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Abstract

Premise: The genetic structure of hybrid zones provides insight into the potential for
gene flow to occur between plant taxa. Four closely related European orchid species
(Orchis anthropophora, O. militaris, O. purpurea, and O. simia) hybridize when they
co-occur. We aimed to characterize patterns of hybridization in O. militaris-
O. purpurea, O. purpurea-O. simia, and O. anthropophora-O. simia hybrid zones
using molecular and morphological data.

Methods: We used 11 newly isolated nuclear microsatellites to genotype 695 in-
dividuals collected from seven hybrid zones and six allopatric parental populations in
France. Geometric morphometric analysis was conducted using 15 labellum land-
marks to capture the main aspects of petal shape.

Results: Backcrossing was asymmetric toward O. militaris in multiple O. militaris—
O. purpurea hybrid zones. Hybrids in O. purpurea-O. simia and O. anthropophora-
O. simia hybrid zones were largely limited to F1 and F2 generations, but further
admixture had occurred. These patterns were reflected in labellum geometric
morphometric data, which correlated strongly with nuclear microsatellite data in all
three species combinations.

Conclusions: The coexistence of parental and admixed individuals in these Orchis
hybrid zones implies they are likely to be tension zones being maintained by a balance
between gene flow into the hybrid zone and selection acting against admixed
individuals. The pattern of admixture in the three species combinations suggests
intrinsic selection acting on the hybrids is weaker in more closely related taxa.

KEYWORDS
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Patterns of population genetic structure in threatened spe-
cies are influenced by a range of factors including climatic
fluctuations, habitat fragmentation, and genetic admixture
with closely related species (Heuertz et al., 2004). Estimating
genetic diversity and structure in species of conservation
concern is an important step in implementing informed
conservation management, particularly where hybridization
and gene flow are occurring. Hybridization between species

can lead to introgression, potentially resulting in popula-
tions losing their unique genetic identities (Kim et al., 2017).

Studying hybrid zones provides an insight into how
species identity is maintained despite ongoing gene flow
(Abbott and Brennan, 2014). Three models of hybrid zone
structure have been recognized: tension zones (e.g., Brennan
et al, 2009), bounded hybrid superiority zones (e.g.,
Watano et al., 2004), and mosaic hybrid zones (e.g.,
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NEW PATTERNS OF ADMIXTURE IN ORCHIS HYBRID ZONES

Raudnitschka et al., 2007). Each is defined by the way in
which selection acts on individuals to maintain the hybrid
zone (Arnold, 1999), which in turn influences the likelihood
of gene flow occurring (Abbott and Brennan, 2014).

The maintenance of species boundaries in hybrid zones
is dependent on reproductive barriers contributing to re-
productive isolation between sexually compatible species
growing in sympatry (Coyne and Orr, 2004; Mota et al,,
2019). These barriers can be categorized into pre-zygotic
(e.g., different pollinator communities, emitted scent,
flowering phenology, habitat separation or geographic dis-
tribution) and post-zygotic barriers (e.g., hybrid sterility,
fruit abortion, mycorrhizal incompatibility or seed in-
viability), depending on whether they act to avoid inter-
specific pollination or to prevent the formation of viable
offspring (Abbott et al., 2013; Yan et al., 2019).

Hybridization has been widely reported in Orchidaceae,
including between food-deceptive orchid species of the
genus Orchis (Orchidaceae) (Cozzolino et al., 2004;
Cozzolino and Widmer, 2005; Kretzschmar et al., 2007).
Reproductive isolation is weak (Jacquemyn et al.,, 2012b),
which is unsurprising given the frequency with which hy-
brid zones form in this group (Kretzschmar et al., 2007).
Studies contrasting pre- and post-zygotic reproductive
barriers in food-deceptive orchids have shown that pre-
zygotic barriers are often relatively insignificant compared
to post-zygotic barriers (Schatz, 2006; Scopece et al., 2007,
2008). This is in part because their pollinator communities
often consist of generalist pollinators like bees, beetles, and
flies that pollinate many different orchid species (Cozzolino
and Widmer, 2005; Joffard et al., 2019; Schatz et al., 2020).
Experimental crosses have shown that post-zygotic barriers
are often strong and prevent further admixture between
species (Scopece et al, 2008). Both early-acting (fruit
abortion) and late-acting (seed inviability and hybrid
sterility) post-zygotic barriers have been shown to play
important roles in maintaining species integrity between
food-deceptive orchid species (Scopece et al., 2008).

Given that pre-zygotic reproductive barriers appear to
be weak or absent in Orchis, it can be expected that post-
zygotic barriers are strong enough to limit hybridization to
early generations, thus restricting introgression and main-
taining species integrity. A range of molecular markers have
been used to study genetic admixture in Orchis, and few
studies present evidence of hybridization beyond the first
generation (Cozzolino and Widmer, 2005). Analyses of
various Orchis hybrids, e.g., between O. anthropophora and
O. italica (Pellegrino et al., 2009), O. purpurea and O. simia
(Bateman et al.,, 2008) and between O. mascula and O.
provincialis (Pellegrino et al., 2005) have shown that most
putative hybrids belong to the F1 generation.

Multiple generations of hybrids have been observed in
only four species combinations across the entire genus
Orchis (O. anatolica-O. quadripunctata, O. militaris—O.
purpurea, O. militaris-O. simia, and O. mascula-O. pauci-
flora) (Cozzolino and Widmer, 2005; Kretzschmar et al.,
2007; Jacquemyn et al., 2012a). Studied Orchis hybrid zones

have never been shown to be entirely composed of hybrid
individuals, however, suggesting that post-zygotic barriers
are strong enough to maintain species integrity, despite taxa
not being completely reproductively isolated.

Data from four closely related diploid Orchis species in
Orchis subgenus Orchis (O. anthropophora, O. militaris,
O. purpurea, and O. simia) provide convincing evidence that
hybridization has occurred in the past and is still occurring
(Fay et al., 2007). These four species are described as being
“anthropomorphic”, because they have flowers with a lobed
lip that resemble a small human-like figure with distinct
“arms” and “legs” (Figures 1 and 2). They have similar
geographic distributions, and they can be found growing in
sympatry across most of their range, resulting in many local,
isolated hybrid zones (Kretzschmar et al., 2007).

To date, only two hybrid zones have been studied in this
group of four species: one O. purpurea-O. simia hybrid
zone in the UK (Bateman et al., 2008) and an O. militaris—
O. purpurea hybrid zone in Belgium (Jacquemyn et al.,
2012a). We aimed to characterize hybrid zone structure in
multiple O. militaris-O. purpurea, O. purpurea-O. simia
and O. anthropophora-0O. simia hybrid zones in France
using nuclear microsatellites and geometric morphometrics.

MATERIALS AND METHODS
Study species

Orchis anthropophora, O. militaris, O. purpurea, and O. simia
are tuberous, perennial orchid species belonging to Orchis
subgenus Orchis, otherwise known as the anthropomorphic
group of Orchis species (Figure 1). Orchis anthropophora, O.
purpurea, and O. simia are predominantly associated with the
Mediterranean region and western Europe (Kretzschmar et al.,
2007). All three species reach the northern boundary of their
distributions in the United Kingdom, Belgium, the Nether-
lands, and Denmark (Willems and Ellers, 1996; Kretzschmar
et al., 2007). Orchis militaris has a much wider distribution,
ranging from western Europe to Mongolia (Farrell, 1985;
Kretzschmar et al., 2007). It can also be found further north
than the other three species, in Finland, Sweden, and the Baltic
states (Kretzschmar et al., 2007; Ilves et al., 2015).

Floral morphology can be used to distinguish these
orchid species, particularly the shape and coloration of the
labellum (Figures 1 and 2). They have overlapping habitat
preferences, flowering phenology, and pollinator commu-
nities (Appendix S1).

Plant material used for developing novel
microsatellite markers

Genomic libraries were prepared using high-molecular-
weight genomic DNA from 11 Orchis samples representing
both subgenera (Appendix S2: Table S1). To test whether
the developed markers worked across different species and
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O. xhybrida

O. xbergonii

0. simia

A

(A) HYB populations comprise O. purpurea, O. militaris, and the hybrid O. xhybrida; (B) ANG populations comprise O. purpurea, O. simia,

and the hybrid O. xangusticruris; (C) BER populations comprise O. anthropophora, O. simia, and the hybrid O. xbergonii. Internal scale bars are all 10 mm.
Representative labella and colors will be used throughout. All photographs by Leif Bersweden

were sufficiently polymorphic within species, we used
samples previously extracted and stored in the DNA Bank at
the Royal Botanic Gardens, Kew (RBG, Kew; Appendix S2:
Table S2). These samples were collected from a wide geo-
graphic area to represent the European distribution of the
four taxa and collected from populations that were not in
sympatry with any other Orchis species, so they are not
subject to contemporary introgression.

Hybrid populations and DNA extraction

In 2018 and 2019, we collected floral material from seven
sympatric populations or hybrid zones in southern France:

four O. militaris-O. purpurea populations with the hybrid
O. xhybrida (herein referred to as HYB populations;
Figure 1A), two O. purpurea-0O. simia populations and the
hybrid O. xangusticruris (referred to as ANG populations;
Figure 1B) and one O. anthropophora-0O. simia population
with the hybrid O. xbergonii (referred to as the BER po-
pulation; Figure 1C) (Table 1). Given the significant overlap
in geographic distribution between the four species and that
hybridization is not a result of large parental populations
meeting, each sympatric population can be considered a
separate, localized hybrid zone. All seven sites are in cal-
careous grassland on the limestone plateaus of two pro-
tected areas: the Natural Regional Park of Grands Causses
and the Cévennes National Park.
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FIGURE 2 Relative positions of the 15 homologous landmarks chosen for geometric morphometric analysis of anthropomorphic Orchis species. (A) O.
anthropophora, (B) O. militaris, (C) O. purpurea, and (D) O. simia. Anthropomorphic terminology used to describe shape changes: arms (landmarks 1-3
and 13-15), torso (landmarks 3-4 and 12-13), legs (landmarks 4-7 and 9-12) and tail (landmarks 7-9)

TABLE 1
DNA analysis

Orchis floral material collected from southern France for

Population Species present Location N
ANG1 O. purpurea-0. simia Alzon (Gard) 30
ANG2 O. purpurea-0. simia Treves (Gard) 63
BER1 O. anthropophora- Revens (Aveyron) 36
O. simia
HYB1 O. militaris-O. purpurea La Pezade (Aveyron) 85
HYB2 O. militaris-O. purpurea Saucliéres (Gard) 90
HYB3 O. militaris-O. purpurea Veyreau (Aveyron) 83
HYB4 O. militaris-O. purpurea La Trivalle (Aveyron) 128
OAl O. anthropophora Lignairolles (Aude) 30
OM1 O. militaris Cantobre (Aveyron) 30
OM2 O. militaris Col de Perjuret 30
(Lozeére)
OP1 O. purpurea Manses (Ariege) 30
OP2 O. purpurea Les Menudes 30
(Aveyron)
0S1 O. simia Blandas (Gard) 30

The number of samples obtained from each population
ranged from 30 to 128 (total N=695), and efforts were
made in each case to sample equal numbers of parental
taxa based on morphology. Morphological factors taken
into consideration included flower color, labellum shape,
plant height, and inflorescence development (acro- or
basipetal). Floral material was also collected from allopa-
tric populations representing the four species (N =30 for
each; Table 1). All samples were stored in silica gel (Chase

and Hills, 1991). Genomic DNA was extracted using a
DNeasy Plant Mini Kit (Qiagen, Hilden, Germany), and
concentrations were measured using a Quantus fluo-
rometer (Promega, Madison, WI, USA).

DNA library preparation and genome skim
sequencing

Fragment size was estimated using gel electrophoresis, and
samples with high-molecular-weight DNA were chosen
(Appendix S2: Table S1). Samples were diluted to 50 ng L™
using UltraPure 10 mM Tris-HCI, pH 8.0 and sonicated with a
Covaris ME220 Focused-ultrasonicator (Covaris, Woburn, MA,
USA) to generate fragments ca. 300 base pairs (bp) long.
Genomic libraries were prepared from the fragmented
genomic DNA according to the NEBNext Ultra II DNA Library
Prep Kit for Illumina protocol (New England BioLabs, Ipswich,
MA, USA). AMPure XP beads (Beckman Coulter Life Sciences,
Indianapolis, IN, USA) were wused for size selection
(300-350 bp). Each genomic library was subjected to eight cy-
cles of PCR amplification, their fragment size was measured
using an Agilent 4200 TapeStation (Agilent Technologies, Santa
Clara, CA, USA), and DNA concentration was quantified using
a Quantus fluorometer (Promega, Madison, WI, USA). Se-
quencing was undertaken at RBG, Kew on an Illumina MiSeq
(lumina Inc., San Diego, CA, USA). Sequence reads were fil-
tered for read quality using FASTQC v. 0.11.5 (Andrews, 2010)
and trimmed using Trimmomatic v. 0.39 (Bolger et al., 2014).

Microsatellite marker screening

On average, 1,907,570 reads were obtained per sample.
MSATCOMMANDER v. 1.0.8 (Faircloth, 2008) was used to
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identify microsatellites using the following options: 50-350 bp
PCR products, with a minimum of five repeats of 2-4-bp motifs
and 18-23-bp primer length. The number of novel micro-
satellite loci retrieved per sample using MSATCOMMANDER
ranged from 5,399 to 16,480, with a total of 99,116 (Rozen and
Skaletsky, 2000; Faircloth, 2008). The following factors were
taken into consideration when manually screening the micro-
satellites for suitable loci (Viruel et al,, 2018): (1) low self- or
pair-complementarity, (2) <1.0°C difference in melting tem-
perature between forward and reverse primers, (3) high number
of repeats per locus to increase the likelihood of there being
variation, (4) high GC-content to increase primer binding effi-
ciency, (5) low read coverage in the primer sequences to avoid
targeting loci in repetitive areas of the genome, (6) optimal
primer size 20-25bp, and (7) primers not directly flanking the
microsatellite locus. Using these conditions, we selected primer
pairs for testing. Primer pairs were synthesized by Eurofins
Genomics (Luxembourg).

Primer testing

We attempted to amplify microsatellites in samples of
O. anthropophora, O. militaris, O. purpurea, and O. simia
(Appendix S2: Table S2) and used gel electrophoresis to inform
which primer pairs amplified a single product that was poly-
morphic between species. Pairs of primers that successfully
amplified a product were then ordered with a tagged fluor-
escent label (FAM or JOE). The PCR mix contained 6 pL of 2x
DreamTaq PCR Master Mix (Thermo Fisher Scientific, Wal-
tham, MA, USA), 0.5 pL of bovine serum albumin 0.4% (w/v)
(BSA), 0.5 uL of labelled forward primer (10x), 0.5 puL of re-
verse primer, 1 pL of DNA (15 ng/pL), and 1.5 pL of H,O to
make up a final volume of 10 uL. PCR amplifications were
carried out using a GeneAmp PCR System 9700 (Applied
Biosystems, Foster City, CA, USA). The thermal cycler con-
ditions were as follows: an initial denaturation stage of 3 min at
94°C; followed by 30 cycles of 30 s denaturation at 94°C, 30 s at
locus-specific annealing temperatures (Appendix S2: Table S3),
and a 45 s of elongation at 72°C; and a final extension of 7 min
at 72°C. PCR products were separated on an ABI 3730 se-
quencer (Applied Biosystems) with 10 pL of HiDi Formamide
and 0.15pL of GeneScan 500 ROX Size Standard (Applied
Biosystems). Allele sizes were determined using GeneMapper
v. 5 (Applied Biosystems) (Chatterji and Pachter, 2006).

Genetic diversity and population structure

Analyses were first conducted on individual populations
and subsequently on data pooled for each species pair
(HYB, ANG, and BER). Genetic diversity summary statistics
and analysis of molecular variance (AMOVA) were calcu-
lated using GENALEX v. 6.5 (Peakall and Smouse, 2006,
2012). Principal component analysis (PCA) was conducted
in R v. 3.6.2 using the adegenet package; results were plotted
using GGPLOT2 (Wickham, 2009; R Core Team, 2020).

We wused thermodynamic integration using the R
package rmaverick to detect admixture between the four
parental species (Verity and Nichols, 2016). Preliminary
analyses were run to identify appropriate parameters. In our
final analyses of the hybrid zones, we ran five repetitions of
5000 burn-in steps, 150,000 Markov chain Monte Carlo
(MCMC) iterations and 10 rungs using the admixture
model. The admixture coefficient (g) generated using rma-
verick was used to categorize individuals into parental
species and hybrids. We used the R package ggplot2 to
display the output from rmaverick graphically.

Admixture analysis and calculation of hybrid
indices

Nuclear admixture proportions were estimated using a
Bayesian analysis implemented in the program NewHybrids
v. 1.0 (Anderson and Thompson, 2002) for individual
populations and for pooled data. This model works under
the assumption that all admixed samples are early-
generation hybrids, the genomes of which are contributed
to by two parental gene pools. NewHybrids uses allopatric
parental populations to estimate allele frequencies, then
calculates the posterior probability that sympatric in-
dividuals belong to one of six hybrid classes (parent A,
parent B, F1, F2, backcross to parent A and backcross to
parent B). After running preliminary tests to establish ap-
propriate parameters, we performed 10 independent repeats
of 10,000 burn-in steps and 100,000 MCMC iterations using
Jeffrey's priors.

Hybrid indices (HI) estimate the proportion of alleles in-
herited from each parent species. We used the est.h function in
the R package introgress (Gompert and Buerkle, 2010) to
calculate hybrid indices for all individuals in sympatric po-
pulations. This function calculates a maximum likelihood hy-
brid index estimate for each individual. Hybrid indices fall
between zero and one, which correspond to parental in-
dividuals of the two species. Plants with 0.01 < HI < 0.99 were
considered admixed individuals.

Hybrid simulations

To evaluate the power of the developed markers to detect
the different hybrid classes we used the hybridize func-
tion in the R package adegenet to simulate two genera-
tions of hybrids (Fls, F2s and backcrosses; N =100 for
each class) in each of the three species combinations,
using real allopatric individuals as the parental popula-
tions (OA1, OM1, OP1 and OS1; Table 1). We calculated
hybrid indices and interspecific heterozygosity for all si-
mulated hybrids for comparison with our observed data.
The calc.intersp.het function was used to calculate in-
terspecific heterozygosity for all individuals in the simu-
lated hybrid data set and in the real hybrid zones
(Gompert and Buerkle, 2010).
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Geometric morphometric analysis of labellum
shape

Three labella were sampled at random from the inflorescence
of each individual and manually scaled and landmarked using
tpsDig v. 2.16 (Rohlf, 2010a, b). Geometric morphometric
methods have not previously been used to study petal shape in
Orchis, so the set of 15 homologous landmarks used in this
study (Figure 2) was chosen to capture the main aspects of the
petal shape and to complement points that have been used for
measurements in traditional morphometric analyses in Orchis
(Bateman and Farrington, 1987; Cozzolino and Aceto, 1994;
Bateman et al., 2008). Cross-validated discriminant function
analysis was conducted in Morpho] (Klingenberg, 2011) to test
the strength of taxonomic assignment statistically using la-
bellum shape, given their taxonomic classification using mo-
lecular data. Generalized Procrustes and principal component
analyses were carried out in the R package geomorph (Adams
et al, 2018; R Core Team, 2020) (Appendix S1).

RESULTS

Genetic diversity and differentiation in the four
parental Orchis species

After a screening process, 11 nuclear microsatellite loci dis-
played robust amplification and were used in the main study
(Appendix S2). To determine whether the 11 loci were able to
differentiate between the four Orchis taxa, we initially removed
all samples from hybrid zones, thereby eliminating potentially
admixed individuals. We first used 120 individuals that we
collected from four allopatric populations in southern France
(OA1, OM1, OPI, and OSI; Table 1).

Overall, 117 alleles were identified across the 11 loci
(Appendix S2: Table S3). Genetic differentiation was relatively
high between the four Orchis species (overall Fs = 0.34). Mean
heterozygosity was greatest in O. purpurea (H,=0.57) and
lowest in O. anthropophora (H, = 0.42). AMOVA showed that
56% of the molecular variance is found within individuals,
41% among populations, and 3% among individuals. Orchis
anthropophora and O. militaris have the greatest genetic dif-
ferentiation (Fsr = 0.29), and O. militaris and O. purpurea have
the lowest (Fst=0.24). Principal component analysis (PCA)
was able to differentiate between the four species using the first
three principal components, which captured 50.9% of the
variability in the data set (Appendix S2: Figure S1). When all
samples from allopatric and sympatric populations were ana-
lyzed using rmaverick the optimal number of genetic clusters
(K) was found to be four, representing the four species
(Appendix S2: Figure S2).

Genetic diversity and differentiation in Orchis
hybrid zones

For all three species combinations (Figure 1), genetic diversity
was consistently higher in the hybrid zones than in the

TABLE 2 Genetic diversity in allopatric Orchis populations and
hybrid zones. N, = number of alleles, H, = expected heterozygosity,
H, = observed heterozygosity

Mean

Population  Population  Polymorphic N, per

type code loci (%) locus H, H,

Hybrid zones ANGI1 100.0 6.46 0.64 0.63
ANG2 100.0 7.18 0.63 0.58
BER1 100.0 5.55 0.65 0.55
HYB1 100.0 7.00 0.61 0.50
HYB2 100.0 7.00 0.58 0.49
HYB3 100.0 7.73 0.62 0.49
HYB4 100.0 8.64 0.63 0.53

Allopatric OAl 100.0 4.27 0.52 0.42
OM1 81.8 5.46 0.47 0.46
OP1 81.8 5.55 0.51 0.57
OS1 100.0 4.09 0.51 0.49

allopatric parental populations (Table 2). The pattern of ge-
netic diversity and admixture was similar in all four HYB
populations, and in both ANG populations, so we pooled
them into their respective groups to create larger data sets.
Overall Fgr ranged from 0.18 across HYB allopatric and
sympatric populations to 0.20 in ANG and BER populations
with their respective allopatric populations, which indicates
moderate genetic differentiation. Pairwise Fsr values were
always higher between the allopatric parental populations
than between the pooled hybrid zones and either of the re-
levant allopatric parental populations (Table 3). The number
of private alleles ranged from one (O. militaris) to seven (O.
anthropophora), but when considered in the three species
pairs, numbers were higher (Table 4). There were similar
numbers of private alleles in each parental species in ANG
and BER combinations; in the HYB combination, O. militaris
had nine more private alleles than O. purpurea (Table 4).

Principal component analysis (PCA) was conducted on
the different species combinations, and individuals were
colored by morphological identification in the field
(Figure 3). Most individuals appeared to have been accu-
rately identified based on morphology, but some plants that
were collected as parental individuals showed evidence of
hybrid influence, whereas some putative hybrids appear to
cluster with parental individuals (Figure 3). No individuals
identified as one parental species were found to cluster with
the other parental species.

In the PCA of HYB populations, some individuals
cluster with allopatric O. militaris, some with allopatric
O. purpurea, and many putative hybrids are spread between
the two groups (Figure 3A). Some individuals collected as
O. militaris cluster with the hybrids. There is overlap be-
tween O. militaris and the hybrids, but O. purpurea and
the hybrids are more distinct. In ANG populations, PCA
(Figure 3B) identifies three distinct clusters that represent
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TABLE 3 Pairwise Fsr values between allopatric Orchis populations
and hybrid zones. Hybrid zones are represented by HYB (O. militaris-
O. purpurea), ANG (O. purpurea-O. simia), and BER (O. anthropophora—
O. simia)

Population 1 Population 2 Pairwise Fgr

O. militaris O. purpurea 0.24
O. purpurea O. simia 0.27
O. anthropophora O. simia 0.26
O. militaris HYB 0.12
O. purpurea HYB 0.09
O. purpurea ANG 0.10
O. simia ANG 0.11
O. anthropophora BER 0.12
O. simia BER 0.08

TABLE 4 Number of private alleles calculated for (A) all four Orchis
species in allopatric populations and (B-D) for allopatric populations of
the two parental taxa in each species combination being studied

Group Species No. private alleles
A O. anthropophora 7
O. militaris 1
O. purpurea 2
O. simia 2
B O. militaris 24
O. purpurea 15
C O. purpurea 29
O. simia 30
D O. anthropophora 31
O. simia 29

O. purpurea, O. simia, and putative hybrid individuals.
Three individuals identified in the field as putative
O. purpurea backcross hybrids fall closer to the O. purpurea
cluster than to the hybrid cluster, and one morphological
O. simia clusters with the putative hybrids, with at least one
between the two groups. In the BER population, PCA
identifies a cluster of O. simia, a cluster of O. anthro-
pophora, and a cluster of putative hybrids (Figure 3C). Most
individuals fall into one of these three clusters, but a few
hybrids lie outside the main hybrid cluster.

Admixture in Orchis hybrid zones and hybrid
detection

Given that clusters are tools used to summarize the data,
rather than definitive statistics, and that each species

forms its own cluster (Appendix S2: Figure S2), we have
reported rmaverick results based on K=2 clusters, re-
presenting the two parental species, as this will be most
useful for observing the genomic contribution made by
the two parental species and making inferences about
hybridization (Figure 4A-C) (van Hengstum et al., 2012;
Meirmans, 2015). Allopatric populations have been in-
cluded at either end as references and were mostly
composed of parental individuals, with high average
genomic proportions for O. anthropophora (0.993), O.
militaris (0.996), O. purpurea (0.994), and O. simia
(0.990) contributed by their respective genetic clusters.
All hybrid zones contained a mixture of hybrid and
parental individuals.

In HYB populations the genotypes of both parental taxa
influenced the genotypes of plants in the hybrid zones, but
on average plants had a greater contribution from the
O. militaris genome (0.69) than from the O. purpurea
genome (0.31), despite equal sampling of parental taxa
based on morphology (Figure 4A). Parental individuals of
both taxa are present in all four sympatric HYB populations.
There is a rapid fall in O. purpurea q values between 1 and
0.2 before a gradual decline from 0.2 to 0. Only 2.1% of
hybrid individuals (0.01 < g < 0.99) have mid-range g values
between 0.4 and 0.6.

To assess the accuracy of field identification, we used a
threshold g value of 0.99 to determine whether plants were
parental or admixed individuals. Of the 386 individuals in
HYB populations, 319 (82.6%) were accurately identified as
parental or admixed individuals in the field using mor-
phology, with 97 identified as O. purpurea and 99 as O.
militaris. However, 43 individuals identified by morphology
as O. militaris and 13 individuals identified as O. purpurea
showed evidence of hybrid influence; 11 individuals col-
lected as hybrids had g>0.99 for the O. militaris cluster,
but no individuals collected as hybrids had g > 0.99 for the
O. purpurea cluster.

In ANG populations, O. purpurea (0.57) and O. simia
(0.43) made similar average genomic contributions to in-
dividuals in the hybrid zones (Figure 4B). Examples of par-
ental individuals are found in both hybrid zones, with similar
numbers of each. Orchis purpurea q values decrease quickly
from 1 to 0.7, gradually from 0.7 to 0.4 and then quickly from
0.4 to 0. In total, 37.0% of hybrid individuals (0.01 < g < 0.99)
have mid-range g values between 0.4 and 0.6.

Seventy-four of 93 (79.6%) sympatric individuals were
accurately identified as parental or admixed individuals
using morphology in the field, with 14 plants of O. purpurea
and 10 of O. simia identified using the nuclear micro-
satellites. In total, seven individuals identified by morphol-
ogy as O. purpurea and 11 individuals identified as O. simia
showed evidence of hybrid influence; two individuals col-
lected as hybrids had g>0.99 for the O. purpurea cluster,
but no individuals collected as hybrids had g > 0.99 for the
O. simia cluster.

On average, O. anthropophora (0.47) and O. simia (0.53)
made similar contributions to individuals in the BER
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population (Figure 4C). There are examples of both parental
species present. The plants collected as putative hybrids all
had intermediate g values (0.4-0.6), and there was little
evidence of backcross hybrids in either direction. All
individuals were identified correctly as parents or hybrids
using morphology in the field.
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Assigning parental and hybrid status using
NewHybrids

We used NewHybrids software to assign individuals in the
hybrid zones to different hybrid classes (Figure 4D-F).
Using a threshold q value of 0.8, we found that 349 plants
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(94.8%) in the HYB populations could be unequivocally
placed in one of four classes (O. militaris, O. purpurea, F1,
and F2). Of these, there were 107 O. purpurea individuals,
100 O. militaris, 126 F1, and 16 F2 (Figure 4D). No back-
crosses to either O. militaris or O. purpurea were detected.
All four HYB populations include parental taxa and F1 and
F2 hybrids.

In ANG and BER populations, the number of in-
dividuals that NewHybrids could categorize were similar.
Using a threshold g value of 0.8, we found that 89 plants in
ANG populations (95.7%) were successfully placed into one
of three classes, with 24 O. purpurea, 17 O. simia, and 48 F1
hybrids (Figure 4E). In addition, four plants collected as
O. simia show some evidence of being backcrosses, but they
did not reach the threshold g value and therefore could not
be unequivocally classified. In the BER population, all 36
plants (100.0%) could be confidently categorized, with
nine O. anthropophora, 10 O. simia, and 17 F2 hybrids. F1
hybrids were apparently absent (Figure 4F).

Calculating hybrid indices using R package
introgress

Individuals belonging to allopatric populations (N =30 for
each) were used as references to calculate a hybrid index
(HI) for each individual in the hybrid zones based on allele
frequencies. Parental individuals were detected in all po-
pulations, whereas most admixed individuals had inter-
mediate hybrid indices indicative of F1 and F2 hybrids
(Figure 5). Lower and higher hybrid indices provide some
evidence of backcross hybrids.

In HYB populations, hybrid indices ranged from 0
(O. purpurea) to 1 (O. militaris). In total, 100 plants had a
hybrid index <0.01, whereas 26 plants had a hybrid index
>0.99, suggesting there were considerably fewer individuals
of O. militaris than of O. purpurea (Figure 5A). Hybrid
indices rose sharply from 0 to 0.4, followed by a gradual
increase from 0.4 to 1 (Figure 5A). Only 83 plants (21.5%)
had a hybrid index between 0.01 and 0.50, whereas 177
plants (45.9%) had a hybrid index between 0.50 and 0.99,
suggesting most hybrid individuals (0.01 < HI <0.99) had a
greater proportion of O. militaris DNA in their genomes. In
total, 70.4% of individuals identified using NewHybrids as
F1 or F2 hybrids were assigned hybrid indices between 0.4
and 0.6. Furthermore, 92.5% of O. purpurea as identified by
NewHybrids had a hybrid index of <0.01, but only 26.0% of
individuals identified as O. militaris had a hybrid index
>0.99, with 59.0% having hybrid indices ranging from 0.7 to
0.99 (Figure 5A).

When considered as separate populations, hybrid in-
dices suggest all four hybrid zones had many O. purpurea
individuals, but that only populations HYB1 and HYB2 had
O. militaris individuals (Appendix S2, Figure S3). HYB3 and
HYB4 had few, if any, O. militaris. All four populations have
individuals with hybrid indices indicative of O. militaris
backcrosses. HYB4 also appeared to have many individuals

that could constitute backcrosses to O. purpurea. These
were rare in the other three HYB populations.

In ANG populations, where 0 represents O. purpurea
and 1 represents O. simia, there are 18 individuals with HI
<0.01 and seven individuals with HI >0.99 (Figure 5B),
implying there were more O. purpurea than O. simia, de-
spite equal sampling based on morphology. There were 47
plants with a hybrid index between 0.01 and 0.50 (50.5%)
and 24 plants between 0.50 and 0.99 (25.8%) (Figure 5B),
suggesting admixed individuals had a greater proportion of
O. purpurea DNA in their genomes. There was a rapid in-
crease in hybrid indices between 0.1 and 0.3, a gradual in-
crease from 0.3 to 0.6 and then another rapid increase
between 0.6 and 0.9.

The pattern of hybridization was similar in both ANG
populations when considered separately (Appendix S2:
Figure S3). Orchis purpurea was present in both popula-
tions, but O. simia was rare or absent in ANGI (though
there were many more individuals identified by morphology
as O. simia present in this population than there were of
putative hybrids or O. purpurea). Both populations had
individuals with hybrid indices indicative of backcrosses,
particularly in ANG2, but all except three of these were
classified as parental individuals by NewHybrids. The three
plants that could not be confidently assigned a hybrid class
by NewHybrids were most likely to be backcrosses to
O. simia (Figure 4E). One anomalous individual identified
using NewHybrids and morphology as O. simia had a hy-
brid index of 0.57.

In the BER population, 0 represents O. anthropophora,
and 1 represents O. simia (Figure 5C). Three plants had a
hybrid index <0.01, and eight plants had a hybrid index
>0.99. There were sharp increases in hybrid index between
0.2 and 0.4 and between 0.7 and 0.9, but there were plants
with hybrid indices, suggesting they are not parental in-
dividuals and could constitute backcrosses. These were all
identified as parental individuals by NewHybrids and using
morphology in the field. The putative hybrids, identified as
F2s by NewHybrids, all had intermediate hybrid indices.

Comparing hybrid zones to simulated F1, F2,
and backcross hybrids

PCA, rmaverick analysis, and introgress hybrid index esti-
mates all suggested there were many backcrossed individuals
present, particularly in HYB populations. However, analysis
using NewHybrids failed to detect any backcrossed in-
dividuals. Given the apparent discrepancy, we wanted to test
the ability of NewHybrids and INTROGRESS to distinguish
between the different hybrid classes. We analyzed two more
allopatric O. militaris (OM2) and O. purpurea (OP2) popu-
lations and found that NewHybrids unequivocally assigned
parental status to all plants; all individuals in OM2 had a
hybrid index >0.99, and all individuals in OP2 had a
hybrid index <0.01 (data not shown). NewHybrids failed to
identify any backcrossed individuals that other analyses had
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unanimously concluded were present which implied New-
Hybrids was failing to pick up backcross genotypes present in
the sympatric populations.

To investigate this further, we analyzed simulated hybrids
using NewHybrids and found that simulated ANG and BER
hybrids were classified with greater confidence than HYB
simulated hybrids (Appendix S2: Table S4). Fls were most
successfully identified in all three cases. In total, 80.5% and
79.8% of simulated hybrids met the threshold posterior
probability value of 0.8 in ANG and BER combinations, re-
spectively. However, when simulated HYB hybrids were
analyzed only 35.3% of individuals met the 0.8 threshold,
including only 21% of simulated backcrosses. Only 16% of
simulated O. militaris backcrosses were confidently identified.

As expected, interspecific heterozygosity was consistently
highest in simulated F1 hybrids and lower in simulated F2 and

backcross hybrids (Figure 5D-F). In simulated backcross hy-
brids interspecific heterozygosity decreased with decreasing or
increasing hybrid indices, depending on the direction of hy-
bridization. Also as expected, hybrid indices were intermediate
for simulated F1 and F2 hybrids, with the F2s exhibiting a
greater range of values. Simulated hybrids in ANG and BER
combinations exhibited similar, relatively clear patterns. This
pattern was also observed in simulated HYB hybrids, although
the different hybrid classes were less distinct.

When comparing interspecific heterozygosity in our
observed data with the simulated results, we found that
plants in HYB populations most closely resembled simu-
lated Fls, F2s, and backcrosses (Figure 5D). In ANG po-
pulations, most observed individuals fell between simulated
F1 and simulated O. purpurea backcrosses, but several ob-
served plants resembled simulated O. simia backcrosses and
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F2s (Figure 5E). Plants observed in the BER population best
fit the F2 simulated cases, but there were some that re-
sembled simulated backcrosses (Figure 5F).

Morphological analyses

Discriminant analysis (Figure 6) and principal component
analysis (Appendix S2: Figures S4 and S5) revealed that the
labellum shape of hybrids in HYB populations exhibited a
small overlap with that of O. purpurea and a large overlap
with that of O. militaris. In these pairs of taxa, O. militaris
and O. purpurea were more accurately classified based on
labellum shape than the hybrids (Appendix S2: Table S5).
Of 249 admixed individuals, ca. 72-89% were correctly
classified as hybrids using labellum shape.

Hybrids in ANG and BER populations were more readily
distinguished from their parental species, though some overlap
was observed (Figure 6; Appendix S2: Figure S5). Hybrids were
correctly classified >95% of the time in ANG populations
(though 12 individuals, including some identified as potential
backcrosses, were missing morphological data), and in the BER
population they were correctly classified ca. 81-87% of the time
(Figure 6; Appendix S2: Table S5). When combining shape data
with nuclear microsatellite data, there was a strong positive
correlation between molecular and morphological hybrid in-
dices in HYB (R=0.82, P<0.001), ANG (R=0.86, P<0.001),
and BER (R=0.79, P <0.001) populations (Figure 7).

DISCUSSION

We used novel nuclear microsatellite markers and geo-
metric morphometrics to show that genetic admixture has
occurred in O. militaris-O. purpurea, O. purpurea-O. simia,

A HYB B

A

Frequency

Frequency

Frequency

Discriminant function

Discriminant function

and O. anthropophora-O. simia hybrid zones in southern
France. Our data suggest that hybridization has gone be-
yond the first generation of hybrids in all three combina-
tions. They show formerly undocumented patterns of
hybridization in O. purpurea-O. simia and O.
anthropophora-0O. simia hybrid zones and corroborate,
across multiple French populations, the extensive hy-
bridization previously reported from an O. militaris-O.
purpurea hybrid zone in Belgium (Jacquemyn et al., 2012a).

When different species grow together and flower at the
same time, species boundaries can be maintained by at-
tracting different pollinators or by post-zygotic reproductive
barriers (Cozzolino et al., 2006). These four Orchis species
have the same number of chromosomes (2n = 42) (Cozzolino
et al., 2004; Kretzschmar et al., 2007) and have overlapping
phenology, pollinator communities, and habitat preferences
(Cozzolino et al., 2004; Kretzschmar et al., 2007; Schatz et al.,
2020). As a result, it is likely that pollen is sporadically
transferred between the different species when growing in
sympatry.

In all three studied species combinations, we observed
hybrid zones containing both parental and admixed in-
dividuals, suggesting that the degree of reproductive isolation
is strong enough for the parental species to endure over time
despite growing in sympatry. It is unlikely that all the studied
populations have come so recently into sympatry that only a
few generations of interspecific hybridization have elapsed,
and certainly the sympatric populations analyzed do not re-
present recent hybrid zones between large parental popula-
tions. Interspecific hybridization may be less common than
intraspecific reproduction in these hybrid zones. However,
given the ease with which these species hybridize, the pre-
sence of apparently “pure” parental individuals in hybrid
zones is more likely to be because post-zygotic barriers limit
reproduction between hybrids and parental individuals.
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FIGURE 6 Discriminant analysis of the shape of labella in (A) HYB, (B) ANG, and (C) BER populations with O. anthropophora (yellow), O. militaris
(red), O. purpurea (navy), O. simia (lilac), O. xhybrida (light blue), O. xangusticruris (green), and O. xbergonii (magenta). Individuals were assigned

taxonomic status using nuclear microsatellite data
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The co-existence of parental and hybrid individuals in
these Orchis hybrid zones implies that these populations are
tension zones (Barton and Hewitt, 1985), being maintained
by a balance between gene flow into the hybrid zone and
selection acting against admixed individuals (Arnold, 1999;
Abbott and Brennan, 2014). Such a balance has been ob-
served in Populus and Senecio hybrid zones (Martinsen
et al.,, 2001; Brennan et al., 2009). Under the tension zone
model, admixed individuals might have reduced fecundity
relative to parental forms due to epistatic incompatibilities
between genes inherited from the parental species (Abbott
and Brennan, 2014). This, coupled with the reduced fre-
quency of interspecific hybridization relative to intraspecific
reproduction, may be sufficient to maintain parental types.

Asymmetric backcrossing in multiple
O. militaris-O. purpurea hybrid zones

Among the four Orchis species studied here, O. militaris and
O. purpurea are widely considered to be the most closely
related (Bateman et al., 2003; Jacquemyn et al., 2011b; L.
Bersweden et al., unpublished data). Although there are
obvious morphological differences, reproductive isolation
between these taxa is weak (Jacquemyn et al., 2012b). Ex-
perimental crosses conducted between O. militaris and O.
purpurea found that both have high fruit set (>75%) when
pollinated with pollen taken from the other species
(Jacquemyn et al., 2011b). Reproductive isolation, calculated
as a function of both pre- and post-zygotic barriers, is re-
ported to be 0.55 on average, which is much lower than
between these two species and O. anthropophora (0.79 and
0.88, respectively) (Jacquemyn et al., 2012b).

Our results showed that allopatric populations exhibit
relatively well-defined genetic and morphological clusters
for each species (Appendix S2: Figures S1 and S5A) and
analyses of hybrid zones consistently suggested that genetic
admixture has occurred between these two species.

Additionally, our data revealed that at least two generations
have passed since hybridization first occurred, a finding that
is consistent with other results from a hybrid zone in Bel-
gium and observations in the field (Kretzschmar et al., 2007;
Jacquemyn et al., 2012a).

Hybrids formed a range of intermediate labellum phe-
notypes between the parental taxa rather than forming a
morphologically homogeneous group. Molecular results
from rmaverick and hybrid index estimations from intro-
gress, combined with geometric morphometric data, suggest
that hybridization was bidirectional but that backcrossing
was asymmetric toward O. militaris, which typically made a
greater contribution to the genomic composition of the
hybrid zone. Orchis purpurea backcrosses were present
but rare.

This asymmetry can be explained by considering the
flowering phenology of the two species in question. In
general, O. purpurea starts to flower 7-10 days earlier than
the hybrids and 10-14 days earlier than O. militaris
(Kretzschmar et al., 2007). Potentially, O. purpurea stigmas
are less likely to be receptive to pollen at the onset of
flowering of the hybrids (either because they have already
been pollinated or because unfertilized stigmas have begun
to deteriorate during the later stages of anthesis); never-
theless, there is some pollination from hybrids, giving rise to
some O. purpurea backcrosses. Hybrids can receive pollen
from other hybrids, O. militaris or O. purpurea, but the
relative rarity of hybrids reduces the chance of
hybrid-hybrid pollination, so there are only a few F2 in-
dividuals. The evidence suggests that O. militaris plants are
more readily fertilized by hybrid pollen than are O. pur-
purea plants, perhaps because the receptiveness of O. mili-
taris stigmas overlaps more with hybrid pollen production
than it does for O. purpurea.

The data could also be explained by the longevity of
Orchis pollen, potentially meaning that the earlier-flowering
species is more likely to be the pollen donor in interspecific
hybridization events (Neiland and Wilcock, 1995; Bellusci
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et al,, 2010). The duration of pollen viability is 20-30 days
for O. anthropophora, O. italica, O. mascula, and O. pro-
vincialis (Bellusci et al., 2010), suggesting viability of 20-30
days is also likely for O. purpurea. If O. purpurea pollen is
still viable when O. militaris begins to flower, then suc-
cessful fertilization of O. militaris plants with O. purpurea
pollen will be considerably more likely than the reverse.
Orchis militaris would then be the female parent more often
than the male parent, so we might expect the spatial dis-
tribution of hybrid plants to display greater overlap with
O. militaris plants than with O. purpurea, potentially con-
tributing to pollen flow between hybrids and O. militaris,
which could lead to the observed asymmetry in these
populations (Appendix S2: Figure S3).

The apparent asymmetry toward O. militaris contrasts
with findings from an O. militaris-O. purpurea hybrid
zone studied in Belgium using AFLP markers (Jacquemyn
et al.,, 2012a). The authors found that hybridization was
bidirectional but asymmetric in favor of O. purpurea ra-
ther than O. militaris. Heterogeneous patterns of hy-
bridization between the same species such as this are not
uncommon (Zeng et al., 2011; Zanella et al., 2016) and
can be a result of differences in the relative abundance of
each species in different geographic locations (Lepais
et al., 2009) or local ecological factors that impact the way
in which selection acts on the hybrids (Williams et al.,
2001; Michalski and Durka, 2015). The heterogeneity
observed in geographically distant O. militaris—O. pur-
purea hybrid zones could be due to a range of different
factors (e.g., differential association with mycorrhizal
fungi or variable overlap in flowering phenology at dif-
ferent latitudinal gradients). Greater sampling across their
shared geographic range is required to establish the me-
chanisms driving this pattern.

F1 dominance in O. purpurea-O. simia hybrid
zones despite hybrid fertility

Our molecular and morphological data indicated that
putative O. xangusticruris plants are natural hybrids
between O. purpurea and O. simia. Molecular data re-
vealed that backcrossing had occurred in both directions,
but that populations were largely composed of F1 hy-
brids. Hybrid zones dominated by fertile F1s have been
observed in Rhododendron and Alnus (Milne et al., 2003;
Smid et al., 2020). Reduced extrinsic fitness relative to
Fls in specific habitats resulted in post-F1 hybrids being
outcompeted (Milne et al,, 2003; Smid et al., 2020).
However, given the similarity in habitat preferences ex-
hibited by O. purpurea and O. simia, the relative rarity of
post-F1 hybrids is perhaps more likely a result of lower
intrinsic fitness relative to Fls, potentially caused by
genetic incompatibilities and/or recombination breaking
up selectively favorable allelic combinations, as is the
case in some European Populus hybrid zones (Christe
et al., 2016).

Absence of F1 hybrids in an
O. anthropophora-O. simia hybrid zone

A number of morphological analyses (Bateman and
Farrington, 1987; Cozzolino and Aceto, 1994), preliminary
data from ribosomal ITS sequences (R. Smith, B. Schatz,
and M. F. Fay, unpublished data) and field observations all
suggest that hybrids between O. anthropophora and O. simia
are mostly limited to the F1 generation. It was thought that
genetic distance between O. anthropophora and the other
three species meant hybridization was unlikely to occur
beyond the first generation (Cozzolino et al., 2004). Fruit set
in O. xbergonii is 10 times lower than in the parental taxa,
which may act as part of a series of reproductive barriers to
prevent gene flow (Schatz, 2006; Schatz et al., 2010; B.
Schatz, unpublished data). The hybrid has also been shown
to emit larger quantities and different proportions of volatile
compounds than either parent (Schatz et al., 2010). Certain
compounds reaching higher concentrations in the hybrid
could act to repel pollinators. Furthermore, some com-
pounds known to be involved in orchid pollinator attraction
(e.g., some benzenoids) were found to be present in sig-
nificantly lower quantities in O. xbergonii than in the par-
ental taxa and other orchid hybrids (Knudsen et al., 2006;
Salzmann et al., 2007; Schatz et al., 2010), which implies that
hybridization beyond the first generation is unlikely to
occur.

Our results, however, showed that F1 individuals are
absent from the studied hybrid zone and that hybrids with
intermediate morphology were F2s rather than Fls. This
finding in itself is not unusual as there are many examples
of studies on the structure of hybrid zones formed by dif-
ferent hybridizing plant species in which first-generation
hybrids are rare or absent (e.g., Arnold et al., 2010; Zeng
et al., 2011). If cross-pollination events between hybrids
are rare in O. anthropophora-O. simia hybrid zones, it is
plausible that in long-standing populations the initial F1
generation is outlived by the subsequent F2 generation,
resulting in the presence of F2 hybrids and the absence of
Fls. A larger sample size would be needed from multiple
hybrid zones to determine whether F1 individuals are truly
rare or whether the studied population is the exception.

If F1 hybrids are fertile, then backcross hybridization
also could have occurred at some point in the past. There
was some suggestion from molecular and morphological
hybrid indices that admixture with parental individuals
might have occurred; these individuals could potentially be
later-generation backcrosses that are not detected by New-
Hybrids and are the descendants from an historical back-
crossing event. Given that the hybrids studied here are F2
individuals, we can infer that F1 hybrids are fertile, and
therefore backcrossing in either direction remains a possi-
bility, so historical gene flow between the two species cannot
be ruled out. While distinguishing between O. anthro-
pophora and O. simia using morphology in the field is a
simple task, subtle information about hybridization such as
this is more difficult for humans to detect. Geometric
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morphometrics could prove a useful tool in identifying the
presence of potential late-generation backcrosses without
having to genotype individuals when making informed
decisions about conservation management and sampling
sites in future studies.

Variation in the frequency and extent of
hybridization

Hybrids can be common when parental taxa are found
growing in sympatry. However, our results imply that the
frequency and extent of contemporary hybridization vary
among species combinations. Firstly, O. purpurea hybridizes
more frequently with O. militaris than it does with O. simia,
perhaps because they grow together more frequently. In
southern France, O. purpurea usually prefers lower eleva-
tions, whereas O. simia typically grows at higher elevations.
Orchis militaris is more often found growing with O. pur-
purea than either species is with O. simia (Kretzschmar
et al., 2007). Alternatively, morphological data presented
here shows that the legs and torso of O. militaris and O.
purpurea labella are wider than those of O. simia. These
differences might be driven by pollinator preference among
the largely overlapping collection of generalist pollinators
that visit these orchids. For example, larger insects like
bumblebees might have more difficulty landing on the
labella of O. simia as they have narrow appendages, but the
wider torso and legs of O. militaris and O. purpurea labella
may facilitate landing, therefore making hybridization be-
tween these two species more likely.

Furthermore, where hybrids are observed, the number
of individuals and the frequency of backcrosses appear
much greater in O. militaris-O. purpurea populations.
Thus, the disparity in hybrid frequency is perhaps more
likely to be a consequence of genetic distance, as more
closely related diploid taxa are more likely to hybridize
and produce homoploid hybrids (Montalvo and Ellstrand,
2001; Edmands, 2002; Mallet, 2005; Paun et al., 2009).
Orchis militaris and O. purpurea are considered sister
species, with O. simia being more distantly related
(Bateman et al., 2003). It is likely that there will be fewer
genetic incompatibilities between O. militaris and O.
purpurea, and therefore intrinsic selection acting on the
hybrids will be weaker than in O. purpurea-O. simia hy-
brid zones. As a result, hybridization between O. militaris
and O. purpurea is likely to be more extensive, in the
absence of other selective pressures.

CONCLUSIONS

The 11 newly isolated microsatellites in this study,
alongside the set of loci for Orchis subgenus Masculae
developed in parallel by Calevo et al. (2021), are the first
nuclear microsatellite markers characterized in the genus
Orchis.  Our molecular and morphological data

collectively indicate that contemporary hybridization has
occurred in O. militaris-O. purpurea, O. purpurea-O.
simia, and O. anthropophora-0O. simia hybrid zones, that
F1 hybrids are fertile and that at least two generations
have passed since the initial hybridization events took
place. Hybridization in the studied O. purpurea-O. simia
and O. anthropophora-0O. simia hybrid zones was largely
limited to early generation hybrids, but further admixture
had occurred. The O. militaris-O. purpurea hybrid zones
exhibited extensive admixture with backcrossing asym-
metric towards O. militaris. These patterns were reflected
in labellum geometric morphometric data, which corre-
lated strongly with nuclear microsatellite data in all three
species combinations.
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