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ARTICLE INFO ABSTRACT

Keywords: Tuberous orchids are ecologically vulnerable species, threatened by a range of environmental pressures such as
OrChidi“aev overharvesting, grazing and land use change. Conservation efforts require accurate species identification, but are
Phylogenetics impeded by limited phylogenetic resolution of traditional genetic markers, which is exacerbated by widespread
Anglf)spem_ls‘o’,ss_ taxonomic conflict regarding the classification of orchids. Target enrichment holds promise to resolve both these
Species delimitation . L . . . .

Ophrys challenges by offering a large set of nuclear loci with which to increase phylogenetic resolution and evaluate

competing species models.

Here, we evaluate the effectiveness of the Angiosperms353 markers for distinguishing over 50 tuberous orchid
species native to Greece and we explore the possibility of narrowing these markers to a smaller set that could
function as a minimal probe set. Our methodology consists of a three-tiered approach: 1) generating a species-
level phylogeny using all Angiosperms353 loci with sufficient target recovery, 2) evaluating competing species
models based on “splitter” and “lumper” classifications through Bayes Factor species delimitation, and 3) ranking
the potential of Angiosperms353 loci to discriminate representatives of lineages with different divergence times
based on their phylogenetic informativeness. While the inferred multi-species coalescent phylogeny had overall
high support, Bayes Factor delimitation revealed mixed outcomes, favouring splitting in Serapias, while
favouring splitting in basal clades and lumping in more recently diverged clades in Ophrys. A molecular clock
analysis of Ophrys confirms rapid and recent radiation in clades marked by phylogenetic uncertainty, suggesting
the need for additional loci to fully resolve this genus. Finally, we found 30 loci to be highly phylogenetically
informative across four epochs of Orchidinae evolution; we suggest these are promising candidates for future
marker development. Our findings enhance the Plant Tree of Life (PAFTOL) by contributing additional phylo-
genomic data for species that were previously underrepresented in trees built with these markers, while shedding
light on the ongoing “splitter”-vs-“lumper” debate and offering new directions for species identification of tu-
berous orchids, a group with distinct taxonomic and conservation challenges.

Target capture

1. Introduction terrestrial biomes. With a count of at least 25,000 species and 700
genera, orchids exhibit huge taxonomic and geographical diversity

The Orchidaceae family, recognised as one of the two largest families (Pérez-Escobar et al., 2021). Beyond their diversity, orchids play a sig-

of angiosperms (Christenhusz and Byng, 2016), inhabits a wide range of nificant role in global trade and usage, both sustainably and
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unsustainably, legally and illegally (Hinsley et al., 2018). Among their
various uses, the category of edible orchids often remains overlooked.
For instance, vanilla (Vanilla Plumier ex Mill.) is an orchid-derived
product and the world’s most popular plant-derived flavour. Addition-
ally, edible products such as chikanda, an African snack derived from
orchid tubers, and salep, a popular drink crafted from orchid tubers and
widely consumed in Turkey, Greece, Iran, Iraq, and Albania (De Boer
et al., 2017; Hanlidou et al., 2004), highlight the cultural and regional
importance of these taxa. Wild harvesting and trade for salep production
primarily involve species from the genera Orchis, Anacamptis, Dactylo-
rhiza, Himantoglossum and Ophrys with as many as 35 different species
being harvested and sold as salep across the Eastern Mediterranean
(Ghorbani et al. 2017; Kasparek and Grimm 1999; Kreziou et al. 2015).
These orchids, characterised by fleshy roots and tubers, are used as raw
material for salep, and are part of the subtribe Orchidinae (tribe
Orchideae,) within the Orchidoideae subfamily, with Orchidinae
comprising around 1,800 species globally (Jin et al., 2017; Govaerts
et al. 2021).

The salep trade operates on an international scale, with Turkey
exporting a significant portion of its harvest to countries such as the
Netherlands, Cyprus, and Germany, which is a key market for medicinal
plants, including salep orchids (Kasparek and Grimm, 1999). While this
trade is predominantly linked to Turkey and the Turkish diaspora in
Europe, a recent analysis of e-commerce detected by a web crawler (an
automated software tool for searching and indexing website content)
indicates a notable presence of salep trade in Greece(Masters et al.,
2022). The growing demand for traditional, organic, and alternative
food products has increased the consumption and harvesting of salep in
Greece, resulting in rising market prices (Kreziou et al., 2015). However,
the ecological vulnerabilities of orchids—due to their limited distribu-
tion, specific habitat requirements, dependence on pollinators, and
mycorrhizal symbionts—make them susceptible to overharvesting
(McCormick and Jacquemyn, 2014; Tsiftsis and Tsiripidis, 2020). Pro-
tection from overexploitation is essential to meet regional sustainability
and conservation goals (Roy et al., 2017; Tsiftsis, 2021; Warghat et al.,
2013). Yet, despite legal protection, enforcement of bans on orchid
collection, particularly orchid tubers, remains inadequate (Ghorbani
et al., 2014; Kreziou et al., 2015). This situation highlights the urgent
need for further characterisation of Greece’s remaining orchid diversity,
which includes a total of 194 taxa across 19 genera and 178 species (of
which 147 species in the Orchidinae subtribe) (Tsiftsis and Antono-
poulos, 2017), to better inform their protection and species
management.

In the past twenty years, molecular phylogenetic studies have
significantly enhanced our understanding of the subtribe Orchidinae s.s.
on the basis of a limited number of nuclear and chloroplast markers
(Bateman et al., 2003; Inda et al., 2010, 2012; Jin et al., 2017). Cost-
effective application of DNA barcoding using such markers in plants
has been aided by advances in high-throughput sequencing (HTS)
(Hollingsworth et al., 2016; Lemmon et al., 2012), while simultaneous
developments in phylogenomic analysis have further enabled the iden-
tification of appropriate markers for species delimitation in the
Orchidinae subfamily (Jin et al., 2017). However, effective DNA bar-
coding is hampered by phylogenetic uncertainty, which disproportion-
ately affects the orchid family where some lineages are characterised by
rapid diversification, and conflict over specific and generic circum-
scriptions is widespread. An example of such a lineage is the morpho-
logically diverse Ophrys genus, which has been taxonomically delineated
into several species complexes, including the O. lutea, O. fusca, O. fuci-
flora, O. scolopax and O. sphegodes groups (Bateman, 2018). Individual
differences in the taxonomic approach, sometimes referred to as
“lumpers” or “splitters” (Endersby, 2009), depending on their tendency
to emphasise on either shared traits or distinctions among orchids,
respectively, further complicate the already uncertain phylogenetic
placement of orchids and contributes to the complexity of orchid clas-
sification. While the dichotomy between “splitters” and “lumpers” might
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seem to unfairly reduce the complexity of species delimitation to a
choice between one of two sides, we use these terms to refer to the
taxonomic approach defining species more broadly (i.e. grouping many
minor varieties under a single name) and to the one defining species
more narrowly (i.e. recognising these varieties as distinct subspecies or
even separate species) and will refer to these opposing approaches as
either “lumping” or “splitting” throughout the text.

Two notable strategies have been proposed as alternatives to tradi-
tional barcoding in the development of next-generation nuclear barc-
odes, by increasing both coverage and resolution: low-pass shotgun
sequencing or genome skimming, and target capture sequencing
(Manzanilla et al., 2022; Pérez-Escobar et al., 2021; Zhang et al., 2023).
Despite advances in workflows and bioinformatic pipelines for genome
skimming, the low sequencing depth of genome skims often limits their
analysis to primarily multicopy regions, such as plastid genomes and
ribosomal DNA. These regions encompass only a limited number of in-
dependent loci, which ultimately restricts the power of this method
(Manzanilla et al., 2022). In contrast, target capture sequencing is
designed to yield hundreds or thousands of independent loci, offering
focused multi-locus datasets that could include standard DNA barcodes
from nuclear genes (Schmickl et al., 2016). A significant step up from
single locus DNA barcoding, target capture enables phylogenetic anal-
ysis at both deep and shallow levels and is therefore a promising tool for
analysing both among-species relationships, as well as within-species
diversity (Andermann et al., 2019).

While target capture offers distinct benefits for phylogenomics, the
substantial investment required for a target capture sequencing study
(related to development of the necessary genomic resources, design and
synthesis of baits, and computational analysis of the data) has hindered
the application of this method when contrasted with traditional bar-
coding approaches, with only one example focusing on Orchidinae s.s. to
date (Veltman et al., 2024). The release of bait kits targeting universally
applicable loci, most notably Angiosperms353 (Johnson et al., 2019), as
well as standardised bioinformatics pipelines, such as HybPiper
(Johnson et al., 2016), show promise in lowering these barriers across
flowering plants (Dodsworth et al., 2019; Johnson et al., 2019) and
allow for the integration of target capture data sets over large taxonomic
distances. The Angiosperms353 bait kit has been successfully applied to
various flowering plant groups (Baker et al., 2022; Beck et al., 2021;
Pérez-Escobar et al., 2021; Shah et al., 2021; Zuntini et al., 2024), and
the orchid family is currently well represented in datasets utilising the
Angiosperms353 kit (Pérez-Escobar et al., 2021). However, to date, the
included orchid species do not cover all major subfamilies and tribes
evenly, with tropical epiphytes from the subfamily Epidendroideae
favoured at the expense of terrestrial orchids from more temperate cli-
mates, including the Mediterranean.

This study aims to adress this gap, by demonstrating the effectiveness
of the Angiosperms353 markers in discriminating eight genera and —40
(61 % out of 65 lumper taxa) to 56 (38 % out of 147 splitter taxa) tu-
berous Mediterranean orchid species, covering 80 % of the Orchidinae
genera native to Greece. Building on a phylogenomic framework of 148
samples, we evaluate competing “splitter” and “lumper” classifications
in controversial clades and we identify groups where, based on current
data, confident species identification is either attainable or continues to
be problematic. To make identification of Orchidinae with Angio-
sperms353 markers more accessible in the future, we propose a sub-
sample of loci that are able to reconstruct most species relationships and
could aid cost-effective identification of orchid-derived samples for ap-
plications in conservation and wildlife forensics. To achieve these goals,
we employ a three-tiered strategy: 1) we generate a species-level phy-
logeny for our dataset using all Angiosperms353 markers with sufficient
target recovery, 2) we evaluate different species classification models
using both “splitter” and “lumper” approaches through Bayes Factor
species delimitation, and 3) we rank and validate the potential of An-
giosperms353 markers to discriminate representatives of lineages with
different divergence times based on their phylogenetic informativeness.
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This study contributes valuable data to the broader understanding of
Greek orchid diversity andadds to ongoing efforts to characterise the
Plant Tree of Life using the same Angiosperms353 baits (Zuntini et al.,
2024). Our results serve as a foundation for future phylogenomic in-
vestigations of Orchidinae s.s., with applications spanning evolutionary
studies, systematics, wildlife forensics, and conservation of these Med-
iterranean tuberous orchids.

2. Material and methods
2.1. Data collection

2.1.1. Sampling and DNA extraction

In this study, we analysed 165 individuals belonging to 56 orchid
species across eight genera within the subtribe Orchidinae s.s.
(Orchidaceae; Orchidoideae) (Appendix S1). Based on the Field Guide to
the Orchids of Europe and the Mediterranean (Kuhn et al., 2019), which
uses broader species definitions, Greece counts a total of 10 native
genera within the subtribe Orchidinae, namely Anacamptis (9), Dacty-
lorhiza (7), Gymnadenia (4), Himantoglossum (3), Neotinea (4), Ophrys
(16), Orchis (14), Platanthera (2), Pseudorchis (1), and Serapias (5), with
the number in brackets indicating the respective number of species
within each genus, totalling 65 species. Our sampling included 8 out of
the 10 genera and 40 out of the 65 species, covering 80 % of the genera
and 61 % of the species that are native to Greece. Two Epidendroideae
species and one Orchidoideae species from the Cranichideae tribe were
included as outgroups, as detailed in Appendix S1. The specimens were
collected from various locations across Greece, chosen for their high
species richness and sampled across a range of habitats (Fig. 1). The
collections were conducted under the appropriate permits issued by the
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Greek Ministry of Environment and Energy, with reference numbers
177111/6159/19-12-2018, YIIEN/AIIA/92136/2220/10-10-2019
and 144703/2145/4-10-2016. Under Greek legislation, all members of
the Orchidaceae family are protected and permission is needed for
taking samples from wild plants, especially endemic ones (Presidential
Decree 67/1981 and Biodiversity Law 3937-2011). In order not to
jeopardise the survival of individual plants, permits were therefore ob-
tained for collecting leaves or flowers instead of whole organisms.
Photographs with diagnostic characters were made and are available
upon request. DNA extractions from leaf tissue samples were performed
using a CTAB method, as described by Doyle and Doyle (1987), with
minor modifications. Extracted DNA was diluted in 100 pL and quanti-
fied using a Qubit 2.0 Fluorometer and Qubit dsDNA HS Assay Kit
(Invitrogen, United States) (Appendix S1). DNA quality was assessed by
gel electrophoresis in 1 % agarose gel.

2.1.2. Library preparation, target capture and high throughput sequencing
(HTS)

Capture and sequencing of genomic DNA (gDNA) of the 165 samples
were outsourced to Daicel Arbor Biosciences (Ann Arbor, MI, USA). A
total of 4 pg or up to 80 % of the gDNA was sonicated and size selected to
an approximate average insert size of 300nt and prepared into dual-
indexed Illumina-compatible libraries. The indexed libraries were
quantified with a spectrofluorimetric assay and a quantitative PCR assay
for properly library-adapted molecules.

Capture pools were prepared from up to 133 ng of 9-12 libraries per
reaction, pooled based on the input mass of gDNA to library preparation.
Each capture pool was concentrated down to 7 pL by vacuum centrifu-
gation. Captures were performed following the myBaits v5.02 protocol
using the myBaits Expert Angiosperms353 baits with an overnight
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Fig. 1. Sampling locations of the orchids collected in this study, with sample count represented by the relative bubble size. Sample names, species names and

respective locations are listed in Appendix S1.
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hybridisation and washes at 65 °C. Post-capture, half the volume was
amplified for 10 cycles and yield quantified with a spectrofluorimetric
assay. For captures that did not yield sufficient material for sequencing,
the second half of the capture volume was amplified for 14 cycles,
subsequently quantified with a spectrofluorometric assay, and both
amplified capture products were combined. The capture quality was
assessed via the TapeStation 4200 (Agilent) platform with a High
Sensitivity D1000 tape. The captures were pooled in equimolar ratios.
Samples were sequenced on an Illumina NovaSeq 6000 platform on a
partial S4 PE150 lane to approximately 1.1 Gb per library. Sequencing
data has been registered in the NCBI Sequence Read Archive (SRA)
under BioProject PRINA1167703.

2.2. DNA sequence data analysis and phylogenomic inference

A detailed visualisation and overview of the bioinformatics steps in
this section can be found in Appendix S2.

2.2.1. Locus assembly, alignment and trimming

Demultiplexed reads were quality trimmed with Trimmomatic
(v0.39) using the settings “ILLUMINACLIP:adapter.fa:2:30:10:2:TRUE
LEADING:20 TRAILING:20 SLIDINGWINDOW:4:20 MINLEN:40" (Bolger
etal., 2014). Target sequences were recovered with HybPiper (1.3.2), by
first mapping the surviving read pairs against the target reference file
using the burrows-wheeler aligner, followed by contig assembly with
SPAdes (Prjibelski et al., 2020), intron-exon boundary demarcation
with exonerate (Slater and Birney, 2005) and flagging of paralogs
(Johnson et al., 2016). To improve target recovery, we used an expanded
version of the Angiosperms353 target reference file (Mega353 target
file) and filtered this to retain all orchid species included in the 1KP
transcriptome data (McLay et al., 2021). Individuals with a target re-
covery that was more than two standard deviations from the mean exon
recovery were removed from the analysis. Remaining recovered exon
sequences were aligned with MAFFT (v7.453) using the —-localpair
option and maximum 1000 iterations (Katoh and Standley 2013).
Alignments were trimmed with trimAL (Capella-Gutiérrez et al., 2009),
removing columns with > 20 % gaps as well as spurious sequences
where < 75 % of the residues had a residue overlap score of at least 0.5.
Alignment statistics were generated with AMAS (Borowiec, 2016).

2.2.2. Gene tree and species tree construction

A maximum likelihood (ML) species tree and ML gene trees were
built with the trimmed alignments of all loci containing at least four
unique sequences, using IQTREE (v2.1.2) with model selection
(Kalyaanamoorthy et al, 2017), 1000 bootstrap replicates and
maximum 10,000 iterations (Minh et al., 2020). Gene trees were edited
with Newick Utilities (Junier and Zdobnov, 2010) to collapse nodes with
a low bootstrap support value of < 30 following Baker et al. (2022), and
ThreeShrink to remove implausibly long branches (which could be
caused by sequencing, assembly or alignment errors, or by unflagged
paralogs), defined as branches whose inclusion would increase the tree
diameter by more than 5 % (Mai and Mirarab, 2018). Coalescent trees
were built with ASTRAL-III using the edited gene trees, one allowing a
free topology (Zhang et al. 2018) and two constraining the samples
thought to belong to the same species into monophyletic clusters
(Rabiee et al. 2019). Constrained trees were built to contrast competing
species classifications, one splitting common taxa into more narrowly
defined species — focusing on local diversity and recognising endemics
such as Dactylorhiza pythagorae Golz & H.R.Reinhard, Ophrys helenae
Renz., and Ophrys zeusii M. Hirth (Antonopoulos and Tsiftsis, 2017;
Charitonidou et al., 2021; Tsiftsis and Antonopoulos, 2017; Tsiftsis et al.,
2007) — and another lumping these endemic taxa into larger species
constructs (Kithn et al., 2019). Gene concordance factors were calcu-
lated for the unconstrained coalescent tree with IQTREE (v2.1.1). We
labelled taxa as concordant following the procedure of Baker et al.
(2022). For each tree node, two metrics were calculated for all genera
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and species: (i) the proportion of samples from a given genus/species
descending from the node, and (ii) the proportion of descendants from
the node belonging to that genus/species. These metrics were multiplied
to obtain a concordance score, and the node with the highest score was
considered to best represent the taxon, and labelled as concordant if >
0.5. The species assignment for each sample was as follows: (i)
Confirmed, if the sample descended from a node with a score > 0.5; (ii)
Rejected, if the sample didn’t descend from a node with a score > 0.5; or
(iii) Inconclusive, if the best-scoring node had a score < 0.5 (Baker et al.
2022). Samples falling outside of concordant clades for their respective
taxa (considering the widest species definition) were removed from the
analysis. Sequences of the remaining samples were realigned and the
phylogenomic inference was repeated after discarding these samples.
The taxon concordance metrics were re-calculated for all species (both
“splitter” and “lumper” classifications) to quantify the extent of mono-
phyly and the proportion of samples in the tree that could be unequiv-
ocally assigned to concordant species constructs. These results were
used to evaluate the potential of the markers for species identification
based on concordant clade membership.

2.2.3. Divergence time estimation

A full coalescent analysis was performed for the Ophrys genus with
BEAST (v2.6.4) (Bouckaert et al.,, 2014), using the SNAPP add-on
(Bryant et al., 2012) to conduct a Bayesian divergence time estimation
following the methods of Stange et al. (2018). To increase the number of
variant sites available for the analysis, a custom reference file was
created with EMBOSS (v6.6.0) containing the consensus sequences of all
locus alignments, setting the plurality option to 0.005. Raw reads were
mapped back to this consensus with the bwa-mem algorithm of the
Burrows-Wheeler Aligner (BWA v0.7.17) and the mapped reads were
sorted and deduplicated with SAMtools (v1.12). Variants were called
with ANGSD (v0.935) for all loci (Korneliussen et al., 2014), excluding
those where more than 10 % of the individuals with recovered sequences
issued paralog warnings during assembly with HybPiper. Variants with a
coverage of less than 10X or more than two standard deviations above
the mean (11,500X) were discarded. One or, where possible, two Ophrys
individuals with the highest target recovery per species were retained,
and among this subset of individuals, variants were filtered to keep only
biallelic SNPs without missing data and with a minor allele frequency of
at least 5 %. The filtered variants were pruned at a thinning distance of
100 bp, and the final Variant Call Format (VCF) was used as input for
preparing the SNAPP XML file, with a chain length of 1,000,000 MCMC
iterations; fixed and identical forward and reverse mutation rates of 1.0;
and a strict molecular clock with a one-on-x prior for the rate. Diver-
gence time estimation was constrained by the crown age of Ophrys,
estimated to be around 4.9 million years ago (Mya) (Breitkopf et al.,
2015). This estimate was approximated as a lognormal distribution with
a mean of 1.6 and a standard deviation of 0.22. To account for the
possible effects of incongruent species definitions on divergence time
estimation, we ran the analysis twice: once with taxa grouped by the
narrowest (splitter) species definition, and once with taxa grouped by
widest (lumper) species definitions. Convergence for both runs was
assessed by checking the effective sample size (ESS) of the estimated
parameters after discarding the first 100,000 iterations as burn-in,
considering ESS > 200 indicative of good mixing of the chain.

2.2.4. Species delimitation

To test the competing species classification models of splitters and
lumpers for clades where these different approaches would lead to
different species trees, Bayesian Factor Delimitation (BFD) was per-
formed in BEAST (v2.6.4). Three different analyses were performed, one
for Serapias using all available individuals, and two for different clades
in Ophrys: one containing the O. fuciflora, O. scolopax and O. sphegodes
complexes (hereafter called “non-basal Ophrys clade”) and one con-
taining the O. fusca and O. lutea species complexes (hereafter called
“basal Ophrys clade”™). For the Ophrys clades, one to two samples with the
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longest cumulative exon recovery per species were selected to reduce
computational load. Variant sites were extracted from the multi-fasta
locus alignment and converted to the variant call format (VCF) with
snp-sites (Page et al., 2016). Variants were filtered with VCFtools
(v0.1.16) to retain only biallelic SNPs and subsequently pruned at a
thinning distance of 100 bp (Danecek et al., 2011). The filtered variants
were converted to PHYLIP format with vef2phylip (Ortiz, 2018) and
used as input to create the XML files for Bayesian Factor Delimitation
with BEAUTI, which were subsequently edited to prepare it for marginal
likelihood estimation (MLE) through a path sampling analysis (Leaché
et al., 2014). Path-sampling was conducted with 48 steps, 1,000,000
MCMC iterations and a pre-burnin of 10,000 iterations. Convergence of
the path sampling analysis was assessed by checking ESS values of the
likelihood estimates in the log file after discarding the first 100,000 it-
erations as burn-in, and considered sufficient when the ESS of the like-
lihood estimate was higher than 200. The analysis was conducted for
each clade and species classification model: once with a base scenario
using the widest (lumper) species definition, and once with an alterna-
tive scenario using the narrowest (splitter) species definition. Bayes
Factor (BF) was calculated by subtracting the MLE values of the
competing models and then multiplying the difference by two. The re-
sults were evaluated using the framework of Kass and Raftery (1995),
with 0 < |BF| < 2 considered not conclusive, 2 < |BF| < 6 as moderate
support, 6 < |BF| < 10 as strong support, and |BF| > 10 as decisive for
the model with the highest MLE.

2.3. Marker selection

2.3.1. Phylogenetic informativeness

We evaluated the effectiveness of Angiosperms353 low-copy nuclear
genes in resolving orchid relationships by assessing their Phylogenetic
Informativeness (PI) and ability to discriminate species of interest. Since
PI profiling requires a stable topology, we considered a selection of 42
samples whose species relationships were constant between the coales-
cent and concatenation approaches of species-tree inference, and well
supported by both methods as indicated by bootstrap values of at least
80 % and posterior probabilities of at least 0.9. We prioritised samples
with higher target recovery to maximise the amount of phylogenetic
information present in the concatenated alignment. The corresponding
ML species tree was calibrated in R using the “chronos” function of the
’ape’ package (Paradis and Schliep, 2019). We based our higher level
taxa (subfamily and tribe) divergence time estimates on Gustafsson et al.
(2010) and lower level taxa divergence time estimates (subtribe and
genus) on Inda et al. (2012), additionally constraining the crown of
Ophrys to the most recent estimate of 4.9 Mya according to Breitkopf
et al. (2015). Site substitution rates were estimated for 177 loci, rooted
on Epidendroideae, using HyPhy (Pond et al., 2005) followed by PI
profiling according to the method of Townsend et al. (2007), both
implemented in TAPIR (Faircloth et al., 2012).

Locus PI through time was determined by delimiting epochs of the
evolution of the Orchidoideae, so that one epoch would be circum-
scribed by two well-resolved divergences. The time intervals examined
include: 53-61 million years ago (Mya), marking the period from the
divergence of Epidendroideae to the split between Cranichideae and
Orchideae; 17-53 Mya, from the split of Cranichideae to the crown age
of Orchidinae; 9-17 Mya, from the crown age of Orchidinae to the most
recent split between genera; 5-9 Mya, a period of significant speciation
in older genera; and 0-5 Mya, reflecting more recent speciation events in
younger genera and those with contentious species concepts (Gustafsson
et al., 2010; Inda et al., 2012). Cumulative informativeness was calcu-
lated by integrating over each of these epochs, estimated by taking the
Area Under the Curve (AUC). To address potential confounding of
ancient phylogenetic signals by more recent ones, we corrected the
AUCs with a penalty following Bellot et al. (2020) by checking for each
epoch whether its median age was older or younger than the time of the
maximum PI of a locus. When the median age of an epoch was older, its
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AUC was multiplied with the ratio of the PI at the median age to the
maximum PI. For each epoch, loci were then ranked based on their AUC.
Loci for which the AUC for a given epoch had to be corrected were
considered potentially misleading for that epoch and were removed
from the set prior to ranking.

2.3.2. Locus ranking and performance assessment

We selected the ten most informative loci per epoch as candidates for
a reduced set of markers, and tested their ability to reconstruct the to-
pology of the tree generated with the full set of markers. To this end, we
repeated the phylogenomic analyses with both the reduced and the full
set of loci for the selected 42 species with a stable topology. Gene trees
were pruned in R using the ’ape’ package (Paradis and Schliep, 2019)
prior to constructing multi-species coalescent trees with ASTRAL-III
(Zhang et al., 2018). The performance of the reduced set of loci was
assessed by quantifying the similarity of the resulting tree to the tree
based on the full set of loci with the R package "TreeDist’ (v2.8.0), and
by assigning both trees a quartet score based on the full set of pruned
gene trees. To conclude whether the candidate loci performed above
expectation, we compared their performance to that of 100 different sets
of an identical number of randomly subsampled loci. Topological dif-
ferences between the reduced and the full tree were visualised in a co-
phyloplot generated with the R package *phytools’ (Revell, 2012).

3. Results
3.1. Target recovery is variable but taxonomically independent

Sequencing yielded 1250 million reads, at an average of 7.5 million
reads (~1.1 Gb) per sample. Target enrichment and recovery statistics
are reported in Table 1. Enrichment success was variable, with 10 % of
the total number of reads, ranging from 1-44 % per sample, mapping on
target. Median exon recovery was 112 kb, amounting to about 42 % of
the total target length of 266 kb spanning all reference loci. On average,
samples had a target recovery of at least 50 % for 120 loci. This number
dropped to 58 loci when considering a coverage threshold of 75 % but
rose to 200 loci when considering a threshold of 25 %, and 250 when
considering sequences of any length.

Relative target recovery per locus was variable among samples, but
not taxonomically biased (Appendix S3). Expansion of the target refer-
ence file with the 1KP orchid transcriptome sequences (Mega353 target
file) yielded a total target length that was only slightly (~ 5 kb) higher
than the original (Table 1). Nonetheless, this strategy resulted in a
considerable improvement in target recovery compared to the original
Angiosperms353 reference sequences, where the median recovery was
only 79 kb (or 30 % of the total of 261 kb), hence raising the amount of
available data for phylogenetic analysis by more than 40 %.

3.2. Nuclear phylogenomics of Orchidinae s.s.

In total 17 samples were discarded due to poor target recovery or
taxonomic discordance. The remaining 148 samples were used for
phylogenomic analyses. Alignments were made for 348 loci, which after
quality trimming had an average length of 458 bp and 17 % missing data
(Appendix S4). Only loci with at least four sequences, 335 in total, were
considered. The number of retained sequences per alignment ranged
from 4 to 147, averaging 83. The average GC content was 45 %, and 29
% of all sites were parsimony informative.

The normalised quartet score of 0.82 derived from coalescent infer-
ence with ASTRAL-III suggests that the majority of gene tree quartets are
in agreement with the species tree (Fig. 2). However, gene concordance
factors indicated that on average, less than half of the gene trees (153/
335) were informative for each branch, and roughly 10 % (34) were
concordant. Posterior Probability (PP) values for the species tree were
high for the majority of branches, with 81 out of 145 nodes displaying
PP > 80, supporting relationships between all genera. Species
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Target recovery statistics of 165 orchid DNA samples enriched with the Angiosperms353 probe kit. Raw sequencing reads were processed with HybPiper (v1.3.2) and
mapped against two different reference files, the original Angiosperms353 targets, and these same targets but supplemented with additional orchid sequences from the

Mega353 targets (McLay et al., 2021).

Reference Angiosperms353 targets (260,802 bp) Mega353 targets (266,084 bp)
file
Statistic Reads % mapped Total target % target Genes > Reads % mapped Total target % target Genes >
mapped on on target recovery (bp) recovery 50 % mapped on on target recovery (bp) recovery 50 %
target target
Median 491,436 7.39 % 79,488 30.48 % 77 552,828 8.13 % 112,632 42.33 % 130
Mean 774,505 9.28 % 72,851 27.93 % 76 825,471 9.95 % 104,126 39.13 % 120
Minimum 51,485 1.26 % 0 0.00 % 0 55,822 1.36 % 621 0.23 % 0
25th 285,702 5.10 % 53,880 20.66 % 45 311,401 5.61 % 73,824 27.74 % 66
percentile
75th 778,582 10.28 % 95,376 36.7 % 110 840,966 11.48 % 137,220 51.57 % 172
percentile
Maximum 9,151,209 43.95 % 210,549 80.73 % 294 9,317,006 44.42 % 211,818 79.61 % 296

relationships are well-resolved in the genera Neotinea, Orchis, Gymna-
denia, Dactylorhiza, and Anacamptis, but are marked by more uncertainty
in Himantoglossum, Serapias and Ophrys. These genera also display more
gene tree-species tree conflict on internal nodes (Fig. 2). Specifically,
Himantoglossum jankae Somlyay, Kreutz & Ovari and H. x samariense C.
Alibertis & A. Alibertis form a paraphyletic clade, with H. galilaeum
Shifman nested within it, and H. robertianum (Loisel) P. Delforge iden-
tified as a sister group to these species (Fig. 1). Within Serapias, S. lingua
L. and S. parviflora Parl. form a sister clade to a group comprising
S. bergonii E.G.Camus, S. vomeracea (Burm.f.) Briq. and S. orientalis
(Greuter) H. Baumann & Kiinkele, whose relationships are ambiguous.

The genus Ophrys is divided into three primary clades. The first in-
cludes O. speculum Link, O. tenthredinifera Willd., and the O. fusca s.l.
group, which encompasses O. calocaerina Devillers-Tersch. & Devillers
and O. cinereophila Paulus & Gack, along with the lutea group comprising
O. lutea Cav., O. melena (Renz) Paulus & Gack, and O. sicula Tinea. The
second clade is represented solely by O. insectifera L., indicating a
distinct lineage within the genus. The third clade comprises O. attica
(Boiss. & Orph.) So6 and the O. fuciflora group (which includes
O. holosericea subsp. graeca B. Baumann & H. Baumann and O. candica
Greuter, Matthas & Risse); along with the O. scolopax group (Ophrys
heldreichii (So6) Devillers-Tersch. & Devillers, and O. oestrifera M. Bieb.),
O. ferrum-equinum Desf.; the O. sphegodes group (which includes
O. grammica (B. Willing & E. Willing) Devillers-Tersch. & Devillers,
O. mammosa Desf., O. zeusii, O. leucophthalma Devillers-Tersch. & Dev-
illers, O. aesculapii Renz, O. spruneri Nyman, and O. helenae Renz);
O. reinholdii Spruner ex Fleischm.; and O. argolica H. Fleischm. The
larger species complexes within Ophrys, being the lutea and fusca com-
plexes, fuciflora and scolopax complexes, as well as the more recently
diverged species within the O. sphegodes complex, display low internal
resolution and remain unresolved with the current dataset. Divergence
time estimations for the Ophrys genus with SNAPP indicate that the large
species diversity within this group is predominantly the result of rapid
and recent diversification of a few lineages. The phylogenetic relation-
ships among these species complexes are notably uncertain, with
divergence events dating back to only a few hundred thousand years
(Appendix S5).

Telling species apart based on their DNA often assumes monophyly
of the species in question. This would correspond to a taxon concordance
score of 1 (where the most recent common ancestor of the species has no
descendants belonging to other species). Based on this criterion of
monophyly, the proportion of samples assigned to the right (concordant)
taxon can give us an estimate of how easy it is to identify this species
with the current marker set. A total of 29 species were found to be
monophyletic, most of them supported by the majority of quartets in
gene trees and posterior probabilities > 0.9 — including all species in
Orchis, Neotinea, Dactylorhiza, Gymnadenia and Anacamptis (excluding
three species for which only one sample was available and monophyly

could not be assessed). The species that were paraphyletic, or had low
support and/or widespread gene tree conflict, belonged to Himanto-
glossum, Serapias or Ophrys. The average taxon concordance was 0.82
when using a “splitter” classification, and 0.88 when using a “lumper”
classification, showing that the splitting of larger groups into smaller
units introduces more species that do not necessarily have higher scores.
Consistent with this, 129 samples (87 %) could be assigned to corre-
sponding concordant taxa in the “lumper” classification versus 105
samples (71 %) in the “splitter” classification. Some of these could
theoretically be assigned multiple species identifications in the case of
nested clades, such as Serapias orientalis, Himantoglossum galilaeum, and
some Ophrys species, precluding definitive identification. With more
than twice as many discordant taxa (concordance < 0.5), splitting re-
sults in 28 samples that belong to species without a concordant clade, as
opposed to 13. Whereas only one sample falls outside of its concordant
clade in the “lumper“ classification (008_Serapias orientalis), seven do so
in the “splitter” classification, belonging to multiple Ophrys and Serapias
species. This shows that, based on a criterion of monophyly or minimal
genetic distance to conspecific samples, identification of Orchidinae
with the Angiosperms353 markers is still facing significant challenges
especially in sections of Ophrys, Serapias and Himantoglossum, but could
be relatively straightforward in the represented species from other
genera.

3.3. Mixed evidence for splitter and lumper approaches

To shed light on the conflict between splitter and lumper approaches
in classifying orchid taxa, we examined the available evidence in sup-
port of each, by conducting a Bayesian species delimitation analysis
using SNAPP. This analysis targeted selected problematic clusters where
taxonomic consensus is absent; the Serapias clade comprising of
S. vomeracea and S. bergonii, as well as two groups within the Ophrys
genus: the O. lutea, O. fusca complexes, on the one hand, and the
O. sphegodes, O. fuciflora, O. scolopax complexes on the other. All path
sampling analyses exhibited good mixing with effective sampling sizes
(ESS) > 200. Comparison of marginal likelihood estimates (MLE) by
means of Bayes Factor (BF) strongly support a classification where Ser-
apias bergonii (which is sometimes considered a subspecies of
S. vomeracea), is recognised as a distinct species (Table 2; Appendix
S6A). Similarly, we found more support for a narrow classification of the
O. fusca and O. lutea complexes, recognising O. calocaerina, and O. cin-
ereophila (fusca s.l.) on one hand, and O. lutea s.s., O. sicula, and
O. melena (lutea s.1.) on the other hand as separate lineages (Table 2;
Appendix S6B). In contrast, we found less support for splitting up the
O. sphegodes, O. fuciflora, O. scolopax complexes, with the evidence
strongly in favour of broader species definitions (Table 2; Appendix
S6C). The maximum clade credibility trees of each path sampling
analysis (Appendix S6D-F) are in broad agreement with the constrained
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Fig. 2. Multispecies coalescent phylogeny of 148 orchid samples included in this study, constructed on the basis of 335 gene trees with ASTRAL-IIL. Posterior
Probabilities < 0.9 and branch lengths for each internal branch are indicated with numbers at mid-branch length. The three clades for which competing species
concepts were evaluated with Bayes Factor Delimitation (BFD) are indicated with curly brackets. Dashed lines highlight the clades in the tree that belong to these
three clades. Pie charts display the proportion of quartets found in gene trees that support either the main topology in the tree (concordant), or one of two alter-

native topologies.
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Bayesian Factor Delimitation (BFD) between splitter and lumper classifications of samples with competing species concepts. Relative strength of support for either
classification was assessed by calculating Bayes Factor (BF) from their Marginal Likelihood Estimates (MLE), and evaluating BF based on the framework of Kass and

Raftery (1995).

Species model: Splitter Lumper Evaluation

Clade MLE ESS MLE ESS BF Preferred Support
Serapias —1979.6 424.7 —1993.5 413.4 —27.8 Splitter Decisive
Ophrys (basal) —1778.6 392.6 —1782.0 446.6 —6.6 Splitter Strong
Ophrys (non-basal) —1439.7 283.8 —1432.4 407.3 14.6 Lumper Decisive

multispecies coalescent trees generated with ASTRAL-III (Fig. 3), with
the exception of O. ferrum-equinum; which was placed as sister to
O. sphegodes by SNAPP (Appendix S6F), but as sister to a larger clade
comprising O. sphegodes, O. reinholdii and O. argolica (all considered by
some to belong to the O. sphegodes macrospecies, see Bateman et al.,
2018; Betrand et al., 2021) by ASTRAL-III (Fig. 3).

3.4. Selected markers can reproduce most species relationships that are
robust between methods

To evaluate the power of our dataset to resolve phylogenetic re-
lationships across different timescales and taxonomic levels, we ana-
lysed the phylogenetic informativeness (PI) of 177 nuclear loci based on
a time-calibrated maximum likelihood (ML) tree of species whose re-
lationships were congruent between our different phylogenetic analyses
(Fig. 4A). By integrating the PI between the boundaries of different time
periods, we identified the highest-ranking loci as candidate loci with the
largest potential for resolving problematic nodes falling within these
time intervals (Fig. 4B). The number of loci excluded from consideration
in each epoch because a more recent peak in PI could confound the
signal, was relatively low in the first three epochs and rose steeply for
the fourth epoch (Appendix S7). In the fifth and oldest epoch, no
candidate loci were identified. For the remaining four epochs, we ranked
the top 10 loci with the highest area under the curve (AUC) after
excluding misleading loci, proposing a total set of 30 loci that, out of all
genes enriched by the Angiosperms353 baits, are most likely to be
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informative for characterising the species diversity of Mediterranean
tuberous orchids (Fig. 4C; Appendix S8). These loci are characterised by
longer alignment lengths, more variable sites and more parsimony
informative sites than those that are not included in the top 10 (Fig. 4D).
While the total AUC per locus correlated strongly with alignment length
(r = 0.87) and the absolute number of variable (r = 0.93) and parsimony
informative sites (r = 0.90), the correlation with the number of taxa and
percentage of missing data was lower, and there was no correlation at all
with base composition (Appendix S9).

To demonstrate the effectiveness of these loci in recovering re-
lationships among 42 selected Orchidinae species, we calculated quartet
scores and normalised Robinson-Foulds (RF) distances (Smith 2020) of
the set of 30 candidate loci and 100 other sets of 30 randomly chosen
loci, relative to the species relationships in the tree based on the full set
of genes. The candidate loci ranked in the 2nd or 1st percentile,
respectively, for both methods, with a quartet score approaching that of
the full tree (0.82) and an RF distance of 0.10. Topological comparisons
between the 30-locus tree and the 327-locus tree (where 8 out of 335 loci
were removed because they contained insufficient taxa) revealed minor
differences, switching the positions of Neotinea ustulata and N. tridentata
and those of Ophrys tenthredinifera and O. speculum, and placing Ophrys
mammosa as a sister of O. scolopax instead of O. zeusii (Appendix $10). In
these cases, despite displaying a stable topology between the original
MSC and ML analyses, the samples all descend from nodes that are
characterised by marked gene-tree discordance, hinting that, even if the
species tree is largely approximated by the candidate loci, the specific
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Fig. 3. Species tree constrained by splitter (left) and lumper (right) sample to species assignments. Generated from 148 samples and 335 gene trees under the
multispecies coalescent with ASTRAL-IIL. Species in bold are those with conflicting splitter and lumper taxonomies. Lumper species are indicated with an increased
font size and are aligned with the splitter species of which they are composed (left). Coloured asterisks indicate which scenario was preferred based on the Maximum
Likelihood Estimate (MLE), green being the preferred model with a higher MLE and red the rejected model with a lower MLE value. The number of asterisks refers to
the strength of support for the best scoring model based on the Bayes factor: one for moderate support, two for strong support and three for decisive support, as
described by Kass and Raftery, (1995). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. A. Calibrated maximum likelihood tree of 42 samples. Nodes are collapsed at the genus level. B. Phylogenetic Informativeness (PI) profiles for 177 loci with at
least four taxa, rooted on Epidendroideae. Vertical dashed lines indicate the boundaries between different epochs of orchid evolution. C. The top 10 most informative
loci for each epoch and their overlap. Loci were ranked by Area Under the Curve (AUC) between epoch boundaries; to minimise the risk of homoplasy obscuring the
signal of informativeness in older epochs, loci with a maximum PI younger than the median age of the epoch were excluded for that epoch, reducing overlap between
the sets and increasing the total set of candidate loci from 20 to 30. D. Box plots illustrating the distribution of alignment length, number of variable sites, and number
of parsimony informative sites across the top 10 ranking loci for all epochs collectively, for each epoch individually and for loci that did not rank among the top 10.

markers chosen might influence inferred species relationships in areas of
the phylogeny where gene tree conflict is widespread (Fig. 2).

4. Discussion

The Angiosperms353 probe set has opened up new possibilities to
chart existing diversity within and relationships among orchid taxa. This
study has applied this probe set to a wide variety of genera within the
orchid family subtribe Orchidinae s.s. native to Greece, based on a dense
taxon sampling including multiple representatives within species com-
plexes. In doing so, this study has generated valuable data for previously
under sampled genera (Pérez-Escobar et al., 2021, 2024), offering
several new insights into Mediterranean terrestrial orchid relationships
and proposing a reduced set of markers for species identification.

4.1. Target recovery

At a sequencing depth of ~ 1 Gb on average per sample (recom-
mended by Daicel Arbor Biosciences as the standard coverage for li-
braries enriched with Angiosperms353 baits), our target recovery falls
within the expected range of the targeted 266 kb total gene space and is
consistent with Angiosperms353 locus recovery for orchids reported in
other studies (Pérez-Escobar et al.,, 2021, 2024). An increase in
sequencing depth is therefore unlikely to significantly enhance gene
recovery, without modifying either the hybridising probes or the refer-
ence file with less divergent sequences. Notably, our average target

recovery does exceed the gene lengths documented for orchid species by
Baker et al. (2022). This discrepancy can most likely be attributed to the
incorporation of taxonomically pertinent reference sequences derived
from the 1KP orchid transcriptomes. The shorter evolutionary distances
of the species in our dataset to these reference sequences as opposed to
the original Angiosperms353 reference file, render them more effective
during target assembly, despite only a minimal increase in target length.
We focused our phylogenetic analyses on exon sequences and excluded
the non-coding sequences. Although introns are beneficial for exploring
recent evolutionary dynamics within species and among closely related
species, their utility is limited in broader phylogenomic studies because
of the complexities and potential for misinterpretation when aligning
and analysing these sequences across evolutionarily distant taxa.
Nevertheless, the intron data accumulated in our study holds significant
potential for future investigations that could zoom in on recently
diverged lineages within the orchid family.

4.2. Genus-level relationships

Our phylogenetic analyses (Fig. 2) are characterised by their high
level of node support for genus-level relationships compared to previous
studies (Bateman et al., 2003; Inda et al., 2012; Jin et al., 2017), syn-
thesising earlier findings that were sometimes contradictory. The con-
tested placement of Orchis and Neotinea, two genera that diverged from
other lineages relatively early in the evolution of the tribe, remains
uncertain; with multi-species coalescent analysis grouping Orchis and
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Neotinea as successive sister clades to Dactylorhiza and Gymnadenia,
while maximum likelihood analysis groups them as sisters to each other,
forming a clade that is itself a sister to Gymnadenia and Dactylorhiza. The
multi-species coalescent tree lends additional credibility to the notion
that Orchis, Dactylorhiza, and Gymnadenia collectively form a clade, as
described by Bateman et al. (2003) based on internal transcribed spacer
(ITS) nuclear DNA. However, the ASTRAL-III tree based on the custom
Orchidinae-205 kit positioned Orchis as a sister clade to a group con-
taining Gymnadenia, Dactylorhiza, and Neotinea, underscoring the un-
resolved placements of Orchis and Neotinea (Veltman et al. 2024). It
further highlights that Ophrys diverged from the Anacamptis/Serapias
lineage before Himantoglossum did, echoing findings from the multi-
marker studies of Inda et al. (2012) and Jin et al. (2017), but contra-
dicting the ITS phylogeny of Bateman et al. (2003) and more recent
results generated with the Angiosperms353 markers by Baker et al.
(2021). The latter offers only weak support for the alternative where
Ophrys is a sister to Anacamptis and Serapias, instead of Himantoglossum,
a relationship also corroborated by Veltman et al. (2024). Our MSC tree
also places Neotinea as an outgroup to this clade, corroborating results
from Bateman et al. (2003), Inda et al. (2012), and Baker et al. (2021),
while conflicting our own ML topology and the multi-marker phylogeny
of Jin et al. (2017). Combined, our analyses suggest the existence of two
broad clades: one composed of Anacamptis, Serapias, Ophrys and
Himantoglossum, and one composed of Dactylorhiza, Gymnadenia, Orchis
and Neotinea. In contrast, Veltman et al. (2024) proposed three distinct
clades, agreeing on the first clade but separating Dactylorhiza, Gymna-
denia and Neotinea into a distinct group while placing Orchis at the base
of the ingroup with maximum support.

4.3. Species-level relationships

Within the Himantoglossum clade, H. robertianum is consistently a
sister group to the other Himantoglossum species, as found in previous
barcoding studies (Bateman et al. 2003; Inda et al., 2012; Jin et al.,
2017) as well as in a plastid phylogeny of Himantoglossum (Sramko et al.,
2014) and nuclear target capture data (Baker et al., 2022). Based on our
tree topology, it appears that H. jankae is not monophyletic, with H. x
samariense and H. galilaeum embedded within it (Fig. 2). Literature
suggests that H. x samariense may be a hybrid with H. galilaeum (syno-
nym of H. caprinum (M.Bieb.) Spreng.) and H. jankae (synonym of
H. calcaratum subsp. rumelicum (H.Baumann & R.Lorenz) Niketi¢ &
Djordjevic) as parent species (Alibertis and Alibertis, 1989), explaining
that the three taxa together form a clade. It is worth noting that from
northern to southern Greece there is a gradual transition from in-
dividuals of H. jankae with long and spotted lip (typical H. jankae in-
dividuals) to individuals with shorter and unspotted lips (rather
identical to those described as H. x samariense) (Antonopoulos and
Tsiftsis, 2017; Tsiftsis and Antonopoulos, 2017; Tsiftsis, 2016). More-
over, blurred boundaries between H. x samariense and H. jankae are
supported by Sramké et al. (2014), who also noted the ambiguous
relationship between the two species and the tendency of hybridisation
among their close relatives. The polyphyly of H. x samariense and
H. jankae, with H. galilaeum nested within this clade, along with the
significant continuous morphological variability observed in Himanto-
glossum populations in Greece, suggests that they should best be treated
as a single entity (Tsiftsis, 2016).

Gymnadenia and Dactylorhiza are also documented to hybridise both
intergenerically and interspecifically (Bateman and Rudall, 2018;
Bateman et al., 2018). Unfortunately, our dataset did not contain an
adequate number of species samples from these genera to investigate the
extent of hybridisation. Within Serapias we observed a similar pattern as
observed by Inda et al. (2012) and Veltman et al. (2024), with two
distinctive clades: one including S. lingua and S. parviflora, and one
including S. orientalis and S. vomeracea, where S. orientalis is nested
within the S. vomeracea/S. bergonii complex. The paraphyletic relation-
ships between S. vomeracea, S. bergonii and S. orientalis could be
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explained by the extremely recent radiation of the genus (<1 Mya) and
consequently high levels of incomplete lineage sorting.

4.4. Rapid radiation in Ophrys

Despite widespread uncertainty afflicting many species relationships
within Ophrys, our findings broadly align with the taxonomic delinea-
tion of various Ophrys “macrospecies” or flagship species as defined by
Bateman (2018), Bateman et al. (2021) and Bertrand et al. (2021),
including the O. lutea, O. fusca, O. fuciflora, O. scolopax and O. sphegodes
complexes, consistent with the findings of Veltman et al. (2024). Among
these macrospecies, our topology rejects those proposed by several
earlier barcoding studies (which often lacked sufficient phylogenetic
resolution to confidently identify macrospecies relationships), but is in
broad agreement with that of a recently published RAD-seq study
(Bateman et al., 2018). Specifically, our results confirm O. speculum as a
sister group to O. tenthredinifera and O. fusca (we did not sample
O. bombilyflora), which was also observed by Breitkopf et al. (2015), and
places O. insectifera as a sister species to the rest. While previous bar-
coding studies (Devey et al., 2008) suggested that O. insectifera is the
earliest diverging lineage within the Ophrys genus, this widely held
assumption was called into question by upscaling the amount of
sequencing data by RAD-seq (Bateman et al., 2018) and whole plastome
sequencing (Bertrand et al., 2021). Similar to another target capture
study based on loci tailored to the Orchidinae tribe (Veltman et al.,
2024), our results also support the inner placement of O. insectifera be-
tween other “basal” and “non-basal” Ophrys species. Additionally, our
data support a sister relationship between the macrospecies O. fuciflora
(sometimes considered to include the O. scolopax macrospecies) and
O. sphegodes (in the definition of Bateman (2018) and Bateman et al.
(2021) considered to include O. argolica, O. reinholdii, and O. ferrum-
equinum], with O. umbilicata Desf. as their next closest relative, although
we remain unable to distinguish some of the meso- and microspecies in
our defined lumper and splitter classifications. In contrast, Veltman et al.
(2024) found O. argolica, O. reinholdii and O. ferrum-equinum to form a
distinct clade as sister to O. sphegodes, but as these results exhibited low
support, evidence for relationships among the non-basal lineages of
Ophrys remains inconclusive.

The lack of resolution within Ophrys macrospecies complexes,
especially among the splitter species of the O. fuciflora and O. sphegodes
groups, can be partly explained by their recent divergence and associ-
ated patterns of incomplete lineage sorting as well as limited sequence
variation. The rapid diversification observed within the genus is thought
to be driven by co-evolution with an adaptation to different pollinator
species (Baguette et al., 2020). Given the explosive burst in speciation,
the systematics and taxonomy of Ophrys remain subject of ongoing
debate and have yet to reach a consensus (Bertrand et al., 2021). The
complexities of unravelling this radiation are compounded by extensive
interspecies hybridisation, which is facilitated by shared pollinators and
overlapping flowering times (Stokl et al., 2009). It has been suggested
that rather than being adaptively radiated, these readily hybridising
groups of species correspond to “metapopulations”, which cannot
escape gene flow long enough to result in true speciation (Bateman,
2018; Bateman et al., 2021). Yet, genomic regions that contain clusters
of genes involved in reproductive isolation and adaptation, or “specia-
tion islands”, could drive speciation despite ongoing gene flow (Wolf
and Ellegren, 2017). Understanding the role of such speciation islands
could thus help to delineate species and detect incipient speciation. In
this respect, the genetic basis of floral morphological traits and scents
that influence plant-pollinator interactions can offer key insights into
this process (e.g. Sedeek et al., 2014; Russo et al., 2024) since these traits
and scents are critical in facilitating floral isolation, which is often
necessary for speciation in outcrossing plants relying on pollinators like
Ophrys.



B. Anthoons et al.
4.5. Species as hypotheses

Although especially apparent in the circumscription of Ophrys spe-
cies, the criteria for assigning a taxon to the rank of species is a persistent
area of debate within orchid systematics and taxonomy at large, with
implications for species identification in applied domains such as con-
servation and wildlife trade. As described above, the delineation of
species boundaries is a complex issue that hinges on the speciation
processes considered and the species concepts adopted. The discord
between splitters, who favour finer distinctions between species, and
lumpers, who advocate for broader species definitions, complicates this
taxonomic issue (Endersby, 2009). Genetic evidence casts new light on
these distinctions and, as more data becomes available, refines our un-
derstanding of which morphologically distinct groups are genetically
coherent. It is possible that the addition of new markers or even genome-
wide data might tip the analysis in favour of splitting up taxa which are
currently better lumped. However, our species delimitation results
suggest that advocating for either a splitter or a lumper strategy as
universally superior to the other, is neither desirable nor supported by
statistical evidence. The effectiveness of a classification approach can
vary significantly depending on the taxa under consideration and the
data available. Our findings thus advocate for treating splitter and
lumper classifications as distinct hypotheses for each taxon, to be
examined on a case-by-case basis, and subject to repeated scrutiny as
more data is added. Although the resource demands of Bayesian analysis
may limit its application in large-scale phylogenomic studies, we
recommend a clade-specific approach to comparing and evaluating
competing classification models. This method allows for the indepen-
dent assessment of species complexes, ensuring fundamentally that
taxonomic decisions are informed by the most relevant and statistically
robust evidence available, and ultimately that conservation and wildlife
trade policies will rely on the most salient and up to date understanding
of species identities.

The species concepts favoured by species delimitation are, however,
not necessarily more concordant in the phylogeny containing all 148
samples, showing that — despite being considered more likely based on a
full Bayesian analysis of the underlying sequence variation of selected
lineages — multi-species coalescent and likelihood approaches based on
gene trees or concatenated alignments can lead to different conclusions
on which species are supported by the data. Discordant taxa (with low
monophyly) tended to be confined to clades with low posterior proba-
bilities and widespread gene tree conflict on internal nodes, and were
encountered more frequently in the splitter classification. This could be
remedied by increasing sampling and the amount of available
sequencing data, potentially bringing taxon concordance scores in closer
agreement with the species delimitation results. Nonetheless, some
paraphyletic species will likely continue to defy clear demarcation and
continued taxonomic work will be needed to revise the nomenclature of
these orchids and clarify their species boundaries before confident
species identification is possible. Until then, the identification for these
species might only be possible at the level of genera or sections.

4.6. Markers for species identification

The phylogenetic informativeness of markers used to distinguish
between species can vary due to different substitution rates, with some
markers (in some lineages) evolving faster than others. Among the An-
giosperms353 loci, we found that integrated PI over the age of the
Orchideae tribe correlates strongly with alignment length, and the ab-
solute number of variable and parsimony informative sites. This suggests
that, rather than evolutionary rates of these genes, phylogenetic infor-
mativeness is indicative of their relative target recovery and that a
higher coverage of some of the less informative markers could enhance
their informativeness. Surprisingly, cumulative informativeness did not
correlate strongly with the proportion of missing data. Our results
therefore caution against excessive alignment trimming based on
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missingness, favouring the retention of informative sites over discarding
those with high degrees of missing data. While the breadth of target
recovery is inherently constrained by the length of sequences used as a
reference and for probe design, there is conceivably still space for
improvement within these limits, as higher and more consistent
enrichment success could increase the amount of available data. In this
respect, the universal probe design for the Angiosperms353 markers,
where the identity between the sequences targeted for amplification and
the reference sequences used for probe design can sometimes be as low
as 70 % (Baker et al., 2021), can give a biased view of the informa-
tiveness of these markers, which could in theory be higher if they were
amplified with less divergent baits. This bias should, however, affect all
loci in the design equally and is not expected to influence our ranking. In
fact, their relative ranking in terms of phylogenetic similarity to the full
dataset relative to other, randomly subsampled loci, confirms their
status as suitable candidates for reconstructing species relationships
within the subtribe and potential to identify unknown samples. This
potential could be maximised by designing custom primers tailored to
the target species Orchidinae s.s., although this might not be able to
compensate for the — sometimes large — phylogenetic uncertainty
characterising some species relationships in the current dataset.

Identification of a species is only as good as the reference data to
which it is compared. In that sense, missing taxa pose a problem for
accurate species identification, since these may influence inferred spe-
cies boundaries and relationships. Two genera and 25 species of the
Orchidinae subtribe occurring in Greece were not included in the pre-
sent phylogeny, limiting our ability to draw conclusions for all species.
However, very few species of the unsampled genera (Pseudorchis and
Platanthera) are native in Greece (1 and 2 species, respectively), and
most of the unsampled species from other genera are narrow endemics.
Even though the results presented here show that species assignment of
the majority of sampled species is possible and that phylogenetic
inference is remarkably robust to downsizing of the number of loci used
for phylogenetic analyses, a more comprehensive sampling design will
be useful to test the universality of these findings across clades and
regional contexts, and at different geographic scales.

4.7. Universal vs custom probe sets

Universal and custom probe sets have both their advantages and
disadvantages (Ufimov et al., 2021). Designed to capture a standardised
set of loci across a wide array of angiosperms, the Angiosperms353
probe kit provides significant benefits for broad phylogenetic studies
compared to custom bait kits such as cost-effectiveness and compati-
bility across diverse taxa, generating of extensive, comparable datasets
that support large-scale evolutionary research (Johnson et al., 2019;
Pérez-Escobar et al., 2021). The Angiosperms353 markers have effec-
tively resolved phylogenies of rapidly evolving groups (Larridon et al.,
2019), ranging from deep to shallow scales (Johnson et al., 2019) and
even within-species relationships (Ufimov et al., 2021; Van Andel et al.,
2019). Nevertheless, the unique phylogenetic challenges posed by or-
chids, particularly those in the Ophrys genus with high ecological di-
versity and extensive adaptive radiation, may not all be met by a
universal probe kit. In cases where speciation histories are not captured
by the Angiosperms353 loci, custom probe kits tailored to specific
orchid groups, such as Orchidinae205, could yield deeper insights.
These custom probes often have better enrichment success, resulting in
broader coverage and less missing data (Veltman et al., 2024).

We applied the universal Angiosperms353 probe kit on specific
orchid clades and encountered substantial challenges including variable
and at times low target recovery and significant data gaps, highlighting
the limitations of employing a universal probe kit for specialised taxa.
Despite these hurdles, we successfully resolved previously contentious
genus and species relationships, casting new light on prevailing taxo-
nomic consensus and debates. We also identified 30 loci within the
Angiosperms353 kit that are highly phylogenetically informative for this



B. Anthoons et al.

group of Greek orchids. These loci have the potential to improve reso-
lution in Eastern-Mediterranean orchid diversity, and could form the
basis for tailored marker development where capture and target recov-
ery of a subset of promising Angiosperms353 loci is optimised by custom
baits with higher hybridisation efficiency. By providing better data
quality at reduced costs, custom hybridisation and enrichment of these
candidate loci could help improve species identification, species de-
limitation and conservation efforts of Mediterranean tuberous orchids.
These baits could be merged with other custom baits that exist for the
tribe (Veltman et al. 2024), to further enhance the resolution of species-
level relationships in problematic clades such as Ophrys.

5. Conclusion and future directions

In this study, we present an updated phylogenetic tree for Mediter-
ranean tuberous orchids using Angiosperms353 target capture data. Our
analysis provides novel insights, notably into the Himantoglossum, Ser-
apias, and Ophrys genera. Relationships between many Ophrys species
are characterised by ambiguity due to rapid and recent diversification,
as indicated by our divergence time estimation. Our results suggest that
additional genetic loci beyond those examined might be necessary to
resolve these clades, particularly within the O. sphegodes group. Our
species delimitation analyses further address the ongoing debate be-
tween “splitters” and “lumpers”, suggesting that neither approach is
universally superior. Instead, we propose treating species classifications
as distinct hypotheses to be evaluated on a case-by-case basis. Addi-
tionally, we identified 30 loci that are highly phylogenetically infor-
mative across four epochs of orchid evolution that are suitable for
characterising the species diversity of Mediterranean tuberous orchids.
Combined, our findings provide valuable phylogenomic data for Medi-
terranean tuberous orchids, a group that has been underrepresented in
previous orchid phylogenomic studies using the Angiosperms353
probes. This contributes to the broader efforts of the Plant Tree of Life
(Zuntini et al., 2024) By applying these probes to over 50 native orchid
species in Greece, our research not only enhances the existing phylo-
genetic framework but also encourages continued development of
tailored markers for routine identification and conservation of these
vulnerable species.

Our study made a first attempt to use Angiosperms353 markers in the
identification of Eastern Mediterranean orchid species and at settling
some of the uncertainty arising from competing lumper and splitter
classifications of Mediterranean orchids. However, our sampling design
prohibited comprehensive assessments of intraspecific genetic variation
across the species range, and a detailed assessment of species bound-
aries. We expect population level sampling of Orchidinae to substan-
tially aid the delimitation of species in clades where these boundaries
remain unclear or could not be assessed, especially in potential hybrid
zones. However, collecting representatives from all as yet unsampled
species might be unattainable, given current permitting restrictions and
low accessibility of some narrow-ranged species in the field. Where these
challenges persist, samples of the rarer species may be obtained from
herbarium specimens to fill these gaps.

Future research should also investigate the role of interspecific gene
flow in clades currently characterised by large phylogenetic uncertainty,
an understudied aspect of orchid evolution that is at the basis of some
hybrid lineages and could explain the widespread gene tree conflict
observed in certain clades (Brandrud et al., 2020). Analyses of popula-
tion level diversity and of gene flow would aid our understanding of
orchid systematics and greatly benefit from upscaling the number of
(neutrally evolving) markers, highlighting the potential of intron se-
quences for more fine-grained evolutionary studies of the genetic vari-
ation found in individual genera or species complexes. On the other
hand, routine identification of orchids in conservation and trade re-
quires a broadly applicable phylogenomic framework that maximises
accuracy while minimising costs. Future studies could combine data
from multiple phylogenomic studies and bait sets to further narrow
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down the most promising markers for species identification of Medi-
terranean orchids, and determine the minimum required number for
robust inference of their species relationships. This would accelerate the
use of molecular identification for promoting orchid conservation and
combating illegal orchid trade.
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