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Abstract Salvia is the most species-rich genus of the family Lamiaceae, currently numbering almost 1000 species. The diagnostic
feature of the genus is the unique staminal lever mechanism that allows for specific pollination modes. We encountered an unusual
Salvia form in the field, in SE Romania, which resembles S. austriaca but features a radically different lever mechanism.
This form proved to be geographically widespread on the Pontic steppe, never occurring in sympatry with S. austriaca. We used
an integrative approach, employing morphometric and phylogenomic (RADseq) analyses, to study this unusual form. The taxon’s flo-
ral morphology proved to be consistently and subtly different from that of S. austriaca, and similarly, Bayesian species delimitation
using genome-wide SNP data indicated species-level differences. Our results provide compelling evidence that points toward the dis-
covery of an unrecognized species. This species has been overlooked for centuries, misidentified as S. austriaca, a closely related
taxon. The new species differs from S. austriaca in key features of floral structure, habitat preference, and distribution. The potential
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range of this cryptic species, its pollination biology, ecology, and phylogeography are discussed.
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Supporting Information may be found online in the Supporting Information section at the end of the article.

H INTRODUCTION

The genus Salvia L., colloquially known as sages, is
the most diverse genus of the Lamiaceae Martinov family
and one of the largest genera of flowering plants, numbering
around 980 species (Will & Claflen-Bockhoft, 2017), with
new species continuously being described (e.g., Celep
& al., 2015; Garcia & Zamudio, 2015; Martinez-Gordillo
& al., 2016; Martinez-Ambriz & al., 2019; Wei & al., 2019).
It has a nearly worldwide distribution, with diversity hotspots
on four continents, and presenting extreme diversity regarding
habitat, ecology and pollination biology (Harley & al., 2004).

The diagnostic feature of the genus is the unique
staminal lever mechanism (ClaBen-Bockhoff & al., 2003;
ClaBen-Bockhoff, 2017). This lever mechanism is formed by
the two asymmetric anthers present in the Salvia flower, each

with an elongated connective that separates the two thecae
from each other. The upper connective arm (abaxial) has two
fertile pollen sacs, while the lower connective arm (adaxial)
is often sterile and forms structures that restrict the access
to nectar (ClaBen-Bockhoff & al., 2004a). The stamens are
versatile, with a mobile connective that can swing around
the joint formed by the thin filament tip (Troll, 1929). Pollina-
tion (by insects or birds) is achieved by pushing the lever that
drives the deposition of pollen onto a specific body part of the
pollinator (Clalen-Bockhoff & al., 2003, 2004b; Celep & al.,
2020a).

Salvia flowers have been extensively studied for their
unique staminal lever mechanism, a complex functional unit
involved in flower—pollinator interactions (e.g., Hruby, 1962;
Clalen-Bockhoff & al., 2003; Reith & al., 2007; Celep & al.,
2020a). The lever mechanism provides mechanical isolation
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in otherwise interfertile Salvia species, thus effectively pre-
venting hybridization—an important feature considering that
hybrids are rarely competitive in nature, as they compete for
the same habitat as the parental species (ClaBen-Bockhoff &
al., 2004b; Celep & al., 2020a). The staminal lever has been
proposed as a key innovation for the evolutionary radiation
of this mega-genus and a major driver of speciation (Clafen-
Bockhoff & al., 2003, 2004b) because significant species radi-
ations are correlated with the presence of the lever mecha-
nism. Versatile staminal lever contraptions, similar to that of
Salvia, have evolved only rarely in angiosperms. Similar struc-
tures that have the same function and could act as a key inno-
vation facilitating diversification are also present in several
Calceolaria L. (Calceolariaceae Olmstead) species, a genus
in which they evolved twice independently (Trapp, 1956b;
Sérsic, 2004), in Pseudosopubia obtusifolia Engl. of Oroban-
chaceae Vent. (Trapp, 1956a), and in Roscoea purpurea Sm.
of Zingiberaceae Martinov (Troll, 1929).

During the last two decades, several studies demonstrated
the paraphyly of this large genus (Walker & al., 2004; Walker
& Sytsma, 2007; Will & Clalen-Bockhoff, 2014, 2017;
Kriebel & al., 2020, 2021; Rose & al., 2021), and that the
staminal lever evolved independently three (Walker &
Sytsma, 2007; Drew & Sytsma, 2012) or five times (Will
& ClaBlen-Bockhoff, 2017), each time resulting in convergent
morphology and function. As a direct consequence of these
studies, there is an ongoing debate regarding the exact circum-
scription of the genus with two major taxonomic treatments
proposed, both based on previous studies with extensive
molecular and morphological analyses and sampling a
large number of taxa: maintaining Salvia with the inclusion
of additional 15 species belonging to Dorystaechas Boiss.
& Heldr., Meriandra Benth., Perovskia Kar., Rosmarinus L.,
and Zhumeria Rech.f. & Wendelbo (Drew & al., 2017), or
splitting up this large genus into six genera (Will & ClaBen-
Bockhoff, 2017). Kriebel & al. (2019) recently examined
how diversification of this large genus was influenced by re-
peated shifts in area, biomes, and pollinators with evidence
pointing to other important drivers of speciation besides the
special pollination mechanism.

Salvia phylogenetics mostly relied on classical phyloge-
netic methods (i.e., Sanger-sequencing of candidate-genes
from the plastid and nuclear genomes) that provided substan-
tial phylogenetic resolution between main lineages within the
genus, but often failed to effectively separate closely related
species (Walker & Sytsma, 2007; Takano & Okada, 2011;
Jenks & al., 2013; Li & al., 2013; Walker & al., 2015; Will
& ClaBen-Bockhoff, 2017; Hu & al., 2018). Genomic ap-
proaches usually provide better resolution in the latter case
(Rannala & Yang, 2008; Lemmon & Lemmon, 2013; McCor-
mack & al., 2013), as was demonstrated in the genus Salvia as
well (Kriebel & al., 2019; Rose & al., 2021). Using different
genomic approaches, Rose & al. (2021) generated congruent
topologies from nuclear and plastome datasets, but they con-
cluded that there is widespread discordance among individual
gene trees possibly arising from incomplete lineage sorting
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and horizontal gene flow. Reduced representation genomic
library (RRL) methods are cost and labor efficient approaches
in generating high-resolution genomic data of non-model
organisms (Davey & al., 2011), which typically provide thou-
sands of single nucleotide polymorphisms (SNPs) for phylo-
genomic inference (Leaché & Oaks, 2017). One of the most
powerful methods among RRL approaches is restriction-site
associated DNA sequencing (RADseq), originally described
as a particular method of RRL approaches (Miller & al.,
2007; Baird & al., 2008), but the name has recently been
adopted in a wider sense to include all RRL methods that em-
ploy restriction enzymes to locate loci across the genome for
next-generation sequencing (Andrews & al., 2016). The orig-
inal version of RADseq (also called sdRAD, see Rivera-Colon
& al., 2021) is a powerful and reliable method (Puritz & al.,
2014; Rochette & al., 2019) that was successfully used to elu-
cidate evolutionary relationships between recently diverged
taxa (e.g., Reitzel & al., 2013; Bateman & al., 2018; Sramko
& al., 2019; Karbstein & al., 2020). Recent analytical devel-
opments further improved RADseq data analyses in several
ways including the application of species delimitation (Leaché
& al., 2014; Pante & al., 2015) and the estimation of diver-
gence times from SNP data (Stange & al., 2018).

During our field work in the Dobrogea region of Romania
and Bulgaria (a historical region known as “Scythia Minor” or
“Lesser Scythia”, comprising present-day southeast Romania
and northeast Bulgaria) characterized by extensive steppe
habitats as part of the Pontic steppe zone (Kajtoch & al.,
2016: fig. 1), we encountered a Salvia taxon similar to
S. austriaca Jacq. in overall morphology, but displaying a rad-
ically different staminal lever system. This unusual form de-
posits the pollen onto the back of the pollinating insect using
a dorsal anther movement (hereafter called “Salvia FDPD”,
i.e., Salvia form with dorsal pollen deposition), whereas
S. austriaca s.str. deposits the pollen onto the side of the
abdomen of the insect, using an approximately lateral lever
movement (i.e., lateral pollen deposition). Salvia austriaca
shares this feature of lateral pollen deposition with its
putative close relative S. staminea Montbret & Aucher ex
Benth. (= S. armeniaca (Bordz.) Grossh.), a species with
a native range covering the dry mountain-steppes of eastern
Turkey, Iran and Transcaucasia (Pobedimova, 1954; Hedge,
1982a,b; Galstyan, 2021). According to the above sources,
these two species are the only known members of the S. ser.
Austriacae Pobed. (sect. Plethiosphace Benth., subg. Sclarea
(Moench) Benth.). In contrast, Bentham (1848) and then
Menithkiy (1987), based on different characters, included
S. austriaca and S. staminea in different sections, S. sect.
Plethiosphace and sect. Aethiopis Benth., respectively. Given
the high importance of the staminal lever mechanism in speci-
ation of the genus Salvia (ClaBen-Bockhoff & al., 2003,
2004b; Will & Claflen-Bockhoff, 2017), we tested the taxo-
nomic value of Salvia FDPD by seeking answers for the fol-
lowing questions: (i) What is the geographic extent of the
distribution of Salvia FDPD? (ii) How stable is the morpho-
logical difference in flower morphology between S. austriaca
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and Salvia FDPD? (iii) What is the genetic relationship be-
tween S. austriaca and Salvia FDPD in the rigorous analysis
of species delimitation statistics based on sdRAD genomic
data? We also examine the taxonomic relationship between
Salvia FDPD and S. austriaca var. perlanata Nyar., a variety
described by Nyarady (1942) from SE Romania.

B MATERIALS AND METHODS

Collection of distribution data. — It is sometimes im-
possible to confidently study the morphology of fragile floral
macrostructures in herbarium specimens, because spatial struc-
tures usually get damaged during pressing (Chen & al., 2018).
Given the fragility of these morphological characters in Salvia
flowers, we restricted our screening for occurrence records
to public image repositories of plants with a geographic tag
of the location where the picture was taken. Therefore, we
screened large global (www.inaturalist.org) and local (www.
botanikaiforum.com; www.naturgucker.de; www.plantarium.
ru) image repositories. We were looking for close-up pictures
on Salvia specimens registered as S. austriaca and checked
the staminal lever type—whether it is in a dorsal or lateral

Taxon
[ Salvia austriaca

W Salvia FDPD

Dataset
O Genetic

<> Morphometric

[] Genetic and Morphometric
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position. Online georeferenced photos were considered only
if morphological keys regarding the position of the upper
connective arms of the stamens could be unequivocally iden-
tified. The observations that could also be geolocated were
collected and—whenever exact locality information was
given—georeferenced and used for producing a map of obser-
vations in QGIS v.3.4 (www.qgis.org). For geographic coordi-
nates of each observation, see suppl. Table S1. Delimitation of
the steppe zone on our map follows Lavrenko & al. (1991).
Taxon sampling for morphometrics. — Morphological
measurements were taken from a total of 64 live Salvia speci-
mens: 35 specimens of Salvia FDPD (a total of eight popula-
tions from Romania and one from Ukraine) and 29 specimens
of S. austriaca (a total of six populations from Romania, and
three from Hungary) (Fig. 1). Populations were more than
1 km apart and separated by some kind of physical barrier,
like extended forests, rivers or lakes. On each specimen, four
quantitative vegetative traits were measured: stem height,
number of stem-leaf pairs, length of rosette-leaf blade, and
length of petiole. Furthermore, between one and six live
flowers were collected from each specimen and digitized on
millimeter paper on site. Following this, stamens were excised
from every flower and digitized on millimeter paper. On the

Fig. 1. A, Spatial distribution of sampled Sa/via L. populations; B, Study area highlighted in red on a map of Europe; C, Transylvanian sites en-
larged; D, Dobrogean sites enlarged. — White, Salvia austriaca Jacq. s.str.; black, Salvia FDPD; circle, genetic samples; diamond, morphometric
samples; square: both genetic and morphometric samples; white lines represent country borders.
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digitized plant material we measured six quantitative floral
traits using the software ImageJ v.1.53k (Schneider & al.,
2012) (traits were selected based on the study of Thimm,
2008): absolute length of the abaxial lever arm, distance be-
tween joint and pollen-sacs, absolute length of the adaxial le-
ver arm (Fig. 2), length of corolla, height of corolla, and length
of calyx-tube.

Statistical analyses of morphometric data. — We com-
pared the vegetative traits between Salvia austriaca and Salvia
FDPD using linear models, except for the number of stem-leaf
pairs, where we used a generalized linear model. In the case of
floral traits, we used linear mixed-effects models to compare
specimen mean values of S. austriaca and Salvia FDPD. For
each trait a separate model was built: morphological traits
were included as response variables, taxon identity as explan-
atory variable, and sampled individual as random effect. Lin-
ear mixed-effects modeling was applied using the “Imer”
function from the /me4 v.1.1-30 package (Bates & al., 2015).
Model construction was followed by model validation by
inspecting normality and homogeneity of residuals. In order
to visualize the multi-trait based differentiation between
S. austriaca and Salvia FDPD, we performed a principal com-
ponent analysis (PCA) on the six floral traits of individuals
where no missing data were present, followed by plotting the
specimens by the first two PC axes using the factoextra
v.1.0.7 (Kassambara & Mundt, 2019) and FactoMineR v.2.4
(L& & al., 2008) packages. The PCA biplot was constructed
using the package ggplot? v.3.3.6 (Wickham, 2016). All sta-
tistical analyses were performed in the R v.3.6.0 statistical en-
vironment (R Core Team, 2019).

DNA extraction, sequencing and SNP calling. —
Samples were collected for genetic analysis from four popula-
tions of Salvia FDPD and three populations of S. austriaca
(Fig. 1, Appendix 1). Two populations of Salvia nutans L.
and one population of both Salvia nemorosa L. and Salvia
pratensis L. (Appendix 1) were included as outgroups and to
compare the phylogenetic distance between our focal taxa
and among these widely accepted species-level taxa. Similar
to S. austriaca, these outgroup taxa are included in S. sect.

theca-
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Plethiosphace, and their close phylogenetic proximity is
supported by molecular evidence (Will & ClaBen-Bockhoff,
2017; Kriebel & al., 2019; Rose & al., 2021). From each pop-
ulation, one or two individuals were sampled in the field by
collecting leaf material into silica-gel. DNA was extracted
from silica-gel dried samples using the E.Z.N.A. Plant DNA
DS Mini Kit (Omega Bio-tek, Norcross, Georgia, U.S.A.).
The quality of genomic DNA extracts was evaluated on a
1% agarose gel and quantified using a Qubit 3.0 fluorometer
(ThermoFisher Scientific, Waltham, Massachusetts, U.S.A.).

We implemented a RADseq (Baird & al., 2008) protocol
following Paun & al. (2016) and Bateman & al. (2018). Given
the relatively small genome of Salvia species (Leitch & al.,
2019), we used 210 ng DNA per individual in the initial re-
striction digest step using the relatively frequent-cutter en-
zyme Pstl (New England Biolabs, Ipswich, Massachusetts,
U.S.A)). The Pl-ligated DNA fragments were sheared with a
Bioruptor Pico (Diagenode, Seraing, Belgium) for five cycles
of30 s “on”, 30 s “off” at high power setting. The final library
was sequenced at UD-GenoMed Medical Genomic Technolo-
gies (Debrecen, Hungary) on an Illumina NextSeq platform
using a mid-output kit producing 150 bp single-end reads.

The library was demultiplexed and quality filtered using
the “process_radtags” pipeline from the software STACKS
v.2.2 (Catchen & al., 2011). After demultiplexing and quality
filtering, we retained 1.05 + 0.29 million reads per individual.
The reads were then mapped to the reference genome of Salvia
splendens Ker Gawl. (Dong & al., 2018) with BWA v.0.7.12
(Li & Durbin, 2009) using default parameters. Mapped reads
were processed using the “ref_map.pl” script, and one random
SNP per locus was exported with the “populations” module in
STACKS v.2.2. Finally, using VCFtools v.0.1.13 (Danecek
& al., 2011), we only kept SNPs that were present in at least
80% of the individuals, yielding 2911 virtually unlinked SNPs
in total.

Phylogenomic analyses, species delimitation and
divergence dating. — We assessed the phylogenetic and
taxonomic relationships between our samples using three
approaches: (1) maximum-likelihood phylogenetic tree

Fig. 2. Quantitative floral traits
measured: absolute length of the
! ‘ abaxial lever arm (a), distance be-
i = tween joint and pollen-sacs (b), ab-
[ > solute length of the adaxial lever
i arm (c). Photo: Gabriel Gigea.

filament
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reconstruction as implemented in RAXML v.8.2.12 (Stamata-
kis, 2006); (2) multivariate genetic structure analysis using
discriminant analysis of principal components (DAPC) as im-
plemented in the R package adegenet (Jombart & Ahmed,
2011); (3) Bayes factor species delimitation method (BFD)
(Leaché & al., 2014) as implemented in the BEAST v.2.5.0
package (Bouckaert & al., 2014) add-on SNAPP v.1.4.2
(Bryant & al., 2012); and a dated species-tree reconstruction
using coalescence as implemented in SNAPP. As genome-
wide SNPs can only be used in a maximum likelihood tree
search with ascertainment bias correction option, we re-
moved invariant sites from our dataset using the phrynomics
v.2.0 package (https://github.com/bbanbury/phrynomics.git;
accessed: 11 Jan 2020) in R (keeping 1884 SNPs). RAXML
was run using this dataset with the GTR + CAT model of
molecular evolution (Stamatakis, 2006). The statistical ro-
bustness of our obtained phylogenetic tree was assessed via
non-parametric bootstrap (BS) using the automatic option in
RAxML (i.e., the pseudo-replication was carried on until con-
vergence as implemented in the extended majority-rule con-
sensus tree option of the bootstrap convergence criterion).

We used k-means clustering and DAPC to define a priori
groups to infer genetic structure using a multivariate method
and for downstream analyses. We used all PC axes for ~-means
clustering and chose four grouping schemes (K = 4—7) with the
lowest Bayesian information criterion (BIC) scores. In the
DAPC analysis, we included the first four PC-s to avoid
over-fitting as inferred from a-scores associated with the num-
ber of retained PC-s, then we retained the first two discrimi-
nant functions.

Next, we compared models of species delimitation within
the “Salvia austriaca group” (i.e., S. austriaca s.str. and
Salvia FDPD) using the BFD method. Our null model consid-
ered all individuals in the two morphological groups within
the Salvia austriaca group to be the same species, whereas
the alternative model split the two morphological groups into
separate species. We ran four path sampling analyses in total,
two independent repetitions for both the null and the alterna-
tive models, using alpha = 0.3 for 200,000 Markov chain
Monte Carlo (MCMC) iterations with 20% burn-in, 10,000
pre-burn-in, and for 100 steps in each run. We calculated the
Bayes factor (2InBF) from marginal likelihood estimates
(InMLE) for the alternative models and compared them to
the null models following Kass & Raftery (1995).

In order to provide a dated species-tree, we ran SNAPP by
adopting the options described in Stange & al. (2018). We
conducted two runs of 1,000,000 iterations sampling every
500th. To generate the SNAPP input files, we used the Ruby
script “snapp_prep.rb” of M. Matschiner (https://github.com/
mmatschiner/snapp_prep, accessed: 5 Jan 2020). We used
one constraint timing the root to a mean of 3.88 mya (million
years ago) with a 0.2 offset and standard deviation of 1 based
on the estimated origin of the most-recent common ancestor
(MRCA) of Salvia austriaca, S. nutans and S. pratensis esti-
mated by Kriebel & al. (2019). Convergence in all SNAPP an-
alyses was evaluated through effective sample size (ESS)

TAXON 72 (1) * February 2023: 78-97

values and trace plots in the software Tracer v.1.6 (Rambaut
& Drummond, 2013).

B RESULTS

Distribution of the taxa of the Salvia austriaca group. —
Our collection of occurrence data for taxa of the Salvia austri-
aca group with two different pollen deposition modes (i.e.,
dorsal and lateral deposition) indicates strong eco-geographi-
cal differentiation with an almost complete vicariance of the
two forms (Fig. 3). The taxon with lateral pollen deposition
(i.e., S. austriaca s.str.) occupies the forest-steppe zone of
the Pannonian basin, Transylvanian basin, the Pontic steppe,
the SE part of Crimea, and the Balkans, whereas Salvia FDPD
is confined to the short-grass steppe zone (or true steppe zone)
as defined by Lavrenko & al. (1991) of the Pontic steppe. The
westernmost observations of Salvia FDPD are from northern
Bulgaria (settlement: Bozhurluka), whereas the easternmost
is from the city of Rostov (Russia).

Morphological differentiation between Salvia austri-
aca and Salvia FDPD. — While processing the collected sam-
ples, we noted that several individuals exhibited reduced,
shortened staminal levers, indicating that Salvia FDPD might
be exhibiting gynodioecy, a dimorphic sexual system where
populations are composed of both hermaphroditic and female
individuals. Gynodioecy is known in S. austriaca, S. candidis-
sima, S. cyanescens and S. pratensis as well (Kaul, 1988; Zhang
& ClaBlen-Bockhoff, 2019). Measurements of quantitative flo-
ral traits were performed only on hermaphroditic flowers.
Based on the results of the linear mixed-effects models, five
of'the six investigated floral traits differed significantly between
the two taxa: calyx length (x> = 34.70, p < 0.0001), corolla
height (y* = 6.18, p = 0.0129), corolla length (y* = 107.64,
p <0.0001), absolute length of the abaxial lever arm (> =
269.67, p <0.0001), and absolute length of the adaxial lever
arm (y* = 10.25, p = 0.0014) had significantly greater values
for Salvia FDPD compared to S. austriaca s.str. (Table 1). In
contrast, we only observed a marginally significant difference
between the number of stem leaf pairs (y* = 6.11, p =
0.0134), where the higher values also belonged to Salvia
FDPD. There was no difference in the other vegetative traits be-
tween the two taxa (data not shown).

In the PCA, 74.6% of total variation in flower-traits was
explained by the first two PC-axes (PC1 — 54.0%, PC2 —
20.6%). However, the two focal taxa were differentiated only
along the first PC-axis (Fig. 4).

Phylogenomics, species delimitation and divergence
dating. — Our maximum likelihood (ML) phylogenetic tree
reconstruction based on unlinked genome-wide SNPs pro-
duced a well-resolved phylogram (Fig. 5A,B), in which sam-
ples of the same a priori classified taxa are monophyletic
and strongly supported (BS = 100), but some of the tip nodes
received moderate support (i.e., 70 < BS < 99). The topology
strongly supports the separation of the Salvia austriaca group
from the rest of the samples (our a priori outgroup) along the
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Salvia FDPD Salvia austriaca Biomes and ecoregions
® field observation O field observation [] Eurasian steppe
4 image repository < image repository [] Pannon forest-steppe

[ Eurasian forest-steppe
[l Crimean Submediterranean forest

Fig. 3. Distribution of Salvia FDPD and S. austriaca Jacq. Delimitation of the steppe zone follows Lavrenko & al. (1991). Delimitation of the
Crimean Submediterranean forest ecoregion follows Olson & al. (2001). For geographic coordinates of each observation, see suppl. Table S1.

Table 1. Biometric data (floral and vegetative) of morphological characters for Salvia austriaca Jacq. (N = 29) and Salvia FDPD (N = 35).

Variable Salvia austriaca Salvia FDPD
Floral traits Values in mm Values in mm
ch* (corolla height) (6.24) 10.69 + 0.55 (17) (8.36) 12.38 £ 0.54 (21.33)
cl* (corolla length) (14.27) 17.7 £ 0.26 (20.4) (19) 22.75 £ 0.4 (26.34)
a* (absolute length of the abaxial lever arm) (12.79) 14.44 £ 0.22 (17.23) (16.04) 20.71 £ 0.31 (24)
b (distance between joint and pollen-sacs) (11.25) 14.06 + 0.35 (18.57) (9.69) 13.69 + 0.39 (18.27)
c* (absolute length of the adaxial lever arm) (2.15)2.72 £ 0.07 (3.54) (2.23) 3.06 + 0.09 (4.04)
cal* (calyx length) (7.4) 8.22 £ 0.15 (9.86) (8.05) 9.54 + 0.15 (10.82)
Vegetative traits Values in cm, except stlp Values in cm, except stlp
sth (stem height) (24) 56.23 £2.27 (79) (8) 61.2 £3.65 (104)
stlp* (number of stem leaf pairs) (1) 1.53£0.14 (3) (1) 1.69 £ 0.09 (3)
Ipet (length of petiole of rosette leaf) (1.8)3.67 £ 0.32 (7.5) (1)4.46 £0.44 (12)
lobl (length of leaf blade of rosette leaf) (5.2) 11.61 £ 0.53 (14.5) (8.5) 13.83 £0.77 (25)

Values represent (minimum) mean + standard error (maximum).
* indicates significant differences between measurements (p < 0.05).

Version of Record 83

85U8017 SUOWIWOD SAE8ID 8 [dedt[dde au Ag peusenob a.e sajole YO ‘9SN Jo So|ni o} AkeuqT8UIIUQ AB]1/ UO (SUONIPUOD-pUE-SWB /00" A3 1M Arelq 1 jeuluo//SAny) SUONIPUOD Pue SWIS 1 81 88S *[£20z/0T/Sz] uo Akeidiauljuo (1M ‘Usaeiged JO A1seAlun Ad 8T8ZT Xe)/200T 0T/I0p/Wod A8 | Aleiqipul|uo//sdny wolj pepeojumod ‘T ‘€202 ‘SLT8966T



Matis & al. « New, cryptic Salvia species in Europe

longest branch on the tree (Fig. 5A). Within the latter clade,
S. nutans is sister to the crown-clade formed by S. pratensis
and S. nemorosa.

The species tree reconstruction based on coalescence
analysis (Fig. 6) yielded a fully congruent topology to the
ML-tree, in which taxa of the Salvia austriaca group are sister
to the lineage formed by S. nutans, S. pratensis and S. nemo-
rosa. The next split within this lineage is much younger and
is represented by S. nutans, which separated from the other
two species during the Middle Pleistocene. The following iso-
lation event is marked by the separation of the two taxa of the
Salvia austriaca group, which was followed by the split be-
tween S. nemorosa and S. pratensis. All nodes were fully sup-
ported in the species tree (posterior probability [PP] = 1.0).
The divergence dating analysis indicated that S. austriaca
s.str. and Salvia FDPD diverged 0.197 mya (95% confidence
interval [CI]: 0.302—-0.087 mya) (Fig. 6).

The DAPC analysis attained the lowest BIC scores to
models with 5 and 7 clusters (suppl. Fig. S1). At K=5, all in-
dividuals were assigned into a cluster—according to existing
classification and splitting the taxa of the Salvia austriaca
group—with full posterior probability (Fig. 5C). Interestingly,
models with higher number of clusters assigned individuals
from S. nemorosa and S. pratensis into separate clusters,
whereas the clusters formed by samples of the taxa of the
Salvia austriaca group were not divided (suppl. Fig. S2).

25 0.0
PC1 (54.0%)
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Similarly, at K =4, S. nemorosa and S. pratensis were lumped
together, whereas S. austriaca s.str. and Salvia FDPD were
still conceived as separate groups (suppl. Fig. S2).

The BFD favored the alternative model, which considered
Salvia austriaca s.str. and Salvia FDPD as separate entities. The
null model, grouping all individuals into one species within the
Salvia austriaca group (i.e., S. austriaca s.1.), performed worse
in both repetitions with a mean BF value of 348.67 in favor of
the alternative model (Table 2) across the two repetitions. This
is considered decisive according to Kass & Raftery (1995).
Mean ESS was 336.34 (standard deviation = 200.74) across
both models and all steps and repetitions, implying that the
chain length was adequate to reach convergence.

H DISCUSSION

Distribution of the taxa of the Salvia austriaca group. —
The strong eco-geographical differentiation with an almost
complete vicariance of the two forms (Fig. 3) argues for a sig-
nificant and recent separation of the two studied taxa. It is very
likely that these taxa have been recently isolated and strongly
adapted to live in different ecological conditions. These might
be determined by the different climatic conditions of the more
humid forest-steppe and the dryer true steppe zone (Erdds
& al., 2018). Nevertheless, we also have to note the almost

Taxon

|E| Salvia austriaca
|Z| Salvia FDPD

25

Fig. 4. PCA biplot of Salvia L. samples based on six quantitative floral characters, where the arrows represent loadings. Blue circles, S. austriaca
Jacq. (N = 16); red triangles, Salvia FDPD (N = 26); ch, corolla height; cl, corolla length; cal, calyx length; a, absolute length of the abaxial lever
arm; b, distance between joint and pollen-sacs; c, absolute length of the adaxial lever arm.
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total absence of Salvia pratensis, a species with dorsal pollen
deposition, from the whole true steppe region (Meusel &
Jager, 1992). Therefore, we cannot exclude the role of inter-
specific competition in shaping the current distribution of
the taxa examined.

Although our westernmost observation of Salvia FDPD
(Bulgaria: Bozhurluka) lays within the forest-steppe zone, this
locality is well-known to support several species characteristic
of the true steppe zone (e.g., Paeonia tenuifolia L., Salvia
nutans, Adonis volgensis Stev., etc.; pers. obs.), and, thus,
can possibly be regarded as an extrazonal enclave of the true
steppe zone. The easternmost observation (Russia: city of
Rostov) lays well-within the true steppe zone, which expands
further to the northeast. Given the availability of habitats, we

Matis & al. « New, cryptic Salvia species in Europe

cannot fully exclude that the distribution area of Salvia FDPD
spreads further to the east. However, the distribution—as cur-
rently known—can be described as characteristic of the true
steppe zone of the Pontic steppe.

Highly interesting are the observations of Salvia austriaca
s.str. from the southeastern part of Crimea, where a sub-
Mediterranean climate and vegetation is prevailing (Cordova,
2007). This observation further argues for a strong eco-
geographic differentiation between the two taxa. Having said
this, we need to note the lack of genetic samples from this part
of the area, which makes it necessary to question the equality
of the Salvia form with lateral pollen deposition in Crimea to
S. austriaca s.str. Nevertheless, floral morphology does not ar-
gue against conspecificity.

™

/1l
7/ *

/L
x4

A

C Membership probability
0.0 1.0
L 1 1 1 | |
................................ revHag2 Salvia FDPD
revEfo1 Salvia FDPD
revBoz2 Salvia FDPD
- revMyk2 Salvia FDPD
revMyk1 Salvia FDPD
- revBoz1 Salvia FDPD
~revHag1 Salvia FDPD
- ausKol1 Salvia austriaca
................................ ausKol2 Salvia austriaca
............................... ausjoz1 Salvia austriaca
........................... ausjoz2 Salvia austriaca
................................ ausSar1 Salvia austriaca

- prat02 Salvia pratensis

- prat01 Salvia pratensis
~nemo02 Salvia nemorosa
- nemo01 Salvia nemorosa
nutUfa10 Salvia nutans
-nutHus16 Salvia nutans
nutHus01 Salvia nutans

nutUfa01 Salvia nutans

Fig. 5. Phylogenetic relationships between the studied taxa. A, Phylogenetic tree shown as a phylogram resulting from a ML search in RAXML using
the ascertainment bias correction option. Circles at nodes represent maximum bootstrap support (BS = 100), thick branches represent BS >70, and
thin branches represent BS < 70, where branch thickness increases in proportion to bootstrap support. The two main internal branches were short-
ened to condense the figure. B, Topology of the untruncated ML phylogram. C, Posterior membership probabilities based on the first two discrim-
inant functions of four PCs using group assignment from k-means clustering at K = 5 in a DAPC analysis. The order of individuals follows the order
of the tips of the phylogenetic tree. The beginning of an individual’s ID refers to the taxon: rev, Salvia FDPD; aus, S. austriaca Jacq. s.str.; prat,

S. pratensis L.; nemo, S. nemorosa L.; nut, S. nutans L.
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If there is a striking discontinuity in the range of Salvia
austriaca s.str., it must date back to the warmer and wetter pe-
riods of the Eemian interglacial (130,000—115,000 years ago;
Neem Community Members, 2013) or to the Holocene cli-
mate optimum (7000-8000 years ago). As shown by several
authors (Conea, 1970; Ghenea & Radan, 1993; Van Andel
& Tzedakis, 1996; Markova, 2000; Tomescu, 2000; Lindner
& al., 2004; Magyari & al., 2010; Timar-Gabor & al., 2011;
Bélescu, & al., 2020), there was a continuity of forest-steppe
habitats between Crimea and central Europe during these

TAXON 72 (1) * February 2023: 78-97

periods, thus implying that S. austriaca s.str. is currently in re-
fugium in Crimea, possibly since 115,000 years ago.
Morphological differentiation between Salvia austri-
aca s.str. and Salvia FDPD. — The morphometric analysis
of the two taxa revealed several statistically significant differ-
ences in their floral morphology based on multiple characters:
calyx length, corolla height, corolla length, the absolute length
of the abaxial lever arm, the absolute length of the adaxial le-
ver arm are considerably smaller in S. austriaca s.str. The
number of stem leaf pairs is somewhat larger in Salvia FDPD,

Salvia FDPD

Salvia austriaca

Salvia pratensis

Salvia nemorosa

Salvia nutans

—
[0]
Zanclean Piacenzian Gelasian Calabrian Middle = 2
>|8
o
. . o
Pliocene Pleistocene T
Neogene Quaternary
I I I I [ I I
4 35 3 2.5 2 1.5 1 0.5 0

Million Years Before Present

Fig. 6. The dated species tree of the studied Salvia L. taxa based on the best model of species delimitation as inferred by SNAPP. Blue bars represent
95% confidence intervals. The geological time chart below the chronogram is presented according to the International Union of Stratigraphy.

Table 2. Marginal likelihood estimates (InMLE) and Bayes factors (2InBF) for alternative delimitation hypotheses: grouping Salvia austriaca Jacq.
and Salvia FDPD individuals into one species, S. austriaca s.l., or splitting them into two species.

Repetition Delimitation InMLE 2InBF
1 1 species: nemorosa, pratensis, nutans, austriaca s.l. -17,754.2 —
1 2 species: nemorosa, pratensis, nutans, austriaca, FDPD -17,686.4 135.6
2 1 species: nemorosa, pratensis, nutans, austriaca s.l. -17,968.3 —
2 2 species: nemorosa, pratensis, nutans, austriaca, FDPD —17,687.5 561.7

Both scenarios were run in two independent analyses (Repetitions 1 and 2).
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whereas the other measured vegetative parts are not morpho-
logically different. This hints at a strong selection on flower
morphology, which may be the main driver behind the differ-
entiation of these two taxa.

Phylogenomics, species delimitation and divergence
dating. — Our phylogenomic results obtained by utilizing a
powerful genomic approach, RADseq (Andrews & al., 2016),
depict a clear picture of the relationship between the studied
Salvia taxa. All a priori assigned taxa were fully recovered as
monophyletic entities in the ML tree (Fig. 5A,B), which jus-
tifies their lumping for the species-tree estimation (Fig. 6). Fur-
thermore, it is also a fine demonstration of how successful a
genomic approach can be in untangling phylogenetic relation-
ships between taxa with shallow divergence: whereas phyloge-
netic analyses based on candidate-genes (Walker & Sytsma,
2007; Takano & Okada, 2011; Jenks & al., 2013; Li & al.,
2013; Walker & al., 2015; Will & ClaBen-Bockhoff, 2017;
Hu & al., 2018) only provided resolution between the main
clades within Salvia with a lack of species-level resolution,
we produced a well-resolved species-level phylogeny by utiliz-
ing RADseq.

The multivariate analysis of genetic structure mirrors this
finding as it found the same number of groups as the a priori
classification of our samples. Other plausible groupings did
not find clusters within the focal taxa, which argues for their
homogeneous genetic make-up. Even though using only one
secondary calibration point is suboptimal for dating purposes,
the dated species-tree reconstruction provides an unprece-
dented insight into the evolutionary history of our examined
taxa. This is especially interesting, as this divergence is dated
earlier than that of Salvia nemorosa and S. pratensis (0.197
mya vs. 0.133 mya), two taxa that are widely accepted as sep-
arate species. As suggested by the divergence dating analysis,
our two focal taxa most likely split around 200,000 years ago,
approximately at the beginning of the Penultimate Glacial Pe-
riod and continued their divergent evolution during the Eemian
interglacial. The expansion-contraction cycles of alternating
steppe and woodland vegetation in this period (Kajtoch &
al., 2016) could have provided the conditions facilitating the
eco-geographical differentiation described above.

Finally, our species delimitation analysis based on the
BFD fully supports the separation of the two taxa of the Salvia
austriaca group (i.e., S. austriaca s.str. and Salvia FDPD) at
the species level. Therefore, taking all above arguments, the
eco-geographical, the morphological, the genetic and the
explicit species delimitation results into consideration, we
are confident to describe Salvia FDPD as a new species to
science.

B TAXONOMIC TREATMENT

Although Nyarady (1942) described a Salvia taxon from
one of the locations of our new species in Dobrogea
(Bulgaria), he considered it at the level of variety within Salvia
austriaca. After careful examination of the specimen (CL

Matis & al. « New, cryptic Salvia species in Europe

No. 193909!), we came to the conclusion that it must represent
Salvia FDPD. However, Nyarady did not make a note on the
floral morphology of his variety; he only emphasized the
wooly abaxial surface of the basal leaves, the larger calyx,
and the lanuginose inflorescence. Article 11.2. of the Interna-
tional Code of Nomenclature for algae, fungi, and plants
(Shenzhen Code) establishes that a name has no priority out-
side the rank at which it is published. Given that the epithet
‘perlanata’ does not grasp a characteristic feature of the new
taxon, and since we are not obliged to use the above epithet,
we here describe Salvia FDPD with the following new name
at species rank, but refer to Nyarady’s variety as its heterotypic
synonym.

Salvia revelata Matis & A.Z.Szabo, sp. nov. — Holotype:
ROMANIA. Padurea Dumbraveni Reserve (Constanta
County, SV Dobrogea), on moderately steep (20°),
southwest-facing slope, with calcareous, rocky substrate,
in a grassland enclave (Ponto-Sarmatic steppe habitat),
surrounded by Carpinus orientalis dominated forest,
N 43.977070°, E 27.978860°, 77 m a.s.l., 16 May 2015,
Matis & al. (CL No. 668802).

= Salvia austriaca var. perlanata Nyar. in Acta Univ. Szeged.,
Sect. Sci. Nat., Pars Bot. 1: 43. 1942 — Syntypes: “Hab.
Dobrogea, distr. Caliacra. 1. colline ‘Movila’ prope pa-
gum Ghiaursuiuciuc, alt. cca 110 m s. m., 14. VI. 1925
[not found]; 2. In campis litoralibus inter pagos Caiabei-
kioi et Siurtiikioi, alt. cca 40-50 m s. m., 14. VII. 1923
[CL No. 193909!7".

For an image of the holotype, see Fig. 7.

Diagnosis. — Salvia revelata is overall very similar in hab-
itus to S. austriaca, hence the persistent confusion with the lat-
ter species. The most significant distinguishing features are all
concentrated in the reproductive structures (Table 1, Fig. 8).
Salvia revelata has a significantly longer corolla and calyx,
and longer upper (abaxial) and lower (adaxial) connective
arms of the stamens. Even if the absolute length of the abaxial
arm is longer, the distance between joint and theca on the up-
per connective arm is similar to that of S. austriaca because
the arm is more curved, enveloped by the falcate upper lip.
Unlike the free upper connective arms of S. austriaca, the up-
per connective arms of S. revelata are postgenitally fused
along their thecae, and, thus, they act as a single functional
unit, a feature known to enhance pollen removal (Ren
& Tang, 2010). There are also significant structural differ-
ences regarding the position of the upper connective arms: in
S. austriaca they are tilted outward relative to the main sym-
metry axis of the flower, and, thus, they are laterally protrud-
ing from the flower in the transversal plane, while in
S. revelata they are held together by the upper lip that encloses
them, thus they have a vertical position in the median plane of
the flower. Regarding lever mechanism and pollination biol-
ogy, in S. revelata pollen is deposited on the dorsal part of
the insect by a downward movement of the upper connective
arms, resulting in nototribic (dorsal) pollination, whereas in
S. austriaca pollen is deposited on the flanks of the insect with
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a pincer-like movement of the upper connective arms, result-
ing in plagiotribic (lateral) pollination (Fig. 9).

Description. — Plants perennial, herbaceous, up to 100 cm
tall. Taproot + cylindrical. Stem erect, usually simple, or
branching in the upper part, quadrangular, with reddish line
on the edges, internodes long. Lower part of stem covered
with long, simple hairs and long-stipitate glands, the upper
part (inflorescence) covered profusely with long, multicellu-
lar, stiff hairs, short hairs and many long-stipitate glands.
Leaves mostly radical, forming a compact rosette, spreading
over the ground, elliptical, ovate or oblong, blade 8-23 cm
long, 5-10 cm broad, mostly obtuse, cordate at base, on the
margin doubly crenate, toward the petiole often lobed, mid-
vein broad, flattened and reddish, glabrous above, more or less
tomentose below, covered with short hairs (Fig. 10B) and scat-
tered sessile glands between the veins, petiole shorter than
blade, 1-9 cm. Cauline leaves 1-2 (3) pairs, reduced, sessile
and elliptical, irregularly lobate and dentate, pubescent below
with sessile glands, those right below the inflorescence small
and entire at margin. Bracts broadly ovate, entire at the mar-
gin, acuminate, as long as or longer than calyx, ciliate at mar-
gin, below with long, multicellular hairs and with many
glands. Inflorescence simple or with 1-2 pair of branches

HERBARIUM MUSEI UNIVERSITATIS NAPOCENSIS '

668802

Salvia revelata Matis & A.Z.Szab6

Holotypus
[Padurea Dumbraveni Reserve (Constanta County, SV Dobrogea), on

P X . rocH
substrate, in a grassland enclave (Ponto-Sarmatic steppe habitat),
surrounded by Carpinus orientalis dominated forest.
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Fig. 7. Holotype of Salvia revelata Matis & A.Z.Szabd. Photo: Attila
Matis.
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shorter than the main axis (Figs. 10A, 11A). Lower verticilla-
sters distant, upper ones approximate, usually with 6 petiolate
flowers. Most individuals are hermaphroditic, with flowers
containing functional staminal levers (Fig. 11C), but some in-
dividuals in every population seem to be functionally females,
with flowers in which the stamens are reduced (Figs. 10E,
11B), resulting in a non-functional lever mechanism (gyno-
dioecy). Calyx 810 mm long, 7-8 mm broad, bilabiate, up-
per lip with 3 very small, acuminate teeth, lower with
2 ovate, more pronounced, acuminate teeth, with long hairs
on the veins and covered with short hairs, and many glands
between the veins (Fig. 10C). Corolla yellowish-white or
cream-colored, 19—26 mm long, with height 8—18 mm, with
floral tube only shortly exserted from the calyx. Upper lip
quite falcate, flattened, on exterior covered abundantly with
long-stipitate, magenta-colored glands. Lower lip with elon-
gated, erect lateral lobes and broad, conduplicate, emarginate,
unevenly and obtusely toothed, with few magenta-colored
glands on the exterior (Fig. 10C). Two versatile, monothecate
stamens with very short filament, highly mobile filament-
connective joint, upper (abaxial) connective arms very long,
18-24 mm, with vertical position in the central axis of the
flower, curved and enveloped by the upper corolla lip, but with
fertile thecae long exserted and postgenitally fused (Fig. 11D);
shovel-like lower (adaxial) connective arms sterile, short, flat-
tened, 2—4 mm, postgenitally fused at a narrow line, entirely
blocking the corolla throat. Style much longer than upper (ab-
axial) connective arms, long exserted, with unequal stigma
lobes. Nutlets slightly trigonous, subglobose, 1-2 mm in di-
ameter, brown, smooth (Fig. 10D).

Distribution. — The species is currently known from the
Pontic steppe. Even in the forest-steppe ecoregion, it grows ex-
clusively in open steppe patches. One single locality is known
from the Balkan mixed forest ecoregion at the boundary of for-
est steppe: near the Bozhurluka nature reserve in Studena river
site of community interest, in pannonic loess and subpannonic
steppic grasslands (MEWRB, 2011-2013). Its easternmost
known locality is proximate to the River Don estuary (Russia,
Rostov Province); the westernmost known distribution point
is located in Veliko Tarnovo Province (Bulgaria).

Habitat and ecology. — Salvia revelata grows in petrophi-
lous steppe habitats on loess and clay, between 40 and 120 m
altitude. In Dobrogea it occurs sporadically in Ponto-Sarmatic
steppic grassland habitats (Fig. 10A) dominated by Festuca
callieri (Hack.) Markgr.-Dann., Koeleria splendens C.Presl,
Poa angustifolia L., with Bothriochloa ischaemum (L.) Keng
and sometimes Thymus zygioides Griseb., associated with
limestone rocky outcrops and xerophilous forest edges. Other
forbs co-occurring with Salvia revelata are Astragalus ono-
brychis L., Taraxacum serotinum (Waldst. & Kit.) Poir., Teu-
crium chamaedrys L., Thymus roegneri K.Koch, but also
some rare steppic species, such as Cyftisus jankae Velen. or
Paeonia tenuifolia, occur in these grasslands.

Phenology and pollination. — Flowering in May—June,
fruiting in July. Pollination carried out by bumblebees, with
nototribic pollen placement.
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Etymology. — The specific epithet is from the Latin revela-
tus in the nominative feminine singular, meaning ‘“uncov-
ered”, “revealed”, “disclosed”, referring to the fact that this
taxon is no longer cryptic, but has been long hiding in spite
of its relatively large distribution.

Vernacular names. — Pontic sage (English), nontuiicko
kakyna/pontijsko kakula (Bulgarian), pontuszi zsalya (Hun-
garian), jales pontic (Romanian), montu4eckuii mandgei/pon-
ticheskij Salfej (Russian), montuyna masmnis/pontychna savlija
(Ukrainian).

Preliminary conservation status of [IUCN. — Not evaluated
(NE). This species is distributed over a large area from north
Bulgaria to Russia, Rostov Province, and is a sporadic species,
thus could probably be considered as Least Concern (LC).

H CONCLUSION

Our analyses above have uncovered the existence of a rel-
atively widespread species of Salvia in Europe, which has not
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been recognized as such for centuries. Its superficial similarity
to a common forest-steppe species, S. austriaca, may have
contributed to its elusiveness. Our analyses also revealed that
these two species, S. austriaca and S. revelata, are closely re-
lated, and separated only ca. 200,000 years ago. Additionally,
they have an almost complete vicarious distribution with the
former species characteristic of the forest-steppe zone, and
the latter to the true steppe zone. We believe it is worth analyz-
ing the background of this pattern beyond taxonomy as it can
shed some light on the nature of the speciation mechanisms in
Salvia and give some insight into the natural history of the
Pontic steppe.

The staminal lever mechanism in Salvie may have
evolved for increased precision in pollen deposition and trans-
fer, as variations in shape, size and orientation of the arms al-
low for site-specific pollen placement on different areas of the
pollinator’s body (ClaBen-Bockhoff & al., 2003, 2004b). This
maximization of pollen-placement precision is similar to pol-
linia transfer of species of the Orchidaceae Juss. or the Ascle-
piadaceae Borkh., a feature that allows sharing of pollinators

Fig. 8. A, Salvia austriaca Jacq. from Valea Florilor (Transylvania, Romania); B, Salvia revelata Matis & A.Z.Szab¢ from Kapustyne (Mykolaiv
Oblast, Ukraine). — Photos: A by Attila Matis; B by Gabor Sramko.
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by multiple species while avoiding interbreeding or competi-
tion (Pauw, 2006), and conform to the “Pedicularis type” of
mechanical isolation (Grant, 1994), where reproductive isola-
tion is induced by the change in the specific region of pollen
deposition on the pollinator’s body. Thus, the staminal lever
can ensure mechanical prezygotic isolation between sympat-
ric Salvia species (Clalen-Bockhoff & al., 2004b; Celep
& al., 2020b) by allowing different co-flowering species to
share the same pollinator without interbreeding.

There are three alternative scenarios regarding the
speciation mechanism behind the observed difference between
Salvia austriaca and S. revelata. All scenarios rely on the obser-
vation that while S. austriaca often co-occurs with S. pratensis
(a species with similar floral proportions and ecological prefer-
ences, but different pollen deposition), S. revelata does not
seem to co-occur with any of the two former species (Fig. 3).

If lateral pollen deposition is the plesiomorphic state in
the Salvia austriaca s.l. clade (i.e., the form displayed by
S. austriaca is the ancestral one), when the ancestor came
into contact with S. pratensis, the lateral placement was main-
tained to effectively prevent hybridization and allow the
two species to co-occur. During a process called “ecological
sorting” (e.g., Strong & al., 1979; Waser, 1983; Rummel &
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Roughgarden, 1985; Armbruster, 1986; Armbruster & al.,
1994; Kraft & al., 2015), reproductive competition would
eliminate one of two competing species during community as-
sembly. In this case, the coexistence of S. austriaca and S. pra-
tensis is possible because they were already “preadapted”
(using different parts of the pollinator’s body as a form of me-
chanical isolation) at the time of their initial contact. It was
demonstrated that interspecific competition for pollinators
plays arole in ecological sorting in, e.g., Costus L. (Schemske,
1981), Erica L. (Heystek & Pauw, 2014), Limnanthes R.Br.
(Briscoe Runquist & al., 2016), Mimulus L. (Briscoe Runquist
& al., 2016), and Clarkia Pursh (Briscoe Runquist & al., 2016;
Eisen & Geber, 2018). In the absence of S. pratensis in the
more arid true steppe zone, the ancestor of S. revelata second-
arily evolved the dorsal deposition of pollen, possibly due to
the lack of evolutionary pressure coming from reproductive
interference. However, in this scenario we have to assume that
either there is an evolutionary disadvantage of lateral pollen
deposition in Salvia—judged by the scarcity of this strategy,
perhaps due to decreased precision or amount of deposited
pollen (Van der Niet & al., 2014)—or that there had been a
congeneric species with lateral staminal levers that forced this
change.

Fig. 9. Images of staminal lever mechanism for comparison: A, Salvia austriaca Jacq.; B, S. revelata Matis & A.Z.Szab6. — Curved blue arrows
indicate plane and direction of staminal lever movement. Note postgenitally fused thecae in S. revelata (red arrow). Photos: Attila Matis; post
processing by Istvan Kovacs.
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Fig. 10. Images of Salvia revelata Matis & A.Z.Szabo: A, Several flowering plants in typical Ponto-Sarmatic steppe at Techirghiol, Dobrogea
(southeast Romania); B, Basal leaf rosette showing the hairy underside of one leaf; C, Calyx and corolla of hermaphroditic flower in lateral view;
D, Nutlets; E, Female individual with reduced stamens in flowers. — Photos: Attila Matis.
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Fig. 11. [llustration of Salvia revelata Matis & A.Z.Szabé: A, Habit of flowering plant; B, Female flower with reduced stamens; C, Hermaphroditic
flower; D, Stamens with fused thecae. — Drawn by Krisztina Havadt6i.
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In the second scenario, we assume the vertical staminal le-
ver mechanism to be the plesiomorphic state in the Salvia
austriaca s.1. clade (i.e., the one retained by S. revelata), from
which the lateral staminal lever mechanism evolved. Here, the
shift in floral morphology is assumed to have been induced
by contact and reproductive interference with S. pratensis in
more mesophilic habitats. This co-evolutionary process involves
character displacement, where the difference in adaptive floral
morphologies (with highly specific pollen placement strategies
that assure prezygotic isolation) is a consequence of sympatry
and interspecific competition between local species assemblages
(Armbruster & Muchhala, 2009; Armbruster & al., 2014).
Floral character displacement is known to have played a
role in the formation of community assemblage structures
in, e.g., Dalechampia L. (Armbruster, 1985, 1986), Styli-
dium Sw. ex Willd. (Armbruster & al., 1994), Burmeistera
H.Karst. & Triana (Muchhala & Potts, 2007) and Leaven-
worthia Torr. (Norton & al., 2015).

Both of the above scenarios consider only the pre-
existence of a Salvia species with a dorsal pollen deposition
(e.g., S. pratensis or its progenitor) in the sympatric area. As
dorsal pollen deposition is more widespread in the genus, it
is likely that such a mechanism already existed when the an-
cestor of S. austriaca appeared in the forest-steppe zone.

As a third scenario, random changes in flower morphol-
ogy might have led to the reproductive isolation of the two
forms while occurring in sympatry. This type of non-adaptive
speciation is known to happen rarely (see, e.g., Straw, 1956;
Grant, 1981; Armbruster, 1993; Armbruster & al., 1994,
2014; Cozzolino & Widmer, 2005), and is extremely unlikely
in our case, considering that even more distantly related Salvia
species—sometimes even with quite different pollen place-
ment strategy—are known to hybridize (e.g., Kerner von Mari-
laun, 1891; Hihara & al., 2001; Wester & Claflen-Bockhoff,
2002; Herraiz-Pefialver & al., 2015; Nachychko & Sosnovsky,
2020) usually producing offspring with intermediate morphol-
ogy (Webb & Carlquist, 1964; Bernath & Németh, 2000; Ty-
chonievich & Warner, 2011; Celep & al., 2020b). Therefore,
even low levels of hybridization would eliminate prezygotic
isolation in two sympatric populations.

Although it is well supported by our results that Salvia
revelata is a separate species from S. austriaca, our current
sampling is insufficient to establish the complete evolutionary
history of these two taxa, and to elucidate what evolutionary
forces played a role in their divergence. In order to achieve this,
more extensive sampling focusing on the northern and eastern-
most parts of the distribution area of S. revelata is required, with
an additional focus on the Crimean and northern Ukrainian po-
pulations of S. austriaca. A comparison of the complete phylo-
geographical history of the two species and some more distantly
related outgroups might shed light on the origins of their current
distribution. Also, a better-resolved phylogeny including S. sta-
minea would aid in determining which pollination type
(i.e., dorsal or lateral pollen deposition) is the more ancient in
S. ser. Austriacae, or whether lateral pollination evolved multi-
ple times in S. subg. Sclarea. We proved that the genomic
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methodology applied in our study (i.e., RADseq) is a valuable
tool for studying these phylogenetic relationships, highlighting
its utility within species groups of Salvia, but might also be use-
ful at the genus level (see Eaton & Ree, 2013; Hipp & al., 2014;
Leaché & Oaks, 2017).
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Appendix 1. Geographic locations and SRA accession numbers (BioProject accession number: PRINA849002) of specimens included in this study.

Species, Lab ID, locality (country codes given according to the ISO 3166-1 alpha-2 standard), latitude, longitude, collector plus coll. number (herbarium code),
sequence information (Sequence Read Archive [SRA; https://www.ncbi.nlm.nih.gov/sra] accession number).

Salvia austriaca Jacq.: ausJoz1, Debrecen-Jozsa (HU), 47.590784,21.585314, A. Lovas-Kiss & al. So0-48344 (DE), SRS13507390; Salvia austriaca: ausJoz2,
Debrecen-Jozsa (HU), 47.590784, 21.5853 14, Lovas-Kiss & al. Soo-48345 (DE), SRS13507391; Salvia austriaca: ausKoll, Cluj-Napoca: Valea Calda (RO),
46.808743, 23.696131, A. Matis & A. Szabé Soo-48356 (DE), SRS13507402; Salvia austriaca: ausKol2, Cluj-Napoca: Valea Calda (RO), 46.808743,
23.696131, A. Matis & A. Szabé Soo-48357 (DE), SRS13507403; Salvia austriaca: ausSarl, Sarkeresztur (HU), 47.000761, 18.530032, G. Sramké
S00-48348 (DE), SRS13507404; Salvia revelata Matis & A.Z.Szabo, sp. nov.: revBozl, Bozhurluka (BG), 43.414276, 25.401062, G. Sramko Soo-48352
(DE), SRS13507405; Salvia revelata: revBoz2, Bozhurluka (BG), 43.414276, 25.401062, G. Sramké Soo-48353 (DE), SRS13507406; Salvia revelata: revEfol,
Eforie Sud (RO), 44.037856, 28.621514, A. Matis & A. Szabo Soo-48358 (DE), SRS13507393; Salvia revelata: revHag1, Hagieni reserve (RO), 43.804756,
28.472409, A. Matis & A. Szabé Soo-48359 (DE), SRS13507409; Salvia revelata: revHag2, Hagieni reserve (RO), 43.804756, 28.472409, A. Mdtis & A. Szabé
S00-48360 (DE), SRS13507392; Salvia revelata: revMyk1, Mykhaylivskyi steppe (UA), 47.41983, 31.6248, T. Malkocs & al. Soo-48342 (DE) SRS13507407;
Salvia revelata: revMyk2, Mykhaylivskyi steppe (UA), 47.41983, 31.6248, T. Malkocs & al. Soo-48343 (DE), SRS13507408; Salvia nemorosa L.: nemo01,
Gostilya (BG), 43.55384, 24.16401, G. Sramké Soo-45265 (DE), SRS13507398; Salvia nemorosa: nemo02, Gostilya (BG), 43.55321, 24.16134, G. Sramko
So00-48351 (DE), SRS13507399; Salvia nutans L.: nutHus01, Husi (RO), 46.695141, 28.104288, G. Sramko Soo-48349 (DE), SRS13507394; Salvia nutans:
nutHus16, Husi (RO), 46.695141, 28.104288, G. Sramko So0-48350 (DE), SRS13507395; Salvia nutans: nutUfa01, Ufa: Kipchak-Askarovo (RS), 53.9495,
55.05375, P. Volkova Soo-48354 (DE), SRS13507396; Salvia nutans: nutUfal0, Ufa: Kipchak-Askarovo (RS), 53.9495, 55.05375, P. Volkova Soo-48355
(DE), SRS13507397; Salvia pratensis L.: pratO1, Debrecen-Jozsa (HU), 47.5852, 21.5874, G. Sramké Soo-48346 (DE), SRS13507400; Salvia pratensis:
prat02, Debrecen-Jozsa (HU), 47.5852, 21.5874, G. Sramké Soo-48347 (DE), SRS13507401.
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