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Abstract

Background

Despite  ongoing  efforts  to  catalogue  European  ant  species,  studies  focusing  on  the

genetic  diversity  of  Balkan  ants  remain  limited.  An  integrative  approach  combining

morphology, genetics, ecology and biogeography is preferable for accurately identifying

species and resolving taxonomic uncertainties, particularly amongst challenging insect

taxa, such as the ants in the genus Messor (Hymenoptera, Formicidae).

New information

In this study, we analyse ants of the genus Messor using DNA barcode sequences, with a

particular focus on the Bulgarian fauna. A total  of 85  COI sequences were  examined,

including 84 from Messor specimens and one from Aphaenogaster, which was used as

an outgroup. Of these, 81 sequences were newly generated, while four were retrieved

from GenBank. The majority of specimens were collected in Bulgaria (61), with additional
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samples from Greece (13), Türkiye (4), Albania (1) and North Macedonia (2), providing

broader genetic and geographic representation.

Althogether, 11 Messor morphospecies were  identified, based  on  specimens used  for

molecular analysis. To  assess the  degree  of congruence  between  morphological  and

molecular data, six species delimitation analyses were conducted: RESL, GMYC, ASAP,

ABGD,  bPTP  and  mPTP.  In  addition,  haplotype  network  analysis  of  all  sequences

identified 35 distinct and coherently clustered haplotypes, providing insights into genetic

diversity.

The COI barcode region successfully distinguished Messor wasmanni Krausse, 1910, M. 

oertzeni Forel, 1910 and M. ibericus Santschi, 1931. In contrast, species pairs, such as M.

atanassovii Atanassov, 1982 and  M. creticus Salata & Borowiec, 2019, as well  as M. 

ponticus Steiner et al., 2018 and M. hellenius Agosti & Collingwood, 1987, could not be

reliably  differentiated  using  COI  data.  Furthermore,  Messor structor (Latreille,  1798)

showed  high  intraspecific  genetic  diversity. Finally, the  structor and  instabilis species

groups were recovered with moderate to high support in both Maximum Likelihood and

Bayesian Inference analyses, confirming that M. oertzeni and M. hellenius belong to the 

structor group.

Our  results  provide  a  reference  for  future  research  and  underscore  the  value  of

integrative taxonomic approaches in ant biodiversity studies.
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Introduction

The genus Messor, commonly known as harvester ants, consists of typically granivorous

species  involved  in  seed  dispersal,  nutrient  cycling  and  microclimate  modification  in

surface soil layers (Cammeraat et al. 2002, Plowes et al. 2013, El Boukhrissi et al. 2023).

These ants typically inhabit arid and semi-arid environments, with 134 species currently

recognised  within  the  Palaearctic,  Afrotropical  and  Oriental  biogeographic  regions

(Branstetter et al. 2022, Salata  et  al.  2023,  Bolton  2025).  While  species  richness  is

highest  in  North  Africa  and  the  Middle  East,  the  environmental  conditions  and

biogeographic history of the Southern Balkans also favour the presence of a substantial

number of Messor species (Borowiec 2014, Janicki  et al. 2016, Guénard  et al. 2017, 

Wang et al. 2023, Juvé et al. 2025a).

Comprehensive modern studies on the species composition and distribution of Messor

species in  Bulgaria  remain  insufficient. Two  recent species revisions have  addressed

some species within the genus found in the country. One such revision, focusing on the

European species of the structor group (Steiner et al. 2018), included Bulgarian material,

although  samples  originated  from  only  a  few  localities.  This  study  recognised  three
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species from the group in Bulgaria: Messor structor (Latreille, 1798), M. ponticus Steiner

et al., 2018 (with type locality in Bulgaria) and M. ibericus Santschi, 1931. Additionally,

two  other  species,  M. mcarthuri Steiner  et  al.,  2018  and  M. hellenius Agosti &

Collingwood, 1987, were  recently  reported  from the  country  by  Lapeva-Gjonova  and

Borowiec (2022). The latter was not included in the revision of this group by Steiner et al.

(2018), but was recognised  as  such  by  Borowiec  and  Salata  (2025). Furthermore, a

phylogenetic analysis by Juvé et al. (2025a) revealed  Messor oertzeni Forel, 1910, a

well-known  species  from Bulgaria,  as  the  sixth  member  of  the  structor group  in  the

country. Messor wasmanni Krausse, 1910 and M. atanassovii Atanassov, 1982, the latter

with  its  type  locality  in  Bulgaria,  are  the  only  representatives  of  the  instabilis group

currently  known  from  Bulgaria.  This  species  group  from  the  Eastern  Mediterranean

region  was recently revised  (Salata  et al. 2023). The  revision  included  a  detailed  re-

description of M. atanassovii, confirming its validity as a distinct species and reporting

additional  localities in  both  Bulgaria  and Greece. The latest studies on  Messor in  the

Palaearctic  Region  have  re-evaluated  the  earlier  records  and  concluded  that  four

species previously reported  from Bulgaria  (M. barbarus (Linnaeus, 1767), M. caducus

(Victor,  1839),  M. capitatus (Latreille,  1798)  and  M. concolor Santschi,  1927)  do  not

actually  occur  in  the  Balkans.  Consequently,  eight  Messor species  are  currently

recognised  in  Bulgaria:  M. atanassovii,  M. wasmanni,  M. oertzeni,  M. structor,  M. 

mcarthuri,  M. ponticus,  M. hellenius and  M. ibericus ( Lapeva-Gjonova  and  Antonova

2022).

The scarcity of historical descriptions, coupled with high morphological variability within

species and occurrences of hybridisation and even xenoparity, makes the genus Messor

taxonomically and biologically challenging (Schlick-Steiner et al. 2006, Steiner et al. 2011

, Romiguier et al. 2017, Steiner et al. 2018, Saar et al. 2023, Juvé et al. 2025a, Juvé et al.

2025b).  This  necessitates  the  application  of  complex  approaches  alongside  the

morphological one to resolve species delimitations.

DNA barcoding using mitochondrial  cytochrome c oxidase I (COI) gene fragments has

proven to be an efficient method for species identification and biodiversity assessment,

including  ants  of  Messor genus  ( Schlick-Steiner  et  al.  2006,  Steiner  et  al.  2018, 

Strohmaier et al. 2025) and other Stenammini (Centorame et al. 2018, Gómez et al. 2018,

Galkowski  et al. 2019, Schifani  et al. 2022, Zięcina  et al. 2024). However, COI is not

universally reliable for ant identification and species delimitation due to biological factors,

such  as  incomplete  lineage  sorting,  introgression,  hybridisation,  NUMTs  and

endosymbiont effects, as well  as technical  issues like  gaps in  reference  libraries and

threshold inconsistencies (Hurst and Jiggins 2005, Darras and Aron 2015, Romiguier et

al. 2017). Despite these limitations, it remains a rapid, cost-effective tool with reasonable

species-level  resolution,  supported  by  widely-used  primers  and  extensive  sequence

repositories (deWaard et al. 2019, Martoni et al. 2024, Onyinyechi et al. 2025).

Accordingly, expanding barcoding efforts in underexplored regions, such as the Balkans,

is  crucial  for  improving  our  understanding  of  species  diversity  and  evolutionary

relationships.  While  a  large-scale  barcoding  project  of  European  ants  is  underway
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(Menchetti et al., unpublished), further research specifically targeting the genetic diversity

of Balkan Messor ants will provide valuable insights into taxonomy and phylogeny.

Sampling methods

Sampling description: Specimens for DNA barcoding were primarily selected, based on

morphology  and  their  origin  from  diverse  collection  sites  across  the  country.

Morphological  identifications  followed  Steiner  et al.  (2018) and  Borowiec  and  Salata

(2025).

Molecular analyses: DNA extraction, amplification and sequencing of the standard 658

bp  COI barcode  region  were  performed  by the  Canadian  Centre  for  DNA Barcoding

(CCDB) using the primers LepF1 and LepR1 (Hebert et al. 2004). DNA was extracted

from the hind legs of specimens preserved in ethanol. In total, 84 COI Messor sequences

were analysed, of which 80 were newly generated. The following four sequences were

obtained  from GenBank  and  were  included  in  the  phylogenetic  analyses: KT184551 

(Messor structor), KT184569 (M. mcarthuri), KT184511 (M. ibericus)  from Steiner et al.

(2018) and DQ074353 (M. ponticus) from Schlick-Steiner et al. (2006). The sequence of

Aphaenogaster festae Emery, 1915 generated in the current study was selected as an

outgroup  in  the  phylogenetic  analyses. All  81  sequences generated  in  this  study are

deposited in the Barcode of Life Data System (BOLD) under the BGMES project, where

collection  information  and  photos  of  each  specimen  are  also  provided.  Voucher

specimens are preserved in the Zoological Collection of Sofia University (BFUS).

To  assess the  degree  of congruence  between  morphological  identification  conducted

prior to the molecular data, multiple species delimitation approaches were applied to the

molecular dataset. Sequence alignment and trimming were performed using MEGA v.12

(Kumar et al. 2024). In the BOLD system, the sequences were assigned to Barcode Index

Numbers (BINs), an algorithm-based approach to delineate operational taxonomic units,

which  were  automatically  calculated  for  records  by  Refined  Single  Linkage  (RESL)

analysis. These  BINs have  a  unique  identifier  and  provide  a  good  proxy for  species

(Ratnasingham and Hebert 2013). To  estimate  genetic  distances  and  enable

comparison, pairwise  distances were  calculated  under the  Kimura  2-parameter  (K2P)

model using MEGA v.12 (Kumar et al. 2024), whereafter species boundaries were tested

with  Assemble Species by Automatic Partitioning (ASAP) and Automatic Barcode Gap

Discovery (ABGD). Subsequently, ultrametric trees were generated in BEAST v. 10.5.0

(Baele et al. 2025) with a strict clock, coalescent tree prior and 100 million generations,

sampling every 1000 trees. The effective sample size (ESS) was monitored in Tracer v.

1.7.2 (Rambaut et al. 2018). Trees were summarised via TreeAnnotator (Suchard et al.

2018) removing 10% as a burn-in. Species delimitation analyses included Generalised

Mixed Yule Coalescent Approach (GMYC) with a single threshold (implemented on the

web server https://species.h-its.org/gmyc/, accessed on 27 July 2025), the Poisson Tree

Processes (bPTP) (implemented on the web server http://species.h-its.org/ptp/, accessed

on  28  July  2025)  and,  finally,  the  multi-rate  Poisson  Tree  Processes  (mPTP)

(implemented on the web server http://mptp.h-its.org/#/tree, accessed on 27 July 2025)
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(Fujisawa and Barraclough 2013, Zhang et al. 2013, Trifinopoulos et al. 2016, Kapli et al.

2017).

Phylogenetic reconstruction was performed using both Maximum Likelihood (ML) and the

Bayesian Inference (BI) analyses. ML analysis was performed in IQ-TREE (Nguyen et al.

2015)  on  the  W-IQ-TREE  interface  (Trifinopoulos  et  al.  2016).  The  integrated

ModelFinder (Kalyaanamoorthy et al. 2017) was used to infer the best substitution model.

Nodal  support was  obtained  through  a  standard  non-parametric  bootstrap  with  1000

replicates.  BI  analysis  was  run  using  MrBayes  v.3.2.7a  (Ronquist  et  al.  2012).

Phylogenetic trees (BI and ML) were visualised using iTOL v.5 (Letunic and Bork 2021).

Haplotype analysis was conducted utilising the DnaSP v.6 software (Rozas et al. 2017)

and the results were visualised through the utilisation of PopArt employing TCS network

analysis (Clement et al. 2002, Leigh and Bryant 2015).

A map of sequence sampling sites was created in QGIS version 3.34.12-Prizren, based

on the Cross Blended Hypsometric map layer (https://www.naturalearthdata.com).

Geographic coverage

Description: The specimens used in  this study were  recently collected, primarily from

Bulgaria  (61), with  additional  samples from Greece  (13), Türkiye  (4), Albania  (1)  and

North Macedonia (2) to ensure broader genetic and geographic representation (Fig. 1).

Coordinates: Latitude: min. 34.931 max. 43.768; Longitude: min. 19.577 max. 27.794.

Figure 1.  

Map of sequence sampling sites.

 

DNA barcoding of Messor ants of Bulgaria with insights into their taxonomic ... 5

https://arpha.pensoft.net/zoomed_fig/13556839
https://arpha.pensoft.net/zoomed_fig/13556839
https://arpha.pensoft.net/zoomed_fig/13556839
https://doi.org/10.3897/BDJ.13.e168586.figure1
https://doi.org/10.3897/BDJ.13.e168586.figure1
https://doi.org/10.3897/BDJ.13.e168586.figure1


Taxonomic coverage

Taxa included: 

Rank Scientific Name

subfamily Myrmicinae Lepeletier de Saint-Fargeau, 1835

genus Aphaenogaster Mayr, 1853

species Aphaenogaster festae Emery, 1915

genus Messor Forel, 1890

species Messor atanassovii Atanassov, 1982

species Messor creticus Salata & Borowiec, 2019

species Messor hellenius Agosti & Collingwood, 1987

species Messor ibericus Santschi, 1931

species Messor mcarthuri Steiner, Csősz, Markó, Gamisch, Rinnhofer, Folterbauer, Hammerle, Stauffer,

Arthofer & Schlick-Steiner, 2018

species Messor oertzeni Forel, 1910

species Messor ponticus Steiner, Csősz, Markó, Gamisch, Rinnhofer, Folterbauer, Hammerle, Stauffer, Arthofer

& Schlick-Steiner, 2018

species Messor structor (Latreille, 1798)

species Messor wasmanni Krausse, 1910

species Messor cf. structor 

species Messor sp. 1

species Messor sp. 2

Usage licence

Usage licence: Open Data Commons Attribution License

Data resources

Data package title: Collection of COI sequences from Bulgarian species of the genus

Messor

Resource link:  https://doi.org/10.5883/DS-BGMESSOR 

Number of data sets: 1
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Data set  name: Towards delimiting  the  diversity  of Messor ants  in  Bulgaria  using

molecular data

Data format: dwc, xml, tsv, fasta

Description:   The  dataset  constitutes  a  collection  of  sequences  pertaining  to

Bulgarian  species  of  the  genus  Messor (Hymenoptera,  Formicidae).  This  dataset

comprises all  attributes and metadata  in  accordance with  the BOLD rules and are

available to the public via a Digital Object Identifier (DOI).

Additional information

Species delimitation and genetic diversity

A total  of 84  COI sequences, representing  11 morphospecies and 10 to  15 molecular

lineages (depending on the species delimitation method used), were analysed, including

80 newly-generated sequences. The lengths of the DNA barcodes ranged from 579 to

658 bp, with the majority (59 sequences) being 658 bp long (Fig. 2). Haplotype network

analysis of all  sequences revealed  35 distinct haplotypes, which  clustered  coherently

(Fig. 3).

Figure 2.  

Results of species delimitation methods, based on DNA barcoding. Each vertical colour  bar

represents different delimitation schemes obtained with ASAP, RESL, ABGD, bPTP and mPTP

methods, with the corresponding number of specimens. The tree is based on ASAP analysis,

with nodes colour coded depending on their p-value (black: p < 0.001, red: p < 0.05, yellow: p

> 0.1, grey: not applicable).
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Messor instabilis species group 

The morphological similarity between Messor atanassovii and M. creticus is supported by

low genetic distance observed in the delimitation analyses (K2P 1.92%) (Suppl. material

1). These findings may indicate a relatively recent divergence between the two species,

followed by geographic isolation  and ecological  differentiation. However, despite  their

overall  closeness,  M. atanassovii and  M. creticus consistently  differ  in  stable

morphological  traits. Specifically, in M. atanassovii, the occipital  area and vertex of the

head bear 12–20 large setae, whereas in M. creticus, the number is always lower, never

exceeding nine. In addition, unlike M. creticus, which is restricted to the mountain regions

of Crete, M. atanassovii is a thermophilous lowland species found in southern Bulgaria,

Central  Macedonia  and  some  of the  Ionian  Islands  (Borowiec  and  Salata  2025). An

ongoing research into the evolutionary history of this divergence will clarify the timing and

mechanisms underlying this particular event.

Specimens from four nest samples — one from Central Macedonia in Greece and three

from  south-western  Bulgaria  —  designated  in  this  study  as  Messor sp.  1,  exhibited

morphological  traits  characteristic  of  both  Messor atanassovii and  M. wasmanni,

specifically the setosity of the former and the larger size of the latter. However, all species

delimitation analyses strongly supported their separation from both species and indicated

Figure 3.  

TCS haplotype network, based on COI sequences of Messor species. Each circle represents a

unique  haplotype;  size  corresponds  to  the  number  of  individuals.  Lines  indicate  single

mutational steps. Species-specific colour and letter coding follow the phylogenetic tree.
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a  closer  genetic  affinity  to  M. wasmanni,  with  K2P  distances  of  6.28%  and  5%,

respectively (Suppl. material 1). Currently, M. atanassovii and M. wasmanni are the only

known  representatives  of  the  instabilis group  in  this  region.  Whether  the  specimens

designated as Messor sp. 1  represent cases of hybridogenesis or belong to  a distinct

species will be investigated in a future study.

The most widespread species of the instabilis group, Messor wasmanni, is represented in

this study by a larger number of specimens (13) from the widest geographical range —

spanning  Bulgaria,  Türkiye  and  Greece  (including  Crete).  It  exhibits  an  intraspecific

genetic distance up to 0.81% (mean: 0.18%) (Suppl. material 1).

Messor structor species group 

Species delimitation analyses were consistent in supporting the distinctiveness of Messor

oertzeni, M. mcarthuri and unidentified species close to M. oertzeni (named Messor sp.

2),  as  well  as  one  molecular  lineage  within  Messor structor represented  by  four

sequences  —  three  from  western  Bulgaria  and  one  from  North  Macedonia.  Further

evaluation is also needed for a single sequence (BGANT032-23) obtained from a nest

sample in the western Balkan Mountains (Vrachanski Balkan). Although this specimen is

morphologically similar to M. structor and clearly separated from all  recognised taxa in

the analyses, the small  sample size and absence of reproductive specimens make its

taxonomic affinity still unclear.

Messor ibericus was consistently recognised in distance-based methods (ASAP,  RESL,

ABGD)  and  the  coalescent-based  method  GMYC,  exhibiting  an  intraspecific  genetic

distance up to 0.46% (mean 0.2%), but not in the tree-based methods bPTP and mPTP.

This discrepancy can  be  attributed  to  differences in  methodological  assumptions and

sensitivity  to  genetic  variation  (Hubert et al. 2024). It should  be  noted  that our  study

analysed only the worker caste of M. ibericus, which, as recently shown by Juvé et al.

(2025b), are hybrids with M. structor. Nevertheless, since they inherit the COI marker from

the maternal lineage, the genetic patterns observed in our study remain consistent with

their maternal identity.

Previous studies investigating Messor structor across its broad geographic distribution —

spanning  Austria,  Bulgaria,  Czechia,  France,  Hungary,  Romania  and  Slovenia  —

revealed  the  existence  of multiple  mitochondrial  lineages within  the  species (Schlick-

Steiner et al. 2006, Steiner et al. 2018, Strohmaier et al. 2025). These earlier findings

align  closely  with  the  results  of  the  present  study,  which  detected  high  intraspecific

genetic diversity (with  K2P distance from 0 to  5.07%, mean 2.58%) and identified  ten

haplotypes (Fig. 3, Suppl. material 1). While several species delimitation methods (ASAP,

ABGD,  bPTP,  mPTP)  recognised  two  molecular  lineages,  the  RESL  algorithm

distinguished five BINs within M. structor, further supporting the presence of deep genetic

structuring, with multiple lineages and haplotypes suggesting potential  cryptic diversity

across its range or long-term population isolation within the species.
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Only the GMYC method succeeded in separating M. hellenius and M. ponticus (Suppl.

material 1). The intraspecific genetic distance between 28 newly-generated sequences of

both species from Bulgaria, North Macedonia and Greece range from 0 to 1.63% (Suppl.

material  1). This result highlights the need to  incorporate  additional  molecular data  to

clarify whether the morphological similarity observed by Borowiec and Salata (2025) truly

reflects  intraspecific  variation  or  indicates  the  presence  of  subtle  genetic  structuring

between closely-related species.

Phylogenetic remarks

The examined species fall into two well-defined species groups, instabilis and structor (

Fig. 4). Both the instabilis (0.97 PP, 83% BS) and structor (0.90 PP, 92% BS) clades were

consistently recovered  across all  phylogenetic analyses, receiving  moderate  to  strong

support (Fig. 4, Suppl. material 1).

Figure 4.  

Phylogenetic  tree  based  on  the  Maximum  Likelihood  analysis  of  COI  gene  fragments  of

representatives of genus Messor. Nodal support is assessed by bootstrap values. High nodal

support for bootstrap values (BS) > 90%, moderately good support for BS > 70–90%.
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Within  the  instabilis group, Messor creticus — included  in  the  study to  enhance  both

geographic and phylogenetic representation — was recovered as a  sister taxon to  M. 

atanassovii (1.00 PP,  92% BS), with very strong support, a finding that aligns well  with

morphological  observations. Additionally,  Messor sp. 1,  which  exhibits  morphological

traits intermediate  between  M. atanassovii and  M. wasmanni, clusters closely with  M. 

wasmanni with very strong support (1.00 PP, 96% BS).

In the structor group, Messor hellenius and M. oertzeni are nested within the clade, with

M. oertzeni occupying  a  basal  position  (0.97  PP,  82% BS) supported  by moderate  to

strong  values.  Their  assignment to  the  structor group  is  in  agreement with  previous

studies (Borowiec and Salata 2025, Juvé et al. 2025a). The specimen designated as "

Messor cf. structor” (BGANT032-23) is resolved as a  distinct lineage within  the group,

supported with strong confidence (0.99 PP, 92% BS).

The taxon labelled as "Messor sp. 2" is placed as sister to M. oertzeni (1.00 PP, 95% BS),

supported  with  very  strong  confidence,  consistent  with  morphological  characteristics

observed in the nest sample.

Messor structor itself exhibits considerable genetic diversity, reflected in the phylogenetic

analyses by multiple well-supported lineages within its clade. Such diversity is expected

given the species’ broad distribution across Europe and likely corresponds to population-

level differentiation.

The recently described M. mcarthuri (0.93 PP, 84% BS) is recovered as sister to the clade

comprising M. hellenius, M. ponticus and M. ibericus, consistent with the topology of the

latter  two  species  reported  in  Juvé  et  al.  (2025a).  In  the  Bayesian  Inference  (BI)

phylogenetic tree, M. ibericus appears as sister to the M. hellenius + M. ponticus clade. In

contrast, in the ML tree, M. ibericus clusters with M. ponticus, while M. hellenius appears

polyphyletic, albeit with weak bootstrap support, which could be due to the limitations of

the single-locus dataset (Fig. 4, Suppl. material 1). Nonetheless, the Balkan M. hellenius

exhibits relatively high genetic diversity, a pattern that warrants further investigation.

Conclusion

Our  results  provide  valuable  reference  material  for  future  research  and  highlight the

importance of applying integrative taxonomic approaches to studies of ant biodiversity.

Furthermore, DNA barcoding can contribute to elucidating the phylogenetic relationships

within the genus, offering insights into evolutionary lineages.

However, caution  should  be  exercised  when  inferring  species identification  solely  on

morphology or solely on the COI sequence data for taxonomically challenging species,

without taking  into  account biological  and  ecological  data  (e.g.  interactions  between

neighbouring colonies of different morphospecies, differences in nest structure, foraging

systems or diurnal activity). Deeper genetic studies are required to explain the observed

tendency of some species to form hybridogenetic populations with distinct morphology,

which may lead to the description of new species.

DNA barcoding of Messor ants of Bulgaria with insights into their taxonomic ... 11



Acknowledgements

This study was supported by the National Science Fund of the Republic of Bulgaria under

grant No. KP-06-N-51/6, dated 11.11.2021. We greatly appreciate the valuable comments

and suggestions from the reviewers and the Section Editor Francisco Hita Garcia, which

have been very helpful in revising and improving the manuscript.

Author contributions

Conceptualisation: AL-G, MP; Methodology: AL-G, MP, SB; Field data collection: AL-G, IG,

RK, RB; Species identification: AL-G, LB; Data curation: AL-G, MP,  IG; Formal analysis:

AL-G, MP,  LB, SB; Visualisation: AL-G, MP,  RK, SB; Writing: original  draft: AL-G, MP;

Writing: review  and  editing: AL-G, MP,  LB, IG, RK, RB, SB; Funding  acquisition  and

project administration: AL-G.

References

• Baele G, Ji X, Hassler G, McCrone J, Shao Y, Zhang Z, Holbrook A, Lemey P, Drummond

A, Rambaut A, Suchard M (2025) BEAST X for Bayesian phylogenetic, phylogeographic

and phylodynamic inference. Nature Methods 22: 1653‑1656. https://doi.org/10.1038/

s41592-025-02751-x

• Bolton B (2025) An online catalog of the ants of the world. https://antcat.org. Accessed on:

2025-7-27.

• Borowiec L (2014) Catalogue of ants of Europe, the Mediterranean Basin and adjacent

regions (Hymenoptera: Formicidae). Genus (Wroclaw) 25 (1-2): 1‑340. 

• Borowiec L, Salata S (2025) A monographic review of ants of Greece (Hymenoptera:

Formicidae). Review of the subfamily Myrmicinae except the genera Temnothorax and 

Tetramorium. Part 1: text. 2. Bytom: Natural History Monographs of the Upper Silesian

Museum, 1-476 pp.

• Branstetter MG, Longino JT, Reyes-López JL, Brady SG, Schultz TR (2022) Out of the

temperate zone: A phylogenomic test of the biogeographical conservatism hypothesis in a

contrarian clade of ants. Journal of Biogeography 49: 1640‑1653. https://doi.org/10.1111/

jbi.14462

• Cammeraat LH, Willott SJ, Compton SG, Incoll LD (2002) The effects of ants' nests on the

physical, chemical and hydrological properties of a rangeland soil in semi-arid Spain.

Geoderma 105 (1-2): 1‑20. https://doi.org/10.1016/S0016-7061(01)00085-4

• Centorame M, Moschella F, Russini V, Fanfani A (2018) DNA-barcoding of the Italian

members of the Aphaenogaster testaceopilosa-group (Hymenoptera: Formicidae):

hybridization and biogeographic hypothesis. Zoologischer Anzeiger 277: 121‑130. https://

doi.org/10.1016/j.jcz.2018.09.003

• Clement M, Snell Q, Walke P, Posada D, Crandall K (2002) TCS: estimating gene

genealogies. In: Werner B (Ed.) Parallel and Distributed Processing Symposium. Fort

Lauderdale, California. 7 pp. https://doi.org/10.1109/IPDPS.2002.1016585

12 Lapeva-Gjonova A et al

https://doi.org/10.1038/s41592-025-02751-x
https://doi.org/10.1038/s41592-025-02751-x
https://antcat.org
https://doi.org/10.1111/jbi.14462
https://doi.org/10.1111/jbi.14462
https://doi.org/10.1016/S0016-7061(01)00085-4
https://doi.org/10.1016/j.jcz.2018.09.003
https://doi.org/10.1016/j.jcz.2018.09.003
https://doi.org/10.1109/IPDPS.2002.1016585


• Darras H, Aron S (2015) Introgression of mitochondrial DNA among lineages in a

hybridogenetic ant. Biology Letters 11: 20140971. https://doi.org/10.1098/rsbl.2014.0971

• deWaard JR, Ratnasingham S, Zakharov EV, Borisenko AV, Steinke D, Telfer AC, Hebert

PD (2019) A reference library for Canadian invertebrates with 1.5 million barcodes,

voucher specimens, and DNA samples. Scientific Data 6 (1): 1‑12. https://doi.org/10.1038/

s41597-019-0320-2

• El Boukhrissi A, Taheri A, Bennas N, Reyes-Lopez JL (2023) Efficiency of foraging

behavior in the ant genus Messor (Hymenoptera: Formicidae: Myrmicinae) in response to

food distribution. European Journal of Entomology 120: 357‑365. https://doi.org/10.14411/

eje.2023.039

• Fujisawa T, Barraclough T (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. https://doi.org/10.1093/sysbio/

syt033

• Galkowski C, Aubert C, Blatrix R (2019) Aphaenogaster ichnusa Santschi, 1925, bona

species, and redescription of Aphaenogaster subterranea (Latreille, 1798)(Hymenoptera,

Formicidae). Sociobiology 66 (3): 420‑425. https://doi.org/10.13102/

sociobiology.v66i3.3660

• Gómez K, Martinez D, Espadaler X (2018) Phylogeny of the ant genus Aphaenogaster

(Hymenoptera: Formicidae) in the Iberian Peninsula, with the description of a new

species. Sociobiology 65 (2): 215‑224. https://doi.org/10.13102/sociobiology.v65i2.2099

• Guénard B, Weiser M, Gomez K, Narula N, Economo E (2017) The Global Ant

Biodiversity Informatics (GABI) database: a synthesis of ant species geographic

distributions. Myrmecological News 24: 83‑89. 

• Hebert PDN, Penton EH, Burns JM, Janzen DH, Hallwachs W (2004) Ten species in one:

DNA barcoding reveals cryptic species in the neotropical skipper butterfly Astraptes

fulgerator. Proceedings of the National Academy of Sciences of the United States of

America 101 (41): 14812‑14817. https://doi.org/10.1073/pnas.0406166101

• Hubert N, Phillips JD, Hanner RH (2024) Delimiting species with single-locus DNA

sequences. Methods in Molecular Biology 2744: 53‑76. https://doi.org/

10.1007/978-1-0716-3581-0_3

• Hurst GD, Jiggins FM (2005) Problems with mitochondrial DNA as a marker in

population, phylogeographic and phylogenetic studies: the effects of inherited symbionts.

Proceedings of the Royal Society B: Biological Sciences 272 (1572): 1525‑1534. https://

doi.org/10.1098/rspb.2005.3056

• Janicki J, Narula N, Ziegler M, Guénard B, Economo EP (2016) Visualizing and

interacting with large-volume biodiversity data using client-server web-mapping

applications: The design and implementation of antmaps.org. Ecological Informatics 32:

185‑193. https://doi.org/10.1016/j.ecoinf.2016.02.006

• Juvé Y, Weyna A, Lauroua E, Nidelet S, Khaldi M, Barech G, Lebas C, Rasplus J, Cruaud

A, Condamine F, Romiguier J (2025a) Phylogenomics of Messor harvester ants

(Hymenoptera: Formicidae: Stenammini) unravels their biogeographical origin and

diversification patterns. Systematic Entomology 1-16 https://doi.org/10.1111/syen.12693

• Juvé Y, Lutrat C, Ha A, Weyna A, Lauroua E, Silva AC, Roux C, Schifani E, Galkowski C,

Lebas C, Allio R, Stoyanov I, Galtier N, Schlick-Steiner BC, Steiner FM, Baas D,

Kaufmann B, Romiguier J (2025b) One mother for two species via obligate cross-species

cloning in ants. Nature https://doi.org/10.1038/s41586-025-09425-w

DNA barcoding of Messor ants of Bulgaria with insights into their taxonomic ... 13

https://doi.org/10.1098/rsbl.2014.0971
https://doi.org/10.1038/s41597-019-0320-2
https://doi.org/10.1038/s41597-019-0320-2
https://doi.org/10.14411/eje.2023.039
https://doi.org/10.14411/eje.2023.039
https://doi.org/10.1093/sysbio/syt033
https://doi.org/10.1093/sysbio/syt033
https://doi.org/10.13102/sociobiology.v66i3.3660
https://doi.org/10.13102/sociobiology.v66i3.3660
https://doi.org/10.13102/sociobiology.v65i2.2099
https://doi.org/10.1073/pnas.0406166101
https://doi.org/10.1007/978-1-0716-3581-0_3
https://doi.org/10.1007/978-1-0716-3581-0_3
https://doi.org/10.1098/rspb.2005.3056
https://doi.org/10.1098/rspb.2005.3056
https://doi.org/10.1016/j.ecoinf.2016.02.006
https://doi.org/10.1111/syen.12693
https://doi.org/10.1038/s41586-025-09425-w


• Kalyaanamoorthy S, Minh BQ, Wong TKF, von Haeseler A, Jermiin LS (2017)

ModelFinder: fast model selection for accurate phylogenetic estimates. Nature Methods

14 (6): 587‑589. https://doi.org/10.1038/nmeth.4285

• Kapli P, Lutteropp S, Zhang J, Kobert K, Pavlidis P, Stamatakis A, Flouri T (2017) Multi-

rate Poisson tree processes for single-locus species delimitation under maximum

likelihood and Markov chain Monte Carlo. Bioinformatics 33 (11): 1630‑1638. https://

doi.org/10.1093/bioinformatics/btx025

• Kumar S, Stecher G, Suleski M, Sanderford M, Sharma S, Tamura K (2024) MEGA12:

Molecular Evolutionary Genetic Analysis Version 12 for adaptive and green computing.

Molecular Biology and Evolution 41 (12): msae263. https://doi.org/10.1093/molbev/

msae263

• Lapeva-Gjonova A, Antonova V (2022) An updated checklist of ants (Hymenoptera,

Formicidae) of Bulgaria, after 130 years of research. Biodiversity Data Journal 10: 95599.

https://doi.org/10.3897/BDJ.10.e95599

• Lapeva-Gjonova A, Borowiec L (2022) New and little-known ant species (Hymenoptera,

Formicidae) from Bulgaria. Biodiversity Data Journal 10: 83658. https://doi.org/10.3897/

BDJ.10.e83658

• Leigh JW, Bryant D (2015) PopART: Full-feature software for haplotype network

construction. Methods in Ecology and Evolution 6 (9): 1110‑1116. https://doi.org/

10.1111/2041-210X.12410

• Letunic I, Bork P (2021) Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic

tree display and annotation. Nucleic Acids Research 49: W293‑W296. https://doi.org/

10.1093/nar/gkab301

• Martoni F, Buxton J, Sparks KS, Li T, Smith RL, Rako L, Blacket MJ (2024) A

morphological and high throughput sequencing workflow to identify Australian ants

(Hymenoptera, Formicidae): a new tool for biosecurity and biodiversity. Metabarcoding

and Metagenomics 8: 130531. https://doi.org/10.3897/mbmg.8.130531

• Nguyen L, Schmidt H, Haeseler Av, Minh BQ (2015) IQ-TREE: A fast and effective

stochastic algorithm for estimating maximum-likelihood phylogenies. Molecular Biology

and Evolution 32 (1): 268‑274. https://doi.org/10.1093/molbev/msu300

• Onyinyechi PN, Travenzoli NM, Cristiano MP, Cardoso DC (2025) Exploratory analysis

of molecular traits of the mitochondrial DNA of leafcutting ants to infer taxonomic

characters towards an integrative taxonomy. Journal of Hymenoptera Research 98:

147‑163. https://doi.org/10.3897/jhr.98.133204

• Plowes NJ, Johnson RA, Hoelldobler B (2013) Foraging behavior in the ant genus 

Messor (Hymenoptera: Formicidae: Myrmicinae). Myrmecological News 18: 33‑49. 

• Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA (2018) Posterior summarization

in Bayesian phylogenetics using Tracer 1.7. Systematic Biology 67 (5): 901‑904. https://

doi.org/10.1093/sysbio/syy032

• Ratnasingham S, Hebert PD (2013) A DNA-based registry for all animal species: The

Barcode Index Number (BIN) System. PLOS One 8 (8): 66213. https://doi.org/10.1371/

journal.pone.0066213

• Romiguier J, Fournier A, Yek SH, Keller L (2017) Convergent evolution of social

hybridogenesis in Messor harvester ants. Molecular Ecology 26 (4): 1108‑1117. https://

doi.org/10.1111/mec.13899

• Ronquist F, Teslenko M, Mark PVD, Ayres D, Darling A, Höhna S, Larget B, Liu L,

Suchard M, Huelsenbeck J (2012) Mrbayes 3.2: Efficient Bayesian phylogenetic

14 Lapeva-Gjonova A et al

https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/bioinformatics/btx025
https://doi.org/10.1093/bioinformatics/btx025
https://doi.org/10.1093/molbev/msae263
https://doi.org/10.1093/molbev/msae263
https://doi.org/10.3897/BDJ.10.e95599
https://doi.org/10.3897/BDJ.10.e83658
https://doi.org/10.3897/BDJ.10.e83658
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.3897/mbmg.8.130531
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.3897/jhr.98.133204
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1371/journal.pone.0066213
https://doi.org/10.1371/journal.pone.0066213
https://doi.org/10.1111/mec.13899
https://doi.org/10.1111/mec.13899


inference and model choice across a large model space. Systematic Biology 61 (3):

539‑542. https://doi.org/10.1093/sysbio/sys029

• Rozas J, Ferrer-Mata A, Sánchez-DelBarrio JC, Guirao-Rico S, Librado P, Ramos-

Onsins SE, Sánchez-Gracia A (2017) DnaSP 6: DNA sequence polymorphism analysis

of large data sets. Molecular Biology and Evolution 34 (12): 3299‑3302. https://doi.org/

10.1093/molbev/msx248

• Saar M, Eyer PA, Cohen TM, Ionescu-Hirsch A, Dor R, Dorchin N (2023) Systematics of

harvester ants (Messor) in Israel based on integrated morphological, genetic, and

ecological data. bioRxiv 2023-07 https://doi.org/10.1101/2023.07.16.549226

• Salata S, Lapeva-Gjonova A, Georgiadis C, Borowiec L (2023) Review of the Messor

semirufus complex (Hymenoptera, Formicidae) in Greece. ZooKeys 1185: 105‑142. 

https://doi.org/10.3897/zookeys.1185.111484

• Schifani E, Alicata A, Menchetti M, Borowiec L, Fisher BL, Karaman C, Kiran K, Oueslati

W, Salata S, Blatrix R (2022) Revisiting the morphological species groups of West-

Palearctic Aphaenogaster ants (Hymenoptera: Formicidae) under a phylogenetic

perspective: toward an evolutionary classification. Arthropod Systematics & Phylogeny

80: 627‑648. https://doi.org/10.3897/asp.80.e84428

• Schlick-Steiner BC, Steiner FM, Konrad H, Markó B, Csősz S, Heller G, Ferencz B,

Sipos B, Christian E, Stauffer C (2006) More than one species of Messor harvester ants

(Hymenoptera: Formicidae) in Central Europe. European Journal of Entomology 103 (2):

469‑476. https://doi.org/10.14411/eje.2006.060

• Steiner FM, Seifert B, Grasso DA, Le Moli F, Arthofer W, Stauffer C, Crozier RH, Schlick-

Steiner BC (2011) Mixed colonies and hybridisation of Messor harvester ant species

(Hymenoptera: Formicidae). Organisms Diversity & Evolution 11 (2): 107‑134. https://

doi.org/10.1007/s13127-011-0045-3

• Steiner FM, Csősz S, Markó B, Gamisch A, Rinnhofer L, Folterbauer C, Hammerle S,

Stauffer C, Arthofer W, Schlick-Steiner BC (2018) Turning one into five: Integrative

taxonomy uncovers complex evolution of cryptic species in the harvester ant Messor "

structor". Molecular Phylogenetics and Evolution 127: 387‑404. https://doi.org/10.1016/

j.ympev.2018.04.005

• Strohmaier R, Arthofer W, Moder K, Konrad H, Stauffer C, Buschinger A, Struck N,

Wagner H, Seifert B, Crozier R, Steiner F, Schlick-Steiner B (2025) Genetic and

phenotypic responses to habitat fragmentation in a European harvester ant. Insect

Conservation and Diversity1‑16. https://doi.org/10.1111/icad.12853

• Suchard MA, Lemey P, Baele G, Ayres DL, Drummond AJ, Rambaut A (2018) Bayesian

phylogenetic and phylodynamic data integration using BEAST 1.10. Virus Evolution 4 (1):

vey016. https://doi.org/10.1093/ve/vey016

• Trifinopoulos J, Nguyen L, von Haeseler A, Minh BQ (2016) W-IQ-TREE: a fast online

phylogenetic tool for maximum likelihood analysis. Nucleic Acids Research 44 (1):

232‑235. https://doi.org/10.1093/nar/gkw256

• Wang R, Kass JM, Galkowski C, Garcia F, Hamer MT, Radchenko A, Salata SD, Schifani

E, Yusupov ZM, Economo EP, Guénard B (2023) Geographic and climatic constraints on

bioregionalization of European ants. Journal of Biogeography 50: 503‑514. https://doi.org/

10.1111/jbi.14546

• Zhang J, Kapli P, Pavlidis P, Stamatakis A (2013) A general species delimitation method

with applications to phylogenetic placements. Bioinformatics 29 (22): 2869‑2876. https://

doi.org/10.1093/bioinformatics/btt499

DNA barcoding of Messor ants of Bulgaria with insights into their taxonomic ... 15

https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1093/molbev/msx248
https://doi.org/10.1101/2023.07.16.549226
https://doi.org/10.3897/zookeys.1185.111484
https://doi.org/10.3897/asp.80.e84428
https://doi.org/10.14411/eje.2006.060
https://doi.org/10.1007/s13127-011-0045-3
https://doi.org/10.1007/s13127-011-0045-3
https://doi.org/10.1016/j.ympev.2018.04.005
https://doi.org/10.1016/j.ympev.2018.04.005
https://doi.org/10.1111/icad.12853
https://doi.org/10.1093/ve/vey016
https://doi.org/10.1093/nar/gkw256
https://doi.org/10.1111/jbi.14546
https://doi.org/10.1111/jbi.14546
https://doi.org/10.1093/bioinformatics/btt499
https://doi.org/10.1093/bioinformatics/btt499


• Zięcina D, Menchetti M, Borowiec L, Bračko G, Lapeva-Gjonova A, Villa R, Salata S

(2024) Taxonomic revision of the Aphaenogaster subterranea species group

(Hymenoptera: Formicidae). Annales Zoologici 74 (2): 237‑282. https://doi.org/

10.3161/00034541ANZ2024.74.2.002

Supplementary material

Suppl. material 1: Distance analyses, GMYC summary and Bayesian Inference

tree

Authors:  Albena Lapeva-Gjonova, Monika Pramatarova, Lech Borowiec, Ilia Gjonov, Rumyana

Kostova, Rostislav Bekchiev, Simeon Borissov

Data type:  genomic, phylogenetic

Download file (3.42 MB) 

 

16 Lapeva-Gjonova A et al

https://doi.org/10.3161/00034541ANZ2024.74.2.002
https://doi.org/10.3161/00034541ANZ2024.74.2.002
https://doi.org/10.3897/BDJ.13.e168586.suppl1
https://doi.org/10.3897/BDJ.13.e168586.suppl1
https://doi.org/10.3897/BDJ.13.e168586.suppl1
https://arpha.pensoft.net/getfile.php?filename=oo_1444534.pdf

	Abstract
	Background
	New information

	Keywords
	Introduction
	Sampling methods
	Geographic coverage
	Taxonomic coverage
	Usage licence
	Data resources
	Additional information
	Species delimitation and genetic diversity
	Phylogenetic remarks
	Conclusion

	Acknowledgements
	Author contributions
	References
	Supplementary material

