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¢ Background and Aims Lizard orchids of the genus Himantoglossum include many of Eurasia’s most spectacular
orchids, producing substantial spikes of showy flowers. However, until recently the genus had received only limited,
and entirely traditional, systematic study. The aim of the current work was to provide a more robust molecular phyl-
ogeny in order to better understand the evolutionary relationships among species of particular conservation concern.
e Methods All putative species of Himantoglossum s.I. were sampled across its geographical range. A large sub-
sample of the 153 populations studied contributed to an initial survey of nuclear ribosomal internal transcribed
spacer (nrITS) ribotypes. Smaller subsets were then sequenced for four plastid regions and the first intron of the
low-copy-number nuclear gene LEAFY. Rooted using Steveniella as outgroup, phylogenetic trees were generated
using parsimony and Bayesian methods from each of the three datasets, supplemented with a ribotype network.

e Key Results The resulting trees collectively determined the order of branching of the early divergent taxa as
Himantoglossum comperianum > H. robertianum group > H. formosum, events that also involved significant mor-
phological divergence. Relaxed molecular clock dating suggested that these divergences preceded the Pleistocene
glaciations (the origin of the H. robertianum group may have coincided with the Messinian salinity crisis) and oc-
curred in Asia Minor and/or the Caucasus. Among more controversial taxa of the H. hircinum-jankae clade,
which are only subtly morphologically divergent, topological resolution was poorer and topological incongruence

between datasets was consequently greater.

¢ Conclusions Plastid sequence divergence is broadly consistent with prior, morphologically circumscribed taxa and
indicates a division between H. hircinum—adriaticum to the west of the Carpathians and H. jankae—caprinum (plus
local endemics) to the east, a distinction also suggested by nrITS ribotypes. LEAFY phylogenies are less congruent
with prior taxonomic arrangements and include one likely example of paralogy. Himantoglossum metlesicsianum
fully merits its [IUCN Endangered status. Potentially significant genetic variation was detected within Steveniella
satyrioides, H. robertianum and H. hircinum. However, confident circumscription of the more derived species of
Himantoglossum s.s., including local endemics of hybrid origin, must await future morphometric and population-

genetic analyses.

Key words: Dating, evolution, Himantoglossum s.1., hybridization, incomplete lineage sorting, internal transcribed
spacer, nrITS, LEAFY, molecular phylogeny, orchid, Orchidaceae, molecular phylogeography, topological

incongruence.

INTRODUCTION

Lizard orchids of the genus Himantoglossum W.D.J. Koch s.L
(i.e. as circumscribed by Delforge, 1999; Bateman et al., 2003:
Table 1) include many of Eurasia’s most spectacular orchids,
producing substantial spikes of showy flowers characterized by
large, complex labella that in the majority of species are highly
contorted and follow a remarkable floral ontogeny (Bateman
et al.,2013a). The flowers of all species indulge in food deceit,
typically attracting a wide range of pollinators — most commonly
solitary bees (Claessens and Kleynen, 2011). The group has long
attracted interest from ecologists, particularly since an early
study (Good, 1936) revealed the apparent utility of the type
species, Himantoglossum hircinum, as abiogeographical indica-
tor of subtle changes in European climate (see also Carey, 1998,
1999; Pfeifer et al., 2006, 2009; Bateman et al., 2013a). Kropf

and Renner (2008) used this species in a detailed study of geiton-
ogamy within inflorescences, while students of pollination
biology have been attracted by the unusual biochemistry of its
scent (Kaiser, 1993). Moreover, an unusually large proportion
of the taxa within the genus have achieved high conservation
status in many European countries; the geographically wide-
spread species tend to be very local across much of their ranges
(and to be allopatric rather than sympatric), whereas several pu-
tative species are local endemics and therefore, by definition,
rare. Indeed, three species — H. metlesicsianum, H. adriaticum
and H. jankae — are presently listed on the Habitats Directive
of the European Union, partly reflecting threats from habitat deg-
radation and/or harvesting of tubers for salep production.
Contrasts in the extent and location of the species’ distributions
also encourage biogeographical study, not least because closely
related species appear largely allopatric.
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TaBLE 1. Pilot comparison of DNA regions used in this study. For the purposes of this exercise, H. robertianum is treated as the
outgroup (O) relative to two ingroup members (Is), H. hircinum and H. caprinum — two closely related species from the H. hircinum
aggregate. Gaps are treated as missing data

Variability in terms of

Absolute number Percentage
DNA-region Genomic location Length range Aligned length O-Is Is only O-Is Is only
accD—-psal Plastid 938-941 951 14 3 1-47 % 0-32 %
atpF—atpH Plastid 278-280 281 2 0 071 % 0%
rps16 Plastid 818-863 864 18 0 2-08 % 0%
trnH—-psbA Plastid 812-819 826 7 0 0-85 % 0%
trnL—rpl32—ndhF Plastid 1098-1285 1368 40 2 2:92 % 0-15 %
yefl Plastid 1429-1472 1472 23 1 1-56 % 0-07 %
nrITS Nucleus 638-639 640 54 6 8-44 % 0-94 %
LFY Nucleus 2139-2245 2325 170 28 731 % 1.20 %

However, until recently, Himantoglossum s.l. had received
limited and entirely traditional systematic study (e.g. Nelson,
1968; Sundermann, 1973; Delforge, 1999). The first molecular
phylogenetic study to represent the genus generated parsimony
trees from sequences derived from the nuclear ribosomal internal
transcribed spacer (nrITS) region and included four species of
Himantoglossum s.I. (Pridgeon et al., 1997). The genus was
shown to be the earliest-divergent of four major lineages within
a clade that also contains Ophrys and Serapias + Anacamptis s.1.
and is delimited by a reduction in typical chromosome number
from 2n =42 to 2n = 36. Unsurprisingly, H. robertianum
(at the time widely referred to as Barlia robertiana) was shown
to be sister to, and substantially divergent from, three species of
Himantoglossum: H. hircinum, H. adriaticum and H. ‘caprinum’.
Bateman et al. (2003) performed an analysis using a similar ap-
proach but based on twice as many species of tribe Orchideae.
Their study showed that (1) H. calcaratum was closely related to
H. ‘caprinum’, (2) the Canarian endemic H. metlesicsianum was
sister to, but moderately divergent from, H. robertianum, and (3)
H. comperianum (formerly Comperia comperiana) was sister to,
and strongly divergent from, all other Himantoglossum species.
These results were fortunate, as in the interim Delforge (1999)
had used traditional morphological taxonomic arguments to
transfer ‘Comperia’ comperiana, ‘Barlia’ robertiana and ‘B.
metlesicsiana to an expanded genus Himantoglossum s.1.

The nrITS study of Bateman et al. (2003) also usefully identi-
fied a tentative sister genus to Himantoglossum s.1. in Steveniella
satyrioides, presently the only species in a genus of much smaller
and highly morphologically divergent plants with a distribution
centred on Turkey. Both morphological comparison and previ-
ous molecular phylogenetic studies (e.g. Bateman et al., 2003)
demonstrate that this species constitutes an ideal outgroup for
the present study. As species delimitation within the expanded
genus Himantoglossum remains controversial, and some
species have also recently been subject to purely nomenclatural
changes (Molnar V. et al., 2012; Sramko et al., 2012), we have
summarized our current taxonomy, authorities, clade names
and geographical distributions in Fig. 1, together with a synthesis
of chromosome counts that indicates the expected dominant base
number of 2n = 36 (Bateman et al., 2013a). It is especially note-
worthy that, setting aside highly localized endemics, species of
Himantoglossum s.s. align geographically west to east from the

Atlantic coasts of Europe and North Africa to the Caucasus:
H. hircinum, H. adriaticum, the H. jankae group (formerly
H. ‘caprinum’, and including H. ‘robustissimum’), H. caprinum
s.s. (formerly named H. gffine; see Discussion) and H. formosum.
The eastern Mediterranean H. jankae group also contains four taxo-
nomically controversial local endemics whose possible origins
through recent hybridity or more ancient gene exchange in
glacial refugia have been discussed periodically (e.g. Alibertis
and Alibertis, 1989; Delforge, 1999; Vakhrameeva and Tatarenko,
2008). Listed from west to east they are H. calcaratum,
H. xsamariense, H. montis-tauri and H. galilaeum.

Here we provide a more robust molecular phylogeny and evo-
lutionary context for Himantoglossum s.l. by (1) sampling mul-
tiple individuals in multiple populations of all putative species,
and (2) adding to the biparentally inherited nrITS a wider
range of molecular markers to include low-copy-number
nuclear genes and maternally inherited plastid regions. In addition
to the molecular studies described here, a wide range of morpho-
metric characters were sampled from the same individuals; these
results will be reported elsewhere, in a paper that will also
discuss in detail the complex taxonomic and nomenclatural issues.

In the present paper we ask the following questions: (1) Can
the substantial molecular divergence of the Canarian endemic
H. metlesicsianum from H. robertianum reported by Bateman
etal. (2003) be confirmed? (2) What is the phylogenetic position
of the enigmatic Caucasian endemic H. formosum, which
is morphologically intermediate between the H. robertianum
and H. hircinum-H. jankae groups? (3) What are the phylogenetic
relationships among the subtly morphologically distinct, taxo-
nomically problematic members of the H. hircinum-H. jankae
group? (4) Is there evidence for the stabilized hybrid origins
for H. adriaticum, H. montis-tauri and/or H. X samariense
postulated by some previous workers (e.g. Delforge, 1999)?
(5) What are the most likely approximate dates of key events in
the evolution of Himantoglossum s.1.? (6) In which geographical
regions are these events most likely to have taken place?

MATERIALS AND METHODS

Plant material and DNA extraction

Samples for DNA extraction, either portions of leaves or entire
flowers, were collected in the field. Some were placed in silica
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Clades Taxon/authority Geographic distribution 2n
Steveniella satyrioides (Sprengel) Schlechter [outgroup] Turkey, Crimea, Caucasus, Iran 238!
Himantoglossum comperianum (Steven) P. Delforge Asia Minor, Caucasus, Crimea, Near East 2302
§ [= Comperia comperiana (Steven) Ascherson & Graebner]
_§ H. robertianum (Loiseleur) P. Delforge Circum-Mediterranean (near-coastal) 36, ?38°
5 e [= Barlia robertiana (Loiseleur) Greuter
§ % H. metlesicsianum (W.P. Teschner) P. Delforge Tenerife (Canary Islands) 364
[= Barlia metlesicsiana W.P. Teschner]
- § o H. formosum (Steven) K. Koch E Caucasus
IS § 3 H. hircinum (L.) Sprengel N Africa, Iberia, NW Europe, S Italy/Sicily 36, 724, 7183
§ € 5l H. adriaticum H. Baumann N Italy, Slovenia, Hungary, Austria, Slovakia 3635
% ) ° H. galilaeum Schifman Israel, S Jordan NA
*g cé ‘g H. jankae Somlyay, Kreutz & Ovari Slovakia, Hungary, Balkans, N Turkey NA
g § g [= H. ‘caprinum’ auct. mult. non (M.Bieb.) Spreng.,
b L o e o between 1897 and 20126]
g § S g incl. H. caprinum ssp. robustissimum Kreutz N Turkey NA
g § L5 H. calcaratum (G. Beck) Schlechter Bosnia-Herzegovina, Serbia NA
I| < H. montis-tauri Kreutz & W. Lueders SW Turkey NA
T H. xsamariense C. & A. Alibertis Crete, S Greece NA
H. caprinum (M. Bieb.) Sprengel Greece, Turkey, Syria, Lebanon, Crimea NA
[= H. affine (Boissier) Schlechtere]

Fi1G. 1. Details of species sampled: nomenclature, distribution and chromosome numbers, together with names of major clades (left). More detailed taxonomic

reviews were presented by Delforge (1999) and Bateman et al. (2003). 'Sundermann and von der Bank, 1977; 2Stréhlein and Sundermann, 1972; 3D’Emerico

etal.,1992; “Bernardos etal.,2006; 5L6ve, 1976; %Sramké etal.,2012 (chromosome numbers reviewed by Bateman ez al.,2003,2013a). NA, not available; ?, uncertain
data.

gel and stored at room temperature, others were placed in 96 %
ethanol and stored at 4 °C until extraction. Our sampling
covered almost the entire distribution of the genus, omitting
only (due to political unrest) an eastward projection into the
Kurdish regions of Iran and Iraq (Fig. 2). Altogether, we analysed
samples from 130 populations of Himantoglossum plus six popu-
lations of the outgroup, S. satyrioides (Supplementary Data
Table S1). The highly endangered nature of several species
allowed only preparation of mounted flowers as vouchers: one
flower was removed from 30-40 % of the distance from the
base to the apex of the inflorescence, dissected and mounted
onto double-sided adhesive tape. Together with scaled images
of representative sampled plants, these flowers [the majority
stored in the herbarium at the University of Debrecen (DE) and
the remainder in R.M.B.’s private collection] constitute vou-
chers of the studied species (Supplementary Data Table S1).
All samples were examined for nrITS variability, whereas only
a representative subset of 35 populations (Fig. 2) provided
samples for inclusion in the phylogeny reconstruction analyses.

DNA extraction followed a modified cetyltrimethylammo-
nium bromide (CTAB) protocol (Doyle and Doyle, 1987).
Between 1 and 30 mg of dried leaves were thoroughly ground
in liquid nitrogen and then resuspended in lysis buffer (2 %
CTAB, 20 mm EDTA, pH 8, 100 mm Tris—HCI, pH 9, and
1-4 mm NaCl). After incubation at 65 °C for at least 60 min,
samples were centrifuged at 20 000 g for 5 min. The supernatant
was then treated with an equal volume of chloroform:isoamyl
alcohol (24:1), thoroughly mixed in a rotary shaker, and subse-
quently centrifuged for 5 min at 20 000 g. This procedure was
repeated once. The DNA was precipitated from the supernatant
by adding an equal volume of isopropanol and 0-08 volume of

7-5 M ammonium acetate, followed by storage at —20 °C for at
least 1 h. Subsequent centrifugation at 20000 g for 15 min
yielded a DNA pellet that was washed twice with 70 %
ethanol, dried at room temperature and finally redissolved in
40 wl of 10 mm Tris (pH 8-0).

Choice of genic regions for phylogeny reconstruction

When using DNA regions for species-level molecular phylo-
genetics, relatively rapidly evolving regions (such as introns or
intergenic spacers) are needed; they are sampled from the
plastid, the nuclear genome or, ideally, both (Zimmer and
Wen, 2012). The nrITS region is one of the most powerful
DNA regions in molecular phylogenetic work (Alvarez and
Wendel, 2003) but it should be interpreted with caution, espe-
cially given the extensive evidence of paralogy (Bailey et al.,
2003; Nieto-Feliner and Rosselld, 2007). When divergent
nrlTS copies are found within an individual, International
Union of Pure and Applied Chemistry (IUPAC) ambiguity
symbols (Cornish-Bowden, 1985) can be used to describe poly-
morphism. Although this coding significantly decreases the
resolving power of the nrITS, it is the most efficient way to
analyse directly sequenced nrITS data in the presence of exten-
sive intra-individual paralogy.

The usual laboratory-based solution for the interpretation of
nrITS paralogy is cloning to separate diverged nrITS haplotypes,
commonly termed ribotypes. The molecular mechanism acting
to homogenize nrITS arrays, termed ‘concerted evolution’
(Baldwin et al., 1995), is seldom complete (Alvarez and
Wendel, 2003). Instead, as a by-product of these molecular
mechanisms, many intermediate ribotypes between parental
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Fic. 2. Samplingsites of Himantoglossum s.l. and Steveniella (outgroup) for this study. Open circles represent populations included in the phylogenetic analyses, taxa
being indicated by the enclosed letters. Solid symbols represent additional sample sites used to assess variability in the nrITS region.

copies can arise due to interactions of divergent copies (i.e.
various degrees of recombination). Therefore, cloning usually
recovers multiple ribotypes, among which we should find the
orthologous copies but also intra-individual recombinants that
weaken phylogenetic inference between closely related taxa.
LaJeunesse and Pinzén (2007) argued that the more frequent
copies are likely to be orthologues and so should be prioritized
when selecting clones for inclusion in the resulting matrix.

Low-copy-number nuclear regions are an increasingly popular
alternative to nrITS (Hughes et al., 2006; Calonje et al., 2009;
Zimmer and Wen, 2012). In European orchids, one of the most
promising low-copy-number nuclear regions is LEAFY (LFY,
equivalent to FLORICULA in Antirrhinum), which regulates
flower development. The ~2-5-kb-long gene consists of three
exons separated by two introns, and was found to be present as a
single copy in the diploid orchid species Orchis simia using
Southern blotting (Montieri er al., 2004). The phylogenetic
utility of the first intron at low taxonomic levels was demonstrated
by Schliiter et al. (2007), who also provided universal primers to
amplify this intron by PCR in European orchids.

Hybridization often plays an important role in plant speciation
(Rieseberg, 1997). At the molecular level, it is most readily
detected by comparing data from biparentally inherited nuclear
markers with those from a uniparentally inherited organelle, in
plants most importantly plastid markers. Initial screening of
plastid regions commonly used in plant phylogenetics allowed
selection of the most variable regions for further analysis. Six
plastid regions (Table 1) were tested for sequence variability in

single samples of three species (H. robertianum, H. hircinum
and H. caprinum) using the primers described in the original
papers: accD-psal (Small et al., 1998), atpF-atpH (Ki-Joong in
Lahaye er al., 2008), gene rpsl6 (Oxelman et al., 1997),
trnH-psbA (Sang et al., 1997), trnL-ndhF including gene rp/32
(Shaw et al., 2007) and gene ycf1 (Neubig et al., 2009).

Topologies between contrastingly inherited regions were then
compared to check for incongruence as the result of recent gene
flow via hybridization (Wendel and Doyle, 1998).

PCR amplification and cloning of nriTS

The nrITS of one to four individuals (1-3 + 0-5 individuals,
mean = s.d.) randomly chosen from each population was ampli-
fied using the plant-specific ITS1A (5-GACGTCGCGAGAAG
TCCA-3') primer and the universal primer ITS4 (White et al.,
1990). The PCR mixture contained 0-1 volume of 10 x Taq
buffer with (NH,4),SO,4 (Thermo Scientific, USA), 200 pm of
each dNTP (Thermo Scientific, USA), 2 mm MgCl,, 0-2 um of
each primer, 1-25 U Taq DNA polymerase (Thermo Scientific,
USA) and ~5 ng pl~ ' genomic DNA extract. Amplifications
were performed on a GeneAmp PCR System 2400 (Perkin
Elmer), programmed for a denaturation step at 94 °C for 4 min
30 s, followed by 33 cycles of denaturation for 30 s at 94 °C,
annealing for 30s at 51 °C and extension for 30 s at 72 °C,
the extension time being increased by 1 s in each successive
cycle; thermal cycling was ended by a final extension for 7 min
at72°C.
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For direct sequencing, the PCR products were directly submit-
ted to a commercially available service provided by Macrogen
Inc. (South Korea) using ITSIA as sequencing primer. Cloning
was performed on a subset of 14 samples, selecting one individual
per population that had displayed overlapping peaks indicative of
additive polymorphic sites (APSs) during direct sequencing. The
purified nrITS PCR products were ligated and transformed into the
pGEM-T Easy Vector System II (Promega Corp., USA) following
the manufacturer’s instructions. The plant nrITS region was amp-
lified and cycle-sequenced from five or six clones (5-8 + 0-4) per
individual under the PCR and sequencing conditions described
above.

Study of nrITS variability

DirectnrITS sequences were checked for the presence of APSs
and such sites were coded using IUPAC ambiguity symbols
(Cornish-Bowden, 1985). APSs were identified by comparing
the relative signal heights of the primary and secondary peaks;
when the secondary peak was considerably higher than those
observed in the neighbouring bases, the site was labelled as an
APS (note the different usage of the same term by Fuertes
Aguilar and Nieto Feliner, 2003). Paralogous copies were classi-
fied as either length-identical or length-polymorphic. Because
length-polymorphic nrITS copies were impossible to read to
full length, length mutations were differentiated based on the
location of the site at which readability collapsed. Once cate-
gorized, these length-polymorphic sequences were excluded
from further analyses. In addition, further nrITS analyses
were confined to samples of Himantoglossum s.s., as the
phylogenetic positions of the earlier-divergent lineages were
already clear. The remaining direct nrITS sequences that
lacked length polymorphisms were collapsed into ribotypes
by using Collapse v1.2 (David Posada, University of Vigo).
Relationships among the resulting ribotypes were inferred
using TCS v1.21 (Clement et al., 2000) under default para-
meters. The ribotype groups were then mapped to reveal any
geographical patterns, an analytical procedure that was later
repeated with the cloned nrITS sequences.

PCR amplification of plastid regions

The three most informative plastid regions (accD-psal,
trnH-psbA and trnL-rpl32-ndhF) were sequenced for a much
wider representative set of accessions (Fig. 2). All regions were
amplified under the same touchdown PCR regime: denaturation
at 94 °C for 3 min, followed by 16 cycles of denaturation for 30 s
at 94 °C, annealing for 30 s starting at 56 °C and decreasing by
0-5 °C in each cycle, extension for 90 s at 72 °C, followed by
20 cycles with the same settings but using the same 48 °C tem-
perature for annealing; thermal cycling concluded with a final
extension for 7 min at 72 °C. The PCR mixture contained the
same amounts of ingredients for all regions: 0-1 volume of
10 x reaction buffer (Thermo Scientific, USA), 200 pum of
each dNTP (Thermo Scientific, USA), 2 mm MgCl,, 1 mg pl ™"
bovine serum albumin, 0-3 M of each primer, 0-03 U Dream
Taq DNA polymerase (Thermo Scientific, USA) and 1 .l of un-
quantified genomic DNA extract. Successfully amplified
samples were submitted to Macrogen Inc. (South Korea) for
purification and sequencing. Sequencing was performed in

1613

both forward and reverse reads using the original primers as se-
quencing primers, though in the case of trnL-ndhF the whole
region was sequenced in four reads, using the two internal
primers (rpl32-F and rpl32-R) of Shaw et al. (2007).

PCR amplification and cloning of the LFY region

The first intron of the LFY/FLO gene was targeted for this
study as it reputedly occurs as a single copy in European
orchids (Montieri et al., 2004). We used the exon-anchoring
primers (E1Cf, E2Gr) of Schliiter et al. (2007) to amplify this
region in a hot-start PCR using JumpStart REDAccuTaq LA
DNA polymerase (Sigma-Aldrich, USA). The PCR mixture
and regime followed the manufacturer’s recommendations.
Successfully amplified samples were submitted to Macrogen
Inc. (South Korea) for purification and direct sequencing.
Based on the partial reads, we designed new internal sequencing
primers to obtain a whole read of this ~2.3kb region.
Altogether, two new internal primers, one forward and one
reverse, spanned the whole region: LFY-If2 (5-CTGGG
CCATTTAAAATTGGAT-3") and LFY-Ir3 (5'-ACTCTCTCT
AAGAAATCAACG-3).

As we found ~30 APSs in the central part of the LFY intron of
nine accessions (Supplementary Data Table S1), additional in-
ternal primers that specifically amplified the variable region
were designed [LFY-INTf (5-ACACCCTAGACGCACT-3)
and LFY-INTr3 (5-GCCGTGGAATATTGGAGTC-3')], and
PCR products of the variable region were cloned and sequenced.
Cloning of the partial intron of LFY followed the same procedure
as described above for nrITS. Because subsequent comparison of
the samples (see Results) indicated the origin of APSs in
intra-individual paralogy, we randomly selected a single clone
to represent each individual in further analyses.

Phylogeny reconstruction

For each region, sequences were aligned by eye using BioEdit
v7.1.3 (Hall, 1999) and phylogenetic tree reconstruction used
two contrasting search philosophies: heuristic search under the
maximum parsimony (MP) criterion as implemented in
PAUP* v4.0b10 (Swofford, 2003), and Bayesian phylogeny es-
timation as implemented in MrBayes v3.2.1 (Ronquist ef al.,
2012). One nrITS region that was especially rich in APSs at
phylogenetically informative nucleotide positions was excluded
from the phylogenetic analysis. A subset of 35 accessions of
Himantoglossum and three accessions of Steveniella, designed
to best represent the geographical distribution of each taxon
(Fig. 2), was analysed separately for the plastid DNA regions
selected (accD-psal, trnH-psbA and trnlL-ndhF) and for the
nuclear gene LFY. Plastid sequences of the three sequenced
regions were checked for combinability via an incongruence
length difference (ILD) test in PAUP* v4.0b10, implemented
as a partition homogeneity test with 100 replicates. All analyses
were run on Bioportal (Kumar ef al., 2009).

For the MP heuristic search, we coded each unambiguous
indel in the alignments as a single mutation event following
the ‘simple’ indel-coding approach sensu Simmons and
Ochoterena (2000). The heuristic search settings were: starting
trees were obtained using 1000 random sequence replicates,
holding ten trees at each step during stepwise addition with the
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steepest descent option not in effect, and applying a TBR
branch-swapping algorithm. Branch-swapping was conducted
with the MulTrees option on and MaxBrLen plus AccTran
applied, and without any topological or tree-buffer constraints.
For the Bayesian estimate we first identified the most appropriate
evolutionary model using MrModeltest v2.3 (Nylander, 2004),
and implemented that model in the MrBayes analysis. We ran
two independent chains for 25 million generations, sampling
every 2500th generation. The resulting log-likelihood values of
the runs were checked for convergence using Tracer v1.5
(Drummond and Rambaut, 2007). Summary trees were calcu-
lated after discarding the first 25 % of trees as burn-in.

Molecular dating

In order to provide an estimate of divergence times within the
Steveniella—Himantoglossum clade, we applied a Bayesian
relaxed molecular clock approach using the uncorrelated log-
normal distribution model (Drummond et al., 2006) as imple-
mented in BEAST v1.7.4 (Drummond and Rambaut, 2007).
The dataset used for this analysis was based on the nrITS
dataset for Orchidinae compiled by Bateman er al. (2003),
though the original sequences of Himantoglossum s.l. were
replaced by sequences generated during the current study. In
the case of Himantoglossum s.s., where nrITS showed intra-
individual polymorphism (see below), only the two dominant
cloned ribotypes were selected to represent the aggregate (fol-
lowing the recommendations of LaJeunesse and Pinzon, 2007).
This dataset spans taxonomically the whole of European
Orchidinae plus representatives of their putative sister group
Habenariinae (possibly paraphyletic, but the two subtribes to-
gether forming the undoubtedly monophyletic tribe Orchideae),
together with single species of Satyriinae and Disinae serving as
outgroups.

Asno unequivocal fossil remains exist for Orchideae, we used
the secondary calibration points inferred by Gustafsson et al.
(2010). As secondary dating points, we applied a normal prior
age of 24 + 6-:3 Ma to the split between Habenariinae and
Orchidinae, plus 17 + 5-65 Ma to the putative split between
Orchis and Platanthera inferred by Inda et al. (2012) (but see
Bateman, 2012a). Two separate Bayesian runs were conducted
for 50 million generations, sampling every 50 000th generation.
All runs had the same prior settings: the ingroup (i.e. Orchideae)
was kept monophyletic during the run, the GTR + G 4 I model
was specified, a log-normal relaxed clock (uncorrelated) was
applied, and the Yule process was set as the speciation model.
The resulting tree files and log files were combined, and the
latter were analysed using Tracer v1.5 (Drummond and
Rambaut, 2007) to check for reliably large effective sample
sizes. The tree judged to be most credible on external criteria
(notably morphometrics) was visualized as a maximum clade
credibility tree with mean node heights using TreeAnnotator,
after conservatively discarding the first 20 % as burn-in. The sub-
stitution rate of the nrITS region in angiosperms was reviewed by
Kay et al. (2006), who reported an average rate of the molecular
clock to be 4-13 substitutions/site/year x 10~ in herbaceous
plants (extremes reported were 1-72 and 8-34 substitutions/site/
year x 107?), offering the opportunity to compare the mutation
rate obtained from our study with those found in other plant
groups. We therefore used the inferred mean rate of substitutions

estimated using BEAST under the parameter meanRate, expressed
as the total number of substitutions per site divided by the total
period of time represented by the tree (because time in the tree is
measured in millions of years, the rates are given as unit substitu-
tions/site/Myr).

Ancestral geographical area reconstruction analysis

The plastid dataset was used for ancestral area reconstruction
in a Bayesian DIVA (dispersal—vicariance) analysis (Nylander
et al., 2008) as implemented in RASP v2.1 (Yu et al., 2010).
Six geographical regions (Fig. 9B) were defined for the
samples: Mediterranean basin (A), western sub-Mediterranean
(B), central sub-Mediterranean (C), Balkan sub-Mediterranean
(D), eastern sub-Mediterranean (E = Asia Minor plus the
Crimea) and Caucasus (F). Circumscription of these geographical
areas largely followed Meusel et al. (1965), though we used the
narrower circumscription of the Mediterranean basin (A) advo-
cated by Thompson (2005), thus leaving an expanded
sub-Mediterranean region (B—E). Note that samples from high
mountains in the Mediterranean (e.g. from the Moroccan
mid-Atlas Mountains, the Cretan uplands and the Taurus
Mountains in Turkey) were classified into the corresponding
sub-Mediterranean region, because the high-altitude habitats in
these regions constitute non-Mediterranean ecological condi-
tions (higher precipitation and lower mean temperatures) that
are broadly comparable with sub-Mediterranean environments.
Bayesian trees of the MrBayes run were used as input trees.
The Bayesian analysis of ancestral areas was run for 250 000
cycles, using ten chains and sampling every 100th generation;
the first 10 % of the resulting data were discarded as burn-in.
The sequence of S. satyrioides from Azerbaijan was used as the
outgroup.

RESULTS
Information content of chosen DNA regions

Each of the chosen DNA regions was successfully amplified for
all accessions, except for the LFY region. As this could not be
amplified in either accession of H. formosum, we could only
obtain a partial read of the first LFY intron for this species.

Initial comparison of sequence variability provided an import-
ant yardstick for assessing the resolving power of the chosen
DNA regions (Table 1). The nuclear regions outperformed the
plastid regions in terms of both absolute number and percentage
of variable positions within the aligned length. Although the first
intron of LFY provided more variable positions than the more
widely used nrITS, the two regions provided similar amounts
of information relative to sequencing effort required. However,
given the presence of extensive intra-individual paralogy in
nrlTS (discussed below in the section nrITS variability), the
single-copy LFY arguably appeared a better choice for phyl-
ogeny reconstruction.

Of the six plastid regions initially analysed, three displayed no
variation among the selected ingroup members. Among the three
variable regions, trnL-ndhF provided by far the most phylogen-
etic information, echoing the conclusions of the classic study by
Shaw et al. (2007). The second most informative region was
accD-psal, followed by ycfl. However, as the ycfl region is
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reported to be under positive selective pressure in some
plant families (e.g. Pinaceae; Parks et al., 2009), we eventually
preferred trnH-psbA, a region widely used in phylogenetic
studies. These three regions were sequenced for all selected
samples (Fig. 2), and an ILD test of topological incongruence
among single-region trees indicated maximal combinability of
these regions (P = 1.0). We therefore performed all subsequent
analyses of plastid sequences using this combined matrix.

nrlTS variability

Direct sequencing of the nrITS of 136 populations produced
176 sequences of the entire region, but 99 of these accessions
showed APSs in their sequence data. A further 35 samples
showed length polymorphism: H. robertianum was character-
ized by a length-polymorphic site (LPS) located 566 bp from
the 5’ end of the nrITS, all H. comperianum accessions by an
LPS at 483 bp, three accessions of H. hircinum by an LPS at 41
bp and one accession of H. x samariense by an LPS at 483 bp.
A further LPS at 216 bp united H. hircinum, H. jankae and
H. calcaratum. Two accessions originating from the same popu-
lation (H. hircinum from Saint-Paul-en-Forét, France) showed

1615

an unusually large number of point mutations; these putative
pseudogenes were excluded from further analysis. All species
examined other than S. satyrioides and H. metlesicsianum (repre-
sented by six and three plants, respectively) yielded sequences
exhibiting both categories of APS.

Within Himantoglossum s.s., an alignment of the direct nrITS
sequences lacking length polymorphisms yielded a matrix of
647 positions, 51 displaying APSs. These 101 accessions were col-
lapsed into 75 ribotypes, which were then reduced using TCS to 14
ribotype groups (Fig. 3A). These were dispersed around two dom-
inant ribotype groups, here labelled ‘RGal’ and ‘RGb1’, which
contained 72 and 18 ribotypes, respectively. The remaining ribo-
types formed satellites of between one and four accessions. Most
notably, the H. formosum ribotypes were separated from the re-
mainder by a minimum of five mutational steps.

The ribotype groups (Fig. 3B) showed surprisingly limited
phylogeographical patterns. The most frequent ribotype group
(RGal) occurred throughout the sampled area and so encom-
passed all taxa of the H. hircinum and H. jankae clades,
whereas the second most frequent group (RGb1) was confined
to the region east of the Adriatic and taxonomically restricted
to the H. jankae clade, occurring in H. jankae, H. calcaratum

I RGai1 [ |RGa4 I RGa7 M RGb1 MERGb4 =L10
‘(/ [ RGa2 I RGa5 MM RGas M RGb2 [1]L02

B RGa3 [ JRGas MM RGa9 I RGDL3 LO5

[ PG
B out

0 830 km i N
— A

Fi1G. 3. Parsimony network of ribotype groups of Himantoglossum s.s. identified by TCS (A) and their geographical distribution (B), together with three length-
polymorphic variants (L02, LO5 and L10), a putative pseudogene (PG) and the ribotype group of the outgroup, H. formosum (OUT). Blank circles (A) represent un-
discovered (i.e. hypothetical ) ribotypes. The size of pie charts (B) is proportional to the number of samples analysed from the same population (maximum of four).
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Fic. 4. Parsimony network of cloned nrITS sequences of the Himantoglossum hircinum-jankae clade identified by TCS (A) and their geographical distribution (B).

The TCS network (A) is coloured according to the two main groups identified; each cloned ribotype is coded as ‘CR’ followed by a number. Blank circles (A) represent

undiscovered (i.e. hypothetical) ribotypes. The pie charts on the map (B) show the ribotype composition of a cloned sample (i.e. ribotypes cloned from a given spe-

cimen); theirsize is proportional to the number of clones sequenced. Colouring and numbering (without the acronym ‘CR”) of ribotypes on the pie charts follow those of
the TCS network; the arrowed pie chart is located in south-west England.

and H. caprinum. The less frequent ribotype groups were more
geographically localized, being confined either to small
regions (e.g. RGa6 in southern England and western Germany
and RGb2 in Bosnia-Herzegovina, Romania and Turkey) or
even to a single population (e.g. RGa2, RGa8).

The 81 cloned nrITS sequences were aligned into a
638-bp-long matrix, and were subsequently collapsed into 28
ribotypes. The distributions of these ribotypes were uneven;
two codominant ribotypes (denoted CRO1 and CRO7) were
found to be equally frequent (14 occurrences), followed by
CRO8 (9), whereas the remaining ribotypes only occurred
between one and five times (mean 1-76, median 1-0), most
being found in just one accession (Fig. 4A).

LEAFY variability

The central part of the LFY intron showed APSs in nine of 36 ana-
lysed samples, so the polymorphic samples were subjected to
cloning. The alignment yielded a 1472-bp-long matrix of 29
sequences. A heuristic MP search found 16 most-parsimonious

unrooted trees, topological differences being confined to the distal
nodes. Because sequences cloned from the same species clustered
together [in most cases sequences from the same individual clus-
tered together (Supplementary Data Fig. S1)] we treated the
cloned sequence variants as intra-individual paralogues.

Phylogenetic tree reconstructions

The MP phylogenetic analysis of the concatenated plastid
sequences used 348 parsimony-informative characters and
yielded two most-parsimonious trees of 406 steps (consistency
index = 0-94, retention index = 0-98) on the same optimal par-
simony island, the two trees differing only in the topology among
the three outgroup samples (Fig. 5). The Bayesian tree (not
shown) had the same topology, but some branches received no
statistical support [see posterior probabilities (PPs) on the
branches of the MP tree presented as Fig. 5]. The plastid phyl-
ogeny provided an important insight into the phylogeny of the
group. It entirely corroborated the previous tree based on nrITS
(Bateman et al., 2003) by placing H. comperianum as sister to
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Fi1G. 5. Phylogram of Himantoglossum s.1. based on four concatenated plastid intergenic spacer sequences. Region of origin (displayed as country code) is shown in
parentheses. Numbers above branches represent statistical support (bootstrap value/Bayesian posterior probability; values for nodes a and b are 87/— and 95/100,
respectively).

the remaining species and the H. robertianum group as sister to
Himantoglossum s.s. As predicted from morphological examin-
ation, H. formosum was placed as sister to the rest of
Himantoglossum s.s., and within this group two main clades
were found: a western clade consisting of H. hircinum plus
H. adriaticum (both clearly separate) and an eastern clade epito-
mized by H. jankae and H. caprinum, together with several more
localized named segregates (Fig. 1). Unfortunately, no reso-
Iution was observed within the eastern clade other than the
weakly supported separation of the Israeli species H. galilaeum
as sister to the rest.

The MP search of the first intron of LFY used 598
parsimony-informative sites and found two most-parsimonious
trees (consistency index = 0-95, retention index = 0-98) of
length 894 on the same parsimony island. The two trees differ
from each other only in the relationships inferred among the
H. hircinum samples: one tree tentatively shows the Spanish
sample as sister to the rest (Fig. 6) whereas in the other tree it col-
lapses into the general polytomy among hircinum samples. This
second topology was found by Bayesian phylogenetic tree

inference (not shown), and all bootstrap-supported branches
were also supported (i.e. PP > 95 %) by posterior probability
values (shown in Fig. 6). Although the LFY tree ostensibly
gave useful resolution (Fig. 6), it also showed significant topo-
logical differences from the plastid tree (Fig. 7). Contrary to
the plastid phylogeny, LFY resolved two main clades within the
eastern H. jankae-H. caprinum clade separating H. caprinum (and
an east Cretan sample of H. x samariense) from the rest of the
samples (H. jankae, H. calcaratum, H. galilaeum, H. montis-tauri
and the remaining two samples of H. x samariense). In addition,
H. montis-tauri was found to be sister to all other samples
within the H. jankae group, though this separation was only
weakly supported.

The most striking topological difference between LFY and the
remaining trees (Fig. 7) concerns H. formosum, which is placed
as sister to the rest of Himantoglossum s.l. Within the H. hircinum—
H. jankae clade, central European samples of H. jankae were
grouped together with H. adriaticum on the LFY tree, whereas
these samples were grouped into the unresolved polytomy of the
eastern group on the plastid tree, together with all other
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F1G. 6. Nuclear DNA phylogram of the genus Himantoglossum based on the first intron of the single-copy LFY gene. Region of origin (displayed as the country code)
is shown in parentheses. Numbers above branches represent statistical support (bootstrap value/Bayesian posterior probability; values for nodes a and b are 86/100
and 87/100, respectively).

H. jankae samples, both relationships receiving high statistical
support (Fig. 6). Similarly, samples of H. X samariense were sepa-
rated on the LFY tree; the eastern Cretan sample was confidently
grouped with all three H. caprinum samples, whereas the western
Cretan and southern Peloponnesian samples were included in the
taxonomically diverse clade epitomized by H. jankae.

Finally, we checked the potential combinability of the plastid
and LFY datasets via an ILD test, as implemented in PAUP. The
results indicated extensive topological incongruence between
these two datasets (P = 0-01)—incongruence that is also
evident in the ‘hard incongruences’ (Wendel and Doyle, 1998)
identifiable by eye between the trees obtained from contrasting
genomes. We therefore abandoned further analyses of the conca-
tenated matrix, as such matrices perform poorly in such circum-
stances (Heled and Drummond, 2010).

Molecular dating

Our key goal for the molecular dating analysis was to provide a
temporal framework for the evolution of Himantoglossum s.1.,
using far better taxon sampling than that of Inda et al. (2012)
for Himantoglossum s.1.—a clade that they did not discuss in
detail. Given the analytical similarities, it is not surprising that

the chronogram resulting from our analysis (Fig. 8) generally
yielded dates similar to those reported by Inda ez al.

The placement of S. satyrioides as sister to Himantoglossum
s.l. receives no statistical support (posteror probability 0-64),
as in the analysis by Bateman et al. (2003), in which bootstrap
support was <50 %. In contrast, Himantoglossum s.l. is clearly
monophyletic. The remainder of the chronogram reflects the top-
ologies obtained from both the plastid and the LFY matrix.
Nevertheless, the paucity of species-specific nrITS ribotypes
prevented us from dating speciation events within the
H. hircinum-jankae clade; only the split between the two codo-
minant ribotypes was supported by sufficient data to allow statis-
tically credible dating.

Our results indicated the age of the most recent common ancestor
(MRCA) of Himantoglossum s.1. to be 9-15 Ma [95 % highest pos-
terior density interval (HPD) 4-64—14-2 Ma (lower—upper)]; this
was also the date inferred for the separation of H. comperianum.
The split between the H. robertianum group and Himantoglossum
s.s. was dated to 5-7 Ma (HPD 2-41-9-46 Ma), whereas isolation
of the Canary Island endemic H. metlesicsianum was estimated at
1-8 Ma (HPD 0-56—3-52 Ma). Within H. robertianum, a split
shown by our plastid dataset (Fig. 5) between western and eastern
Mediterranean samples (Iberian versus Cypriot samples) is also
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Fic. 7. Topological incongruences between the contrastingly inherited genomes within the as shown by the cladogram of MP trees of four combined plastid spacers
(A) and the nuclear LFY first intron (B). Statistically weakly supported branches (i.e. those with <74 % bootstrap support) are dashed, and the most conspicuous topo-
logical incongruencies are in bold.

evident in the nrITS chronogram and was dated at 1-0 Ma (HPD
0-24-2.22 Ma). Within Himantoglossum s.s., separation of the
Caucasian endemic H. formosum from later-divergent species
was estimated at 1-5 Ma (HPD 0-39-3-09 Ma), whereas the subse-
quent separation of the two dominant clone ribotypes within the
H. hircinum-H. jankae clade was tentatively dated at 0-59 Ma
(HPD 0-07-1-58 Ma). The mean substitution rate of nrITS was esti-
mated to be 7-2 substitutions/site/year x 10~°

Ancestral geographical area reconstruction

The Bayesian DIVA analysis of plastid data identified an
unambiguous (PP 96 %) ancestral range for the MRCA of the
Steveniella—Himantoglossum clade in the Caucasus Mountains
(Fig. 9). The ancestral range of Himantoglossum s.I. most likely
lies either in the Caucasus (PP 67 %) or, with less confidence, in
Asia Minor (PP 18 %). Distal to this node, all backbone nodes
on the tree apparently represent a dispersal event that led to vicari-
ance between daughter lineages. The first dispersal event is the
separation of the Mediterranean lineage of the H. robertianum
group from Himantoglossum s.s., an event that was followed by
the dispersal of Himantoglossum s.s. to sub-Mediterranean
Europe from a confidently identified (PP 88 %) ancestral area in
the Caucasus Mountains, a region where today the genus is repre-
sented by the putatively relict species H. formosum.

The MRCA of the H. hircinum—jankae clade, represented by
the next backbone node, had the most ambiguous ancestral area
on the tree (Fig. 9): an origin is approximately equally likely in

Asia Minor (PP 29 %), the Caucasus (PP 27 %) or the Balkans
(PP 18 %), and an origin is even possible in western or central
European (PP 7 % for both). The next node, representing the
MRCA of H. jankae plus H. caprinum, received equal support
for an origin in either the Balkans (PP 37 %) or Asia Minor
(PP 36 %), though a shared ancestral area is also quite likely (PP
24 %). Similarly, the MRCA of H. hircinum plus H. adriaticum
had an ancestral area with similar probabilities in either western
Europe (PP 43 %) or central Europe (PP 39 %), but in this case a
shared area was deemed much less likely (PP 8 %).

DISCUSSION
Phylogenetics of Himantoglossum s.1.

Our three molecular phylogenetic tools (nrITS, LFY and plastids)
have provided contrasting degrees of resolution at two contrast-
ing taxonomic levels: Himantoglossum s.I. and the
H. hircinum-jankae clade (Figs 3—6). The two levels are there-
fore best discussed separately.

Despite the discordant placement of H. formosum in the LFY
tree (see below, section Incongruence between gene trees), we
are confident from the morphometric (not shown), nrITS and
plastid data that species diverged in the order comperianum >
robertianum + metlesicsianum > formosum > hircinum-jankae
clade. Multiple samples of these taxa clustered tightly together, and
the robust topologies are consistent with previous, albeit less well
sampled, nrITS phylogenies (Pridgeon et al., 1997; Bateman
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F1c. 8. Bayesian chronogram of nrITS sequences of a representative set of European orchids with enhanced sampling of the Steveniella-Himantoglossum clade. The

tree is the maximum clade credibility tree obtained in a Bayesian analysis with a log-normal relaxed clock (uncorrelated) after 10 % burn-in and secondary calibration

points derived from Gustafsson et al. (2010). The numbers at nodes represents mean divergence dates of key clades in million years before present (Ma); dashed
branches have low (<0-83) posterior support.

et al., 2003). Authors indulging in topological speculation have  in speculatively misplacing H. caprinum (formerly H. affine) as di-
been less successful: Delforge (1999) misplaced H. comperianum  verging earlier than the remaining taxa within the group.

as sister to H. robertianum + metlesicsianum and within the This sequence of lineage divergence suggests that laterally
H. hircinum-jankae clade, he was joined by Bateman ez al. (2003) fused sepals, long filiform lateral labellar lobes, a long spur
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and possibly a chromosome number of 2n = 30 are apomorphies
of H. comperianum, whereas early flowering, loss of lateral petal
teeth, shortened central labellar lobes and a triangular stigma are
apomorphies of the H. robertianum group; this group shares with
Himantoglossum s.s. the synapomorphy of laterally fused visci-
dia (see Delforge, 1999; Bateman et al., 2003; Claessens and
Kleynen, 2011).

Within Himantoglossum s.s., the Caucasian endemic
H. formosum branches first, with good statistical support in
both the plastid (Fig. 5) and nrITS (Fig. 8) trees. However, our
DNA data permit far less confidence when discussing the cir-
cumscription of, and relationships among, taxa within the suc-
ceeding H. hircinum-H. jankae clade. Within this group, the
separation of a western clade (H. hircinum plus H. adriaticum)
from an eastern clade (H. jankae s.l. plus H. caprinum plus
local endemics) is suggested by the plastid tree (Fig. 5) with
high bootstrap support (95 %) but no Bayesian support. In con-
trast, the LFY tree (Fig. 6) shows with high statistical robustness
(the relevant branches have 82—100 % bootstrap values and
0-89—-1-00 PP values) H. hircinum alone branching earliest, fol-
lowed by H. adriaticum (plus two accessions of H. jankae) and
H. caprinum (plus one accession of H. xsamariense). The
LFY tree leaves only a poorly resolved clade containing most
of the accessions of H. jankae plus its segregates (or hybrids?)
H. calcaratum, H. montis-tauri and H. X samariense. If inter-
preted literally, this topology indicates a reversal of the
east-to-west direction of speciation events through time that
characterizes the early history of not only Himantoglossum s.1.
but also many other Eurasian orchid genera (cf. Bateman et al.,
2003); rather, eastward events are implied in Himantoglossum
s.s., beginning in western Europe and ending in the local ende-
mics of the eastern Mediterranean.

Morphological variation within the H. jankae group is similarly
more subtle than that among earlier divergent lineages (this topic
will be discussed in greater detail in a future paper). Much of the
variation stems from floral pigmentation characters; as a sweep-
ing generalization, variously placed spots and/or stripes tend to
decrease in frequency eastwards, and flower colour also is
often paler in the Balkans and Asia Minor. Labellum shape is
also highly variable — again, most strongly in the Balkans and
Asia Minor — and has recently been attributed to heterochronic
shifts (Bateman et al., 2013a). This variation in floral characters
such as spur length, which differentiates some species of
Himantoglossum s.1. (e.g. Sramko et al., 2012), may be asso-
ciated with pollinator guilds characteristic of different geograph-
ical areas, as demonstrated for some other European orchids
(Boberg et al., 2014; Sun et al., 2014; but see Bateman and
Sexton, 2008).

nriTS variability within the H. hircinum-jankae clade

We placed particular emphasis on the archetypally variable
nrlTS region (Table 1) in search of phylogeographical patterns.
However, neither our direct sequencing efforts (Fig. 3) nor the
subsequent cloning exercise (Fig. 4) provided more than a
basic insight, uncovering one exceptionally widespread ribotype
group (RGa) and a second most frequent ribotype group (RGb)
that is confined to the area east of the Adriatic. This paucity of
phylogenetic resolution in a fast-changing nuclear marker can
be explained either by recent gene flow between taxa or by

incomplete lineage sorting during speciation events (Sang,
2002; Alvarez and Wendel, 2003). However, we found no sign
of widespread hybridization in LFY, the other nuclear marker
included in this study; instead, in most cases multiple accessions
of the same species grouped together, thus corroborating the mor-
phologically based circumscriptions of species without offering
evidence of substantial genetic exchange.

The exceptions to this generalization are central European
samples of H. jankae and the apparently hybridogenous H.
x samariense. A more likely explanation for the pattern observed
in the nrITS is incomplete lineage sorting of ribotypes between
the comparatively recently separated species of the H. hircinum-
adriaticum and H. jankae-caprinum groups (i.e. we suspect that
the ribotypes are shared between species and infraspecific taxa
within these groups due to recent common ancestry).

The most surprising result of the nrITS-based phylogeographi-
cal survey was evidence (albeit equivocal) that the western groups
(H. hircinum and H. adriaticum) are older than the eastern clade
(H. jankae plus H. caprinum plus local endemics). Ribotype
group RGa occurs throughout the geographical distribution of
the clade, whereas group RGb is confined to the region east of
the Carpathians/Adriatic and is therefore tentatively viewed as
being younger (an interpretation that assumes similar rates of mi-
gration in the two groups). This inference receives further support
from the LFY tree (Fig. 6), which suggests divergence of species in
the order hircinum > adriaticum > jankae—caprinum group.
Lastly, Bateman et al. (2013a) noted deviant ribotypes in the
two populations of H. hircinum sampled from the supposed
geographical outlier of this species in southern Italy and Sicily,
suggesting that detailed morphological and karyological examina-
tions should be pursued in this region.

Incongruence between gene trees

Topological incongruence between phylogenetic trees ob-
tained from regions of the typically maternally inherited plastid
genome and biparentally inherited nuclear genome usually hints
at past hybridization (Rieseberg, 1997). In the case of LFY, where
the presence of a single copy has been verified by Southern blotting
in several European orchids (Montieri et al., 2004), this process can
easily replace the maternal gene with the paternal gene, thereby
introducing reticulation into the gene tree.

Comparing the results of our three molecular datasets, the
most prominent incongruence is the placement of H. formosum
improbably close to the root of the LFY tree. Although this top-
ology could in theory reflect an ancient hybridization event, we
believe that loss of an orthologous copy, leading to incongruent
placement of a taxon with a non-orthologous copy, provides a
more likely explanation (Sang, 2002; Small et al., 2004; Tlut
and Doyle, 2012; Zimmer and Wen, 2012). As recently demon-
strated in the family Lamiaceae (Curto et al., 2012), the post-
duplication fate of paralogous copies can be sorting into different
lineages, or different copies may be lost from different species. In
the present case we suspect that, unlike all other members of the
genus, H. formosum retained a more ancient paralogous copy of
LFY. This interpretation is suggested by difficulties experienced
during amplification of LFY in H. formosum and the failure of in-
ternal primers to obtain reads of the intron. Himantoglossum for-
mosum is sister to the morphologically similar species of
Himantoglossum s.s in both the plastid tree (Fig. 5) and the
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nrITS chronogram (Fig. 8), as well as the better-sampled nrITS
tree recently published by Bateman et al. (2013a).

In contrast, the different placement of central European
H. jankae samples on the LFY tree (Figs 5 and 6) may indeed
indicate hybridization. The central European samples are
found together with H. jankae samples from other geographical
regions on the plastid tree, potentially reflecting genetic ex-
change between H. adriaticum and central European
H. jankae. This observation raises the possibility of a hybrid
origin for H. adriaticum, because this interchange could have
caused the topological contrast evident between the two trees
(i.e. H. hircinum and H. adriaticum are represented as monophy-
letic sister species in the plastid tree but not in the LFY tree). The
conflicting placements of H. adriaticum suggest it is an ancient
hybrid between H. hircinum and H. jankae that underwent speci-
ation after its formation. Our conclusion of hybridity is supported
by flower morphology, which combines character states of both
putative parents (slightly larger and more colourful flowers
compared with those of H. hircinum).

The placement of different H. x samariense samples into
contrasting clades can again be explained by hybridization if
the maternal parent of the eastern Cretan sample was H. jankae
whereas the paternal parent was H. caprinum. This explanation
fits well into the hybrid origin postulated by the author of the
species, who described this taxon as a nothospecies derived
from H. jankae and H. caprinum [albeit then named as
H. caprinum and H. affine, respectively (Alibertis and Alibertis,
1989; see also Delforge, 1999)]. Here, too, the flower morphology
of the supposed hybrid also shows a combination of parental char-
acteristics; some flowers of H. x samariense exhibit the labellum
markings typical of H. jankae whereas others lack them, as does
H. caprinum.

Finally, the weakly supported (bootstrap value 64 %) placement
onthe plastid tree of H. montis-tauri as sister to all other samples of
the H. jankae-H. caprinum clade, together with its possession of a
subtly distinct but unique nrITS ribotype (RGb3) and its relative
morphological distinctiveness (not shown), corroborates the
view expressed by many authors who regard this taxon as an
entity separate from H. jankae s.s. In contrast, the lack of molecular
distinctiveness of H. calcaratum from H. jankae s.s. and the mor-
phological intermediacy between them of H. ‘robustissimum’ in
all characters but spur length (not shown) call into question its
taxonomic separation as a full species.

Key events in the evolution of Himantoglossum s.1.

When considered together with the ancestral area reconstruc-
tion, molecular dating sheds light on key events in the evolution
of the genus. Admittedly, the broad error bars incurred by the mo-
lecularly inferred dates urge caution when indulging in causal in-
terpretation.

Our finding of an average nrITS mutational rate of 7-2 substitu-
tions/site/year x 10~° clearly places Himantoglossum s.1.
towards the higher end of the spectrum of substitution rates
reported by Kay et al. (2006). However, their survey did not
include any Orchidaceae, a family that is characterized by rela-
tively high neutral substitution rates (Barraclough and
Savolainen, 2001).

Given the similar dataset and taxonomic sampling, dates
obtained by us for the separation of the main lineages are, not
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surprisingly, close to those reported by Inda et al. (2012). The
first split within Himantoglossum s.l., marking the separation
and dispersal of H. comperianum from the Caucasus to Asia
Minor, is dated to 9-15 Ma (HPD 4-64—14-2 Ma), a point in
time that offers no obvious environmental driver. However, the
next split, the separation of the H. robertianum group at 5-7 Ma
(HPD 2-4-9-46 Ma) and its dispersal to the Mediterranean, appar-
ently coincided with the Messinian salinity crisis, the dramatic
wholesale desiccation of the Mediterranean Basin that occurred
between 5-96 and 5-33 Ma (Rouchy and Caruso, 2006). Similar
events have been reported in other Mediterranean plant groups
(e.g. Rosselld et al., 2002; Pimentel et al., 2007; Font et al.,
2009; Escudero et al., 2010; Emadzade et al., 2011).

The Mediterranean region was largely wooded prior to the
Messinian crisis, which triggered a transition to more arid habi-
tats and more open plant communities. The modified environ-
ment may have suited Himantoglossum. All members of the
Himantoglossum s.l. lineage have large tubers and fleshy
stems, and most have wintergreen leaves that wither during an-
thesis, well before seed-set. The one exception — the
H. robertianum group — flowers unusually early in spring and
bears fleshy xeromorphic leaves. This adaptation could be a
key character that enabled this lineage to disperse and diversify
across the arid region of the Mediterranean basin created by the
Messinian event.

The rarest and most endangered species examined in the
present study was the Canarian endemic H. metlesicsianum; a
few small populations cling to the middle to lower slopes west
of the 3700-m-high volcanic caldera of Mount Teide on
Tenerife (Stierli-Schneider, 2004; Kropf et al., 2012) and of the
2400-m-high volcanic peak of Mount Taburiente on La Palma
(Acevedo Rodriguez and Mesa Coello, 2013). The estimated 1-8
Ma (HPD 0-56-3-52 Ma) divergence of H. metlesicsianum post-
dates the emergence above the sea of the three volcanic cores upon
which the present island of Tenerife was built (~7 Ma) but falls
within the period when the three cores were joined volcanically
to eventually form a single composite island (between ~3 and
0-8 Ma), as well as the estimated maximum age of La Palma
(~3 Ma). It also corresponds to the divergence time of several
other Canary Island endemics (Carine, 2005). The origin of this
species on the Canary Islands most likely reflects a colonization
event by an ancestor resembling H. robertianum, westwards
from Morocco or Iberia, followed (most likely rapidly) by
anagenetic speciation (cf. Bateman, 2012b). This biogeographical
scenario is shared with almost all Macaronesian orchids (Bateman
etal.,2014) and many other Canarian endemic plants and animals
(Juan et al., 2000).

The rise of the taxonomically problematic H. hircinum-jankae
group was relatively recent; this lineage separated from
H. formosum, the only lineage to remain in the ancestral
Caucasian area, at 1.5 Ma (HPD 0-4—-3-1 Ma) — that is, within
the Calabrian stage of the Pleistocene epoch that preceded the
major northern hemisphere glaciations. The drivers behind
their separation and the subsequent divergence of the two
main nrlITS lineages within the group at 0-6 Ma (HPD 0-07—
1-58 Ma) remain unclear. However, the dramatic impact of
Quaternary glaciations on the European biota (Hewitt, 1999)
constitutes a credible driver of the more recent speciation
within the members of the genus Himantoglossum, as well as po-
tentially explaining a degree of ongoing gene flow between them.
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Hybridization remains possible across the entire genus, as was
demonstrated by the recent discovery of natural hybrids between
the two most divergent species, H. comperianum and (putative)
H. montis-tauri, on the Aegean island of Lesvos (Karatzas,
2004). We also note that the geographical divide between the
largely allopatric H. hircinum-adriaticum group to the west and
H. jankae-caprinum group to the east passes through the Adriatic
and Carpathians, coinciding with a similar genetic barrier that
was inferred from DNA data in the related orchid genus Ophrys
by Devey et al. (2009).

Implications for conservation

Our results strongly suggest that H. metlesicsianum is a bona
fide species of significant age. Rare, highly localized and con-
stantly threatened by various human impacts, it merits the
highest conservation attention, being justly categorized as
Endangered on the 2012 IUCN Red List (Bateman et al.,
2013b). In addition, our nrITS and plastid datasets both show
that there is potentially significant molecular diversity within
the widespread Mediterranean species H. robertianum, which
evidently merits deeper Europe-wide study using molecular
and morphological methods. Himantoglossum formosum is
even more morphologically and molecularly distinct than
H. metlesicsianum, as well as offering a potential ancestral
morphology for the H. hircinum-jankae clade. Although its dis-
tribution is poorly known, this species appears to us sufficiently
distinct and uncommon to warrant high-level legal protection.

We are presently less confident when making conservation
recommendations within the given the limited resolution uncov-
ered by each of the molecular approaches that we have applied.
Confirmation of the circumscription of, and most appropriate
taxonomic rank for, taxa within this clade must await integration
of the molecular data discussed in this paper with our detailed
morphometric survey (this topic will form the core of a future
systematics paper). Included in both the IUCN Red List and
European Habitats Directive, H. adriaticum can confidently be
distinguished from H. hircinum s.s. on both morphological
and molecular criteria. Himantoglossum jankae (still listed
incorrectly as H. caprinum) is also included in the Habitats
Directive. Both species are confined to slightly disturbed
habitat patches within oakwoods of high conservation value
and hence are valuable indicators of important European habitats
that require legal protection. Further east, H. caprinum (formerly
named H. affine) is not presently included in international conser-
vation lists but appears to merit high conservation status. In Asia
Minor and the Crimea, all members of the Himantoglossum
clade are threatened by the collection of tubers to make ‘salep’,
a traditional nutritious foodstuff used to produce beverages and
ice cream (e.g. Kasparek and Grimm, 1999). Consequently, in
Turkey, both H. caprinum and H. jankae have become confined
to small habitat patches, most commonly cemeteries.

Establishing the evolutionary origins of, and the most appropri-
ate taxonomic rank for, the four named local endemics (calcara-
tum, ‘robustissimum’, X samariense and montis-tauri) is more
challenging; it requires not only morphometric comparison but
also more focused, well-sampled investigation using population
genetic markers. Indeed, such work could give greater meaning
to the genetic variation observed by us within H. hircinum
(nrITS), H. robertianum (all genic regions) and even within the

outgroup, S. satyrioides (all genic regions). Until such work is con-
ducted, it would perhaps be premature to award these taxa the
highest conservation status.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford
journals.org and consist of the following: Table S1: a list of
specimens sampled, their geographical origin and abbreviations
used in the study, together with GenBank accession numbers
for the resulting DNA sequences (provided as an Excel file).
Figure S1: maximum parsimony phylogenetic tree of cloned
LFY sequences.
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