO1 D. murrayi Romania Vaslui co., Chitcani

my Va0l D. murrayi Romania Galati co., Baldbanesti

peBall01 Dorcadion pedestre pedestre (Poda, 1761) Romania Tulcea co., Babadag

peBg1701 D. pedestre pedestre Bulgaria Dobrich reg., Shabla lighthouse

peBg1901 D. pedestre pedestre Bulgaria Burgas obl., Varli Bryag

peEn1401 D. pedestre pedestre Romania Tulcea co., Enisala

peDD1701, peDD1702 D. pedestre pedestre Romania Tasi co., Ursoaia

piGr1501 Dorcadion pilosipenne pilosipenne Greece Lesbos Isl., Limonas Monastery
Breuning, 1943

puOd9, puOd14 Dorcadion pusillum pusillum Kiister, Ukraine Odessa obl., Ovidiopol

puRz07, puRz09

puHn17, puHn18
puGa02, puGa04, puGa05
puV103, puVI07, puV108
puSGO3

pulLS11

pulzvD19, pulzvD04 pulzvD2_03,
pulzvD2_04

scMuO1

scS11801

scLN1801
scSM1801
taBg1701-taBg1704

xBg1901, xBg1902
taBg1901, taBg1902
taRz1101

taFM 1701, taFM1702
taCz1701

tul201, tul1202

1847
D. pusillum pusillum
D. pusillum pusillum
D. pusillum pusillum
D. pusillum pusillum

Dorcadion pusillum ochrolineatum
Dascélu, 2018

D. pusillum ochrolineatum

Dorcadion pusillum vasiliscus Dascilu,
2018

Dorcadion scopolii (Herbst, 1784)
D. scopolii
D. scopolii
D. scopolii

Dorcadion tauricum tauricum Waltl,
1838

D. tauricum tauricum
D. tauricum tauricum
D. tauricum tauricum
D. tauricum tauricum
D. tauricum tauricum

Dorcadion tuleskovi Heyrovsky, 1937

Rep. Moldova
Rep. Moldova
Romania
Romania
Romania

Romania

Romania

Romania
Romania
Romania
Romania

Bulgaria

Bulgaria
Bulgaria

Rep. Moldova
Romania
Romania
Greece

Taloveni distr., Rdzeni

Leova distr., 20 km S Hancesti
Galati, Botanical Garden

Iasi co., Vlddeni

Buziu co., Sutesti-Gradistea

Briila co., Lacul Sérat
Buziu co., Izvoru Dulce (Beceni)

Mures co., Cerghid, Tarnava Mica
Sibiu co., Slimnic

Alba co., Lopadea Noua

Sibiu co., Sura Mare

Dobrich obl., S of Durankulak

Burgas obl., Varli Bryag

Burgas obl., Varli Bryag

Taloveni distr., Rizeni

Constanta co., Fantanita Murfatlar
Vrancea co., Coza (Tulnici)
Olympus Mts

@ Springer
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Table 1 (continued)

Voucher Species Country County/region and locality
Neodorcadion
biRM 1301, biRM1302 Neodorcadion bilineatum (Germar, 1823) Rep. Moldova Donduseni distr., Elizavetovca
biV10701 N. bilineatum Romania lasi co., Vlddeni
biGr1101 N. bilineatum Romania Tulcea co., Greci
biMu1101 N. bilineatum Romania Mures co., Cerghid, Tarnava Micd
biPal601 N. bilineatum Romania Iasi co., Parcovaci (Harlau)
biPo1101 N. bilineatum Romania Neamt co., Podoleni
biRz1101 N. bilineatum Rep. Moldova laloveni distr., Rdzeni
exEn1401 Neodorcadion exornatum (Frivaldsky, Romania Tulcea co., Enisala
1835)
Iberodorcadion
ghSpal201 Iberodorcadion perezi ghilianii (Chevrolat, Spain Sierra de Guadarrama, Fuenfria Pass
1862)
hiSpal201 Iberodorcadion perezi hispanicum Spain Sierra de Guadarrama, Navacerrada Pass

(Mulsant, 1851)

Neodorcadion exornatum (Frivaldsky) which, before our
study, was last collected in 1975 (Serafim, 2010), and for
Dorcadion decipiens Germar (we sequenced a single spec-
imen from Hungary, since most, if not all, records from
Romania are doubtful). Specimens were identified by the
first author using identification keys and species concepts in
Plavilstshikov (1958), Breuning (1962), Hernandez (2000),
Tomé (2004, 2012), Pesarini and Sabbadini (2007, 2008,
2010, 2013), Sama et al. (2010), Lazarev (2011, 2014),
Dascidlu and Fusu (2012), Danilevsky (2014), Dascélu
(2018) and Zamoroka (2019). Taxonomy and nomencla-
ture, if not mentioned otherwise, follow Danilevsky (2020).
Vouchers are deposited in the first author collection at the
“Al. I. Cuza” University of lasi.

Additionally, we downloaded from GenBank the
sequences of Dorcadionini from Giannoulis et al. (2020) and
the sequences of 1. fuliginator from Hendrich et al. (2015)
and Rulik et al. (2017). However, sequences obtained by
Giannoulis et al. (2020) overlap only on 468 bp with the
standard barcode region, and to keep missing data at a mini-
mum, only their D. equestre (ssp. reclinatum Kraatz, 1892
according to locality data) and N. exornatum sequences were
included in our final analyses. Iberodorcadion fuliginator
from GenBank plus two more sequences from two subspe-
cies of Iberodorcadion perezi Graells, 1849 obtained for this
study were used as outgroup alongside Neodorcadion.

DNA amplification, sequencing and data depository

Being comparatively large beetles, we used tissue samples
extracted from each specimen: the abdomen was dissected,
and the muscular tissue and gonads were stored in 96%
ethanol. DNA was extracted using Chelex® 100 resin (Bio-
Rad Laboratories) from a small piece of tissue as described
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in Fusu and Ribes (2017). When dry mounted specimens
were used, DNA was extracted from one leg using a non-
destructive protocol based on the DNeasy Blood & Tissue
Kit (Qiagen) as described in Cruaud et al. (2019). After
extraction, the leg was glued back to the voucher.

Standard 25-ul PCRs were performed, using the primer pair
LCO1480/HCO2198 (Folmer et al., 1994). A reaction contained
2.5 pl of 10X PCR buffer, 1 pl of 50 mM MgCl,, 0.5 pul ANTP
solution (10 mM each), 1.25 pl of each primer (10 pM), 1.25 pl
Taq polymerase (1 u/pl, Red Taqg DNA Polymerase, Rovalab),
2 pl DNA extract and water to final volume. For six samples
that failed at the first attempt, a second attempt was made by
adding 6.25 pl of 25% trehalose to the PCR mix; four yielded
a sequenceable product. For each round of reactions, negative
controls were included. All PCR amplification reactions were
conducted in a Labcycler thermal cycler (SensoQuest). PCR
conditions were 94 °C for 1 min, followed by 7 repeated cycles
at 94 °C for 40 s, 45 °C for 40 s and 72 °C for 45 s, and then by
33 repeated cycles at 94 °C for 40 s, 51 °C for 40 s and 72 °C for
45 s, with a final extension at 72 °C for 5 min.

It was suggested that the D1 and D2 regions of the 28S
ribosomal RNA (rRNA) gene can be used for DNA barcod-
ing similar to COI (Sonnenberg et al., 2007). This easily
obtainable nuclear marker can be used in combination with
COI to clarify cases of mitochondrial capture or even to
detect hybrids (Sonnenberg et al., 2007). We amplified this
gene in selected specimens when there was disagreement
between the barcode sequence and morphology. We used
the primer pair 28S-01 and 28SR-01 (Kim et al., 2000) and
the following PCR conditions: 94 °C for 1 min, followed by
35 repeated cycles at 94 °C for 1 min, 50 °C for 1 min and
72 °C for 1 min, with a final extension at 72 °C for 5 min.

Since 28S was found to be too conserved, we also
amplified the nuclear internal transcribed spacer 2 (ITS2)

@ Springer
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for the same specimens. We used the primers developed
by Germain et al. (2013) except the forward primer that
was not a primer cocktail as originally published but a sin-
gle primer that we designed by further degenerating their
primers F1, F2 and F3: 5.8S_cbgp_F (5'-TCG ATG AAR
RMC GCA GYD AAH TG-3'). We used the following
PCR conditions: 94 °C for 3 min, followed by 40 repeated
cycles at 94 °C for 30 s, 44 °C for 90 s and 72 °C for 90 s,
with a final extension at 72 °C for 5 min.

PCR products were sequenced at Macrogen Europe, and
double-stranded sequences were assembled using Pregap4
v.1.5 and Gap v.4.10 in the Staden Package (Bonfield et al.,
1995). For three specimens that showed on the ITS2 trace
files double-peaks characteristic of heterozygous indels,
individual haplotypes were resolved using Indelligent v.1.2
(Dmitriev & Rakitov, 2008) and by direct comparison with
homozygous individuals. COI sequences were checked
for mitochondrial pseudo-genes (numts) by translating
them to protein sequences in MEGA v.7 (Kumar et al.,
2016) and looking for the presence of stop codons. All
sequences were deposited in GenBank (accession numbers
0OKO050368-0K050519 for COIL, OK048652—-0K 048680 for
28S and OK048688-0K048718 for ITS2).

Sequence alignment and genetic distances

The COX and 28S sequences were aligned with the Clustal W
algorithm as implemented in MEGA v.7. For ITS2, the align-
ment was done in MAFFT v.7 (Katoh & Standley, 2013) on
the website of the European Bioinformatics Institute (Madeira
et al., 2019), followed by minor manual adjustments.

Within- and between-groups distances were calculated
in MEGA v.7 using both Kimura’s 2-parameter model (K2P
distances) and p-distances as suggested by Srivathsan and
Meier (2012). Since the values were similar, for simplic-
ity, we discuss in the text mostly K2P distances. We calcu-
lated interspecific and intraspecific distances both including
and excluding subspecies that were found to be the result
of introgression (see “Results”). This was done because
mitochondrial capture following introgression in some
populations of a species but not in others will enlarge the
estimates of average evolutionary divergence within species
and reduce the interspecific distances, potentially masking
the barcoding gap. Graphs for visualising the barcoding gap
were produced with R v.3.6.1 (R Core Team, 2019) using the
faceting function in the ggplot2 package (Wickham, 2009,
2011).

Phylogenetic analyses and haplotype networks
For COI, a substitution saturation analysis was performed

in DAMBE v.7 (Xia, 2018) as described in Fusu (2017)
based on unique sequences and fully resolved sites only.
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For phylogenetic inferences, we analysed our data under
both maximum likelihood (ML) and Bayesian inference
(BI). For the ML analysis, the alignment was delimited by
codon position and the best substitution model and parti-
tioning scheme identified using PartitionFinder 2 (Lanfear
et al., 2016) with the settings branch lengths =linked and
search =all. The result was used as input for a partitioned
analysis with linked branch lengths in RAXML-NG v.0.9.0
(Kozlov et al., 2019). We also executed 20 alternative runs
on distinct starting trees in RAXML-HPC2 v.8.2.12 (since
the results were very similar, data are not shown). In both
cases, support for nodes was estimated based on bootstrap
pseudo-replicates (BP) with an automatic bootstopping crite-
rion. For the BI analysis, we used BEAST v.1.10.4 (Suchard
et al., 2018). Since our intent was to also estimate the tim-
ing of divergence events, data was not partitioned because
published molecular clock estimates that were used as priors
are available only for the entire COI gene. Hence, we used
the GTR + G +1 substitution model with four gamma cat-
egories for the entire alignment, as estimated using a ML
criterion in MEGA v.7. Two independent runs were executed
in BEAST, each run consisting of 10® generations with sam-
pling performed every 10* generations. The analysis of the
complete dataset with a Yule model of branching pattern
(see “Molecular clock calibrations™) did not reach conver-
gence, and the runs were extended to 3 x 10® with sampling
every 5x 10°. Convergence of parameters was assessed in
Tracer v.1.7.1 (Rambaut et al., 2018), and after ensuring all
ESS were > 200, the tree files were combined in LogCom-
biner v.1.10.4. All runs were performed using the CIPRES
Science Gateway (Miller et al., 2010).

The 28S rRNA gene and the ITS2 sequences were first
analysed individually under ML with the T92 and T92+ G
substitution models, respectively. Support for nodes was
estimated based on 1000 bootstrap pseudo-replicates.
Both model selection and tree reconstruction were done in
MEGA v.7. After ensuring that there are no abnormally long
branches or misplaced specimens that might indicate con-
tamination or paralogous sequences, the two datasets were
combined for a partitioned analysis; 28S and ITS2 were
treated as two data blocks, and the best partitioning scheme
and substitution models were selected with PartitionFinder
2. We used RAXML-NG as described above with the F81 +1
and K80 + G substitution models for 28S and ITS2, respec-
tively. We also analysed the dataset with MrBayes v.3.2.6
(Ronquist & Huelsenbeck, 2003) with default parameters.
For each partition, we used the same models as for the ML
analysis and parameters were unlinked across partitions. The
analysis was run for 10’ MCMC generations, with samples
taken every 100 generations. Before summarising the trees,
convergence of parameters was assessed in Tracer v.1.7.1.
Posterior probability (PP) values were plotted on the maxi-
mum likelihood tree.
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Final trees were imported in FigTree v.1.4.4 (A. Rambaut,
http://tree.bio.ed.ac.uk/software/figtree/) and further edited in
Adobe Illustrator and Adobe Photoshop. The haplotype net-
works were reconstructed in PopART v.1.7 (Leigh & Bryant,
2015) with the maximum statistical parsimony method (aka
TCS method) (Clement et al., 2000).

Molecular clock calibrations

To estimate the time frame for the diversification of Dor-
cadionini in the study region, we used BEAST v.1.10.4.
The model used for the expected branching pattern was
either a Yule model (applied to the complete dataset or to
a reduced dataset containing one representative per spe-
cies) or a coalescent model with constant population size
applied to the complete dataset. This was done because
genealogical (intrapopulation) substitution rates can be
much higher than phylogenetic rates (Papadopoulou et al.,
2010). The two are best modelled using a coalescent or a
Yule model, respectively, while mixed datasets containing
numerous specimens from multiple species are especially
prone to vagrancies of divergence time estimates under the
inappropriate model (Ritchie et al., 2017).

There are no published clock estimates for Dorcadi-
onini. Hence, instead of applying a rate from a previous
study on other groups, such as the universal arthropod
mitochondrial DNA (mtDNA) rate (Brower, 1994), the
ucld.mean prior of the lognormal distribution was set in
real space with a mean of 0.011 substituted sites per mil-
lion year per lineage and a standard deviation of 0.003
to obtain a distribution with a 95% confidence inter-
val of 0.006-0.018. This encompasses a wide range of
rates ranging from some of the slowest rates for COI to
the fast rate reported for Tenebrionidae (Papadopoulou
et al., 2010); the median of the distribution is very close
to the widely known divergence rate reported by Brower
(1994) of 2.3% divergence rate per million year (0.0115
substituted sites per lineage). This approach was used by
Marshall et al. (2016) to calibrate the molecular clock
in cicadas since likewise there were no published clock
estimates available.

Single-locus species delimitations

We used the two most popular methods (Luo et al., 2018)
of single-locus species delimitation, namely General
Mixed Yule Coalescent (GMYC) (Fontaneto et al., 2007)
and Poisson Tree Processes (PTP) (Zhang et al., 2013),
both with two versions: single threshold (Pons et al., 2006)
and multiple threshold (Fujisawa & Barraclough, 2013)
versions of GMYC, and both original PTP (Zhang et al.,
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2013) and multi-rate PTP (mPTP) (Kapli et al., 2017). The
two methods are based on different models; hence, if the
two are congruent, this should give more confidence in the
results. For example, PTP does not require an ultramet-
ric tree and hence it avoids the error-prone procedure of
time calibration. For GMYC, we used its implementation
in R with the package splits (Ezard et al., 2014) on the
tree obtained in BEAST using the coalescent model with
constant population size applied to the complete dataset.
For PTP, we used the web servers provided by the authors
(available at https://species.h-its.org/ and https://mptp.h-
its.org/#/tree) on the tree obtained with RAXML-NG.

Results
Alignments

Overall, our DNA barcode library comprises 152
sequences from 24 species of Dorcadionini. For six poly-
typic species, we barcoded two to three different subspe-
cies (Table 1); hence, our dataset covers a total of 33 newly
barcoded taxa plus other two mined from GenBank. All
newly generated barcode sequences, except four, were full-
length barcodes of 658 bp (the incomplete sequences were
629-654 bp). The alignment had 249 variable sites and
229 parsimony-informative sites. The substitution satura-
tion analysis indicated little saturation (p <0.00001 for 32
taxa and both symmetrical and asymmetrical trees).

For 288, the alignment contained 29 sequences and 842
positions with sequences varying in length from 783 to
842 and a single indel of 1 bp or 2 bp in the outgroup taxa.
There were 20 variable and eight parsimony-informative
sites. For ITS2, the alignment of the 31 sequences had
636 positions including gaps, with complete sequences
varying in length from 507 to 523 bp. Three heterozygous
specimens were represented by two haplotypes each. The
dataset was much more informative compared to 28S, with
112 variable and 78 parsimony-informative sites.

Phylogenetic analyses

Both the ML and BI trees based on COI had similar topolo-
gies, with a few notable exceptions (Figs. 1 and 2). In the BI
tree, D. decipiens is sister to nominotypical D. pusillum, while
in the ML tree, it is nested within it. Sister to the (D. decipi-
ens+ D. murrayi+ D. pusillum) clade is D. axillare axillare in
the ML tree, while in the Bl tree, it is D. scopolii. The position
of D. tuleskovi varies radically between the two trees.

Most species were recovered as monophyletic with
some exceptions. In the BI tree, all D. pusillum pusil-
lum sequences are part of the same clade (though it also

@ Springer


http://tree.bio.ed.ac.uk/software/figtree/
https://species.h-its.org/
https://mptp.h-its.org/#/tree
https://mptp.h-its.org/#/tree

212

M.-M. Dascalu et al.

28S+ITS2

muSp3_1701
aor054] 1 muCht1701_H2
muCht1701_H1
muSp1_1704
puLs1i
pusGo3
pulzvD2_04
pulzvD2_03
@ puOdi4
93/0.76| puHn18
pu0do9
puHn17
PpuRz07
axvD1701
axDD1701
axMa1705
67/-|= axBg1705
son axBg1702

D.murrayi RO

84/099
|D. p.ochrolineatum RO

Io. p.vasiliscus RO

D.p. pusillum MD UA

D.a.moldavicum RO

D.a.axillare BG

0.01

COl

100717 linAng1001
linPro1001_lin
68/094 1 luKe0801_H1
luke0801_H2

ID. lineatocolle GR

l D. lugubre x D.lineatocolle GR

D.Iu. lugubre GR

ID. e. etruscum GR
. pedestre RO
1D. . fulvum RO

2¢TMO1 | D.a.aethiops RO
1001 g?]':::: ;g: 1.p. hispanicum + 1. p. ghilianii ES

biPo1101 |N. bilineatum RO

axGl1401

pulzvD2_04
muSp1_1703
axMal704
axMz01

D.murrayi
+

D.p.vasiliscus RO

myVao1 D.p. ochrolineatum
musp3_1701 D a. moldavicum
axRC1701
m

axHa1801
axVD1701
pulzvD2_03
muCht1703
axGS1801
[— musp1101
L pulzvD19

D.p. pusillum
ROMD UA

+
D.a.moldavicum
1D. p. ochrolineatum RO

deHu1601 1D. decipiens HU

scMu01 | f %

100

b.a. axillare BG
sciNIB01 D. scopolii RO
Loy lithag7o1 |o. L litigiosum RO

— litCe1301
95 D. lineatocolle + Gl
D. lugubre x D. lineatocolle
. Iu. lugubre GR

xAk1701 1D. e. etruscum GR

D.a. aethiops + po
D. a. strumense + GR
D. a. propinquum

|p- k. kozanii Gr

D. p. pedestre RO BG

D. . fulvum +

D. f. opillicum +
D.f. erythropterum
ROBG CZHU UA

|D. tuleskovi Gr
eqBe1201 |

. transsilvanicum RO

D. e. equestre RO MD

MH613745 1D e.reclinatum MK

PIGI1501 1D.p. pilosipenne GR
a

D. gashtarovi RO BG

hoVD1

1=

100 101 N
hoGB1901 ID. h. holosericeum RO
hoMK1801

taFM1701

taFM1702
100| t2R21101
taBg1901

D. t. tauricum RO MD BG

ciTo1101
m_LciRzl 102
ciRz1101

1D. mniszechi georgianum GE

ID. cinerarium zubovi MD

KU916251
KU910823
KU

1

L£ fuliginator DE

biPo1101
biRz1101
biPa1601
biGr1101
biMu1101
100 || biRM1301
100 [ biRM1302

@ Springer

bivI0701
100— exEn1401
MH613741
MH613742

0.04

100 — ghSpa1201

201 | 1. hispanicum + 1.p. ghilianii ES

&
i

l GfBS



DNA barcoding in Dorcadionini (Coleoptera, Cerambycidae) uncovers...

213

«Fig. 1 Maximum likelihood (ML) trees of the investigated Dorcadi-
onini based on COI or 28S +ITS2. Numbers at nodes indicate boot-
strap support (COI) or bootstrap support and posterior probability
from a BI analysis (28S +1TS2). Taxa names in red indicate lumping.
From top to bottom are vouchers axMz1704, pulzvD2_04, puLS11,
deHul601, linAngl1001, aeVeOl, fuBgl702, tuGr1201, eqDD1201,
gaBal501, mnGel701, hiSpal201 and exEnl401. Countries are
abbreviated using ISO codes. Scale bars represent 1 mm

includes one D. pusillum ochrolineatum and three D.
axillare moldavicum), while D. pusillum vasiliscus and
D. pusillum ochrolineatum are nested within D. murrayi.
In the ML tree, D. pusillum pusillum is not monophyletic:
specimens from Ukraine (Od14 and Od09) are recovered
as a distinct basal lineage, while the species is paraphyletic
relative to D. murrayi and D. decipiens.

Dorcadion axillare axillare is monophyletic in both
trees, while D. axillare moldavicum is polyphyletic since
it is nested within both D. murrayi and D. pusillum pusil-
lum. One specimen, that was identified initially as D.
lineatocolle and on second thought as D. lugubre (lin-
Pro1001), is grouped with D. lineatocolle instead of clus-
tering with D. lugubre lugubre.

Both trees also recover three highly supported clades
(marked with 1, 2 and 3 in Figs. 1 and 2), though the exact
relationships between the constituent species vary slightly
between the two approaches. The first clade has a posterior
probability of 1 and a bootstrap probability of 95%, the sec-
ond a posterior probability of 1 and a bootstrap probability
of 100% and the third a posterior probability of 0.97 but a
bootstrap probability below 50%.

The 28S tree recovered only the second group (Fig. S2);
however, the alignment had low information content. The
ITS2 tree (Fig. S2) and the concatenated nuclear tree (Fig. 1)
recovered both the first and second groups with high sup-
port at least on one tree. No species of the third group was
sequenced for the nuclear markers, since they were not
involved in mitochondrial-morphological discordances.
Similar to the COI tree, members of the subgenus Carina-
todorcadion are nested within the subgenus Cribridorcadion
with 99 BP and 1 PP. However, the species that were poly-
phyletic or paraphyletic on the COI tree are monophyletic on
the concatenated nuclear tree (Fig. 1). The exception is D.
etruscum [sensu Pesarini & Sabbadini (2007)] that is very
distinct on COI but appears conspecific with D. lugubre on
the nuclear gene tree. Also, the specimen of D. lugubre lin-
Pro1001 that clustered with D. lineatocolle on the COI tree
is heterozygous for ITS2, being represented on the tree twice

(Fig. 1).
Divergence times

On the COI dataset including one sequence per species and a
Yule model, the substitution rate was estimated (mean +SD)
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at 0.0127 +£0.0034 substituted sites per million year per
lineage (2.54% divergence rate). When all sequences are
included, both under a coalescent model with constant
population size and under a Yule model, the estimate was
0.0119+0.0032 (2.38% divergence). Both values are close
to the rate provided by Brower (1994), which is considered
the universal arthropod mtDNA rate. We obtained quite dif-
ferent age estimates for nodes depending on the composition
of the alignment and the modelling of the branching pat-
terns. Most accurate are likely those obtained on the reduced
dataset under a Yule model (Fig. S1), and the most errone-
ous are those obtained using the complete dataset under the
same Yule model, because most branching events would
be better described by the coalescent. The first analysis
estimated the root of the tree (the last common ancestor of
Dorcadion, Iberodorcadion and Neodorcadion) at 11.8 Mya
(95% highest posterior density (HPD) interval 6.05-19.95)
while the youngest split, the one between D. murrayi and
nominotypical D. pusillum, was dated at 0.47 Mya (95%
HPD interval 0.1-1.06) (Table 2).

Haplotype sharing

On the COI phylogenetic trees (Figs. 1 and 2), there is exten-
sive haplotype sharing between D. murrayi, D. pusillum and
D. axillare. However, this involves only three subspecies of
the latter two species: D. pusillum ochrolineatum, D. pusil-
lum vasiliscus and D. axillare moldavicum.

In the haplotype network (Fig. 3), the haplotypes of D.
murrayi are connected to the haplotypes of D. pusillum
pusillum through only four mutational steps, while the other
two species included in the analysis are more divergent: a
minimum of 19 substitutions separate D. axillare axillare
from both D. murrayi and D. pusillum pusillum while D.
decipiens is 12 substitutions apart from D. pusillum pusil-
lum. Five specimens of D. pusillum ochrolineatum and D.
pusillum vasiliscus have mitochondria from the same haplo-
group as D. murrayi. In D. pusillum vasiliscus, we detected
only D. murrayi mitochondria, while in D. pusillum och-
rolineatum, one specimen (puSGO03) has a haplotype that
clustered with those of the nominotypical subspecies. All
16 barcoded specimens of D. axillare moldavicum harbour
mitochondria that are not of their own species but were cap-
tured either from D. murrayi (most populations, 13 speci-
mens) or from D. pusillum pusillum (the Chircesti popula-
tion, specimens axCh1201-axCh1203). In both cases, they
have the most common haplotype of the donor species.

Divergence and barcoding gap
Mean intraspecific K2P distances based on COI ranged

from 0.04% in D. aethiops to a maximum of 1.61% in D.
equestre followed closely by D. lugubre at 1.53% and D.
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Fig.2 Maximum clade credibility ultrametric tree generated with
Bayesian inference in BEAST from 162 Dorcadionini COI sequences
(152 from this study, 10 from GenBank). Clades with numerous
sequences and no delimitation issues are collapsed, with numbers

axillare at 1.34% (Table S1; Table S3 shows the p-distance).
The mean divergence between species varies from 0.62%
between D. pusillum and D. murrayi to 16.85% between D.
holosericeum and I. fuliginator (Table S1; Table S3 shows
the p-distance). This overlap between the intraspecific and
interspecific genetic distances clearly shows that, unfortu-
nately, there is no barcoding gap (Fig. 4).

The overlap is even bigger if the maximum intraspecific
pairwise distance is used because it can be as high as 5.8%
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indicating the included sequences. Vertical bars show different delim-
itation scenarios; red colour indicates lumping of species or subspe-
cies and blue indicates oversplitting. Countries are abbreviated using
ISO codes. The scale shows time in million years

(in D. equestre), followed by D. axillare (3.65%), D. lugu-
bre (2.79%), D. pedestre (2.17%) and D. fulvum (1.38%)
(Table S5). The maximum value is more meaningful for
molecular species delimitations than the mean intraspecific
distance that is strongly influenced (lowered) by the inclu-
sion in the analysis of numerous identical or very similar
sequences. A similar problem that artificially broadens the
barcoding gap is its estimation using mean between-species
distances rather than minimum distances (Meier et al., 2008).
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Table2 Age of selected nodes
in million years before present
and 95% HPD interval between

Node
sp.

Yule model/one seq. per

Yule model/all
seq.

Coalescent model/all seq.

brackets, as estimated by three Root
different BI analyses in BEAST

11.8 (6.05-19.95)

14.02 (5.58-26.81) 8.13 (2.52-14.99)

1 4.9 (2.22-8.54) 3.87 (1.4-7.76) 5.25 (1.29-9.26)
2 4.48 (2.19-7.72) 3.8 (1.46-7.23) 5.38 (1.45-9.41)
3 7.99 (3.9-13.42) 6.85 (2.76-12.49) 5.63 (1.52-9.72)

D. murrayi-D. pusillum

D. aethiops-D. etruscum NA

0.47 (0.1-1.06)

0.86 (0.34-1.67)
0.79 (0.24-1.64)

3.67 (0.79-5.96)
2.31 (0.23-3.00)

For choice of models and alignments, see “Material and methods”. Nodes are numbered as in Figs. 1 and 2.
NA means species pair not recovered on the respective tree

When taxa involved in haplotype sharing are removed
from the analysis, the smallest and the largest mean intraspe-
cific distances remain the same, but there is a noticeable
drop in the molecular variability for D. lugubre to 0.36% and
D. axillare to 0.40%. The smallest mean distance between
species (the one between D. pusillum pusillum and D. mur-
rayi) increases to 0.77%, but it is still very small and com-
parable to intraspecific distances; the next smallest distance
(the one between D. murrayi and D. axillare) increases sig-
nificantly from 0.9 to 3.2% (Table S2; Table S4 shows the
p-distance). Hence, with introgression removed, the grey
area where there is overlap between intraspecific and inter-
specific distances is smaller, with the number of uncertain
cases dropping from 16 to 4 (red and blue squares on the
grey area in Fig. 4).

Species delimitation approaches

When comparing the various species delimitation scenar-
ios with the morphology and current taxonomy (Fig. 2), it
appears that out of the two approaches, PTP lumps more,
sometimes rightfully so: D. equestre is recognised by PTP
as a singles species except for Dorcadion equestre reclina-
tum. More frequently, the lumping is unjustified: D. murrayi
and nominotypical D. pusillum are considered as potentially
one species by original PTP, plus D. decipiens being also
included in the same putative species in mPTP. The whole
group consisting of D. aethiops, D. etruscum, D. pedestre
and D. kozanii is considered as one species in mPTP. The
original PTP method oversplit only once, in an instance
where all other methods identified the sequences correctly
as a single species: it delimited a pair of basal sequences
from the middle of the distribution area of D. tauricum as a
potentially distinct species.

On the contrary, the GMYC method tends to oversplit,
and especially its multiple threshold variant, that identi-
fied as putative species several unique basal but not par-
ticularly divergent sequences of D. pusillum ochrolineatum,
D. scopolii, D. equestre equestre and N. exornatum (Fig. 2,
GMYCm). Strangely enough, the multiple threshold method
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outperformed the singe threshold method in correctly assign-
ing one basal sequence of D. fulvum to the species and not
splitting it (Fig. 2, GMYCs and GMYCm).

Discussion
Phylogenetic reconstructions

The substitution saturation analysis of the COI sequences
indicated limited substitution saturation. Also, there is
good correlation between the inferred trees and some of
the previously recognised species groups. Depending on
the type of BI analysis, Iberodorcadion is sister to Dor-
cadion while Neodorcadion is a separate clade (Fig. 2)
or Iberodorcadion and Neodorcadion are sister groups
(Fig. S1). Members of the subgenus Cribridorcadion of
Dorcadion are divided in three highly supported clades,
recovered by both inference methods.

The first clade contains species explicitly included by
Pesarini and Sabbadini (2007) in the Dorcadion minutum
species group or morphologically close to them (D. axil-
lare, D. decipiens, D. litigiosum, D. murrayi, D. pusillum).
Resolution is poor for the three species involved in extensive
haplotype sharing (D. axillare, D. murrayi and D. pusillum).
The group was also recovered on the ITS2 tree and on the
concatenated tree, though species sampling was less dense
compared to the COI tree.

The second well-supported clade contains species that at
least in males are mostly devoid of elytral pubescence: D.
etruscum, D. kozanii and D. pedestre species groups pro-
posed by Pesarini and Sabbadini (2007, 2010). This clade
surprisingly also contains both species of the subgenus
Carinatodorcadion included in our study: D. fulvum and
D. aethiops that are thus nested within the subgenus Cri-
bridorcadion. They do not form a monophyletic group, but
instead, D. aethiops is much closer to D. pedestre, D. etrus-
cum and D. kozanii, while D. fulvum is well apart (Figs. 1
and 2). The mean pairwise distance between D. aethiops
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«Fig.3 A Maximum statistical parsimony network of Dorcadion spe-
cies sharing COI haplotypes. The four groupings separated by at least
4 mutational steps are the mitochondria of the four species. However,
D. axillare moldavicum harbours D. murrayi mitochondria or D.
pusillum pusillum mitochondria; D. pusillum vasiliscus and D. pusil-
lum ochrolineatum harbour mostly D. murrayi mitochondria. Clock-
wise are vouchers muCht1701, axBgl1704, deHul601 and puHnl7.
B Maximum statistical parsimony network of D. equestre COI hap-
lotypes. Clockwise are vouchers eqBel201, eqTol1102, eqDD1201
and eqBa0901. Each circle represents a haplotype with the size pro-
portional to its frequency. Small cross lines represent substitutions,
and small black circles are unobserved hypothetical haplotypes. Scale
bars represent 1 mm

and D. etruscum is 3.43%, and that between D. aethiops
and D. kozanii is only 2.66% (Table S1). This is signifi-
cantly lower than the maximum intraspecific distance in D.
equestre (5.8%) and close to that in D. pedestre (2.17%)
(Table S5). The divergence between D. aethiops and (D.
kozanii+ D. pedestre) is estimated at 1.6 Mya (95% HPD
interval 0.52-2.66 Mya) (Fig. S1). On the 28S tree (Fig. S2),
D. aethiops, D. fulvum, D. etruscum, D. lineatocolle and
D. lugubre form a polytomy. The tree is not fully resolved
because, contrary to our expectations, the fragment was
found to be too conserved. On the concatenated nuclear tree,
however, D. aethiops is sister to D. fulvum, as expected from
the morphology and from their classification in the same
subgenus, indicating its hybrid origin.

The third clade on the COI tree contains all other taxa
of the subgenus Cribridorcadion included in the study, but
this group is very heterogeneous, likely because it contains
a low sampling of many other species groups. For exam-
ple, the position of D. tuleskovi (Dorcadion peloponesium

group) on the tree varies greatly between the Bayesian and
the maximum likelihood approaches.

Hybridization and haplotype sharing

Most frequently, haplotype sharing between species can be
either the result of recent speciation and incomplete lineage
sorting or the result of introgressive hybridisation (Funk &
Omland, 2003; Sloan et al., 2017; Toews & Brelsford, 2012;
Wirtz, 1999). In D. murrayi, D. pusillum and D. axillare,
the mitochondrial-morphological discordance between spe-
cies is present only in the areas of range overlap between
the taxa (Fig. 5). While the populations of D. pusillum and
D. axillare sampled from localities outside the distribution
range of D. murrayi are genetically distinct (D. pusillum
pusillum from Republic of Moldova and Ukraine and D.
axillare axillare from Bulgaria), those in Romania (where
the distribution of the three species overlaps) have mostly D.
murrayi haplotypes. Mismatches resulting from incomplete
lineage sorting should not have any coherent biogeographic
pattern, while those resulting from differentiation in isola-
tion followed by secondary contact and hybridisation do
have it (Toews & Brelsford, 2012). Hence, we attribute the
identified pattern to hybridisation between three originally
allopatric species.

Recently documented cases of haplotype sharing in beetles
can be found in the genera Anastrangalia (Cerambycidae)
(Hendrich et al., 2015), Agrilus (Buprestidae) (Pentinsaari
et al., 2014b), Amara and Bembidion (Carabidae) (Raupach
et al., 2016, 2018). In Hydroporus (Dytiscidae) (Bilton et al.,
2017), two species were hypothesised to be of hybridogenic
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Fig.5 World distribution of D. murrayi (black circles) and of D. axil-
lare (blue circles; violet shading is subspecies moldavicum) and west-
ern limit of the distribution of D. pusillum (red circles; red shading is
subspecies ochrolineatum, and yellow shading is subspecies vasilis-

origin, the same as the subspecies of D. pusillum and D. axil-
lare, and likely D. aethiops.

Within the classical biological species concept, hybridi-
sation is regarded as a rare abnormality generated by a fail-
ure of the reproductive barriers, but, as reviewed by Mallet
(2005), an average of 10% of the animal species hybridise,
and in some groups, the percentage can be as high as 25%,
similar to the rate seen in vascular plants. A well-understood
example of introgressive hybridisation and mitochondrial
capture between good species involves Ursus arctos Linnaeus
(the brown bear) and Ursus maritimus Phipps (the polar bear)
(Kumar et al., 2017). Several previous studies (Bahillo de la
Puebla, 1999; Bernhauer & Peks, 2016; Dascélu, 2007; del
Saz Fucho, 2009) reported putative hybrids in Dorcadionini,
but there was no genetic proof of this. Besides the introgres-
sion cases we also document a presumably first-generation
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cus). Yellow crosses: localities for the barcoded specimens. Distribu-
tion based on published localities, first author collection and other
public collections

hybrid between D. lugubre and D. lineatocolle. Hence our
study brings genetic evidence of past and present hybridisa-
tions between different species within the tribe. Because of
this reticulated evolution generated by hybridisation followed
by introgression, DNA barcodes in Docadionini should be
used cautiously and only in combination with distribution
data, morphology or nuclear genes.

According to Wirtz (1999), when two species that dif-
fer conspicuously in size hybridise, hybridisation is usually
restricted to pairs formed by females of the smaller species
and males of the larger species. It is not the case here since
both D. pusillum and D. axillare are smaller than D. murrayi,
while the hybridogenic taxa have the mitochondrial genome
of D. murrayi. This indicates that the females involved in
hybridisation belonged to the larger species. A similar case
was documented for the Drosophila mojavensis species
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cluster (Diptera), where interspecific matings are success-
ful if the involved male has a smaller aedeagus compared
to conspecific males of the concerned female (Richmond,
2014). In the same Drosophila species, aedeagus shape was
found to be less important than aedeagus size (Richmond,
2014). Similarly, in the three concerned Dorcadion species,
the differences in endophallus shape (Dascalu, 2018) are not
a barrier for interspecific mating.

Evolutionary implications

With some 5000 recognised genera and an estimation of
about 35,000 valid species (Costa, 2000; Monné et al.,
2017; Rossa & Goczat, 2021), the longhorn beetles (Ceram-
bycidae) are one of the most numerous and diverse groups
of the order Coleoptera and one of the largest families of
animals (Haddad et al., 2018; Rossa & Goczat, 2021), and
several different drivers of their diversity have been pro-
posed. The most often evoked hypotheses for the immense
diversity of the phytophagous coleopterans, including the
longhorn beetles, involve the co-radiation with the flow-
ering plants (Farrell, 1998; McKenna, 2011; Wang et al.,
2013, 2014). However, this was questioned as the sole driv-
ing force of diversification in Cerambycidae, since many
species are polyphagous (Haddad et al., 2018). Allopatric
divergence driven by the cyclic climatic oscillations of the
Pleistocene (Goczat et al., 2020; Shoda et al., 2003a, b;
Smith & Farrell, 2005; Zamoroka et al., 2019) and vicari-
ance events (Kim et al., 2018) is another mechanism that
certainly played a role in the speciation and diversification
of Cerambycidae, and it should have been especially impor-
tant in a flightless group like Dorcadionini. Although intro-
gressive hybridization has been earlier suggested as another
potential mechanism that generates diversity in other
flightless Cerambycidae like Mesechthistatus (Nakamine
& Takeda, 2008) or Morimus (Hardersen et al., 2017), we
are providing new evidence in support of this hypothesis.
Otherwise, genetic evidence of hybridisation following the
secondary contact was recently revealed for two species
or subspecies of Monochamus based on microsatellite data
(Goczat et al., 2020), while based on intermediate genitalia
morphology and haplotype sharing, Zamoroka et al. (2019)
concluded that Anastrangalia reyi (Heyden) is the result of
introgressive hybridisation between Anastrangalia sequensi
(Reitter) and Anastrangalia dubia (Scopoli) and that they
should be treated as subspecies. Hybridisation and possibly
introgression was recently documented for two species of
Cerambyx as shown by the incongruence between mito-
chondrial sequences and morphology (Torres-Vila & Bonal,
2019).

Though introgression—based on morphological evi-
dence—was rarely invoked, either explicitly (Zamoroka,
2019) or implicitly (Danilevsky, 1999), it could, in fact, be
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one of the drivers of the huge diversity of Dorcadionini.
There is growing evidence that hybridisation can promote
phenotypic novelty contributing to species diversification
(Genner & Turner, 2012), and in Dorcadion, it is a generator
of both diversity and blurriness in species boundaries, the
same being recently concluded for a group of Cryptocepha-
lus leaf beetles (GOmez-Zurita et al., 2012). Even distantly
related Dorcadionini species, belonging to distinct lineages
and classified in different subgenera, can hybridise. This is
strongly suspected in Iberodorcadion (Bahillo de la Puebla,
1999), while in Dorcadion, it appears that D. aethiops is
the result of the hybridization between a species of Dor-
cadion (Carinatodorcadion) and a yet unknown species of
Dorcadion (Cribridorcadion), since its nuclear sequences
are grouped with one subgenus, while its mitochondrial
sequence beyond any doubt belongs to the other subgenus.
The generation of novel combinations of genes by the grad-
ual introgressive hybridization ongoing within overlapping
distribution ranges is a new possible mechanism involved in
speciation in Cerambycidae.

Small interspecific distances

Introgression is not the only factor making molecular iden-
tifications or taxonomic decisions in Dorcadionini challeng-
ing. Even if introgression followed by mitochondrial capture
is removed from the analyses, geographic structuring within
species or presence of distinct species cannot be distin-
guished based solely on molecules, because some species
pairs have very low between-species distances. A threshold
of 2-3% was suggested as indicative for species-level diver-
gence (Mutanen et al., 2012; Ratnasingham & Hebert, 2007,
2013; Smith et al., 2005). In our study, certain sequences
from known, well-differentiated species are not sufficiently
distinct genetically according to this threshold. Between-
species distances are comparatively small for the trio D.
aethiops, D. pedestre and D. kozanii (2.66-2.88%), and
they are even smaller for the trio D. murrayi, D. pusillum
pusillum and D. decipiens (0.77-2.38%). These distances are
comparable or below the largest intraspecific distances found
in D. equestre (5.8%) and D. pedestre (2.17%) (Tables S1
and S5).

There are other recently documented cases concerning
reciprocally monophyletic species with low divergence:
Rhynchites bacchus (L.) and Rhynchites auratus (Scopoli)
(Coleoptera, Attelabidae) have a minimum K2P distance
of 1.86%; Harpalus attenuatus Stephens and Harpalus
rubripes (Duftschmid) (Coleoptera, Carabidae) show a
minimum K2P distance of 1.07% (Hendrich et al., 2015);
Bembidion ascendens K. Daniel and Bembidion fascio-
latum (Duftschmid) (Coleoptera, Carabidae) show inter-
specific distances values ranging from 0.49 to 0.82%
(Raupach et al., 2016).
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Genetic distinctiveness of subspecies

Concerning the ability of the DNA barcodes to distinguish
subspecies, we identified both, cases in which subspecies
are genetically distinct and cases where they are identical.
Dorcadion equestre has a very pronounced genetic substruc-
turing that follows closely the accepted subspecific structure,
while in D. axillare and D. pusillum, even if subspecies are
genetically distinct from the nominotypical ones, this is not
because of genetic divergence but the result of their origin
through introgression (see further below for details).

On the other hand, in other three species where we ana-
lysed more than one subspecies, no differentiation was found
between them. For D. fulvum, we sampled from five coun-
tries and covered three subspecies but found no geographic
substructure, the same for D. aethiops sampled from distant
areas (Romania and Greece) with representatives of three
subspecies. In the case of 1. perezi, we included only one
specimen per subspecies, and they were from the contact
area. The morphological differentiation in this case is much
larger than that between the subspecies of D. fulvum or D.
aethiops, and they are considered either good species or sub-
species depending on the author (Hernandez, 2000; Tomé,
2004, 2012), but still the DNA barcode is almost identical.
Since low genetic divergence in the DNA barcode between
taxa or specimens is not always a proof of conspecificity, due
to the possibility of introgression and mitochondrial capture,
our treatment of 1. perezi hispanicum and I. perezi ghilia-
nii as subspecies is purely arbitrary and follows Danilevsky
(2020). If they are treated as distinct species, we have yet
another case of interspecific hybridisation and mitochon-
drial-morphological discordance.

Below, we discuss in more details the cases where we
found discordances between the taxonomy and genetic data.

Dorcadion aethiops and D. fulvum

Dorcadion aethiops belongs to the subgenus Carinatodor-
cadion, but its mitochondrial DNA is much closer to spe-
cies of Cribridorcadion than to D. (Carinatodorcadion)
Sfulvum. Prior to Pesarini and Sabbadini (2007), the Greek
populations of D. aethiops were regarded as distinct spe-
cies: Dorcadion propinquum Breuning (described from
near Kozani) and Dorcadion majoripenne Pic, with the type
locality around Thessaloniki (Breuning, 1962). According
to Danilevsky (2014), both taxa are valid subspecies and
a third subspecies, D. aethiops strumense Danilevsky, was
described from south Bulgaria.

Therefore, according to the currently accepted geo-
graphic distribution of the subspecies, the barcoded speci-
mens are D. aethiops propinquum (acVeOl from Vermion
Mts.), D. aethiops strumense from Kerkini Mts. (aeKeO1
and aeKe02 collected at about 10 km from the type locality
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in S Bulgaria) and the nominotypical D. aethiops aethiops
from Romania (Table 1). Our molecular data agree with the
treatment of D. propinquum as a subspecies of D. aethiops
and not as a distinct species. The identical DNA barcode in
three subspecies distributed over a wide geographic area and
the discordance between male genitalia and ITS2 data that
places D. aethiops in one subgenus and COI molecular data
that disagree are best explained by mitochondrial capture
from a yet unknown species in the subgenus Cribridorca-
dion. The body morphology of D. aethiops is also reminis-
cent of some species of Dorcadion (Cribridorcadion) devoid
of elytral pubescence.

By contrast, over the same geographic distance, D. fulvum
is much more variable genetically. However, the three ana-
lysed subspecies cannot be distinguished based on the DNA
barcode. Hence, we confirm the presence of the nominotypi-
cal subspecies in Romania, west of the Carpathians, based
on morphology only. It was cited for the area by Zamoroka
(2019) based solely on distribution data.

Dorcadion axillare, D. murrayi and D. pusillum

Dorcadion axillare, D. murrayi and D. pusillum represent an
interesting case of hybridisation followed by mitochondrial
capture. The mtDNA introgressed massively across species
boundaries even if nuclear gene flow seems to be restricted.
In the absence of extensive nuclear marker data, we base
this conclusion on the morphological distinctiveness of the
three species. This is also confirmed by the discrepancy
between the combined 28S and ITS2 trees and the COI tree
that show a clear case of cytonuclear discordance. Both the
28S and ITS2 sequences are distinct between D. murrayi
and D. axillare axillare, D. axillare moldavicum having the
nuclear sequences clustering with those of the nominotypi-
cal subspecies, unlike the COI sequences (Figs. 1 and S2).
The 28S sequence is identical for nominotypical D. pusillum
and D. murrayi likely reflecting their recent split, and thus
uninformative for the affinity of D. pusillum ochrolineatum
and D. pusillum vasiliscus (Fig. S2). The ITS2 sequences,
however, are identical/very similar for all D. pusillum sub-
species, and distinct from D. murrayi (Fig. S2). Hence,
both the morphology and the analysis of the nuclear genes
(Fig. 1) confirm that D. axillare moldavicum, D. pusillum
ochrolineatum and D. pusillum vasiliscus are indeed subspe-
cies of D. axillare and D. pusillum as originally described,
and not of D. murrayi.

The range of D. axillare extends from Bulgaria to S
Romania and continues to NE Romania where a separate
subspecies, D. axillare moldavicum, was described (Dascélu
& Fusu, 2012) (Fig. 5). In our COI trees, the populations of
the two subspecies did not cluster together: D. axillare axil-
lare forms a distinct barcode cluster while D. axillare mol-
davicum is nested within both D. murrayi and D. pusillum.
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Most populations have D. murrayi mitochondria except the
population from Chircesti which has D. pusillum pusillum
mitochondria (Fig. 3). This last population was considered
transitional by Dascidlu and Fusu (2012). In all the localities
of D. axillare moldavicum, including the type locality, D.
murrayi is missing. The historically heavily forested Barlad
Plateau (Fig. 5) acts as a geographic barrier that impedes
the spread of D. murrayi to the north (D. axillare crossed
it somehow). In this context, the probability of D. axillare
moldavicum being a first-generation hybrid is zero. Knowl-
edge about the introgression also elucidates the origin of the
characters used by Dascélu and Fusu (2012) to differentiate
D. axillare moldavicum from the nominotypical subspecies.
The bigger and more elongated body and the longer pronotal
spines were most likely taken from D. murrayi. Because of
its hybridogenic origin we prefer to consider this taxon as a
subspecies rather than as a species (Dorcadion moldavicum)
following Danilevsky (2020).

In most animal species, mitochondria are passed to the
next generation by females. A possible explanation of the
unidirectional mitochondrial transfer lies in the contrasting
mobility of the two sexes in Dorcadionini. Males are more
mobile than females, as shown for I. fuliginator by Baur
et al. (2005), and hence, the likelihood for them to cross
a geographic barrier such as the Danube River is higher.
Our hypothesis is that stranded males of D. axillare axil-
lare migrating from what is now Bulgaria encountered and
mated with D. murrayi females, a species distributed north
of the Danube. Even if some D. axillare axillare females
also migrated to the north, the few mitochondria they
passed to the next generations were likely lost by genetic
drift or are rare and we could not detect them. Most docu-
mented hybridisation cases in animals are explained by the
so-called Hubbs principle, stating that the acceptance rate
of heterospecifics as mating partners is correlated to the rar-
ity of conspecifics (Willis, 2013). Additionally, as shown by
Richmond (2014) for Drosophila, it is possible that crosses
between D. axillare axillare females and D. murrayi males
are not possible due to differences in genitalia size, D. axil-
lare axillare being a much smaller species.

In contrast to D. axillare, the two subspecies of D. pusil-
lum endemic to Romania have their distribution area com-
pletely overlapping with D. murrayi (Fig. 5); however, they
are frequently separated at the landscape level. Dorcadion
pusillum prefers lowland habitats with slightly salty soils
along small rivers, while D. murrayi prefers more steppe-
like habitats on hill slopes (Dascdlu, 2018 and author’s
unpubl. data). That is why in the type locality of D. pusil-
lum ochrolineatum, D. murrayi was not found, while in the
type locality of D. pusillum vasiliscus, it is present in the
area but not in the same place (Dascélu, 2018 and author’s
unpubl. data). However, at Spétaru Forest (Fig. 5), both
species share the same habitat and populations here could
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represent a hybrid swarm with introgression being an active
phenomenon. The hybridisation was probably accelerated
by the human-mediated encounter of otherwise ecologically
distinct species, following regulation of water levels.

Similar to D. axillare moldavicum, in D. pusillum vasilis-
cus and D. pusillum ochrolineatum, the morphological char-
acters used by Dascalu (2018) to distinguish them from the
nominotypical subspecies are most likely derived from D.
murrayi: reduction of dorsal and humeral elytral stripes and
spots and a darker antenna.

Dorcadion murrayi and D. pusillum pusillum that gener-
ated the hybridogenic taxa D. pusillum vasiliscus and D.
pusillum ochrolineatum are remarkably close genetically.
The pairwise distance between D. murrayi and nominotypi-
cal D. pusillum of only 0.77% is the smallest of all species
pairs that we examined. However, they are not particularly
close based on morphology and we suspect that another
hybridisation took place before the ongoing one, leading
to the high similarity of their DNA sequences. Our best
estimation in BEAST indicates that the COI sequences of
the two species diverged only about 0.47 Myr ago. Within
the current Quaternary glaciation, this would correspond to
five interglacial periods ago, since the Quaternary is char-
acterised by interglacials separated by periods of 0.1 Myr
(Mudelsee & Stattegger, 1997; Jahn et al., 2003). Surpris-
ingly, the end of the Marine Isotope Stage 13 (MIS 13, a
warm interglacial period) is also dated at about 0.47 Myr
ago (Railsback et al., 2015). The cooling of the climate after
this stage and the onset of a glacial period are the likely
driving forces behind the observed genetic divergence. Also,
the MIS 14 glacial period that preceded MIS 13 was much
warmer than other glacial epochs and this blended MIS 13
with the MIS 15 interglacial, resulting in a long and warm
‘super-interglacial style’ climate 0.621-0.478 Myr ago (Hao
et al., 2015). This certainly led to considerable range expan-
sion of the species followed by range contraction at its end-
ing. One species captured the mitochondria of the other, and
they diverged afterwards in allopatry until they met once
again during the present interglacial and hybridised once
more. Even if our molecular clock estimates are not accurate,
it is still highly likely that the distribution areas of D. mur-
rayi and D. pusillum overlapped at some another time in the
past during their population retreat and expansion pursuing
climatic oscillations.

Given the apparent ease with which these three species
can hybridise, one can ask whether they are truly distinct
species. A pro argument is the endophallus, characteris-
tic and distinct for each of them (Dascilu, 2018; Dascalu
& Fusu, 2012); combined with differences in habitus and
colour, this clearly indicates that they are distinct species.
Based on biogeographic data, D. axillare is a Balcanic spe-
cies (Dascdlu & Fusu, 2012), and most of the distribution
range of D. pusillum coincides with the Pontic-Caspian
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steppe (Dascilu, 2018), while D. murrayi is known almost
exclusively from Romania (Fig. 5). Therefore, it is likely
that the three species evolved in allopatry and their range
overlap is recent, caused by colonisation of new areas after
the end of the last Ice Age (Taberlet et al., 1998). Since they
were initially allopatric, no assortative mating mechanisms
to prevent hybridisation evolved, but they may appear by
reinforcement (Mallet, 2005) now that the species are partly
sympatric. The continuous introgression between the three
species is delayed by two geographic barriers: the Prut and
Danube rivers. Even if they were crossed by D. pusillum
and D. axillare, the third species, D. murrayi, mostly did not
cross them and hence it did not colonise the areas south and
east of Romania. Outside Romania, this species is known
from one locality in Serbia, close to the Danube (Ili¢ &
Curcié, 2015) (Fig. 5).

Dorcadion decipiens
The taxonomic status of D. decipiens based on molecular

data is not clear. We included only one specimen in the
analysis, and it is retrieved as sister to nominotypical D.

pusillum only in the BI analyses (Fig. 2). In the ML analyses
(Fig. 1), it is retrieved within nominotypical D. pusillum, but
on a long branch. Probably because of this placement of D.
decipiens, in the PTP analysis the nominotypical D. pusil-
lum from Ukraine and D. decipiens are both distinguished as
separate species; mPTP includes D. pusillum, D. decipiens
and D. murrayi in the same species. In GMYC, D. decipiens
is always included in the nominotypical D. pusillum, even
if on the tree they are reciprocally monophyletic (Fig. 2)
and are separated by 12 substitutions, three times more than
D. murrayi and D. pusillum pusillum (Fig. 3). Morphologi-
cally, D. decipiens has a pubescence pattern similar to that
of nominotypical D. pusillum but it is comparatively large
and elongated, similar to D. murrayi. The mean interspecific
distance between D. decipiens and these two species is 2 to
3% (Tables S2 and S4), at the threshold between intraspe-
cific and interspecific variability.

Dorcadion equestre

Unfortunately, we could not include in the molecular analyses
specimens from the type locality of D. equestre. The species

Fig.6 North-western distribution limit of D. equestre. Black circles: D. equestre equestre, red circles: D. equestre transsilvanicum. Yellow
crosses: localities for the barcoded specimens. Distribution based on published localities, first author collection and other public collections
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Fig.7 Habitus of voucher specimens (from left to right): Dorcadion
lugubre lugubre (luKel001 and 1[uKe0801), D. lugubre x D. lineato-
colle (1inPro1001) and D. lineatocolle (linAngl1001). All at the same

was described from ‘South Russia’ which at the end of the
eighteenth century also stretched over present-day Ukraine,
where the species is quite widespread (Zagaykevich &
Puchkov, 2009), but it is also distributed in present day south
of European Russia (Plavilstshikov, 1958). There is no disrup-
tion in the species distribution in Ukraine, NE Romania and
Republic of Moldova, but a distribution break exists between
the above-mentioned area and the populations from the Roma-
nian Plane (Walachia) and Transylvania, type locality for D.
equestre transsilvanicum (Fig. 6). This break along the lasi
escarpment was most likely generated by the historically heav-
ily forested northern part of the Barlad Plateau. Due to the
large genetic divergence between specimens from these two
disjunct areas, we include specimens from NE Romania and
Republic of Moldova in the nominotypical subspecies rather
than in D. equestre transsilvanicum as done by Danilevsky
(2020) and Pesarini and Sabbadini (2010). In these speci-
mens, the development of dorsal carinae and the presence of
black mottling, characters that differentiate the two subspecies
(Pesarini & Sabbadini, 2013), are more similar to specimens
from Ukraine (based on 9 specimens in first author’s collec-
tion), than to those from southern Romania.
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scale. A portion of the ITS2 trace file for three specimens is included,
showing double peaks in 1linProl1001 for the positions where the
parental species differ. Scale bar represents 1 mm

In our GMYC species delimitation scenario, D. equestre
transsilvanicum is delineated as a distinct species from the
specimens we identified as nominotypical. The two groups
are separated by a minimum of seven substitutions (Fig. 3).
The analysis also included one specimen from Dobrogea, an
area lying south of the Danube. It is differentiated as a poten-
tially distinct species only by the multiple-threshold GMYC,
being included in the nominotypical subspecies by the single-
threshold approach (Fig. 2, GMYCs and GMYCm). The PTP
approach, on the other hand, is not delineating D. equestre
transsilvanicum and D. equestre equestre as two species
(Fig. 2, PTP and mPTP). A common result for all methods is
the delimitation of D. equestre reclinatum as a distinct spe-
cies because it is as divergent from the nominotypical sub-
species as, for example, the divergence between D. aethiops
and D. fulvum. Since for this subspecies our analysis included
only one sequence derived from another study (Giannoulis
et al., 2020), more sampling from a larger area might narrow
this gap. A large intraspecific divergence was also found in
other 16 species of European Cerambycidae (Hendrich et al.,
2015; Rougerie et al., 2015).
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Dorcadion lugubre and D. lineatocolle

The COI sequences of D. lugubre are divided between two
clades, with one sequence grouped with D. lineatocolle.
This misplaced specimen is small for its species, about the
same size as D. lineatocolle (Fig. 7). It is heterozygous for
the ITS2 sequence, having a haplotype that groups with D.
lugubre and one that groups with D. lineatocolle (Figs. 1,
S2 and 7). According to Danilevsky (2014), specimens of
D. lugubre from Struma Valley in Bulgaria are to be attrib-
uted to D. lugubre minkovae. Our specimen of D. lugubre
with D. lineatocolle mitochondrial haplotype and with an
ITS2 sequence of both species comes precisely from this
area (Promachonas Village in Greece, just before the river
Struma enters Roupel Gorge). Hence, based on morphol-
ogy and molecular data, the specimen linPro1001 is actu-
ally a hybrid between D. lugubre lugubre or D. lugubre
minkovae and D. lineatocolle, a species present in the area
(Minkova, 1961). A comprehensive sampling (like the one
undertaken for D. pusillum, D. axillare and D. murrayi) is
needed to confirm this hypothesis.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13127-021-00531-x.

Acknowledgements Numerous friends and colleagues and, in particu-
lar, Vasilica Chinan, Mihaela Cristescu, Ionut Iorgu, Petru Istrate, Ott6
Merkl, Alexandru Pintilioaie, Gordon Ramel, Madéilina Viciriuc and
Andrey S. Zubov are acknowledged for providing some specimens. We
wish to express our gratitude to the two anonymous reviewers for their
insightful suggestions which improved the quality of this manuscript.

Funding This research was partly funded through a Systematics
Research Fund (SRF) grant from the Councils of the Linnean Society
and the Systematics Association awarded to the first author.

Data availability All sequences were deposited in GenBank. Voucher

specimens are deposited in first author collection at “Al. I. Cuza” Uni-
versity of Iasi. All data and materials will be publicly available.

Declarations

Ethics approval Ethics approval is not required.
Consent to participate Not applicable.

Consent for publication All the authors agree on publishing the data;
no further approval is required.

Conflict of interest The authors declare no competing interests.

References

Babhillo de la Puebla, P. (1999). Un posible hibrido intersubgenerico
entre Iberodorcadion (s. str.) spinolae ssp. caunense (Lauffer,
1910) e Iberodorcadion (Hispanodorcadion) ruspolii (Breuning,

@ Springer

1975) (Coleoptera, Cerambycidae). Biocosme Mésogéen, Nice,
15(1),273-284.

Baselga, A., Gémez-Rodriguez, C., & Vogler, A. P. (2015). Multi-
hierarchical macroecology at species and genetic levels to discern
neutral and non-neutral processes. Global Ecology and Biogeog-
raphy, 24(8), 873-882.

Baur, B., Coray, A., Lenzin, H., & Schmera, D. (2020). Factors contrib-
uting to the decline of an endangered flightless longhorn beetle: A
20-year study. Insect Conservation and Diversity, 13(2), 175-186.

Baur, B., Coray, A., Minoretti, N., & Zschokke, S. (2005). Dispersal of
the endangered flightless beetle Dorcadion fuliginator (Coleop-
tera: Cerambycidae) in spatially realistic landscapes. Biological
Conservation, 124, 49-61.

Bergsten, J., Bilton, D. T., Fujisawa, T., Elliott, M., Monaghan, M. T.,
Balke, M., Hendrich, L., Geijer, J., Herrmann, J., Foster, G. N.,
Ribera, I., Nilsson, A. N., Barraclough, T. G., & Vogler, A. P.
(2012a). The effect of geographical scale of sampling on DNA
barcoding. Systematic Biology, 61(5), 851-869.

Bergsten, J., Brilmyer, G., Crampton-Platt, A., & Nilsson, A. N. (2012b).
Sympatry and colour variation disguised well-differentiated sister
species: Suphrodytes revised with integrative taxonomy includ-
ing 5 kbp of housekeeping genes (Coleoptera: Dytiscidae). DNA
Barcodes, 1, 1-18.

Bernhauer, D., & Peks, H. (2016). Acht neue Arten der Gattung Dorca-
dion Dalm, 1817 aus der Osttiirkei und eine Art aus der Siidtiirkei
sowie die Abbildung von zwei Bastarden von Dorcadion wagneri
Kiister, 1846, vermutlich mit Dorcadion dimitiatum Motsch.,
1838 (Coleoptera, Cerambycidae, Lamiinae) (12. Beitrag zur
Kenntnis der tiirkischen Dorcadien). Entomologische Bldtter
und Coleoptera, 112(2), 85-110.

Bilton, D. T., Turner, L., & Foster, G. N. (2017). Frequent discordance
between morphology and mitochondrial DNA in a species group of
European water beetles (Coleoptera: Dytiscidae). PeerJ, 5, €3076.

Breuning, S. (1943). Nouveaux cérambycides paléarctiques (1 note).
Miscellanea Entomologica, 40, 89-104.

Breuning, S. (1962). Revision der Dorcadionini (Coleoptera, Ceram-
bycidae). Entomologische Abhandlungen und Berichte aus dem
Staatlichen Museum fiir Tierkunde in Dresden, 27, 1-665.

Bonfield, J. K., Smith, K. F., & Staden, R. (1995). A new DNA
sequence assembly program. Nucleic Acids Research, 24,
4992-4999.

Brower, A. V. Z. (1994). Rapid morphological radiation and conver-
gence among races of the butterfly Heliconius erato inferred
from patterns of mitochondrial DNA evolution. Proceedings of
the National Academy of Sciences, 91, 6491-6495.

Chevrolat, A. (1862). Description d’especes de Dorcadion d’Espagne.
Berliner Entomologische Zeitung, 6(1-2), 337-348.

Clement, M., Posada, D. C. K. A., & Crandall, K. A. (2000). TCS:
A computer program to estimate gene genealogies. Molecular
Ecology, 9(10), 1657-1659.

Costa, C. (2000). Estado de conocimiento de los Coleoptera neotropi-
cales. In F. Martin-Piera, J. J. Morrone, & A. Melic (Eds.), Hacia
un proyecto CYTED para el inventario y estimacién de la diversi-
dad entomolégica en iberoamérica: PrIBES 2000 (pp. 99-114).
Sociedad Entomolégica Aragonesa.

Cruaud, A., Nidelet, S., Arnal, P., Weber, A., Fusu, L., Gumovsky, A.,
Huber, J., Polaszek, A., & Rasplus, J. Y. (2019). Optimized DNA
extraction and library preparation for minute arthropods: Appli-
cation to target enrichment in chalcid wasps used for biocontrol.
Molecular Ecology Resources, 19, 702-710.

Danilevsky, M. L. (1999). Review of Dorcadion (s.str.) species from
the upper Chu-valley and allied territories (Coleoptera, Ceram-
bycidae). Coléopteres, 5(3), 15-41.

Danilevsky, M. L. (2006). Four new Dorcadionini taxa from South
Urals (Coleoptera, Cerambycidae). Les Cahiers Magellanes, 54,
1-20.

J GfBS


https://doi.org/10.1007/s13127-021-00531-x

DNA barcoding in Dorcadionini (Coleoptera, Cerambycidae) uncovers...

225

Danilevsky, M. L. (2014). Two new subspecies of Dorcadion aethi-
ops (Scopoli, 1763) from Bulgaria (Coleoptera, Cerambycidae).
Humanity Space. International Almanac, 3(2), 251-254.

Danilevsky, M. L. (2020). Catalogue of Palaearctic Coleoptera. Vol-
ume 6/1. Chrysomeloidea I (Vesperidae, Disteniidae, Ceram-
bycidae). Updated and Revised Second Edition. Brill, Leiden.

Danilevsky, M. L., & Kasatkin, D. G. (2007). Further investigation of
Dorcadionini (Coleoptera: Cerambycidae) endophallus with a
revision of taxonomical position of the genus Trichodorcadion
Breuning, 1942. Russian Entomological Journal, 15(4) [2006],
401-407.

Danilevsky, M. L., Kasatkin, D. G., & Rubenyan, A. A. (2005).
Revision of the taxonomic structure of the tribe Dorcadionini
(Coleoptera: Cerambycidae) on the base of endophallic morphol-
ogy. Russian Entomological Journal, 13 [2004], 127-149.

Dascilu, M. M. (2007). An interspecific hybrid between Dorcadion
holosericeum Krynicky, 1832 and Dorcadion tauricum Waltl,
1838 (Insecta, Coleoptera, Cerambycidae). Biocosme Mésogéen,
Nice, 24(2), 65-72.

Dascilu, M. M. (2018). The subspecific structure of Dorcadion (Cri-
bridorcadion) pusillum Kiister (Coleoptera: Cerambycidae) with
description of two new subspecies from Romania. Zootaxa,
4442(1), 43-62.

Dascilu, M. M., & Fusu, L. (2012). Dorcadion axillare Kiister, 1847
(Coleoptera, Cerambycidae): Distribution, morphometrics,
karyotype and description of a new subspecies from Romania.
Zootaxa, 3322, 35-48.

del Saz Fucho, A. (2009). Sobre los ejemplares glabros Iberodorcadion
Breuning, 1943 con tomento elitral (Coleoptera, Cerambycidae) y
estudio de la demo glabra de Iberodorcadion (Hispanodorcadion)
pseudomolitor (Escalera, 1902). Boletin de la S.E.A., 45, 127-134.

Dmitriev, D. A., & Rakitov R. A. (2008). Decoding of superimposed
traces produced by direct sequencing of heterozygous indels.
PLoS Computational Biology, 4(7), e1000113.

Dinca, V., Montagud, S., Talavera, G., Hernandez-Roldéan, J., Munguira,
M. L., Garcia-Barros, E., Hebert, P. D. N., & Vila, R. (2015).
DNA barcode reference library for Iberian butterflies enables a
continental-scale preview of potential cryptic diversity. Scientific
Reports, 5, 12395.

Dincd, V., Zakharov, E. V., Hebert, P. D., & Vila, R. (2011). Complete
DNA barcode reference library for a country’s butterfly fauna
reveals high performance for temperate Europe. Proceedings of
the Royal Society B: Biological Sciences, 278(1704), 347-355.

Ekrem, T., Willassen, E., & Stur, E. (2007). A comprehensive DNA
sequence library is essential for identification with DNA bar-
codes. Molecular Phylogenetics and Evolution, 43(2), 530-542.

Etzler, F. E., Huether, J., Johnson, P. J., Skillman, F. W., Jr., & Ivie,
M. A. (2013). Use of morphology and CO1 barcoding to test the
validity of Tetraopes huetheri Skillman (Coleoptera: Ceramby-
cidae). The Coleopterists Bulletin, 67(1), 46-49.

Ezard, T., Fujisawa, T., & Barraclough, T. (2014). SPLITS: SPecies’
LImits by Threshold Statistics. R package version 1.0-19/r51.
https://R-Forge.R-project.org/projects/splits/

Farrell, B. D. (1998). “Inordinate fondness” explained: Why are there
so many beetles? Science, 281(5376), 555-559.

Fischer von Waldheim, G. (1823). Entomographie de la Russie, et
genres des insectes. Entomographia Imperii Rossici, sue Cae-
sareae Majestati Alexandro I dicata. Volume II. Augusti Semen
Typographi, Mosquae.

Folmer, O., Black, M., Hoeh, W., Lutz, R., & Vrijenhoek, R. (1994).
DNA primers for amplification of mitochondrial cytochrome c
oxidase subunit I from diverse metazoan invertebrates. Molecu-
lar Marine Biology and Biotechnology, 3(5), 294-299.

Fontaneto, D., Herniou, E. A., Boschetti, C., Caprioli, M., Melone, G.,
Ricci, C., & Barraclough, T. G. (2007). Independently evolving
species in asexual bdelloid rotifers. PLoS Biology, 5(4), e87.

J GfBS

Fossen, E. I., Ekrem, T., Nilsson, A. N., & Bergsten, J. (2016). Spe-
cies delimitation in northern European water scavenger beetles
of the genus Hydrobius (Coleoptera, Hydrophilidae). ZooKeys,
564, 71-120.

Frivaldszky, I. (1835). Kozlések a’ Balkany’ vidékén tett természet-
tudoményi utazasrl. A’ Magyar Tudés Tarsasdg’ Evkonyvei, 2,
235-276.

Fujisawa, T., & Barraclough, T. G. (2013). Delimiting species using
single-locus data and the generalized mixed Yule coalescent
approach: A revised method and evaluation on simulated data
sets. Systematic Biology, 62(5), 707-724.

Funk, D. J., & Omland, K. E. (2003). Species-level paraphyly and poly-
phyly: Frequency, causes, and consequences, with insights from
animal mitochondrial DNA. Annual Review of Ecology Evolution
& Systematics, 34, 397-423.

Fusu, L., & Ribes, A. (2017). Description of the first Palaearctic spe-
cies of Tineobius Ashmead with DNA data, a checklist of world
species, and nomenclatural changes in Eupelmidae (Hymenop-
tera, Chalcidoidea). European Journal of Taxonomy, 263, 1-19.

Fusu, L. (2017). An integrative taxonomic study of European Eupelmus
(Macroneura) (Hymenoptera, Chalcidoidea, Eupelmidae), with
a molecular and cytogenetic analysis of Eupelmus (Macroneura)
vesicularis: Several species hiding under one name for 240 years.
Zoological Journal of the Linnean Society, 181, 519-603.

Ganglbauer, L. (1884). Bestimmungs-Tabellen der europiischen Coleop-
teren: VIII. Cerambycidae. (Schluss.) Mit Beriicksichtigung der
Formen Algiers und des paldarktischen Asiens, exclusive jener
von Japan. Verhandlungen der Kaiserlich-Koniglichen Zoologisch-
Botanischen Gesellschaft in Wien, 33 [1883], 437-586.

Genner, M. J., & Turner, G. F. (2012). Ancient hybridization and
phenotypic novelty within Lake Malawi’s cichlid fish radiation.
Molecular Biology and Evolution, 29(1), 195-206.

Germain, J. F., Chatot, C., Meusnier, 1., Artige, E., Rasplus, J. Y., &
Cruaud, A. (2013). Molecular identification of Epitrix potato
flea beetles (Coleoptera: Chrysomelidae) in Europe and North
America. Bulletin of Entomological Research, 103(3), 354-362.

Germar, E. F. (1823). Insectorum species novae aut minus cognitae,
descriptionibus illustratae Vol. 1. Coleoptera. J. C. Hendelii &
Filii, Halae.

Giannoulis, T., Dutrillaux, A., Sarri, C., Mamuris, Z., & Dutrillaux,
B. (2020). Phylogenetic relationships between genera Dorca-
dion, 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.

Gibbs, J. (2018). DNA barcoding a nightmare taxon: Assessing barcode
index numbers and barcode gaps for sweat bees. Genome, 61(1),
21-31.

Goczal, J., Oleksa, A., Rossa, R., Chybicki, 1., Meyza, K., Plewa, R.,
Landvik, M., Gobbi, M., Hoch, G., Tamutis, V., Balalaikins,
M., Telnov, D., Dascélu, M. M., & Tofilski, A. (2020). Climatic
oscillations in Quaternary have shaped the co-evolutionary pat-
terns between the Norway spruce and its host-associated herbi-
vore. Scientific Reports, 10(1), 16524.

Gomez-Zurita, J., Sassi, D., Cardoso, A., & Balke, M. (2012). Evo-
lution of Cryptocephalus leaf beetles related to C. sericeus
(Coleoptera: Chrysomelidae) and the role of hybridization in
generating species mtDNA paraphyly. Zoologica Scripta, 41(1),
47-67.

Graells, M. P. (1849). Description de Coléopteres nouveaux propres a la
Faune centrale de I’Espagne. Revue et Magazin de Zoologie Pure
et Appliqué 2° série, 1, 620-622.

Grebennikov, V. V., Jendek, E., & Smirnov, M. E. (2017). Diagnos-
tic and phylogenetic utility of the first DNA barcode library for
longhorn beetles (Coleoptera: Cerambycidae) from the Russian
Far East. Zootaxa, 4276(3), 441-445.

@ Springer


https://R-Forge.R-project.org/projects/splits/

226

M.-M. Dascalu et al.

Haddad, S., Shin, S., Lemmon, A. R., Lemmon, E. M., Svacha, P., Farrell,
B, Slipir’lski, A., Windsor, D., & Mckenna, D. D. (2018). Anchored
hybrid enrichment provides new insights into the phylogeny and
evolution of longhorned beetles (Cerambycidae). Systematic Ento-
mology, 43(1), 68—89.

Hao, Q., Wang, L., Oldfield, F., & Guo, Z. (2015). Extra-long inter-
glacial in Northern Hemisphere during MISs 15-13 arising from
limited extent of Arctic ice sheets in glacial MIS 14. Scientific
Reports, 5(1), 12103.

Hardersen, S., Bardiani, M., Chiari, S., Maura, M., Maurizi, E., Roversi,
P. F., Mason, F., & Bologna, M. A. (2017). Guidelines for the
monitoring of Morimus asper funereus and Morimus asper asper.
Nature Conservation, 20, 205-236.

Hebert, P. D. N., Cywinska, A., Ball, S. L., & deWaard, J. R. (2003).
Biological identifications through DNA barcodes. Proceedings
of the Royal Society of London. Series B: Biological Sciences,
270(1512), 313-321.

Hebert, P. D. N., Ratnasingham, S., Zakharov, E. V., Telfer, A. C.,
Levesque-Beaudin, V., Milton, M. A., Pedersen, S., Jannetta, P.,
& deWaard, J. R. (2016). Counting animal species with DNA
barcodes: Canadian insects. Philosophical Transactions of the
Royal Society B: Biological Sciences, 371,20150333.

Hendrich, L., Moriniéere, J., Haszprunar, G., Hebert, P. D. N., Hausmann,
A., Kohler, F., & Balke, M. (2015). A comprehensive DNA barcode
database for Central European beetles with a focus on Germany:
Adding more than 3500 identified species to BOLD. Molecular
Ecology Resources, 15, 795-818.

Herbst, J. F. W. (1784). Kritisches Verzeichniss meiner Insecten-
sammlung. Fortsetzung. Curculio-Dytiscus. Archiv der Insect-
engeschichte, herausgegeben von Johann Caspar Fuessly, 5(1),
68-128.

Hernandez, J. M. (2000). Estudio multivariante de la genitalia mascu-
line y femenina en seis especies de Iberodorcadion Breuning,
1943 (Coleoptera, Cerambycidae, Lamiinae) de la Comunidad de
Madrid (Espaifia) y propuesta de nuevas sinonimias para el grupo.
Boletin Asociacion Espanola de Entomologia, 24(1-2), 97-129.

Heyrovsky, L. (1937). Popis nového Dorcadia z Recka. (Col. Ceram-
bycidae). Casopis Ceskoslovenské Spolecnosti Entomologické,
34, 30-31.

Horecka, B., Szwaj, E., Letowski, J., & Jezewska-Witkowska, G.
(2017). Usefulness of DNA barcoding for identification of pre-
imaginal stages species of the Mecinini: Genus Miarus (Sch-
oenherr, 1826) and Cleopomiarus (Pierce, 1919) (Coleoptera:
Curculionidae). Folia Biologica, 65(1), 19-25.

Huemer, P., Mutanen, M., Sefc, K. M., & Hebert, P. D. (2014). Testing
DNA barcode performance in 1000 species of European Lepi-
doptera: Large geographic distances have small genetic impacts.
PLoS One, 9(12), e115774.

1li¢, N., & Curdié, S. (2015). A checklist of longhorn beetles (Coleop-
tera: Cerambycidae) of Serbia. Zootaxa, 4026(1), 1-97.

Jahn, B., Donner, B., Miiller, P. J., Rohl, U., Schneider, R. R., & Wefer,
G. (2003). Pleistocene variations in dust input and marine pro-
ductivity in the northern Benguela Current: Evidence of evo-
lution of global glacial-interglacial cycles. Palaeogeography,
Palaeoclimatology, Palaeoecology, 193(3—4), 515-533.

Jeon, J. H., Byun, B. K., Cho, Y. B., Woo, S. Y., Kim, C. H., Lim,
J., & Park, D. S. (2015). Intraspecific diversity of Monochamus
saltuarius (Gebler) based on DNA barcode analysis. Journal of
Asia-Pacific Biodiversity, 8, 305-308.

Jin, M., Weir, T., Cameron, S. L., Lemann, C., Slipir’lski, A., & Pang,
H. (2019). Discovery of a new species of Stromatium Audinet-
Serville, 1834 (Coleoptera: Cerambycidae) native to Australia,
based on morphology and DNA barcoding. Austral Entomology,
58, 137-147.

Kapli, P., Lutteropp, S., Zhang, J., Kobert, K., Pavlidis, P., Stamatakis,
A., & Flouri, T. (2017). Multi-rate Poisson tree processes for

@ Springer

single-locus species delimitation under maximum likelihood and
Markov chain Monte Carlo. Bioinformatics, 33(11), 1630-1638.

Katoh, K., & Standley, D. M. (2013). MAFFT multiple sequence
alignment software version 7: Improvements in performance
and usability. Molecular Biology and Evolution, 30(4), 772-780.

Kim, C. G., Zhou, H. Z., Imura, Y., Tominaga, O., Su, Z. H., & Osawa,
S. (2000). Pattern of morphological diversification of the Lep-
tocarabus ground beetles as deduced from mitochondrial ND5
gene and nuclear 28S rDNA sequences. Molecular Biology and
Evolution, 17, 137-145.

Kim, S., de Medeiros, B. A. S., Byun, B.-K,, Lee, S., Kang, J.-H., Lee,
B., & Farrell, B. D. (2018). West meets East: How do rainforest
beetles become circum-Pacific? Evolutionary origin of Callipo-
gon relictus and allied species (Cerambycidae: Prioninae) in the
New and Old Worlds. Molecular Phylogenetics and Evolution,
125, 163-176.

Kozlov, A. M., Darriba, D., Flouri, T., Morel, B., & Stamatakis, A.
(2019). RAXML-NG: A fast, scalable, and user-friendly tool for
maximum likelihood phylogenetic inference. Bioinformatics,
35(21), 4453-4455.

Kraatz, G. (1873). Die Kdifer Europa’s. Nach der Natur beschrieben.
Im Anschluss an die Kdfer Europa's von Dr. H. C. Kiister. Mit
Beitrdgen von H. v. Kiesenwetter. 29 Heft. Bauer & Raspe (Emil
Kiister), Niirnberg.

Kraatz, G. (1892). Die Varietiten des Dorcadion equestre Laxman.
Deutsche Entomologische Zeitschrift, 36(1), 173-174.

Krynicki, J. (1832). Enumeratio Coleopterorum Rossiae meridionalis
et praecipue in Universitatis Caesareae Charkoviensis circulo
obvenientium, quae annorum 1827-1831 spatio observavit.
Bulletin de la Société Impériale des Naturalistes de Moscou,
5, 65-179.

Kumar, S., Stecher, G., & Tamura, K. (2016). MEGA7: Molecular
evolutionary genetics analysis version 7.0 for bigger datasets.
Molecular Biology and Evolution, 33(7), 1870-1874.

Kumar, V., Lammers, F., Bidon, T., Pfenninger, M., Kolter, L., Nilsson,
M. A., & Janke, A. (2017). The evolutionary history of bears is
characterized by gene flow across species. Scientific Reports,
7,46487.

Kvamme, T., Wallin, H., & Kvie, K. S. (2012). Taxonomy and DNA
barcoding of Stenostola ferrea (Schrank, 1776) and S. dubia (Lai-
charting, 1784) (Coleoptera, Cerambycidae, Saperdini). Norwe-
gian Journal of Entomology, 59, 78-81.

Kiister, H. C. (1847). Die Kdfer Europa’s. Nach der Natur beschrie-
ben. Mit Beitrdgen der mehrerer Entomologen. Heft 8. Bauer &
Raspe, Niirnberg.

Lanfear, R., Frandsen, P. B., Wright, A. M., Senfeld, T., & Calcott, B.
(2016). PartitionFinder 2: New methods for selecting partitioned
models of evolution for molecular and morphological phyloge-
netic analyses. Molecular Biology and Evolution, 34(3), 772-773.

Laxman, E. (1770). Novae insectorum species. Novi Commentarii
Academiae Scientiarum Imperialis Petropolitanae, 14(1)[1769],
593-604.

Lazarev, M. A. (2011). A revision of the taxonomic structure of Dorca-
dion cinerarium (Fabricius, 1787) (Coleoptera: Cerambycidae).
Studies and Reports. Taxonomical Series, 7(1-2), 255-292.

Lazarev, M. A. (2014). New subspecies of Dorcadion (Cribridorca-
dion) mniszechi Kraatz, 1873 from Georgia, Armenia and Tur-
key (Coleoptera, Cerambycidae). Humanity Space. International
Almanac, 3(4), 698-709.

Leigh, J. W., & Bryant, D. (2015). PopART: Full-feature software for
haplotype network construction. Methods in Ecology and Evolu-
tion, 6(9), 1110-1116.

Li, Z., Tian, L., Cuccodoro, G., Chen, L., & Lu, C. (2016). Taxonomic
note of Oberea fuscipennis (Chevrolat, 1852) based on mor-
phological and DNA barcode data (Coleoptera, Cerambycidae,
Lamiinae). Zootaxa, 4136(2), 360-372.

J GfBS



DNA barcoding in Dorcadionini (Coleoptera, Cerambycidae) uncovers...

227

Linneus, C. (1758). Systema naturce per regna tria nature, secundum
classes, ordines, genera, species, cum characteribus, differentiis,
synonymis, locis. Tomus 1. Editio decima, reformata. Impensis
Direct. Laurentii Salvii, Holmie.

Lopes, S. T., Dourado, C. G., Oliveira, A. R., Silva, L.F., Farinha, A.,
Rebelo, M.T., & Dias, D. (2015). Molecular identification of
western-Palaearctic leaf beetles (Coleoptera, Chrysomelidae).
Journal of the Entomological Research Society, 17(2), 93-101.

Luo, A., Ling, C., Ho, S. Y., & Zhu, C. D. (2018). Comparison of
methods for molecular species delimitation across a range of
speciation scenarios. Systematic Biology, 67(5), 830-846.

Madeira, F., Park, Y. M., Lee, J., Buso, N., Gur, T., Madhusoodanan,
N., Basutkar, P., Tivey, A. R. N., Potter, S. C., Finn, R. D.,
& Lopez, R. (2019). The EMBL-EBI search and sequence
analysis tools APIs in 2019. Nucleic Acids Research, 47(W1),
W636-W641.

Magoga, G., Sahin, D.C., Fontaneto, D., & Montagna, M. (2018). Bar-
coding of Chrysomelidae of Euro-Mediterranean area: Efficiency
and problematic species. Scientific Reports, 8, 13398.

Mallet, J. (2005). Hybridization as an invasion of the genome. Trends
in Ecology & Evolution, 20(5), 229-237.

Mallo, D., & Posada, D. (2016). Multilocus inference of species trees
and DNA barcoding. Philosophical Transactions of the Royal
Society B: Biological Sciences, 371,20150335.

Marin, J., Crouau-Roy, B., Hemptinne, J. L., Lecompte, E., & Magro,
A. (2010). Coccinella septempunctata (Coleoptera, Coccinelli-
dae): A species complex? Zoologica Scripta, 39, 591-602.

Marshall, D. C., Hill, K. B. R., Moulds, M., Vanderpool, D., Cooley, J.
R., Mohagan, A. B., & Simon, C. (2016). Inflation of molecular
clock rates and dates: Molecular phylogenetics, biogeography,
and diversification of a global cicada radiation from Australasia
(Hemiptera: Cicadidae: Cicadettini). Systematic Biology, 65(1),
16-34.

McKenna, D. D. (2011). Towards a temporal framework for “Inordi-
nate fondness”: Reconstructing the macroevolutionary history
of beetles (Coleoptera). Entomologica Americana, 117, 28-36.

Meier, R., Zhang, G., & Ali, F. (2008). The use of mean instead of
smallest interspecific distances exaggerates the size of the bar-
coding gap and leads to misidentification. Systematic Biology,
57(5), 809-813.

Miller, M. A., Pfeiffer, W., & Schwartz, T. (2010). Creating the CIPRES
Science Gateway for inference of large phylogenetic trees. 2010
Gateway Computing Environments Workshop (GCE), pp 1-8. New
Orleans, USA.

Minkova, S. (1961). Untersuchungen iiber die Artenzusammensetzung
der Tribus Dorcadionini (Col. Cerambycidae) in Bulgarien. Bul-
letin de I’ Institut de Zoologie et Musée, Sofia, 10, 293-309.

Monné, M. L., Monné, M. A., & Wang, Q. (2017). General morphol-
ogy, classification, and biology of Cerambycidae. In Q. Wang
(Ed.), Cerambycidae of the world: Biology and pest management
(pp- 1-70). CRC Press.

Moriniére, J., Balke, M., Doczkal, D., Geiger, M. F., Hardulak, L.
A., Haszprunar, G., Hausmann, A., Hendrich, L., Regalado, L.,
Rulik, B., & Schmidt, S. (2019). A DNA barcode library for
5,200 German flies and midges (Insecta: Diptera) and its implica-
tions for metabarcoding-based biomonitoring. Molecular Ecol-
0gy Resources, 19(4), 900-928.

Moritz, C., & Cicero, C. (2004). DNA barcoding: Promise and pitfalls.
PLoS Biology, 2(10), e354.

Mudelsee, M., & Stattegger, K. (1997). Exploring the structure of the
mid-Pleistocene revolution with advanced methods of time-series
analysis. Geologische Rundschau, 86(2), 499-511.

Mulsant, E. (1851). Description de quelques coléoptéres nouveaux ou
peu connus de la tribu des longicornes suivie d’observations sur
diverses espéces de cette tribu. Mémoires de I’Académie des Sci-
ences, Belles-Lettres et Arts de Lyon, 2(1), 122—137.

J GfBS

Mutanen, M., Hausmann, A., Hebert, P. D., Landry, J. F., de Waard,
J.R., & Huemer, P. (2012). Allopatry as a Gordian knot for tax-
onomists: Patterns of DNA barcode divergence in Arctic-Alpine
Lepidoptera. PLoS One, 7(10), e47214.

Nakamine, H., & Takeda, M. (2008). Molecular phylogenetic relation-
ships of flightless beetles belonging to the genus Mesechthistatus
Breuning, (Coleoptera: Cerambycidae) inferred from mitochon-
drial COI gene sequences. Journal of Insect Science, 8, 70.

Nie, R., Vogler, A. P, Yang, X. K., & Lin, M. (2021). Higher-level phy-
logeny of longhorn beetles (Coleoptera: Chrysomeloidea) inferred
from mitochondrial genomes. Systematic Entomology, 46(1), 56-70.

Ortiz, A., Rubio, R., Guerrero, J., Garre, M., Serrano, J., Hebert, P.,
Hausmann, A. (2017). Close congruence between barcode index
numbers (bins) and species boundaries in the Erebidae (Lepi-
doptera: Noctuoidea) of the Iberian Peninsula. Biodiversity Data
Journal, 5, e19840.

Papadopoulou, A., Anastasiou, 1., & Vogler, A. P. (2010). Revisiting
the insect mitochondrial molecular clock: The mid-Aegean trench
calibration. Molecular Biology and Evolution, 27(7), 1659-1672.

Pentinsaari, M., Hebert, P. D. N., & Mutanen, M. (2014a). Barcoding
beetles: A regional survey of 1872 species reveals high identi-
fication success and unusually deep interspecific divergences.
PLoS One, 9(9), e108651.

Pentinsaari, M., Mutanen, M., & Kaila, L. (2014b). Cryptic diversity
and signs of mitochondrial introgression in the Agrilus viridis
species complex (Coleoptera: Buprestidae). European Journal
of Entomology, 111(4), 475-486.

Pesarini, C., & Sabbadini, A. (2007). Ricerche sui Dorcadiini di Grecia.
II. Le specie della Grecia centromeridionale e quelle del gruppo di
Dorcadion kozanii (Coleoptera Cerambycidae). Atti della Societa
Italiana di Scienze Naturali e del Museo Civico di Storia Naturale
in Milano, 148(1), 35-83.

Pesarini, C., & Sabbadini, A. (2008). Ricerche sui Dorcadiini di Grecia.
III. Le specie di Neodorcadion Ganglbauer, 1884, quelle del gruppo
di Dorcadion ljubetense e descrizione della nuova specie Dorcadion
ariannae (Coleoptera Cerambycidae). Atti della Societa Italiana di
Scienze Naturali e del Museo Civico di Storia Naturale in Milano,
149(1), 109-124.

Pesarini, C., & Sabbadini, A. (2010). Ricerche sui Dorcadionini di
Grecia IV. Le specie della Macedonia e della Tracia (Coleop-
tera Cerambycidae). Atti della Societa Italiana di Scienze
Naturali e del Museo Civico di Storia Naturale in Milano,
151(2), 179-216.

Pesarini, C., & Sabbadini, A. (2013). Note su Dorcadion turchi, con
descrizione di cinque nuove specie e tre nuove sottospecie (Coleop-
tera Cerambycidae). Annali del Museo Civico di Storia Naturale di
Ferrara, 14/15 [2011/2012], 51-64.

Plavilstshikov, N. N. (1958). Timber Beetles. P.3. Subfamily Lamii-
nae. P.1. Fauna of the USSR, Beetles 23(1). Akademija Nauk
SSSR, Moskow, Leningrad.

Poda, N. (1761). Insecta Musei Graecensis, que in ordines, genera et
species juxta Systema Naturae Caroli Linnaei digessit. Graecii,
Widmanstad.

Pohjoisméki, J. L. O., Kahanpai, J., & Mutanen, M. (2016). DNA
barcodes for the Northern European tachinid flies (Diptera:
Tachinidae). PLoS One, 11(11), e0164933.

Pons, J., Barraclough, T. G., Gomez-Zurita, J., Cardoso, A., Duran,
D. P, Hazell, S., Kamoun, S., Sumlin, W. D., & Vogler, A.
P. (2006). Sequence-based species delimitation for the DNA
taxonomy of undescribed insects. Systematic Biology, 55,
595-609.

Railsback, L. B., Gibbard, P. L., Head, M. J., Voarintsoa, N. R. G., &
Toucanne, S. (2015). An optimized scheme of lettered marine
isotope substages for the last 1.0 million years, and the clima-
tostratigraphic nature of isotope stages and substages. Quater-
nary Science Reviews, 111, 94-106.

@ Springer



228

M.-M. Dascalu et al.

R Core Team. (2019). R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna.
https://www.R-project.org/

Rambaut, A., Drummond, A. J., Xie, D., Baele, G., & Suchard, M.
A. (2018). Posterior summarization in Bayesian phylogenetics
using Tracer 1.7. Systematic Biology, 67(5), 901.

Ratnasingham, S., & Hebert, P. D. N. (2007). BOLD: The Barcode
of Life Data System. Molecular Ecology Notes, 7, 355-364.

Ratnasingham, S., & Hebert, P. D. (2013). A DNA-based registry for
all animal species: The barcode index number (BIN) system.
PLoS One, 8(7), e66213.

Raupach, M. J., Astrin, J. J., Hannig, K., Peters, M. K., Stoeckle, M.
Y., & Wigele, J. W. (2010). Molecular species identification of
Central European ground beetles (Coleoptera: Carabidae) using
nuclear rDNA expansion segments and DNA barcodes. Frontiers
in Zoology, 7, 26.

Raupach, M. J., Hannig, K., Moriniere, J., & Hendrich, L. (2016). A
DNA barcode library for ground beetles (Insecta, Coleoptera, Car-
abidae) of Germany: The genus Bembidion Latreille, 1802 and
allied taxa. ZooKeys, 592, 121-141.

Raupach, M. J., Hannig, K., Moriniére, J., & Hendrich, L. (2018). A
DNA barcode library for ground beetles of Germany: The genus
Amara Bonelli, 1810 (Insecta, Coleoptera, Carabidae). ZooKeys,
759, 57-80.

Richmond, M. P. (2014). The role of aedeagus size and shape in failed
mating interactions among recently diverged taxa in the Dros-
ophila mojavensis species cluster. BMC Evolutionary Biology,
14, 255.

Ritchie, A. M., Lo, N., & Ho, S. Y. (2017). The impact of the tree prior
on molecular dating of data sets containing a mixture of inter-
and intraspecies sampling. Systematic Biology, 66(3), 413-425.

Ronquist, F., & Huelsenbeck, J. P. (2003). MrBayes 3: Bayesian phy-
logenetic inference under mixed models. Bioinformatics, 19,
1572-1574.

Rossa, R., & Goczal, J. (2021). Global diversity and distribution of
longhorn beetles (Coleoptera: Cerambycidae). The European
Zoological Journal, 88(1), 289-302.

Rossi, P. (1790). Fauna Etrusca sistens insecta quae in provinciis
Florentina et Pisana praesertim collegit. Tomus primus. Typis
Thomae Masi & Sociorum, Liburni.

Rougerie, R., Lopez-Vaamonde, C., Barnouin, T., Delnatte, J., Moulin, N.,
Noblecourt, T., Nusillard, B., Parmain, G., Soldati, F., & Bouget,
C. (2015). PASSIFOR: A reference library of DNA barcodes for
French saproxylic beetles (Insecta, Coleoptera). Biodiversity Data
Journal, 3, e4078.

Rulik, B., Eberle, J., von der Mark, L., Thormann, J., Jung, M., Kohler,
F., Apfel, W., Weigel, A., Kopetz, A., Kohler, J., & Fritzlar, F.
(2017). Using taxonomic consistency with semi-automated data
pre-processing for high quality DNA barcodes. Methods in Ecol-
ogy and Evolution, 8(12), 1878-1887.

Sama, G., Dascélu, M. M., & Pesarini, C. (2010) Description of Dorca-
dion gashtarovi n. sp. (Coleoptera, Cerambycidae) from Romania
and Bulgaria with review of the closely related species. North-
Western Journal of Zoology, 6(2), 286-293.

Scopoli, G. A. (1763). Entomologia Carniolica exhibens insecta
Carnioliae indigena et distributa in ordines, genera, species,
varietates. Methodo Linnaeana. Toannis Thomae Trattner,
Vindobonae.

Serafim, R. (2010). The catalogue of the Palaearctic species of Lamii-
nae (Coleoptera: Cerambycidae) from the patrimony of “Grigore
Antipa” National Museum of Natural History (Bucharest) (part
V). Travaux du Muséum National d’Histoire Naturelle “Grigore
Antipa”, 53,235-272.

Shoda, E., Kubota, K., & Makihara, H. (2003a). Geographical structuring of
mitochondrial DNA in Semanotus japonicus (Coleoptera: Ceramby-
cidae). Applied Entomology and Zoology, 38(3), 339-345.

@ Springer

Shoda, E., Kubota, K., & Makihara, H. (2003b). Geographical structure
of morphological characters in Semanotus japonicus (Coleop-
tera: Cerambycidae) in Japan. Applied Entomology and Zoology,
38(3), 369-3717.

Sloan, D. B., Havird, J. C., & Sharbrough, J. (2017). The on-again, oft-
again relationship between mitochondrial genomes and species
boundaries. Molecular Ecology, 26(8), 2212-2236.

Smith, C. 1., & Farrell, B. D. (2005). Phylogeography of the longhorn
cactus beetle Moneilema appressum LeConte (Coleoptera: Cer-
ambycidae): Was the differentiation of the Madrean Sky Islands
driven by Pleistocene climate changes? Molecular Ecology,
14(10), 3049-3065.

Smith, M. A., Fisher, B. L., & Hebert, P. D. (2005). DNA barcoding
for effective biodiversity assessment of a hyperdiverse arthropod
group: The ants of Madagascar. Philosophical Transactions of
the Royal Society B: Biological Sciences, 360(1462), 1825-1834.

Sonnenberg, R., Nolte, A. W., & Tautz, D. (2007). An evaluation of
LSU rDNA D1-D2 sequences for their use in species identifica-
tion. Frontiers in Zoology, 4, 6.

Srivathsan, A., & Meier, R. (2012). On the inappropriate use of Kimura-
2-parameter (K2P) divergences in the DNA-barcoding literature.
Cladistics, 28(2), 190-194.

Suchard, M. A., Lemey, P., Baele, G., Ayres, D. L., Drummond, A.
J., & Rambaut, A. (2018). Bayesian phylogenetic and phylody-
namic data integration using BEAST 1.10. Virus Evolution, 4(1),
vey016.

Sukumaran, J., & Knowles, L. L. (2017). Multispecies coalescent
delimits structure, not species. Proceedings of the National Acad-
emy of Sciences, 114(7), 1607-1612.

Taberlet, P., Fumagalli, L., Wust-Saucy, A. G., & Cosson, J. F. (1998).
Comparative phylogeography and postglacial colonization routes
in Europe. Molecular Ecology, 7(4), 453-464.

Toews, D. P. L., & Brelsford, A. (2012). The biogeography of mito-
chondrial and nuclear discordance in animals. Molecular Ecol-
ogy, 21, 3907-3930.

Tomé, M. (2004). Rehabilitacion de Dorcadion (Iberodorcadion)
nudipenne Escalera (Coleoptera, Cerambycidae). Boletin de la
S.E.A., 35, 247-249.

Tomé, M. (2012). Conexiones geoldgicas del Dorcadion (Iberodorca-
dion) perezi Graélls, 1849 en la Sierra de Guadarrama (Espaiia).
Revista Gaditana de Entomologia, 3(1-2), 41-50.

Torres-Vila, L. M., & Bonal, R. (2019). DNA barcoding of large oak-
living cerambycids: Diagnostic tool, phylogenetic insights and
natural hybridization between Cerambyx cerdo and Cerambyx
welensii (Coleoptera: Cerambycidae). Bulletin of Entomological
Research, 109(5), 583-594.

Valentini, A., Pompanon, F., & Taberlet, P. (2009). DNA barcoding
for ecologists. Trends in Ecology & Evolution, 24(2), 110-117.

Vitali, F., & Schmitt, T. (2017). Ecological patterns strongly impact the
biogeography of western Palaearctic longhorn beetles (Coleop-
tera: Cerambycoidea). Organisms Diversity & Evolution, 17,
163-180.

Wallin, H., Kvamme, T., & Bergsten, J. (2017). To be or not to be a
subspecies: Description of Saperda populnea lapponica ssp. n.
(Coleoptera, Cerambycidae) developing in downy willow (Salix
lapponum L.). ZooKeys, 691, 103-148.

Wallin, H., Nylander, U., & Kvamme, T. (2009). Two sibling species
of Leiopus Audinet-Serville, 1835 (Coleoptera: Cerambycidae)
from Europe: L. nebulosus (Linnaeus, 1758) and L. linnei sp. nov.
Zootaxa, 2010(1), 31-45.

Waltl, J. (1838). Beitrige zur Kenntniss der Coleopteren der Tiirkey.
Isis von Oken, 31(6), 449-472.

Wang, B., Ma, J., McKenna, D. D., Yan, E. V., Zhang, H., & Jarzembowski,
E. A. (2014). The earliest known longhorn beetle (Cerambycidae:
Prioninae) and implications for the early evolution of Chrysome-
loidea. Journal of Systematic Palaeontology, 12(5), 565-574.

J GfBS


https://www.R-project.org/

DNA barcoding in Dorcadionini (Coleoptera, Cerambycidae) uncovers...

229

Wang, B., Zhang, H., & Jarzembowski, E. (2013). Early Cretaceous
angiosperms and beetle evolution. Frontiers in Plant Science,
4, 360.

Wickham, H. (2009). ggplot2: Elegant graphics for data analysis.
Springer.

Wickham, H. (2011). ggplot2. Wiley Interdisciplinary Reviews: Com-
putational Statistics, 3(2), 180-185.

Willis, P. M. (2013). Why do animals hybridize? Acta Ethologica,
16(3), 127-134.

Wirtz, P. (1999). Mother species-father species: Unidirectional hybridi-
zation in animals with female choice. Animal Behaviour, 58(1),
1-12.

Wu, Y., Krishnankutty, S. M., Vieira, K. A., Wang, B., Nadel, H.,
Myers, S. W., & Ray, A. M. (2020). Invasion of Trichoferus
campestris (Coleoptera: Cerambycidae) into the United States
characterized by high levels of genetic diversity and recurrent
introductions. Biological Invasions, 22, 1309-1323.

Wu, Y., Trepanowski, N. F., Molongoski, J. J., Reagel, P. F., Lingafelter,
S. W., Nadel, H., Myers, S. W., & Ray, A. M. (2017). Identifica-
tion of wood-boring beetles (Cerambycidae and Buprestidae) inter-
cepted in trade-associated solid wood packaging material using
DNA barcoding and morphology. Scientific Reports, 7, 40316.

Xia, X. (2018). DAMBE7: New and improved tools for data analysis in
molecular biology and evolution. Molecular Biology and Evolu-
tion, 35, 1550-1552.

J GfBS

Zagaykevich, 1. K., & Puchkov, O. V. (2009). Dorcadion equestre. In
I.A Akimov (Ed.), Red book of Ukraine. The animal world. (pp.
119). Global Consulting, Kiev.

Zamoroka, A. M. (2019). A new subspecies of Dorcadion fulvum (Sco-
poli, 1763) (Coleoptera: Cerambycidae) from Western Ukraine.
Polish Journal of Entomology, 88(4), 363-378.

Zamoroka, A. M., Semaniuk, D. V., Shparyk, V. Y., Mykytyn, T. V.,
& Skrypnyk, S. V. (2019). Taxonomic position of Anastran-
galia reyi and A. sequensi (Coleoptera, Cerambycidae) based
on molecular and morphological data. Vestnik Zoologii, 53(3),
209-226.

Zhang, J., Kapli, P., Pavlidis, P., & Stamatakis, A. (2013). A general
species delimitation method with applications to phylogenetic
placements. Bioinformatics, 29(22), 2869-2876.

Zhang, Z. Y., Guan,J. Y., Cao, Y. R., Dai, X. Y., Storey, K. B., Yu, D.
N., & Zhang, J. Y. (2021). Mitogenome analysis of four Lamii-
nae species (Coleoptera: Cerambycidae) and gene expression
responses by Monochamus alternatus when infected with the
parasitic nematode Bursaphelenchus mucronatus. Insects, 12(5),
453.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	DNA barcoding in Dorcadionini (Coleoptera, Cerambycidae) uncovers mitochondrial-morphological discordance and the hybridogenic origin of several subspecies
	Abstract
	Introduction
	Material and methods
	Specimens
	DNA amplification, sequencing and data depository
	Sequence alignment and genetic distances
	Phylogenetic analyses and haplotype networks
	Molecular clock calibrations
	Single-locus species delimitations

	Results
	Alignments
	Phylogenetic analyses
	Divergence times
	Haplotype sharing
	Divergence and barcoding gap
	Species delimitation approaches

	Discussion
	Phylogenetic reconstructions
	Hybridization and haplotype sharing
	Evolutionary implications
	Small interspecific distances
	Genetic distinctiveness of subspecies
	Dorcadion aethiops and D. fulvum
	Dorcadion axillare, D. murrayi and D. pusillum
	Dorcadion decipiens
	Dorcadion equestre
	Dorcadion lugubre and D. lineatocolle


	Acknowledgements 
	References

	Untitled



