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Abstract

The twisted-winged parasite genus Stylops has a history of different species concepts

with varying host specificity resulting in diverse species diversity estimates in different

regions of the Holarctic. The adoption of a supergeneralist species concept in Europe,

proposing synonymization of all Western Palaearctic Stylops species, did not facilitate

taxonomic clarity and obscured the available life-history data in the region for decades.

Lack of molecular data has allowed divergent opinions on species hypotheses and little

opportunity for evaluating them in this morphologically challenging genus. To solve

these discrepancies and gain novel information about host associations, we applied

whole-genome sequencing to 163 specimens, representing a significant portion of puta-

tive European species. We evaluate the existing and conflicting species hypotheses with

molecular species delimitation using Species bOundry Delimitation using Astral (SODA)

and use a maximum likelihood phylogeny to investigate host associations of the species.

Furthermore, we evaluate the effect of a number of loci used in SODA for the number

of inferred species. We find justification for synonymization of multiple species and indi-

cations of undescribed species, as well as new host–parasite relationships. We show that

the number of inferred species in SODA is exceedingly and positively correlated with

the number of loci used, urging for cautious application. The results of our study bring

clarity to the Western Palaearctic species diversity of Stylops. Furthermore, the compre-

hensive molecular dataset generated in this study will be a valuable resource for future

studies on Stylops and the evolution of parasites in general.
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INTRODUCTION

Although parasites represent a considerable portion of global biodiver-

sity, the diversity of many parasite groups is still unknown (Nadler &

Pérez-Ponce de Le�on, 2011). For instance, based on extrapolation from

case studies of genus-specific parasite–host ratios, it appears that

parasitic wasps would by conservative measures be two to three times

more diverse than beetles, the current most species-rich order based on

described species (Forbes et al., 2018). Furthermore, numerous studies

have shown that cryptic species complexes exist in many parasite groups

(e.g., Heraty et al., 2007; Pérez-Ponce de Le�on & Nadler, 2016). Cryptic

species do not always have enough interspecific morphological variation
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for inferring species limits based on morphology alone. When this is the

case, molecular data can help with inferring species limits (Cerca

et al., 2020; Sudasinghe et al., 2020; Williams et al., 2022). In parasites,

host usage is another attribute with taxonomic value. Parasites can be

broadly classified into generalists and specialists, depending on their host

range. The assumed host specificity can have vast implications on the

estimated species diversity (Smith et al., 2007, 2008). Perhaps one of the

best examples of this can be found in the insect order twisted-winged

parasites (Strepsiptera). Strepsiptera is a small order of obligate ento-

mophagous endoparasites, characterized by extreme sexual dimorphism

and complicated life-cycles (Kathirithamby, 2018). The winged adult

males are free-living and possess typical adult insect characteristics. The

larviform adult females continue as endoparasites in the host (except in

the family Mengenillidae) and remain in a structure comprised of puparial

exuvia and exuvia of the second larval stage with highly reduced features

(Löwe et al., 2016). Currently, Strepsiptera has less than 630 recognised

species worldwide (Cook, 2019). However, multiple molecular studies

have suggested that this is an underestimation due to cryptic species

complexes (Benda et al., 2020; Hayward et al., 2011; Jůzová et al., 2015;

Nakase & Kato, 2013).

The Holarctic genus Stylops Kirby is the most species-rich genus of

Strepsiptera, whose members are parasites of Andrena Fabricius mining

bees (Kathirithamby, 2018; Kathirithamby & Engel, 2014;

Kinzelbach, 1971). They exhibit the typical sexual dimorphism present in

Strepsiptera (Figure 1). Since the short-lived adult males are rarely

encountered and the females are difficult to identify morphologically,

host specificity has played a major role in the classification and estimated

species diversity of Stylops (Straka et al., 2015). Over the years, species

classifications have varied dramatically between different taxonomists

from assumptions of highly specialist species with only single host associ-

ations (e.g., Kifune & Hirashima, 1985; Perkins, 1918; Pierce, 1911) to a

supergeneralist species with more than 150 host associations

(Kinzelbach, 1978). The supergeneralist classification strategy was in use

for decades in the Western Palearctic (WP) region after a highly influen-

tial work synonymized all European species into a single species, Stylops

melittae Kirby (Kinzelbach, 1978). Kinzelbach concluded that the data

available at the time were not sufficient to divide WP Stylops into several

natural species and should be instead treated as one species with multi-

ple subspecies. This classification was recently challenged in a molecular

study by Jůzová et al. (2015). They used two mitochondrial and one

nuclear gene fragment to test different hypotheses of host specialisation

in Stylops. Their results indicated that host specificity is prevalent among

Stylops, although not always to a single species but typically to a few

closely related host species, often belonging to the same subgenus of

Andrena. They concluded that S. melittae is likely a species complex. Based

on these findings, Straka et al. (2015) constructed a preliminary world

checklist for the genus, where 30 species names in Europe were rein-

stated, largely based on hosts and DNA barcode distances (mitochondrial

COI). Additional support came from a recent interspecific mating experi-

ment study that included three species from the WP region (Jandausch

et al., 2022). This study found that interspecific variation in female para-

genital organs was correlated with male penis shape, allowing only con-

specific matings to succeed.

However, there is still considerable uncertainty over the diversity

within the genus Stylops and their host relationships. Jůzová et al. (2015)

did not use any quantitative species delimitation method and distances

between DNA barcodes alone are often insufficient for reliable species

delimitation (Brower, 2006; DeSalle et al., 2005; Ortiz et al., 2021). Fur-

thermore, in a recent World Catalogue of the order Strepsiptera, Cook

(2019) reinstated multiple species synonymized by Straka et al. (2015)

and the host associations presented in the catalogue differ from those

listed by Straka et al. (2015) (Figure 2). There are also multiple Andrena

species that are known to be parasitized by Stylops but are not linked to

any specific Stylops species in either theWorld Catalogue or in the prelim-

inary world checklist.

Here, we attempt to resolve the controversies in the species

diversity estimates of WP Stylops with the use of phylogenomic spe-

cies delimitation methods. We use whole-genome sequencing to gen-

erate a comprehensive dataset to test the hypothesised species

boundaries in the Stylops melittae species complex. We evaluate

reported and suggested host associations within each putative spe-

cies, as well as present novel knowledge of unpublished host–parasite

relationships. Finally, the challenges with molecular species delimita-

tion using few genes up to genomic-size datasets are evaluated with

the novel species delimitation method, Species bOundry Delimitation

using Astral (SODA) (Rabiee & Mirarab, 2021).

MATERIALS AND METHODS

Taxon sampling

We obtained genomic data from 163 female individuals representing

22 putative species included in the preliminary world checklist of the

F I GU R E 1 Representative adults of Stylops. (A) High sexual
dimorphism in Stylops ater resulting from adult males (bottom) being
free-living in contrast to adult females (top) remaining as
endoparasites in the host (B) Morphological variation present in adult
female cephalothoraxes. Despite the reduced morphological
characters, interspecific variation is present among some Stylops
species, as demonstrated by (1) Stylops nassonowi Pierce, 1909
(2) Stylops thwaitesi Perkins, 1918 and (3) Stylops praecocis Luna de
Carvalho, 1974. Scale bar applies to A only.
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genus Stylops (Straka et. al., 2015). Preliminary species identification of

the specimens was largely based on host associations. If the host species

of a specimen was not associated with any putative Stylops species, the

host subgenus and morphology of the female were used to assign them

to the most likely species. The classification of Andrena into subgenera

follows Kuhlmann et al. (2023) and Pisanty et al. (2022). A total of 39 sam-

ples could not be assigned to any species. Each of the included putative

species was represented by 1–17 individuals. We focused the geographi-

cal sampling on the WP region but included samples from the Eastern

Palaearctic (EP) region as well. The material contained both freshly col-

lected material stored in ethanol and pinned museum specimens. In addi-

tion, some DNA extracts were reutilised from the study of Jůzová et al.

(2015). The specimens came from both natural history museum collec-

tions and private collectors. All material included in this study is listed in

Table S1. We included Halictoxenos tumulorum Perkins, representing

another genus in Stylopidae, as an outgroup.

Molecular methods and phylogenetic inference

The age and preservation method of included samples were taken into

account in the data acquisition and processing pipeline (Figure 3). All

Stylops females were removed from the host bees using forceps

cleaned with chlorine, water and 80% EtOH. For the pinned speci-

mens, the bees were relaxed in water vapour for 30 min before

removal. The entire female body was used for genomic DNA extrac-

tion with QIAamp DNA Micro kit (Qiagen, Inc). After extraction, the

intact cephalothorax was recovered as a morphological voucher.

The manufacturer’s protocol was followed, except 20 μL of DTT (1 M)

was added to samples during the lysis step and lysed samples were

kept 10 min at 72�C after adding Buffer AL. DNA concentrations

were quantified with a Qubit fluorometer (HS Assay Kit, Life Technol-

ogies Inc.). Illumina libraries were prepared for old museum samples

and samples with low DNA concentrations (a total of 43), following

the museomics protocol by Irestedt et al. (2022). Equimolarly pooled

libraries were sent to Science for Life Laboratory (SciLifeLab) in

Stockholm, National Genomics Infrastructure Sweden, for paired-end

sequencing (read length: 100 bp) using Illumina NovaSeq sequencing

platform (Illumina Inc.). For the remaining 124 samples, Illumina

Nextera DNA Flex libraries were constructed at SciLifeLab Stockholm,

and they were paired-end sequenced (read length: 150 bp) using

Illumina NovaSeq sequencing platform.

Nf-core/eager v2.4.0 (Yates et al., 2021) pipeline was used to

pre-process raw sequence data and create sequence assemblies.

Within the pipeline, adapter clipping was performed with Adapter-

Removal v2.3.2 (Schubert et al., 2016), mapping against a Stylops ater

reference genome (Podsiadlowski et al., unpubl.) with BWA mem

v0.7.17 (Li & Durbin, 2009) and variant calling with angsd v0.935

(Korneliussen et al., 2014) with default settings of the pipeline. Possi-

ble contaminants (e.g., from a host) were removed by the mapping

procedure. A complexity filtering step was included for the Illumina

two-colour chemistry data to trim the poly-G tails from the short frag-

ments. The quality of the assemblies was assessed with MultiQC

v1.11 (Ewels et al. 2016) and with BUSCO v.5.0.0 (Manni et al. 2021)

against endopterygota_odb10-dataset. Assemblies were searched for

3913 orthologous nuclear genes of Strepsiptera taxa included in the

dataset of McKenna et al. (2019): Triozocera (Corioxenidae), Mengenilla

(Mengenillidae), Xenos (Xenidae) and Stylops (Stylopidae). After

extracting the genes of the four taxa from the McKenna et al. dataset

with grepfasta (https://github.com/nylander/grepfasta), gaps and

sequences shorter than 100 bp were removed from the gene

sequences with fastagap (https://github.com/nylander/fastagap).

Extracted genes were then used as nucleotide baits against nucleotide

assemblies, only extracting the single best hit regions with the pro-

gramme Alibaseq v1.2 (Knyshov et al., 2021).

Multiple sequence alignment (MSA) was performed with MAFFT

v.7.490 (Katoh et al., 2002; Katoh & Standley, 2013) for the obtained

genes, and a sanity check was conducted for the produced alignments

with RaxML-NG (Kozlov et al., 2019). Phylogenetically informative

regions were selected from the MSA with BMGE (Criscuolo &

Gribaldo, 2010). Because of the large size of our dataset, ParGenes

(Morel et al., 2019) was used for model selection and gene tree
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F I GU R E 2 Discrepancies in Western Palaearctic Stylops taxonomy and host associations between the recent World Catalogue of the Order
Strepsiptera (left) (Cook, 2019) and the Preliminary World Checklist of Stylops (right) (Straka et al., 2015). Andrena mining bee host species and
their subgenera (following Kuhlmann et al. (2023) and Pisanty et al. (2022)) are listed in the middle. Host associations are represented with black
lines.
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inference. The programme allows both analyses to be done in parallel

for thousands of gene MSAs. First ParGenes was used to infer maxi-

mum likelihood (ML) trees using RAxML-NG with a fixed model GTR

+ G8 + F, and outlier branches were filtered out with TreeShrink

(Mai & Mirarab, 2018). The filtered data were then re-aligned and

ParGenes ran again. This time, a model test was included, where the

best-fit model of evolution for each gene MSA was selected based on

the Bayesian information criterion. Resulting gene trees were used for

subsequent inferences. ASTRAL-III v.5.6.3 (Zhang et al., 2018) was

used to infer a species tree from the gene trees. Phylogeny under a

concatenated ML approach was inferred with IQ-TREE2 v.2.2.0 (Minh

et al., 2020) including branch support estimation with ultrafast boot-

strap (�bb 1000) (Hoang et al., 2018). Model selection was done with

ModelFinder (Kalyaanamoorthy et al., 2017), followed by tree con-

struction (Nguyen et al., 2015) using the estimated best partitioning

scheme (�m MFP + MERGE). To lower the computational load, a

relaxed clustering algorithm was used (�rcluster 10) (Lanfear

et al., 2014). First, all sequences were included to place critical taxa.

We then removed terminals with eight or more times longer branches

than adjacent terminals and alignments that were shorter than 100 bp

or had less than four sequences to avoid spurious effects in the phylo-

genetic estimation and species delimitation. The remaining loci were

then used in subsequent analyses. The ML inference was run a total

of six times using the best model to find the optimal tree with highest

log-likelihood. The produced trees did not have major topological dif-

ferences (not shown). Furthermore, we repeated the ML tree infer-

ence using the second and third best models to test inference

sensitivity to the selected model. These produced nearly identical

trees to the best model (not shown). The generated species trees

were visualised with FigTree v.1.4.4 (Rambaut, 2018).

Species delimitation analyses were conducted with SODA

(Rabiee & Mirarab, 2021). SODA is a computationally powerful

topology-based method that can process phylogenomic datasets rap-

idly under the multispecies coalescent (MSC). Simulations have shown

that SODA’s performance is close to popular methods such as Bayesian

Phylogenetics and Phylogeography (BPP) (Yang & Rannala, 2010),

Museum Fresh

RaxML-NG
BMGE

TreeShrink

QIAamp
Micro

Library:
“Museum”

Library:
DNA Nextera 

llumina 
NovaSeq 

nf-core/eager 
reference
genome out group 

McKenna et al.
3913 genes

AliBaSeq 

MAFFT

ASTRAL
IQ-Tree 

SODA
GMYC

F I GU R E 3 An overview of the data acquisition, data processing and analyses steps used.
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but computationally less demanding, which allows analysing the entire

dataset without subsampling (Rabiee & Mirarab, 2021). We ran SODA

using gene trees from RAxML-NG as input and a p value cut-off set to

0.05 (default in SODA). We let SODA infer the guide tree using

ASTRAL-III. However, empirical data can have properties, which make

MSC-methods less accurate. Other MSC-based species delimitation

methods, such as BPP (Yang, 2015; Yang & Rannala, 2010), have been

shown to be sensitive to population structure and hence over-splitting

species, especially when analysing multiple loci from allopatric popula-

tions (Leaché et al., 2019; Sukumaran & Knowles, 2017). Since the

cut-off value impacts how easily species are split, SODA was run

again with a higher significance level of 0.001. Both analyses were

repeated to confirm consistency between runs. Note that populations

were not defined a priori; hence, each individual is a candidate population

and species. Unlike BPP (Huang, 2018), how the number of loci affects the

number of species delimited in SODA has not been previously studied with

an empirical dataset. To further investigate the effect of number of loci, we

subsampled sets of randomly selected loci (25, 50,100, 250, 500, 1000,

1500 and 2000). Ten replicates were produced for each set and SODA

was run for each replicate with cut-off value 0.001. To further examine

the sensitivity of SODA for over-splitting, we compared the results of

SODA to the results of the generalised mixed Yule coalescent (GMYC)

species delimitation method (Fujisawa & Barraclough, 2013; Pons

et al., 2006). The GMYC method uses transitions between distinct

branching patterns in an ultrametric gene tree to delimit species

(Fujita et al., 2012). Although strictly appropriate only for single locus

gene trees, the GMYC method is often used on trees from concatenated

loci as well by postulating a shared genealogical history (Luo et al., 2018).

In this respect, because GMYC looks for patterns in a single input tree, it

should be robust against the particular phenomena of over-splitting due

to a high number of loci included in the analyses. The ML-tree from

IQ-TREE2 was converted into an ultrametric tree using chronos function

(calibration = makeChronosCalib, model = ‘discrete’) in the APE package

(Paradis & Schliep, 2019) in R software (R Core Team, 2022), a crude post

hoc smoothing method (Talavera et al., 2013; Tang et al., 2014) on par

with applying GMYC on a concatenated tree. The GMYC method

was applied using the splits package (Ezard et al., 2009) implemented in

R software and the single threshold option.

When interpreting the species delimitation results, we applied

distinctness-in-sympatry criteria to alleviate the impact of geographi-

cal variation (Brandvain & Matute, 2018). We also treated the delim-

ited species as ‘MSC-species’ (Bravo et al., 2019; Heled &

Drummond, 2010); rather than corresponding to a traditional taxo-

nomic rank, they represent populations with periods of ceased gene

exchange that may be permanent.

RESULTS

Data assembly and phylogenetic inference

The mean coverage of the 163 assemblies was 12�, ranging from

<1� to 52�. This variation was expected due to varying degrees of

DNA degradation. The reference genome had a BUSCO score

of 75, whereas the mean BUSCO score for the assemblies was

63 (<1–75). Of the 3913 orthologous nuclear genes of Strepsiptera

from our reference dataset, on average, 3333 were obtained from the

assemblies (53–3535). The average number of loci per specimen fol-

lowing the filtering steps was 2141 (1831–2210), and the average

number of specimens per gene was 139 (4–150). Specimen age and

the used library protocol did not have a significant effect on the num-

ber of loci recovered (Figure 4). After the removal of long branches

and short alignments, our dataset had 151 terminals, including the

outgroup, and 2315 loci.

The ML analysis with IQ-TREE2 resulted in a phylogeny with the

majority of nodes fully supported (Figure 5). All except one backbone

node were maximally supported. Mostly within putative species there

were 26 nodes (17%) with less than strong support, here defined as

<95% ultrafast bootstrap value. The resulting tree had two major

clades, which could be further divided into seven subclades (Figure 5).

Within the clades, most of the putative species formed monophyletic

groups, often associated with a single host subgenus. Two putative

species were polyphyletic: Stylops aterrimus Newport and S. nassonowi

Pierce. Some species clades had structure within them, particularly

the clade representing S. spreta Perkins, which was divided into three

smaller subclades. WP specimens did not show strong geographical

patterns; however, specimens from the EP region and the bordering

areas composed separate clades within the putative species clades.

Molecular species delimitation

With the entire dataset of 2315 loci, in the majority of cases, SODA

split single putative species into multiple MSC-species (Figure 6). With

the default p value of 0.05, SODA split the entire dataset into

99 MSC-species and with the more conservative value of 0.001

into 84 MSC-species. The 20 preliminarily identified species included

in the dataset were delimited into 62 MSC-species. When all repre-

sentatives of a putative species were collected from the same country,

it was more likely that those were delimited as one species. The host

species within putative species did not seem to have a large effect on

the inferred species limits. For example, putative S. thwaitesi Perkins

from three different host species were delimited as one species, when

all specimens were collected from the same country. However, the

number of loci included in the SODA analysis had a significant effect

on the number of inferred species in the sub-sampled replications

(Kruskal–Wallis chi-square = 76.463, df = 7, p < 0.0001) (Figure 7).

With 25 loci, the average number of delimited species was

23, whereas with 2000 loci, it was 74. With fewer loci, SODA species

corresponded more with putative taxonomic species, except in some

cases where species were merged together. The three putative spe-

cies S. japonicus Kifune & Hirashima, S. praecocis Luna de Carvalho

and S. nevinsoni Perkins were merged into one species, as well as the

two species S. obsoletus Luna de Carvalho and S. madrilensis Luna de

Carvalho. With the GMYC method, the number of delimited species

was 23 (2 log likelihood confidence interval: 21–28), and the single
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species null model was significantly rejected (null: 511.9, GMYC:

535.4, LR-test: 6.4 � 10�11) (Figure 6). Species delimited with GMYC

were almost the same as with SODA using only 25 loci.

Species diversity and host associations of Western
Palaearctic Stylops

Here, we present the evaluation of the existing and conflicting species

hypotheses of WP Stylops (Cook, 2019; Straka et al., 2015) based on

our molecular analysis, summarised in Table 1. We also assess possible

hidden diversity. Some additional host associations have been sug-

gested after the publication of the catalogues (e.g., Smit et al., 2020).

We report new host associations and provide information on the

host-sharing between species, compiled in Table 2. If not stated oth-

erwise, SODA results refer to the results obtained from analysis of

the entire dataset. We refrain from describing new species in this

study. However, the data provided here may be informative for future

species descriptions.

Clade A

The four putative species within this clade, Stylops lusohispanicus Luna

de Carvalho, 1974, S. gwynanae Günther & Šedivi, 1957,

S. moniliaphagus Luna de Carvalho, 1974, and S. salamancanus Luna de

Carvalho, 1974, were monophyletic, and all but S. gwynanae were

delimited as single species. SODA split S. gwynanae into four species;

however, the splits most likely reflect geographical distance instead of

actual species limits. GMYC did not split S. gwynanae. The phylogeny

implies Andrena symphyti Schmiedeknecht, 1883, and A. granulosa

Pérez, 1902, to be likely host species of S. gwynanae besides A. bicolor

Fabricius, 1775.

Two species are associated with hosts from subgenera Aciandrena

Warncke, 1968, and Graecandrena Warncke, 1968: S. lusohispanicus

and S. liliputanus Luna de Carvalho, 1974. However, both the phylog-

eny and SODA results suggest that more species than S. liliputanus

and S. lusohispanicus have hosts in the subgenera Aciandrena and

Graecandrena since specimens from those host species are in more

than two clades. Some of the unidentified specimens might be

S. liliputanus yet could not be reliably identified as such based on host

association and morphology. It is also possible that these species

exhibit host sharing. The identity of Stylops from Aciandrena and Grae-

candrena is not settled and requires further study. To our knowledge,

the included S. moniliaphagus is the first DNA sequence obtained from

Stylops from a host in the subgenus Orandrena Warncke, 1968.

Clade B

Putative S. thwaitesi Perkins, 1918, S. maxillaris Pasteels, 1949, and

S. spreta Perkins, 1918, were assigned to this clade together with
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F I GU R E 4 Number of recovered loci after filtering steps for the two protocols as a function of specimen age. Pink are samples prepared by
the museum library protocol (Irestedt et al., 2022), blue represent samples prepared using the Nextera Flex library protocol (Illumina, 2018).
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unclassified specimens from multiple host subgenera with varying

degrees of support of the internal nodes. Stylops thwaitesi was mono-

phyletic and included all specimens from the Taeniandrena Hedicke,

1933, host subgenus. Even though SODA split the clade into six

species, sympatric specimens from A. afzeliella (Kirby, 1802), A. wilkella

(Kirby, 1802) and A. intermedia Thomson, 1870, are delimited as the

same species. Both SODA using only 25 loci and GMYC supported a

single species hypothesis. Based on this and groupings in the ML tree,

SNt64_S.melittae_A.nitida_HU_MELANDRENA

SPr27a_S.praecocis_A.praecox_PL_ANDRENA

SDi1_S.obsoletus_A.distinguenda_CZ_DISTANDRENA

SOr2_S.moniliaphagus_A.oralis_HU_ORANDRENA

SBc2_S.gwynanae_A.bicolor_ES_EUANDRENA

SDo1_S.sp.aff.nassonowi_A.dorsalis_GR_LEPIDANDRENA

SH9500_S.spreta_A.semilaevis_SE_MICRANDRENA

SGr97_S.melittae_A.gravida_CZ_MELANDRENA

SVr1_S.nevinsoni_A.varians_CZ_ANDRENA

SFl111_S.melittae_A.flavipes_CZ_MELANDRENA

MA0309_S.aterrimus_A.scotica_BE_HOPLANDRENA

SMc42_S.spreta_A.cf.minutula_RO_MICRANDRENA

MA0305_S.nevinsoni_A.helvola_BE_ANDRENA

SSp13_S.sp.aff.gwynanae_A.sp._UZ_EUANDRENA

SOv93_S.thwaitesi_A.ovatula_CZ_TAENIANDRENA

SOv3_S.thwaitesi_A.afzeliella_ES_TAENIANDRENA

SIm1_S.sp._A.sp._GR_GRAECANDRENA

SHe30_S.nevinsoni_A.helvola_CZ_ANDRENA

SH9417_S.nevinsoni_A.fucata_SE_ANDRENA

SLag1_S.dalii_A.labialis_KG_HOLANDRENA

SNi107_S.melittae_A.nigroaenea_HU_MELANDRENA

SH9445_S.nevinsoni_A.fucata_SE_ANDRENA

SPx8_S.sp.aff.maxillaris_A.proxima_IT_PROXIANDRENA

SGr94_S.melittae_A.gravida_HU_MELANDRENA

SBu1_S.aterrimus_A.bucephala_CH_HOPLANDRENA

SFl99b_S.melittae_A.flavipes_CZ_MELANDRENA

SFo3_S.sp._A.florea_CZ

SSp1_S.aterrimus_A.sp._TN_HOPLANDRENA

MA0328_S.nevinsoni_A.fulva_NL_ANDRENA

SLp47b_S.sp.aff.japonicus_A.lapponica_PL_ANDRENA

SAc6_S.sp.aff.liliputanus_A.aciculata_CZ_ACIANDRENA

SH9278_S.thwaitesi_A.intermedia_SE_TAENIANDRENA

SLi2_S.maxillaris_A.livens_IT_CHLORANDRENA

MA0408_S.yamatonis_A.sp._JP
MA0410_S.yamatonis_A.sp._JP

STr1_S.sp._A.truncatilabris_GR_TRUNCANDRENA

SCl2_S.praecocis_A.clarkella_CZ_ANDRENA
SAx2a_S.praecocis_A.apicata_FR_ANDRENA

Ssp112_S.sp._A.cf.varicornis._IL_CARANDRENA

SMi141_S.spreta_A.minutula_CZ_MICRANDRENA

Ssp84_S.madrilensis_A.vetula_ES_SIMANDRENA

SAg3_S.aterrimus_A.agilissima_IT_PLASTANDRENA

SIn2_S.thwaitesi_A.intermedia_CH_TAENIANDRENA

STi4_S.aterrimus_A.tibialis_CZ_PLASTANDRENA

SH9523_S.spreta_A.semilaevis_SE_MICRANDRENA

SCi22_S.ater_A.cineraria_CZ_MELANDRENA

SCa111_S.aterrimus_A.scotica_CZ_HOPLANDRENA

SH9410_S.spreta_A.falsifica_SE_MICRANDRENA

SPr25_S.praecocis_A.praecox_PL_ANDRENA

KZ.160_S.thwaitesi_A.gelriae_FI_TAENIANDRENA

MA0276_S.ater_A.cineraria_DK_MELANDRENA

SLp27_S.sp.aff.japonicus_A.lapponica_PL_ANDRENA

SCa108_S.aterrimus_A.scotica_CZ_HOPLANDRENA

SH9391_S.thwaitesi_A.wilkella_SE_TAENIANDRENA

MA0202_S.ater_A.vaga_SE_MELANDRENA

SVa88_S.ater_A.vaga_CZ_MELANDRENA

SAe7_S.salamancanus_A.aeneiventris_GR_AENANDRENA

SSvG1_S.gwynanae_A.symphyti_IL_EUANDRENA

MA0317_S.aterrimus_A.bimaculata_NL_PLASTANDRENA

SSg1_S.aterrimus_A.trimmerana_CZ_HOPLANDRENA

SBc1_S.gwynanae_A.bicolor_ES_EUANDRENA

MA0412_S.japonicus_A.sp._JP

Ssp85_S.madrilensis_A.vetula_ES_SIMANDRENA

SSt19_S.spreta_A.strohmella_CZ_MICRANDRENA

SAc17b_S.sp._A.aciculata_AT_ACIANDRENA

SCa28a_S.aterrimus_A.scotica_CZ_HOPLANDRENA

Sms1_S.sp._A.mitis_CZ_ANDRENA

MA0270_S.melittae_A.nitida_DK_MELANDRENA

SFsG2_S.deserticola_A.fuscosa_IL_MELANAPIS

Ssp56_S.sp._A.oviventris_MA

Ssp86_S.lusohispanicus_A.verticalis_ES_GRAECANDRENA

SVr2_S.nevinsoni_A.varians_CZ_ANDRENA

MA0272_S.aterrimus_A.sp_DK

SPog1_S.sp._A.kriechbaumeri_GR_ULANDRENA

SMi133a_S.spreta_A.minutula_SK_MICRANDRENA

SCl5_S.praecocis_A.clarkella_DE_ANDRENA

SPx1_S.sp.aff.maxillaris_A.proxima_CZ_PROXIANDRENA

SPu3_S.spreta_A.pusilla_CZ_MICRANDRENA

SNi8_S.aterrimus_A.bimaculata_CZ_PLASTANDRENA

SAc17a_S.sp._A.aciculata_AT_ACIANDRENA

SCl6_S.praecocis_A.clarkella_DE_ANDRENA

SNs4_S.sp.aff.nassonowi_A.nasuta_GR_HAMANDRENA

SDe10_S.dalii_A.decipiens_KZ_HOLANDRENA

SLp28_S.japonicus_A.lapponica_PL_ANDRENA

SH9379_S.thwaitesi_A.afzeliella_SE_TAENIANDRENA

SAe1_S.salamancanus_A.aeneiventris_TR_AENANDRENA

KZ.163_S.sp._A.fuscipes_FI_CNEMIDANDRENA

SFu73_S.nevinsoni_A.fulva_HU_ANDRENA

SUl1_S.sp.aff.maxillaris_A.schulzi_GR_ULANDRENA

SAe5_S.salamancanus_A.aeneiventris_TR_AENANDRENA

SHe97_S.nevinsoni_A.helvola_CZ_ANDRENA

SSa1_S.nassonowi_A.savignyi_SA_SUANDRENA

SBa2b_S.praecocis_A.batava_PL_ANDRENA

SCi10_S.ater_A.cineraria_DE_MELANDRENA

SAcg4_S.lusohispanicus_A.verticalis_ES_GRAECANDRENA

SOb2_S.obsoletus_A.distingueda_MA_DISTANDRENA

SVi1_S.sp.aff.maxillaris_A.viridescens_GR_POECILANDRENA

SMc2_S.spreta_A.sp._GR_MICRANDRENA

SMi63a_S.spreta_A.sp._IT_MICRANDRENA

Ssp2_S.sp._A.helouanensis_AE_POECILANDRENA

SVx1a_S.sp._A.varia_MA_TRUNCANDRENA

SNi173a_S.melittae_A.nigroaenea_CZ_MELANDRENA

SNy3_S.praecocis_A.nycthemera_PL_ANDRENA

SBm9a_S.aterrimus_A.bimaculata_CZ_PLASTANDRENA

SOvg8a_S.thwaitesi_A.ovatula_SK_TAENIANDRENA

SE2811_S.sp.aff.japonicus_A.lapponica_SE_ANDRENA

SPr26_S.praecocis_A.praecox_PL_ANDRENA

SBm9b_S.aterrimus_A.bimaculata_CZ_PLASTANDRENA

SCi16_S.ater_A.cineraria_CZ_MELANDRENA

SFsG4_S.deserticola_A.fuscosa_IL_MELANAPIS

SAcg3_S.lusohispanicus_A.verticalis_ES_GRAECANDRENA

SWi1_S.thwaitesi_A.wilkella_HU_TAENIANDRENA

SAc4_S.sp.aff.maxillaris_A.tenuiformis_ACIANDRENA

Ssp33_S.sp._A.fimbriata_GR_HOLANDRENA

SFsG3_S.deserticola_A.fuscosa_IL_MELANAPIS

HSTu13_H.tumulorum_H.tumulorum_NO_SELADONIA

SFu76_S.nevinsoni_A.fulva_CZ_ANDRENA

SH9353_S.ater_A.vaga_SE_MELANDRENA

SGn1_S.gwynanae_A.granulosa_MA_EUANDRENA

MA0264_S.aterrimus_A.tibialis_DK_PLASTANDRENA

SPr50_S.praecocis_A.praecox_CZ_ANDRENA

SLg2_S.sp.aff.gwynanae_A.lagopus_ES_BIAREOLINA

Ssp52_S.sp.aff.gwynanae_A.henotica_JO_CHRYSANDRENA

SUl3_S.sp.aff.maxillaris_A.neocypriaca_TR_ULANDRENA

SIm3_S.sp_A.impunctata_AT_GRAECANDRENA

SGr92_S.melittae_A.gravida_HU_MELANDRENA

SHug3_S.maxillaris_A.senecionis_ES_CHLOANDRENA

SH9597_S.ater_A.vaga_SE_MELANDRENA

SFc1_S.hammella_A.fulvicornis_TR_NOTANDRENA

SSg2_S.aterrimus_A.trimmerana_CH_HOPLANDRENA

SMo26_S.spreta_A.minutuloides_HU_MICRANDRENA 
SSu35_S.spreta_A.subopaca_CZ_MICRANDRENA 

SMo23_S.spreta_A.minutuloides_CZ_MICRANDRENA 
SMc27a_S.spreta_A.cf.alfkenella_ES_MICRANDRENA 
SH9387_S.spreta_A.subopaca_SE_MICRANDRENA

SLa1_S.dalii_A.labialis_TR_HOLANDRENA

SLa8_S.dalii_A.labialis_BG_HOLANDRENA

SCi15_S.ater_A.cineraria_CZ_MELANDRENA

SFu63_S.nevinsoni_A.fulva_PL_ANDRENA

SMsp1_S.melittae_A.florentina_IT_MELANDRENA

SCa106_S.aterrimus_A.scotica_CZ_HOPLANDRENA

SPx27_S.sp._A.proxima_CZ_PROXIANDRENA

MA0406_S.yamatonis_A.sp._JP

SDe9_S.dalii_A.decipiens_SK_HOLANDRENA

MA0311_S.nevinsoni_A.helvola_BE_ANDRENA

SBa1_S.praecocis_A.batava_PL_ANDRENA

SAc1_S.sp.aff_liliputanus_A.aff.verticalis_TN_GRAECANDRENA

SSy3_S.spreta_A.simontornyella_HU_MICRANDRENA

STr2_S.sp._A.truncatilabris_GR_TRUNCANDRENA

SLp47a_S.sp.aff.japonicus_A.lapponica_PL_ANDRENA

SSp48_S.nassonowi_A.sp._KZ_HOPLANDRENA

0.2

A

B
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< 70  

F I GU R E 5 Maximum likelihood tree obtained from IQ-TREE2 based on the 2315 loci data-set. Parts of the tree highlighted with different
colours correspond to host subgenera. All nodes were maximally (100) supported by ultrafast bootstrap, except those denoted with coloured
circles. The scale bar indicates the expected number of substitutions per site. Terminal labels contain the following information separated by
underscores: Voucher code, Stylops species, Host species (Andrena), sampling country in ISO 3166-1 alpha-2 abbreviation code and the host
subgenus.
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the results of this study indicate that A. gelriae van der Vecht, 1927,

A. russula Lepeletier, 1841, A. afzeliella and A. intermedia are hosts of

S. thwaitesi in addition to previously reported hosts. Stylops alfkeni

Hofeneder, 1939, which has a single reported host association with

A. russula, was proposed to be a junior subjective synonym of

S. thwaitesi by Straka et al., (2015). Cook (2019) considered the syno-

nymization unjustified and reinstated the species. In the present

study, Stylops specimens from A. russula came out within the

S. thwaitesi clade in the ML tree (Figure S1). This suggests that syno-

nymization with S. thwaitesi is justified, or that the two species exhibit

HSTu13_H.tumulorum_H.tumulorum_NO_SELADONIA

SWi1_S.thwaitesi_A.wilkella_HU_TAENIANDRENA

SAcg4_S.lusohispanicus_A.verticalis_ES_GRAECANDRENA

SMo23_S.spreta_A.minutuloides_CZ_MICRANDRENA

SCi15_S.ater_A.cineraria_CZ_MELANDRENA

KZ.163_S.sp._A.fuscipes_FI_CNEMIDANDRENA

SCa108_S.aterrimus_A.scotica_CZ_HOPLANDRENA

SH9278_S.thwaitesi_A.intermedia_SE_TAENIANDRENA
SH9391_S.thwaitesi_A.wilkella_SE_TAENIANDRENA

SSg1_S.aterrimus_A.trimmerana_CZ_HOPLANDRENA

SLa1_S.dalii_A.labialis_TR_HOLANDRENA

SSt19_S.spreta_A.strohmella_CZ_MICRANDRENA

SBc2_S.gwynanae_A.bicolor_ES_EUANDRENA

SH9410_S.spreta_A.falsifica_SE_MICRANDRENA

SAc6_S.sp.aff.liliputanus_A.aciculata_CZ_ACIANDRENA

SCa111_S.aterrimus_A.scotica_CZ_HOPLANDRENA

SH9500_S.spreta_A.semilaevis_SE_MICRANDRENA

MA0317_S.aterrimus_A.bimaculata_NL_PLASTANDRENA

SCi16_S.ater_A.cineraria_CZ_MELANDRENA

MA0264_S.aterrimus_A.tibialis_DK_PLASTANDRENA

SVr2_S.nevinsoni_A.varians_CZ_ANDRENA

SFc1_S.hammella_A.fulvicornis_TR_NOTANDRENA

SVa88_S.ater_A.vaga_CZ_MELANDRENA

SH9597_S.ater_A.vaga_SE_MELANDRENA

SPr25_S.praecocis_A.praecox_PL_ANDRENA

SOv3_S.thwaitesi_A.afzeliella_ES_TAENIANDRENA

MA0328_S.nevinsoni_A.fulva_NL_ANDRENA

SMc27a_S.spreta_A.cf.alfkenella_ES_MICRANDRENA

SMi133a_S.spreta_A.minutula_SK_MICRANDRENA

SBc1_S.gwynanae_A.bicolor_ES_EUANDRENA

SCl2_S.praecocis_A.clarkella_CZ_ANDRENA

SDi1_S.obsoletus_A.distinguenda_CZ_DISTANDRENA

Ssp33_S.sp._A.fimbriata_GR_HOLANDRENA

SOv93_S.thwaitesi_A.ovatula_CZ_TAENIANDRENA

SNs4_S.sp.aff.nassonowi_A.nasuta_GR_HAMANDRENA

MA0276_S.ater_A.cineraria_DK_MELANDRENA

SAe1_S.salamancanus_A.aeneiventris_TR_AENANDRENA

SOr2_S.moniliaphagus_A.oralis_HU_ORANDRENA

SBu1_S.aterrimus_A.bucephala_CH_HOPLANDRENA

SGr97_S.melittae_A.gravida_CZ_MELANDRENA

SPr27a_S.praecocis_A.praecox_PL_ANDRENA

SFsG3_S.deserticola_A.fuscosa_IL_MELANAPIS

SH9417_S.nevinsoni_A.fucata_SE_ANDRENA

SNi173a_S.melittae_A.nigroaenea_CZ_MELANDRENA

SPr50_S.praecocis_A.praecox_CZ_ANDRENA

SMi63a_S.spreta_A.sp._IT_MICRANDRENA

SHug3_S.maxillaris_A.seneiconis_ES_CHLORANDRENA

SDe9_S.dalii_A.decipiens_SK_HOLANDRENA

SVr1_S.nevinsoni_A.varians_CZ_ANDRENA

SBm9b_S.aterrimus_A.bimaculata_CZ_PLASTANDRENA

SAc4_S.sp.aff.maxillaris_A.aciculata_TR_ACIANDRENA

SLi2_S.maxillaris_A.livens_IT_CHLORANDRENA

SLg2_S.sp.aff.gwynanae_A.lagopus_ES_BIAREOLINA

SFu73_S.nevinsoni_A.fulva_HU_ANDRENA

SFl111_S.melittae_A.flavipes_CZ_MELANDRENA

SAg3_S.aterrimus_A.agilissima_IT_PLASTANDRENA

Ssp56_S.sp._A.oviventris_MA

SGr94_S.melittae_A.gravida_HU_MELANDRENA

STr1_S.sp._A.truncatilabris_GR_TRUNCANDRENA

KZ.160_S.thwaitesi_A.gelriae_FI_TAENIANDRENA

Ssp2_S.sp._A.helouanensis_AE_POECILANDRENA

SCa28a_S.aterrimus_A.scotica_CZ_HOPLANDRENA

SMc2_S.spreta_A.sp._GR_MICRANDRENA

MA0202_S.ater_A.vaga_SE_MELANDRENA

SPx1_S.sp.aff.maxillaris_A.proxima_CZ_PROXIANDRENA

MA0408_S.yamatonis_A.sp._JP

SVi1_S.sp.aff.maxillaris_A.viridescens_GR_POECILANDRENA

SNy3_S.praecocis_A.nycthemera_PL_ANDRENA

MA0305_S.nevinsoni_A.helvola_BE_ANDRENA

MA0272_S.aterrimus_A.sp_DK

SBm9a_S.aterrimus_A.bimaculata_CZ_PLASTANDRENA

SAe5_S.salamancanus_A.aeneiventris_TR_AENANDRENA

SGr92_S.melittae_A.gravida_HU_MELANDRENA

SLp47a_S.sp.aff.japonicus_A.lapponica_PL_ANDRENA

SNi107_S.melittae_A.nigroaenea_HU_MELANDRENA

SFsG4_S.deserticola_A.fuscosa_IL_MELANAPIS

SBa1_S.praecocis_A.batava_PL_ANDRENA

MA0270_S.melittae_A.nitida_DK_MELANDRENA

SE2811_S.sp.aff.japonicus_A.lapponica_SE_ANDRENA

SFu63_S.nevinsoni_A.fulva_PL_ANDRENA

SCl5_S.praecocis_A.clarkella_DE_ANDRENA

SLag1_S.dalii_A.labialis_KG_HOLANDRENA

SSa1_S.nassonowi_A.savignyi_SA_SUANDRENA

MA0410_S.yamatonis_A.sp._JP

SSg2_S.aterrimus_A.trimmerana_CH_HOPLANDRENA

SPr26_S.praecocis_A.praecox_PL_ANDRENA

SBa2b_S.praecocis_A.batava_PL_ANDRENA

STr2_S.sp._A.truncatilabris_GR_TRUNCANDRENA

STi4_S.aterrimus_A.tibialis_CZ_PLASTANDRENA

SHe97_S.nevinsoni_A.helvola_CZ_ANDRENA

SSp13_S.sp.aff.gwynanae_A.sp._UZ_EUANDRENA

SFl99b_S.melittae_A.flavipes_CZ_MELANDRENA

SFsG2_S.deserticola_A.fuscosa_IL_MELANAPIS

SPx27_S.sp._A.proxima_CZ_PROXIANDRENA

SCi22_S.ater_A.cineraria_CZ_MELANDRENA

SMc42_S.spreta_A.cf.minutula._RO_MICRANDRENA

SSp48_S.nassonowi_A.sp._KZ_HOPLANDRENA

SPog1_S.sp._A.kriechbaumeri_GR_ULANDRENA

SSu35_S.spreta_A.subopaca_CZ_MICRANDRENA

SNt64_S.melittae_A.nitida_HU_MELANDRENA

SAe7_S.salamancanus_A.aeneiventris_GR_AENANDRENA

SIn2_S.thwaitesi_A.intermedia_CH_TAENIANDRENA

SMi141_S.spreta_A.minutula_CZ_MICRANDRENA

MA0406_S.yamatonis_A.sp._JP

SUl1_S.sp.aff.maxillaris_A.schulzi_GR_ULANDRENA

SLp28_S.sp.aff.japonicus_A.lapponica_PL_ANDRENA

SSy3_S.spreta_A.simontornyella_HU_MICRANDRENA

SAx2a_S.praecocis_A.apicata_FR_ANDRENA

SFo3_S.sp._A.florea_CZ

Ssp52_S.sp.aff.gwynanae_A.henotica_JO_CHRYSANDRENA

SUl3_S.sp.aff.maxillaris_A.neocypriaca_TR_ULANDRENA

SH9445_S.nevinsoni_A.fucata_SE_ANDRENA

SDe10_S.dalii_A.decipiens_KZ_HOLANDRENA

SAc17b_S.sp._A.aciculata_AT_ACIANDRENA

SVx1a_S.sp._A.varia_MA_TRUNCANDRENA

SLp47b_S.sp.aff.japonicus_A.lapponica_PL_ANDRENA

SAc1_S.sp.aff.liliputanus_A.aff.verticalis_TN_GRAECANDRENA

SSvG1_S.gwynanae_A.symphyti_IL_EUANDRENA

SPu3_S.spreta_A.pusilla_CZ_MICRANDRENA

SLp27_S.sp.aff.japonicus_A.lapponica_PL_ANDRENA

SCl6_S.praecocis_A.clarkella_DE_ANDRENA

SGn1_S.gwynanae_A.granulosa_MA_EUANDRENA

Ssp112_S.sp._A.varicornis_IL_ACIANDRENA

SH9353_S.ater_A.vaga_SE_MELANDRENA

MA0309_S.aterrimus_A.scotica_BE_HOPLANDRENA

Ssp86_S.lusohispanicus_A.verticalis_ES_GRAECANDRENA

MA0412_S.japonicus._A.sp._JP

SOvg8a_S.thwaitesi_A.ovatula_SK_TAENIANDRENA

SMsp1_S.melittae_A.florentina_IT_MELANDRENA

SH9523_S.spreta_A.semilaevis_SE_MICRANDRENA

Sms1_S.sp._A.mitis_CZ_ANDRENA

SDo1_S.sp.aff.nassonowi_A.dorsalis_GR_LEPIDANDRENA

SCi10_S.ater_A.cineraria_DE_MELANDRENA

MA0311_S.nevinsoni_A.helvola_BE_ANDRENA

SSp1_S.aterrimus_A.sp._TN_HOPLANDRENA

SOb2_S.obsoletus_A.distinguenda_MA_DISTANDRENA

SIm1_S.sp._A.sp._GR_GRAECANDRENA

SHe30_S.nevinsoni_A.helvola_CZ_ANDRENA

SLa8_S.dalii_A.labialis_BG_HOLANDRENA

SH9387_S.spreta_A.subopaca_SE_MICRANDRENA

SIm3_S.sp_A.impunctata_AT_GRAECANDRENA

SMo26_S.spreta_A.minutuloides_HU_MICRANDRENA

SH9379_S.thwaitesi_A.afzeliella_SE_TAENIANDRENA

SAcg3_S.lusohispanicus_A.verticalis_ES_GRAECANDRENA

SPx8_S.sp.aff.maxillaris_A.proxima_IT_PROXIANDRENA

SNi8_S.aterrimus_A.bimaculata_CZ_PLASTANDRENA

SAc17a_S.sp._A.aciculata_AT_ACIANDRENA

Ssp85_S.madrilensis_A.vetula_ES_SIMANDRENA
Ssp84_S.madrilensis_A.vetula_ES_SIMANDRENA

SCa106_S.aterrimus_A.scotica_CZ_HOPLANDRENA

SFu76_S.nevinsoni_A.fulva_CZ_ANDRENA

A

B

C

D

E

F

G

1.0

2315 loci
SODA

25 loci
SODA

2315 loci
GMYC

84 spp. 25 spp. 23 spp.

F I GU R E 6 Results of species delimitation analyses for Western Palaearctic Stylops. The inferred species limits from (i) SODA using gene trees
of the entire dataset (2315 loci), (ii) SODA using a random subset of 25 loci and (iii) GMYC using the IQ-TREE2 phylogeny (ultra-metricised) from
2315 concatenated loci are denoted by black bars mapped on a species tree from ASTRAL-III. Parts of the tree highlighted with different colours
correspond to host subgenera. Scale bar in coalescent units. Terminal labels as in Figure 5.
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host-sharing. Stylops thwaitesi females have a very distinct pigmenta-

tion; typically, they have a rectangular dark marking extending from

the first abdominal segment into mesothorax. Unfortunately, the

description of S. alfkeni focused more on the measurements of

the female cephalothorax and did not include information on pigmen-

tation patterns. This makes comparing the two putative species based

on female morphology difficult, because the measurements of the

cephalothorax are affected by host size (Cook, 2014). Furthermore,

the illustration of the male penis in the description of S. alfkeni differs

from that of S. thwaitesi. Thus, inspection of type specimens is

required before making taxonomic conclusions.

Putative S. maxillaris was recovered in a subclade that contained

specimens associated with hosts in subgenera Proxiandrena Schmid-

Egger, 2005, Aciandrena, Chlorandrena Pérez, 1890, Ulandrena

Warncke, 1968, and Poecilandrena Hedicke, 1933. Within this sub-

clade, SODA delimited eight species including S. maxillaris. Cook

(2019) reinstated S. esteponensis Luna de Carvalho, 1974, which was

synonymized with S. maxillaris by Straka et al., (2015). Stylops estepo-

nensis is associated with A. livens Pérez, 1895, and was described from

females only. Our results support the synonymization since S. maxil-

laris from both A. senecionis Pérez, 1895, and A. livens were assigned

to the same species. That being said, A. senecionis is a new host asso-

ciation of S. Maxillaris, and ideally, specimens from a previously

reported host, A. humilis Imhoff, 1832, should be included in the anal-

ysis. Furthermore, there is a lot of uncertainty in this clade. Multiple

nodes had low support and many specimens remain unidentified. It is

possible that the subclade contains multiple species, some unde-

scribed, and a revision is needed. Andrena proxima (Kirby, 1802) is

likely to be a host of at least one such undescribed species.

Cook (2019) listed A. proxima as a host of S. melittae, but all included

specimens from A. proxima are in this clade and not in clade C with

S. melittae. Furthermore, two of them were morphologically similar,

whereas one was morphologically different. The morphologically simi-

lar specimens were delimited to belong to the same species. GMYC

and 25 loci dataset SODA results both supported single species

hypotheses for this subclade, but given the morphological differences

between the included specimens, this is likely an incorrect lumping.

Based on the results from the present study, there might be

either strong population structure or cryptic species in S. spreta. Intra-

specific structure was visible in the phylogenetic trees, resulting in

three clades within the species. Furthermore, SODA divided putative

S. spreta into 10 species. However, since it is a geographically wide-

spread species, the population structure and number of ‘MSC-species’
might be explained by isolation by distance and geographic sampling

(Mason et al., 2020; McKay et al., 2013). The fact that all specimens

from Sweden, the northern extreme of the species distribution area,

were clustered together, suggests an isolation-by-distance explana-

tion. Furthermore, with only 25 loci, SODA supported the single spe-

cies hypothesis, whereas GMYC delimited the Swedish specimens as

a separate species from the remaining S. spreta. Given this, we con-

sider it premature to split S. spreta into several species, though more

data may necessitate another solution in the future. Cook (2019)

reinstated S. duriensis Luna de Carvalho, 1974, which was placed as a

supposed junior synonym of S. spreta by Straka et al., (2015). Our

dataset did not have any representatives from the host of S. duriensis

(A. tenuistriata Pérez, 1895). Thus, the identity of S. duriensis remains

uncertain.

Clade C

Stylops dalii Curtis, 1828, and S. melittae Kirby, 1802, were assigned to

this clade with well-supported nodes. Three species that were left as

a synonym of S. melittae by Straka et al., (2015) were reinstated by

Cook (2019) with an argument that there was not enough evidence

for the synonymy: S. flavipedis Hofeneder, 1923, S. nitidae

Pasteels, 1954, and S. giganteus Luna de Carvalho, 1974. Stylops flavi-

pedis is associated with A. flavipes Panzer, 1799, whereas S. nitidae is

associated with A. nitida (Müller, 1776). Stylops specimens from both

of these hosts were recovered within the S. melittae subclade and

assigned to the same species as S. melittae by SODA. Thus, our data

suggests that these species are synonyms of S. melittae. Our data did

not include specimens from the host of S. giganteus (A. thoracica

(Fabricius, 1775)). Cook (2019) listed A. cineraria (Linnaeus, 1758) as

host of S. melittae. No specimen from A. cineraria was recovered in

this clade. However, the results of the present study imply A. gravida

Imhoff, 1832, and A. florentina Magretti, 1883, to be new host associ-

ations of S. melittae.

Previously, the only confirmed host association of S. dalii has

been A. labialis (Kirby, 1802). Both the phylogeny and SODA results

supported the suggested new host association, A. decipiens

Schenck, 1861, which was based on host subgenus. Stylops dalii from
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F I GU R E 7 Boxplot with the effect of number of loci on the
number of delimited species using SODA (p value cut-off = 0.001).
Each set of loci number derive from 10 replicates of randomly

selected loci.
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both A. labialis and A. decipens were mixed in a clade and delimited as

the same species. In addition, Stylops from A. fimbriata Brullé, 1832,

ended up in the clade and assigned to the same species as S. dalii.

Thus, we also report A. fimbriata to be a new host of S. dalii.

Clade D

This clade contained Stylops from three host subgenera: Poecilandrena

Hedicke, 1933, Notandrena Pérez, 1890, and Truncandrena Warncke,

1968. Only one specimen was identified beforehand, S. hamella

Perkins, 1918. Andrena fulvicornis Schenck, 1861, is a new host associ-

ation of S. hamella. Cook (2019) reinstated S. nitidiusculae

Poluszynski, 1927, which was synonymized with S. hamella by Straka

et al., (2015). Our dataset did not include individuals from the host of

S. nitidiusculae (A. nitidiuscula Schenck, 1853). There are no Stylops

species associated with host subgenus Poecilandrena and the Stylops

from A. helouanensis Friese, 1899, is likely an undescribed species.

Likewise, the Stylops from A. truncatilabris Morawitz, 1877, is probably

a new species and no described Stylops species are associated with

hosts from subgenus Truncandrena. Interestingly, Stylops from A.

(Truncandrena) varia Pérez, 1895, was recovered in a different clade

(Clade G), suggesting that two different Stylops species may utilise

hosts from subgenus Truncandrena.

Clade E

The Stylops species within this clade is probably one of the best stud-

ied WP species (e.g., Fraulob et al., 2015; Löwe et al., 2016; Peinert

et al., 2016). Ironically, it is also one with the most controversial

nomenclature, detailed in Straka, Alqarni, et al. (2015). Currently, two

names are in use for the Stylops parasitizing A. vaga Panzer, 1799:

S. ater Reichert, 1914 (e.g., Smit et al., 2020; Straka et al., 2015) and

S. ovinae Noskiewicz & Poluszynski, 1928 (e.g., Fraulob et al., 2015;

Jandausch et al., 2022; Löwe et al., 2016). Furthermore, Cook (2019)

reinstated two more species associated with A. vaga: S. muelleri

Borchert, 1971, and S. krygeri Perkins, 1918. However, the present

study does not find justification for the reinstatement of those spe-

cies. Based on our results, there is only one Stylops species with

A. vaga as a principal host, S. ater (following the nomenclature of

Straka, Alqarni, et al. (2015). Another host of S. ater is A. cineraria

(Linnaeus, 1758) (Smit et al., 2020).

Clade F

This clade was divided into three subclades: one with a single uniden-

tified specimen from A. fuscipes, which was sister to the rest of the

clade, one containing S. deserticola Medvedev, 1970, and the last con-

taining specimens parasitizing hosts of subgenus Andrena. The speci-

men from A. fuscipes (Kirby, 1802) is most likely an undescribed

species. No known Stylops species from the West Palaearctic regionT
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T AB L E 2 Summary of the host associations of Western Palaearctic Stylops.

Species Host associations New host associations Host subgenera

Stylops ater Reichert, 1914 Andrena vaga Panzer, 1799, A.

cineraria (Linnaeus, 1758)

Melandrena

Stylops aterrimus Newport, 1851 Andrena tibialis (Kirby, 1802), A.

trimmerana (Kirby, 1802), A.

agilissima (Scopoli, 1770), A.

scotica Perkins, 1916

Andrena bimaculata (Kirby, 1802), A.

bucephala Stephens, 1846

Plastandrena,

Hoplandrena,

Agandrena

Stylops dalii Curtis, 1828 Andrena labialis (Kirby, 1802) Andrena decipiens Schenck, 1861, A.

fimbriata Brullé, 1832

Holandrena

Stylops deserticola Medvedev, 1970 Andrena fuscosa Erichson, 1835 Melanapis

Stylops gwynanae Günther & Šedivi, 1957 Andrena bicolor Fabricius, 1775 Andrena symphyti

Schmiedeknecht, 1883, A.

granulosa Pérez, 1902

Euandrena

Stylops hamella Perkins, 1918 Andrena chrysosceles (Kirby, 1802) Andrena fulvicornis Schenck, 1861 Notandrena

Stylops lusohispanicus Luna de Carvalho, 1974 Andrena verticalis Pérez, 1895 Graecandrena

Stylops madrilensis Luna de Carvalho, 1974 Andrena vetula Lepeletier, 1841 Andrena lagopus Latreille, 1809 Simandrena, Biareolina

Stylops maxillaris Pasteels, 1949 Andrena humilis Imhoff, 1832, A.

livens Pérez, 1895

Chlorandrena

Stylops melittae Kirby, 1802 Andrena soror Dours, 1872, A. nitida

(Müller, 1776), A. thoracica

(Fabricius, 1775), A. nigroaenea

(Kirby, 1802), A. flavipes

Panzer, 1799

Andrena gravida Imhoff, 1832, A.

florentina Magretti, 1883

Melandrena

Stylops moniliaphagus Luna de Carvalho, 1974 Andrena monilia Warncke, 1967 Andrena oralis Morawitz, 1876 Orandrena

Stylops nassonowi Pierce, 1909 Andrena pilipes Fabricius, 1781, A.

savignyi Spinola, 1838

Plastandrena, Suandrena

Stylops nevinsoni Perkins, 1918 Andrena synadelpha Perkins, 1914, A.

fulva (Müller, 1766)

Andrena fucata Smith, 1847, A.

varians (Kirby, 1802), A. helvola

(Linnaeus, 1758)

Andrena

Stylops obsoletus Luna de Carvalho, 1974 Andrena distinguenda Schenck, 1871 Distandrena

Stylops praecocis Luna de Carvalho, 1974 Andrena praecox (Scopoli, 1763), A.

nycthemera Imhoff, 1868

Andrena batava Pérez, 1902, A.

clarkella (Kirby, 1802), A. apicata

Smith, 1847, A. mitis

Schmiedeknecht, 1883

Andrena

Stylops salamancanus Luna de Carvalho, 1974 Andrena hedikae Jaeger, 1934 Andrena aeneiventris Morawitz, 1872 Aenandrena

Stylops sp. nov. Andrena truncatilabris

Morawitz, 1877

Truncandrena

Stylops sp. nov. Andrena varia Pérez, 1895 Truncandrena

Stylops sp. nov. Andrena fuscipes (Kirby, 1802) Cnemidandrena

Stylops sp. nov. Andrena helouanensis Friese, 1899 Poecilandrena

Stylops sp. nov. aff. japonicus Andrena lapponica Zetterstedt, 1838 Andrena

Stylops sp. aff. liliputanus Andrena varicornis Pérez, 1895, A.

aff. verticalis Pérez, 1895

Aciandrena,

Graecandrena

Stylops sp. aff. liliputanus2 Andrena impunctata Pérez, 1895, A.

aciculata Morawitz, 1886

Aciandrena,

Graecandrena

Stylops sp. n. aff. nassonowi Andrena nasuta Giraud, 1863 Hamandrena

Stylops sp. n. aff. nassonowi Andrena dorsalis Brullé, 1832 Lepiandrena

Stylops sp. aff. maxillaris Andrena proxima Proxiandrena

Stylops spreta Perkins, 1918 Andrena minutula (Kirby, 1802), A.

tenuistriata Pérez, 1895, A.

strohmella E. Stöckhert, 1928, A.

subopaca Nylander, 1848, A.

minutuloides Perkins, 1914, A.

falsifica Perkins, 1915

Andrena simontornyella Noskiewicz,

1939, A. pusilla Pérez, 1903, A.

semilaevis Pérez, 1903

Micrandrena
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are associated with hosts from subgenus Cnemidandrena Hedicke, 1933.

Putative S. deserticola specimens were assigned to the same species by

SODA with 25 loci and GMYC, whereas a two-species hypothesis was

supported by the soda analysis when using the entire dataset.

The Andrena subclade contained four species: S. japonicus

Kifune & Hirashima, 1985, S. praecocis Luna de Carvalho, 1974,

S. nevinsoni Perkins, 1918, and one undescribed species closely related

to S. japonicus. All putative species within the clade were split into

multiple species by SODA when the entire dataset was included.

However, representatives of the species were sampled from a geo-

graphically wide area, which may explain the over-splitting. Interest-

ingly, the species were merged by both GMYC and the 25 loci SODA

analysis. This suggests that the speciation might be relatively young

between species utilising subgenus Andrena. The close relatedness of

the species has been noted before (Jůzová et al., 2015; Straka

et al., 2015). Nevertheless, since the species repeatedly form distinct

clades, there is no overlap in utilised host species and they should be

treated as separate species.

Stylops nycthemerae Noskiewicz & Poluszynski, 1928, parasitizing

A. nycthemera Imhoff, 1868, was placed as a supposed synonym of

S. praecocis by Straka et al., (2015) but reinstated by Cook (2019). Cook’s

argument was that since the synonymization of the species was based on

close relatedness of hosts alone, there was insufficient evidence for the

synonymization. However, in the present study, Stylops from

A. nycthemerae is delimited as the same species as S. praecocis. Thus, our

results support the synonymization. The placement of specimens in the

same clade in the ML tree supports four new host associations of

S. praecocis: A. batava Pérez, 1902, A. clarkella (Kirby, 1802), A. apicata

Smith, 1847, and A. mitis Schmiedeknecht, 1883.

Straka et al., (2015) classified S. transversa Pasteels, 1949, as a syno-

nym of S. nevinsoni. Stylops transversa was later reinstated by Cook

(2019). Stylops transversa has two reported hosts: A. fulva (Müller, 1766)

and A. clarkella. The former is also known as the host of S. nevinsoni and

the latter of S. praecocis. However, based on the species description of S.

transversa, A. fulva is its principal host (Pasteels, 1949), whereas A. clarkella

is an auxiliary host of it (shared with S. praecocis). Since Stylops from the

principal host A. fulva were assigned to the same species as S. nevinsoni in

the analysis, our data support the synonymization by Straka et al. (2015).

Clade G

Five species were assigned to this clade, along with multiple unidenti-

fied specimens. Stylops obsoletus Luna de Carvalho, 1974, is found

within the same subclade as S. madrilensis Luna de Carvalho, 1974,

alongside unidentified specimens from various host subgenera. The

specimen from A. varia (Truncandrena) surprisingly also ended up in

this clade and not together with the specimen from the second

included Truncandrena (A. truncatlilabris) in clade D. Stylops specimens

from host subgenera Lepidandrena Hedicke, 1933, and Hamandrena

are probably undescribed species. The identities of the other unidenti-

fied specimens need to be further inspected before drawing any con-

clusions of their relatedness to the putative species.

Stylops aterrimus Newport, 1851, and S. nassonowi Pierce, 1909,

are closely related species, which are nearly indistinguishable morpho-

logically (Straka, Alqarni, et al., 2015). Geographically, S. aterrimus rep-

resents the Northern lineage, and S. nassonowi the Southern lineage.

Host sharing is likely to occur between these closely related species in

the contact zone. In the present study, S. nassonowi from Kazakhstan

formed a separate clade with Japanese S. yamatonis Kifune &

Hirashima, 1985, whereas S. nassonowi from Saudi Arabia grouped

with two specimens identified as S. aterrimus. Stylops yamatonis

belongs to the same species group as S. nassonowi and S. aterrimus

(Straka et al. 2015). Since differentiating species in this species group

morphologically can be difficult, it is probable that the S. nassonowi

from Kazakhstan actually represents an undescribed species closely

related to S. yamatonis, or belongs to that species. The Stylops nasso-

nowi from Saudi Arabia most likely represents the true S. nassonowi. It

is possible that the two S. aterrimus within the same subclade are S.

nassonowi too, since the two species are difficult to tell apart based

on morphology. The SODA analysis of 25 loci supported a two-

species hypothesis, where specimens from Kazakhstan and Japan

formed one species and all other S. nassonowi and S. aterrimus speci-

mens another one. The GMYC analysis, on the other hand, supported

a one-species hypothesis, where all specimens from Hoplandrena

Pérez, 1890, Plastandrena Hedicke, 1933, and Suandrena

Warncke, 1968, were lumped together. The relationship between S.

nassonowi and S. aterrimus requires further investigation.

Cook (2019) reinstated three species that were synonymized with

S. aterrimus by Straka et al., (2015): S. bimaculatae Perkins, 1918,

S. perkinsi Pasteels, 1954, and S. dominiquei Pierce, 1909. Stylops from

the host of S. bimaculatae, A. bimaculata (Kirby, 1802), are mixed

within the S. aterrimus clade and were delimited as the same species

as S. aterrimus in SODA. Therefore, the results of this study support

this synonymization. With Stylops from the reported hosts of S. perkin-

sii, the situation was the same: both the position in the ML tree and

SODA results support the synonymization. Furthermore, the illustra-

tion of S. perkinsii in the species description shares the same charac-

teristic coloration with S. aterrimus. With S. dominiquei the results are

more ambiguous. Since the taxon from the reported host species of S.

T AB L E 2 (Continued)

Species Host associations New host associations Host subgenera

Stylops thwaitesi Perkins, 1918 Andrena ovatula (Kirby, 1802), A.

russula Lepeletier, 1841, A.

wilkella (Kirby, 1802), A.

intermedia Thomson, 1870

Andrena afzeliella (Kirby, 1802), A.

gelriae an der Vecht, 1927

Taeniandrena
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dominiquei (A. agilissima (Scopoli, 1770)) was assigned to the proximity

of S. nassonowi, it may in fact be a synonym of S. nassonowi. More rep-

resentatives of S. dominiquei are needed to draw a compelling conclu-

sion about the relationship of these species.

DISCUSSION

Stylops is by far the largest genus in Strepsiptera, but previous efforts

to chart the species diversity in the genus have resulted in incongru-

ent estimates (Cook, 2019; Jůzová et al., 2015; Kinzelbach, 1978;

Straka et al., 2015). Multiple sources of information are relevant to

distinguish separately evolving lineages (de Queiroz, 2007); hence,

species delimitation attempts are optimally based on a combination of

data types. Besides morphological characteristics and ecological asso-

ciations such as host usage, an integrative approach could also con-

sider, for example, life history traits, geographic distributions and

genomic similarities (e.g., Ailán-Choke & Pereira, 2021; Brunet

et al., 2017; Padial et al., 2010). More research is needed for all these

aspects in Stylops, but comparative genomic data have been lacking

entirely until now. With our comprehensive genomic dataset, we were

able to fill this gap for the species diversity question of most

Stylops in WP.

There are several reasons behind the taxonomic difficulties in the

genus Stylops. In the pre-molecular era, it was difficult to link the mor-

phological variable but rarely found males to the larviform females

due to the extreme sexual dimorphism (Kinzelbach, 1978). Species

descriptions based on females have usually not been sufficient to ren-

der the new species recognisable morphologically, and tended to

emphasise host species. However, the host species emphasis was in

essence an assumption of single-host specificity without any supple-

mentary evidence (Straka et al., 2015). Furthermore, stylopisation can

induce morphological changes on the host, making identification of

the host error-prone (Salt, 1927, 1931). Using too narrow host range

led to an inflation of species diversity estimates; inversely, a too broad

host range assumption such as Kinzelbach’s (1978) led to an underes-

timated diversity (Jůzová et al., 2015). In our assessment adding com-

parative genomic data, we found multiple examples of both types of

erroneous assumptions.

First, the assumption of a single Stylops species in the WP

(Kinzelbach, 1978) is not supported by the new molecular data. Here,

we add comparative genomic confidence to the conclusion reached

based on single gene analyses (Jůzová et al., 2015). The winged Sty-

lops males are poor fliers with a very short lifespan (Balzer &

Davis, 2020; Kathirithamby, 2009). Phoretic dispersal by the first

instar larva with the stronger flying Andrena hosts is likely the most

important mode of dispersal. However, even the hosts show consider-

able genetic population structure over WP (Černá et al., 2013; Davis

et al., 2010). A single parasite species with isolation-by-distance popu-

lation structure would show geographically structured clades irrespec-

tive of host relationships. Instead, what our genomic data show is

significant clade structure based on host subgenera or closely related

hosts, even in geographic sympatry. This is incompatible with a single-

species hypothesis. The lineage-through-time plot shows a distinct

branching rate transition within the confidence interval of the GMYC

analysis, interpreted as slower speciation branching followed by faster

within-species coalescent branching after the transition point

(Figure S2). A minimum of 21 species is delimited by the GMYC analy-

sis based on the 2-log likelihood confidence interval, a conservative

estimate compared to the SODA analysis with the full dataset.

Second, the early-era tradition of describing a new Stylops species

for every new Andrena species found to be stylopised can likewise be

confidently rejected as a wise strategy for accurate parasite species

recognition. Our 151-sample dataset includes parasites of ca 100 dif-

ferent Andrena host species (some samples not identified to species).

Even the SODA analysis with the full dataset merges samples from

different host species into a single parasite species, and the more con-

servative and perhaps reasonable estimates (see discussion below)

give around 27 species. This shows that a single-host species specific-

ity hypothesis of Stylops is as incompatible with the genomic data as

was the supergeneralist hypothesis, and not only applies to early-era

taxonomy. We found multiple cases in the latest world catalogue

(Cook, 2019) where a species was assumed to have overly narrow

host range. For example, we were able to associate host species

A. bimaculata and A. scotica with S. aterrimus and provide evidence for

synonymization of the two species (S. bimaculatae and S. perkinsi) for-

merly associated with those host species with S. aterrimus.

In between the two extremes, many Stylops species seem to be

limited to exploit a set of closely related hosts, often classified in the

same subgenus of Andrena (Jůzová et al., 2015). For instance, S. dalii is

restricted to species within Holandrena, S. spreta to species within

Micrandrena, and S. thwaitesi to species within Taeniandrena. Even

though the host subgenus is a good indicator of probable host species,

additional evidence is needed to determine the host associations of

any given species. Members of the nominotypical subgenus Andrena

for instance are parasitized by multiple but closely related Stylops spe-

cies. In addition, several subgenera of Andrena are poly- or paraphy-

letic as currently defined (Pisanty et al., 2022). These uncertainties in

the host taxonomy complicate host specificity inference in Stylops. On

the other hand, our results may be helpful for the revision of Andrena

subgenera. Some closely related Stylops taxa, such as S. nassonowi and

S. aterrimus, parasitize hosts from multiple subgenera. Because para-

sites often exploit closely related species (Poulin, 2010; Tschopp

et al., 2013), this might indicate close relatedness of the host subge-

nera. In our phylogeny, S. nassonowi specimen from a host belonging

to subgenus Suandrena was within a clade with specimens from sub-

genus Plastandrena. It has indeed been argued that Suandrena should

be synonymized with Plastandrena (Pisanty et al., 2022), host subge-

nus of both S. nassonowi and S. aterrimus. Interestingly, Hoplandrena,

the third subgenus that these two species utilise, is phylogenetically

distant from the other two host subgenera (Pisanty et al., 2022). This

indicates that at least some Stylops species are able to utilise even dis-

tantly related hosts although it seems to be the exception rather than

the rule for the genus.

14 LÄHTEENARO ET AL.

 13653113, 0, D
ow

nloaded from
 https://resjournals.onlinelibrary.w

iley.com
/doi/10.1111/syen.12618 by C

ochrane N
etherlands, W

iley O
nline Library on [14/02/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



Effects of number of loci used in SODA

Coalescent-based species delimitation methods emerged over a

decade ago in an era when datasets typically consisted of a handful of

loci (Fujita et al., 2012). The advances in sequencing have made it fea-

sible to acquire thousands of genes from almost any organism

(Goodwin et al., 2016). It is important to understand how these

increasing dataset sizes affect downstream analyses such as species

delimitation. There are many species delimitation methods available

for molecular data but the field is heavily dominated by those relying

on the MSC model framework with gene trees evolving within the

constraint of a species tree (Rannala & Yang, 2003; Yang &

Rannala, 2010). Essentially, MSC-based species delimitation methods

detect genetic structure (Sukumaran et al., 2021; Sukumaran &

Knowles, 2017), since an assumption that coalescence within species

should follow that of a single panmictic population is a central tenet

of the original model. This is an assumption that is very often violated

in real datasets, instead of showing genetic signs of population struc-

ture. In addition, the larger the datasets, the finer population genetic

structure can be detected. There is, therefore, an increasing concern

that the power of genomic-sized datasets will result in an inflation of

delimited species if used incautiously, with vast implications for

affected fields using species as units such as ecology, evolution and

conservation (Sukumaran & Knowles, 2017). Indeed, simulations have

found that the use of more loci increases the probability of evolution-

ary lineages being split, even in the face of significant gene flow

between populations. The posterior support for splits increased with

the number of RAD-loci used for several nodes in an empirical study

of Hercules beetles (Huang, 2018). Leaché et al. (2019) provided

numerical evidence that a two-species model will dominate the

posterior when moving towards infinitely many loci, even when the

migration between the two populations is so high that they would be

considered a single species by any species definition. Hence, the con-

cern is valid. These studies all used the popular BPP software (Yang &

Rannala, 2010), but the risk of over-splitting is inherent in all methods

assuming a neutral coalescence process within species.

SODA builds upon the success of quartet-based species-tree

inference method ASTRAL (Rabiee & Mirarab, 2021). It makes no

claim to be the most accurate method, but the strength lies in the

ultrafast capacity to analyse big genomic datasets under the MSC

while being not far behind competing slower methods in accuracy

(Rabiee & Mirarab, 2021). Nodes in a guide tree (inferred by ASTRAL

or provided by the user) are tested under the null hypothesis of zero

length in coalescent units. Under the null hypothesis, each of three

possible resolutions of a quartet should be equally frequent among

gene trees. If the null hypothesis is rejected, the node remains as a

split, but if zero length cannot be rejected, the node is collapsed into

intraspecific branches (Rabiee & Mirarab, 2021). The assumption of

equal quartet resolution frequencies under the null hypothesis follows

from the MSC model assuming neutral coalescent processes within

species. Detectable population structure will cause gene trees to devi-

ate from equifrequent quartet resolutions and, hence, reject the null

and inflate species splits. As admitted by the authors, SODA, thus,

shares the same problematic assumptions that are causing methods

like BPP to over-split (Rabiee & Mirarab, 2021). Our loci number

resampling exercise is basically reiterating for SODA what has already

been shown for BPP (Huang, 2018; Jackson et al., 2017; Leaché

et al., 2019): adding loci tends to cause more species to split. The

steady increase in the number of delimited species in our dataset from

below 30 with 25 loci to over 70 with 2000 loci is striking (Figure 7).

The closest to a panacea solution for handling these problems is

to not rely solely on molecular species delimitation but to use such

analyses in an integrative taxonomic framework along with other lines

of evidence (Chambers & Hillis, 2020; Dayrat, 2005; Fujita

et al., 2012; Yang & Rannala, 2010; Zhang et al., 2011). Often, as in

this study, this can be done a posteriori where we evaluate the results

from SODA in light of evidence from hosts, geography, morphology

and loci-number indifferent GMYC to make conservative conclusions.

We preferred this as a first take on the complex Stylops situation in

West Palaearctic. This meant not assigning individuals to populations

a priori using for instance hosts, since that would prevent us from

detecting host sharing of multiple parasite species (Smit et al., 2020).

In the future, more detailed studies on different subclades could

attempt to input more a priori information in a guide tree where indi-

viduals are assigned to populations which SODA has support for

(Rabiee & Mirarab, 2021). A more informed prior on the candidate

species model (the guide tree) is one of the best safety nets against

exorbitant over-splitting. SODA also requires that the analysis

includes at least two individuals per species to be accurate (Rabiee &

Mirarab, 2021). However, including singletons as in our analysis only

risks erroneous lumping (false positives, fig. 1 in Rabiee &

Mirarab, 2021) and would not contribute to over-splitting. In addition,

singletons may only be erroneously lumped if forming a cherry. For

instance, we had only one individual of the inferred undescribed spe-

cies on Cnemidandrena but this is still delimited as separate because of

its position in the topology (sister to a clade with multiple delimited

species; Figures 5 and 6).

Sampling more than one individual per species is one important

aspect for species delimitation analyses (Zhang et al., 2011), and

another is the geographical distribution of samples. The geographical

sampling of species can also inflate species numbers if intermediate

regions are omitted due to isolation-by-distance effects (Chambers &

Hillis, 2020; Mason et al., 2020; Rousset, 1997; Wright, 1943). This

may be a concern for the dataset analysed here. For example,

S. thwaitesi sampled from Central and Northern Europe, but not con-

tinuously along the latitudinal axis, delimited six species. It is almost a

catch 22 that widespread sampling across a species’ range is optimal

to appreciate the total genetic and phenotypic variation of a species

(Bergsten et al., 2012), yet in practice, for phylogenomic

species delimitation that same sampling strategy may be a contribut-

ing factor to over-splitting. With limited funds for sequencing, maxi-

mising the geographical spread of samples omits intermediate regions

and introduces isolation-by-distance effects that fool current methods

designed to delimit species when detecting genetic structure. Future

studies should, preferably with a denser strategic sampling, focus on

subgroups within WP Stylops to test still outstanding questions.
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We hope our study provides a framework for the identification of

subgroups as targets for in-depth future research.

CONCLUSIONS

Using phylogenomic analyses, we evaluated the conflicting historical

and presented species diversity estimates in WP Stylops and inferred

a minimum of 27 different species. We are able to add 35 new host

associations for Stylops species based on the molecular identification

of specimens, some of which have previously been hypothesised yet

omitted from checklists and catalogues. Finally, we were able to con-

firm 10 cases where Stylops species associated with hosts from the

same subgenus were synonyms. It is likely that multiple EP and East-

ern Nearctic species parasitizing host from the same subgenus

should be synonymized as well, as proposed by Straka et al., 2015.

Many of these species were reinstated by Cook (2019) and revision

is needed also for the EP and Eastern Nearctic faunas. Our sensitivity

analysis of species delimitation with SODA using various numbers of

loci showed a concerning pattern of a strong positive correlation

between the number of delimited species and the number of loci

used in the analysis. Our integrative approach of evaluating sup-

ported species and comparison with a crude loci-number indifferent

method (GMYC) show datasets much smaller than today’s commonly

used genomic datasets that seem to give most reasonable estimates.

We, therefore, urge that species delimitation results using genomic

datasets with SODA or other methods showing similar tendencies

are interpreted with great caution and in an integrative framework.

We hope the molecular dataset generated in this study will be a valu-

able asset for future research on Stylops and parasite evolution in

general.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

Figure S1: Maximum likelihood tree including long branches that were

removed from downstream analyses. All nodes were maximally (100)

supported by ultrafast bootstrap except those denoted with coloured

circles. The scale bar indicates the expected number of substitutions

per site. Terminal labels contain the following information separated

by underscores: Voucher code, Stylops species, Host species

(Andrena), sampling country in ISO 3166-1 alpha-2 abbreviation code

and the host subgenus.

Figure S2: Lineage-through-time plot of ultrametric tree used for the

GMYC analysis. The maximum likelihood solution is indicated with a

red line and the 2-log likelihood confidence interval is denoted by a

blue area.

Table S1: List of studied material.
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