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* Background and Aims Salvia is the largest genus within Lamiaceae, with about 980 species currently rec-
ognized. East Asia, with approx. 100 species, is one of the three major biodiversity centres of Salvia. However,
relationships within this lineage remain unclear, and the staminal lever mechanism, which may represent a key
innovation within the genus, has been understudied. By using six genetic markers and nearly comprehensive taxon
sampling, this study attempts to elucidate relationships and examine evolutionary trends of staminal development

within the East Asia (EA) Salvia clade.

* Methods Ninety-one taxa of EA Salvia were sampled and 34 taxa representing all other major lineages of
Salvia were included for analysis. Two nuclear [internal transcribed spacer (ITS) and external transcribed spacer
(ETS)] and four chloroplast (psbA—trnH, ycfl-rpsl5, trnL—trnF and rbcL) DNA markers were used for phyloge-
netic analysis employing maximum parsimony (MP), maximum likelihood (ML) and BEAST, with the latter also

used to estimate divergence times.

* Key Results All Salvia species native to East Asia form a clade, and eight major subclades (A-G) were recog-
nized. Subclade A, comprising two limestone endemics (S. sonchifolia and S. petrophila), is sister to the remainder
of EA Salvia. Six distinct stamen types were observed within the EA clade. Stamen type A, with two fully fertile
posterior thecae, only occurs in S. sonchifolia and may represent the ancestral stamen type within EA Salvia.
Divergence time estimates showed that the crown of EA Salvia began to diversify approx. 17.4 million years ago.
e Conclusions This study supports the adoption of a broadly defined Salvia and treats EA Salvia as a subgenus,
Glutinaria, recognizing eight sections within this subgenus. Stamen type A is ostensibly plesiomorphic within EA
Salvia, and the other five types may have been derived from it. Staminal morphology has evolved in parallel within
the EA Salvia, and staminal structure alone is inadequate to delimit infrageneric categories.

Key words: Salvia, phylogeny, staminal evolution, stamen movement, Mentheae, Salvia sonchifolia, Salvia ple-

beia, subg. Glutinaria, sect. Sobiso.

INTRODUCTION

Salvia, with about 980 species and a nearly cosmopolitan
distribution, is the largest genus in the angiosperm family
Lamiaceae (Alziar, 1988-1993; Walker et al., 2004; Wei et al.,
2015; Drew et al., 2017; Will and ClaBen-Bockhoff, 2017). The
genus has undergone major species radiations in Mesoamerica/
South America (at least 500 spp.), south-western Asia and the
Mediterranean region (approx. 250 spp.), and Eastern Asia
(approx. 100 spp.) (Alziar, 1988-1993; Walker and Sytsma,
2007). The genus is utilized throughout its range for medicinal
purposes, and many species are of economic importance. For
instance, Salvia miltiorrhiza (‘Danshen’ in Chinese), endemic
to China, is a traditional Chinese medicine that is widely used
to treat cardiovascular and cerebrovascular diseases and hyper-
lipidaemia (Wang, 2010). Salvia hispanica, an important

Mesoamerican staple food and medicinal plant in pre-Colum-
bian times, is now available commercially worldwide as a
‘superfood’ (Ali et al., 2012). Additionally, at least 150 species
are widely marketed in the horticultural trade (Clebsch, 2008).
Salvia has traditionally been distinguished from other genera
of Lamiaceae by an unusual morphological character in which
two fertile stamens are separated by a significantly elongated
connective tissue. Based on calyx, corolla and stamen morph-
ology, Bentham (1832-1836) first established an infrageneric
classification for Salvia. His treatment placed the 266 species
known at the time into 14 sections. In subsequent updates, he
classified 406 Salvia species into 12 sections (Bentham, 1848),
and eventually these sections were organized into four subgen-
era (Bentham, 1876), thus forming the first comprehensive sub-
generic classification of Salvia. Subsequently, Briquet (1897)

© The Author(s) 2018. Published by Oxford University Press on behalf of the Annals of Botany Company.
All rights reserved. For permissions, please e-mail: journals.permissions @oup.com.

810z Jequeideg 9z uo Jesn SyD'Auejog o synpsul Buiwuny Aq £61.5705/6¥9/v/22 L AoBISqe-8jole/qoe/wod dnoolwspede//:sdiy wol papeojumo(q


mailto:hpeng@mail.kib.ac.cn?subject=
mailto:xiangchunlei@mail.kib.ac.cn?subject=

650 Hu et al. — Evolution of East Asian Salvia

provided an updated global synopsis of the genus, recogniz-
ing eight subgenera and 17 sections. These two comprehensive
classifications were subsequently modified by various authors
(e.g. Stibal, 1934; Epling, 1938, 1939; Pobedimova, 1954; Wu,
1977; Murata and Yamazaki, 1993).

Due to tremendous diversity in habit, floral morphology and
staminal morphology across Salvia, infrageneric boundaries within
the genus have been notoriously difficult to define (Bentham, 1876;
Briquet, 1897; Stibal, 1934; Pobedimova, 1954; Wu, 1977; Murata
and Yamazaki, 1993; Drew et al., 2017; Will and Cla3en-Bockhoff,
2017). To avoid troublesome issues resulting from subgeneric cir-
cumscriptions, some researchers adopted ‘species-groups’ or sec-
tions (often monotypic) rather than explicitly defining subgenera
(e.g. Epling, 1939; Hedge, 1974, 19824, b).

Recent molecular phylogenetic studies, however, have
demonstrated that traditionally defined Salvia is non-mono-
phyletic, as five genera (Dorystaechas, Meriandra, Perovskia,
Rosmarinus and Zhumeria), most lacking an elongated con-
nective as in traditionally defined Salvia, are embedded within
it (Walker et al., 2004, 2015; Walker and Sytsma, 2007; Drew
and Sytsma, 2011, 2012; Takano and Okada, 2011; Jenks et al.,
2012; Li et al., 2013; Will and ClaBen-Bockhoff, 2014, 2017;
Drew et al.,2017; Fragoso-Martinez et al., 2018). Two compet-
ing ideas regarding circumscription of the genus have recently
been proposed. One option is to name the five embedded gen-
era as Salvia and maintain Salvia in a broad (although slightly
expanded) sense (Gonzalez-Gallegos, 2015; Drew et al., 2017).
The other is to break up Salvia into several smaller genera
(Will et al., 2015; Will and ClaBen-Bockhoff, 2017) and main-
tain the names of the five embedded genera. Will et al. (2015),
advocating the latter option, transferred 14 Salvia species (dis-
tributed from south-west Asia to northern Africa) to the resur-
rected genus Pleudia. Later, based on expanded phylogenetic
sampling of Mediterranean Salvia, Will and Claen-Bockhoff
(2017) suggested splitting Salvia into six genera [i.e. Salvia
sensu stricto (s.s.). Lasemia, Ramona, Glutinaria, Pleudia and
Polakia] and retaining the generic status of the five embedded
genera. Will and ClaBen-Bockhoff (2017) did not provide for-
mal taxonomic treatments, but offered suggestions for future
nomenclatural revisions. Conversely, based on phylogenetic,
taxonomic, morphological and practical considerations, Drew
et al. (2017) treated the five embedded genera as subgenera
within Salvia (subg. Dorystaechas, subg. Meriandra, subg.
Perovskia, subg. Rosmarinus and subg. Zhumeria) to main-
tain a broadly defined Salvia, and provided nomenclatural
revisions for the 15 species belonging to the five embedded
genera. Based upon the taxonomic treatment suggested by
Will and ClaBen-Bockhoff (2017), about 750 Salvia species
would be transferred to the resurrected genera Glutinaria,
Lasemia, Ramona, Pleudia and Polakia. Consequent nomen-
clatural changes would lead to confusion in other subjects such
as horticulture, ecology and phytochemistry. Furthermore, the
boundaries between the genera advocated by Will and Cla3en-
Bockhoff (2017) are not morphologically distinct, which
would lead to ongoing taxonomic confusion. Inclusion of the
five embedded genera in a broadly defined Salvia is phylogen-
etically legitimate and will probably be accepted by botanists
as well as workers in other disciplines. Therefore, we prefer
to maintain a broadly defined Salvia following Drew et al.
(2017).

The East Asian (EA) radiation of Salvia comprises 82 species
native (72 endemic) to China, 12 species native (nine endemic)
to Japan and three species native (one endemic) to the Korean
Peninsula (Murata and Yamazaki, 1993; Li and Hedge, 1994,
Lee, 2004; Hu et al., 2013, 2014, 2017; Takano et al., 2014;
Hu and Peng, 2015; Xiang, 2016; Xiang et al., 2016a). The EA
Salvia are highly diverse in terms of root, leaf, calyx, corolla and
staminal morphology and habitat (Fig. 1). Additionally, all EA
Salvia are herbaceous, contrasting with the other two major cen-
tres of diversity where shrubs are common. Based on staminal
morphology, EA Salvia have been classified into three subgen-
era: subg. Salvia, subg. Sclarea and subg. Allagospadonopsis
(Wu, 1977; Murata and Yamazaki, 1993).

Early molecular phylogenetic studies, focusing on Salvia as a
whole (Walker et al., 2004; Walker and Sytsma, 2007), indicated
that EA Salvia may represent an independent lineage, but these
studies had sparse sampling within EA Salvia. Subsequently,
two phylogenetic studies focusing on EA Salvia have been con-
ducted. Using three DNA makers [rbcL, trnL—trnF and an inter-
nal transcribed spacer (ITS)], Takano and Okada (2011) first
reported that the 11 species of Salvia from Japan are monophy-
letic. Later, based upon four DNA markers (psbA—trnH, rbcL,
matK and ITS), Li et al. (2013) inferred phylogenetic relation-
ships of 37 Chinese and four Japanese Salvia species and found
that the Chinese (except for S. deserta, widespread in Xinjiang
Province of China, Russia, Kyrgyzstan and Kazakhstan) and
Japanese species of Salvia formed a clade. Unfortunately, due
to limited sampling and misidentification of a few key species
(this remark is based on results presented here), the phyloge-
netic backbone of EA Salvia was not resolved.

Additionally, Li et al. (2013) suggested discordance between
phylogenetic results and traditional classifications, although
morphological evidence was not provided. Recently, Will and
Clalen-Bockhoff (2017), based on ITS sequences, recognized
three clades of EA Salvia. Most of the the 46 EA Salvia ITS
sequences used by Will and Clalen-Bockhoff (2017) were from
GenBank. However, based on phylogenetic analyses presented
here, we found that some ITS sequences (e.g. sequences of
S. plectranthoides 247, S. chienii DQ123828# and S. evansi-
ana FI593405#) used in Will and Claflen-Bockhoff (2017) were
questionable, which may have resulted from species misinden-
tification and/or GenBank uploading errors.

Traditionally, Salvia has been defined largely by a lever-like
staminal feature that is formed by elongate connectives and fila-
ments (Himmelbaur and Stibal, 1932-1934; ClaBen-Bockhoff
et al.,2004a). Staminal morphology in Salvia is highly diverse,
and up to 11 distinct stamen types have been described within
traditionally defined Salvia (Himmelbaur and Stibal, 1932-
1934; ClaBen-Bockhoft er al., 2003, 2004a, b; Walker and
Sytsma, 2007; Will and Clalen-Bockhoff, 2014; Walker et al.,
2015). Himmelbaur and Stibal (1932-1934) first hypothesized
parallel evolution of the lever mechanism within Salvia, and
this has been repeatedly corroborated by molecular phylogen-
etic studies (Walker et al., 2004, 2015; Walker and Sytsma,
2007; Will and Claen-Bockhoff, 2014; Drew et al., 2017).

Wu (1977) recognized three distinct stamen types for EA
Salvia species: (1) connectives + curved, upper arms longer than
or equal to lower arms, posterior thecae fertile, fused; (2) con-
nectives =+ straight, not curved, posterior thecae sterile, fused;
and (3) connectives + straight, not curved, posterior thecae
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FiG. 1. Morphological diversity of EA Salvia. 1-4, Root morphology (1, S. castanea; 2, S. miltiorrhiza; 3, S. plectranthoides; 4, S. cavaleriei var. erythrophylla).

5-10, Leaf morphology (5, S. sonchifolia; 6, S. luteistriata; 7, S. wardiiy 8, S. prionitis; 9, S. bowleyana; 10, S. japonica). 11-13, Bract morphology (11, S. scapi-

SJormis; 12, S. trijuga; 13, S. atropurpurea). 14—17, Calyx morphology (14, S. scapiformis; 15, S. sonchifolia; 16, S. substolonifera; 17, S. hylocharis). 18-24,

Corolla diversity (18, S. sonchifolia; 19, S. miltiorrhiza; 20, S. honania; 21, S. japonica; 22, S. liguliloba; 23, S. campanulata; 24, S. prattii). 25-34, Stamen

diversity (25, S. sonchifolia; 26, S. luteistriata; 27, S. plebeia; 28 and 29, S. plectranthoides; 30, S. petrophila; 31, S. bowleyana; 32, S. honania; 33, S. cavaleriet;
34, S. scapiformis). Photographs: 12—-13 by E. D. Liu, 24 by Y. P. Chen, 29 by X. X. Zhu, others by G. X. Hu.
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sterile, separated. Based on the staminal morphology alone, Wu
(1977) classified EA Salvia into three subgenera (subg. Salvia,
Sclarea and Allagospadonopsis). Based on floral morphology
and Wu’s (1977) treatment, Huang et al. (2014) hypothesized
an evolutionary trend of stamen types for EA Salvia, from a
‘short-lever type’ (subg. Salvia), to a ‘long-lever type’ (subg.
Sclarea), to a ‘degraded-lever type’ (subg. Allagospadonopsis).
However, while preparing this paper, we observed additional
stamen types within EA Salvia and found that the stamen
types defined by Wu (1977) are too general to describe stamen
morphology accurately within EA Salvia [see Fig. 1 (25-34)].
Additionally, the three subgenera circumscribed by Wu (1977)
have been demonstrated to be non-monophyletic. The evolu-
tionary trajectory of stamen types for EA Salvia therefore needs
to be re-evaluated. Additionally, it remains unclear whether par-
allel evolution of staminal morphology has occurred within EA
Salvia, as sampling within EA Salvia was limited in previous
phylogenetic research regarding staminal evolution (Walker
and Sytsma, 2007; Will and Claen-Bockhoff, 2014).

In this study, based on the most comprehensive geographic,
taxonomic and genetic sampling to date, we reconstruct the phy-
logeny of EA Salvia and clarify inter-relationships within the
group. Furthermore, we present a detailed summary of staminal
morphology within EA Salvia and elucidate evolutionary trends in
staminal morphology in the context of a phylogenetic framework.
Finally, based on phylogenetic and morphological considerations,
we provide an updated taxonomic treatment for EA Salvia.

MATERIALS AND METHODS

Nomenclature and taxon sampling

Names of Salvia subgenera and major clades follow Drew et al.
(2017). A total of 91 taxa, representing 78 species, ten varieties
and three forms from China, Japan and the Korean Peninsula,
were sampled for this study. Except for the monotypic sect.
Aethiopis and ser. Piasezkianae, our sampling represents all
subgenera, sections and series sensu Wu (1977) and Murata
and Yamazaki (1993). In addition, 33 species of Salvia from
other major lineages of Salvia (subg. Calosphace, Audibertia,

Dorystaechas, Meriandra, Perovskia, Rosmarinus, Zhumeria,
the ‘S. aegyptiaca clade’ and the ‘S. officinalis clade’) were
sampled. Melissa and Lepechinia from subtribe Salviinae were
also sampled. Horminum and Hedeoma were selected as out-
groups based on Drew and Sytsma (2012). In total, our data set
included 172 accessions, of which 145 were newly generated
for this study (see Supplementary Data Appendix). Although
sequences of many Chinese taxa are available from GenBank,
we sampled and identified all Chinese taxa used in this study,
and all sequences of Chinese taxa used here were independ-
ently produced to ensure independent results and accuracy.

DNA extraction, amplification and sequencing

Total genomic DNA was extracted from silica gel-dried leaf
materials or herbarium specimens (S. brachyloma, S. filicifolia
and S. potaninii) using the modified cetyltrimethylammoniun
bromide (CTAB) method of Doyle and Doyle (1987). Four
chloroplast DNA markers (psbA—trnH, ycfl-rpsl5, trnL—trnF
and rbcL) and two nuclear regions [the ITS and the external
transcribed sequence (ETS)] were selected for phylogenetic
analyses. Primers used in this study are listed in Table 1.

The standard 25 pLL PCR mixtures contained 1 pL of each
primer (10 um, Sangon Biotechnology, Shanghai, China), 2.5 pL
of 10x reaction buffer (Mg?** free), 2.5 uL. of ANTP mixture,
1.5 uL of MgCl,, 0.3 pL of Tag polymerase (2.5 U uL™', Tiangen
Biotech, Beijing, China), 2 pL of unquantified template DNA,
1 uL of bovine serum albumin (BSA, 20 mg ml™!) and deionized
water added to achieve a final volume of 25 puL. Amplification for
all six markers was performed as follows: an initial denaturation
at 94 °C for 4 min, followed by 35 cycles of 30 s denaturation
(94 °C), 90 s annealing (50 °C) and 2.5 min extension (72 °C),
ending with a final extension at 72 °C for 7 min.

Amplification products were checked on 1 % TAE agarose
gels and purified using the QIAquick PCR purification kit
(BioTeke, Beijing, China) following the manufacturer’s instruc-
tions. Sequencing reactions were performed with the dideoxy
chain termination method running on an ABI-PRISM-3730
automated sequencer (Sangon Biotechnology). Sequencing
primers for DNA markers were the same as for the PCR primers.

TABLE 1. List of primers used in this study (F represents a forward primer and R represents a reverse primer)

DNA markers Sequences (5-3")

References

ITS ITS5 (F): GGAAGTAAAAGTCGTAACAAGG

ITS4 (R): TCCTCCGCTTATTGATATGC

ITSA (F): GGAAGGAGAAGTCGTAACAAGG
ITSB (R): CTTTTCCTCCGCTTATTGATATG
ETS ETS-bdf1 (F): GTGAGTGGTGKTTGGCGYGT
18S-IGS(R): GAGACAAGCATATGACTACTGGCAGGATCAACCAG

ETS-B (F): ATAGAGCGCGTGAGTGGTG

18S-E (R): GCAGGATCAACCAGGTAGCA

psbAF (F): GTTATGCATGAACGTAATGCTC

trnHR (R): CGCGCATGGTGGATTCACAAATC

rbcL Z1F (F): ATGTCACCACAAACAGAAACTAAAGCAAGT
Z1351R(R): CTTCACAAGCAGCAGCTAGTTCAGGACTCC

psbA—trnH

trnL~trnF trn-c (F): CGAAATCGGTAGACGCTACG
trn-f (R): ATTTGAACTGGTGACACGAG
yefl-rps15 ycf1 5711f (F): CTTGTATGRATCGTTATTGKTTTG

yefl rps15r (R): CAATTYCAAATGTGAAGTAAGTCTCC

White et al. (1990)

White et al. (1990)

Blattner (1999)

Blattner (1999)

Drew and Sytsma (2011)
Baldwin and Markos (1998)
Beardsley and Olmstead (2002)
Baldwin and Markos (1998)
Sang et al. (1997)

Sang et al. (1997)

Soltis et al. (1992)

Soltis er al. (1992)

Taberlet et al. (1991)
Taberlet et al. (1991)

Drew and Sytsma (2011)
Drew and Sytsma (2011)
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Sequence alignment and phylogenetic analyses

Sequences were checked and assembled using Sequencher
v.4.1.4 (Gene Codes, Ann Arbor, MI, USA). Alignments were
initially performed using MUSCLE (Edgar, 2004) as imple-
mented in MEGA v.6.0 (Tamura et al., 2013) and then manu-
ally adjusted using PhyDE v.0.9971 (Miiller et al., 2010). Two
separate matrices [combined nuclear ribosomal DNA (nrDNA)
and combined chloroplast DNA (cpDNA)] were used for phy-
logenetic analyses using the following approaches: maximum
parsimony (MP), maximum likelihood (ML) and Bayesian
inference (BEAST). To assess incongruence between the com-
bined nrDNA and combined cpDNA, we compared the result-
ant trees from the two genetic compartments for supported
incongruence, and also performed the incongruence length
difference (ILD) test (Farris et al., 1994) as implemented in
PAUP* version 4.0b10 (Swofford, 2003). While Yoder et al.
(2001) suggested that the ILD test was not useful in testing
data partition compatibility, Hipp ef al. (2004) demonstrated
this argument to be unconvincing and pointed out that the ILD
test has value as a tool for assessing data partition congruence.

The MP analyses were performed using PAUP* v.4.0b10
(Swofford, 2003) with the following settings: heuristic search
option, tree-bisection-reconnection (TBR) branch swapping with
1000 random sequence addition replicates and ten trees saved per
replicate. All characters were unordered and equally weighted;
gaps were treated as missing data. A strict consensus tree was
summarized from all of the most parsimonious trees retained.
Bootstrap support values were calculated from 1000 rapid boot-
strap replicates, with each comprising ten random sequence addi-
tion replicates, with only one tree saved per replicate.

Partitioned ML analyses were performed using RAXML-
HPC2 on XSEDE v.8.1.11 (Stamatakis, 2014) as implemented
on the CIPRES computer cluster (http://www.phylo.org/)
(Miller et al., 2010). The GTRCAT model was used for analy-
ses and bootstrapping; bootstrap iterations (—#/-N) was set to
1000, and other parameters followed default settings. All trees
were visualized using TreeGraph v.2 (Stover and Miiller, 2010).

Divergence time estimation

Divergence time analyses were performed using BEAST
v.1.8.3 (Drummond et al., 2012) as implemented on the
CIPRES computer cluster (http://www.phylo.org/) (Miller
et al., 2010). Dates were estimated using a lognormal relaxed
molecular clock and the Yule model of speciation. Models of
nucleotide evolution were evaluated with jModelTest2 (Darriba
et al., 2012) using the Akaike information criterion (AIC).

Although divergence times of the Salvia crown have been
investigated previously (e.g. Drew and Sytsma, 2012; Drew
et al., 2017), sampling within EA Salvia was limited, and con-
sequently the divergence times of the main clades of EA Salvia
are not clear. Here, based on broad sampling of EA Salvia,
we employed a two-step scheme to estimate divergence times
within Salvia independently. For the initial step, we used the
Lamiaceae-wide data set from Drew and Sytsma (2012) and
used two constraint strategies. (1) We used the minimum (48.3)
and maximum (71.9) Lamiaceae crown dates from Yao et al.
(2016) as an age constraint for the Lamiaceae crown. This
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constraint was applied using a truncated normal prior (with
the aforementioned minimum and maximum dates), a mean of
60.1 and an s.d. of 15. This approach approximates a uniform
distribution, but allows for a slightly higher prior probability in
the centre of the curve relative to the edges. (2) We combined
the above-described and the constraint strategy used by Drew
and Sytsma (2012).

In the second step, we used the 95 % height probability dis-
tribution (HPD) from the Lamiaceae-wide analyses as a con-
straint for the root of the tree and for the crown of Salvia. We
constrained the root of the tree using a truncated normal distri-
bution, with a lower limit of 26.6 and an upper limit of 46.3, a
mean of 36.45 and an s.d. of 13. We constrained the crown of
Salvia with a uniform distribution that had a lower age of 18.5
and an upper age of 34.1.

For both Lamiaceae-wide analyses we conducted two sepa-
rate runs of 60 million generations and saved samples every 5000
generations. After assessing results in Tracer v1.6 (Rambaut
et al., 2014), we discarded the first 6 million generations as
burn-in. For the Salvia data set analyses, we conducted two
separate runs of 100 million generations, with samples saved
every 5000 generations. After assessing the results in Tracer,
we discarded the first 10 % of the trees as burn-in. The log files
were checked for convergence using Tracer. In both steps of
our analyses, all ESS (explained sum of squares) values were
well over 200; trees from separate runs were combined with
LogCombiner v 1.8.4 and summarized with Tree Annotator
v. 1.8.4 (both included in the BEAST package), and the chrono-
gram was visualized using FigTree v. 1.4.2 (Rambaut, 2014).

Stamen morphology

Staminal morphology of most EA Salvia was observed based
on fresh specimens collected in the field, with a few observa-
tions based on herbarium specimens (Salvia brachyloma, S. fil-
icifolia and S. potaninii). Stamen type was summarized based
on observation results. To better understand staminal morphol-
ogy of EA Salvia, we provide stamen type schematics. In terms
of morphology and size, there is no major differences among
species with the same stamen type, and therefore each type is
illustrated referring to a single species.

Walker and Sytsma (2007) listed 14 stamen types within
Salvia and named them using Latin upper case letters ranging
from A to N, in which only one stamen type (N) was described
from EA Salvia. When Will and ClaBen-Bockhoff (2014)
showed stamen diversity of African Salvia, the letters A, B and
C were used, but they represented different stamen types as
compared with Walker and Sytsma (2007). Here, we used six
upper case letters (A—F) to distinguish six distinct stamen types
of EA Salvia. The naming system is independent of the already
mentioned systems.

RESULTS

Alignment and phylogenetic reconstruction

After inspecting the cpDNA and nrDNA trees from our various
analyses, it was apparent that these genomes do not exhibit the
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same gene tree histories within EA Salvia. There were myriad
well-supported differences between the two data sets, with
the ntDNA phylogeny more in accordance with morphology
(see the Discussion). Additionally, ILD P-values were <0.01,
a threshold that can indicate significant incongruence between
data sets (Cunningham, 1997). Thus, we did not perform analy-
ses on a combined cpDNA and ntDNA data set.

Nuclear DNA analysis. After removing ambiguously aligned
sites, the aligned length of the combined nuclear data set
included 1109 bp (ITS, 672 bp; ETS, 437 bp), of which 494 bp
(44.5 %) were parsimony informative. Apart from collapsed or
weakly supported nodes, MP, ML and BEAST trees generated
similar topologies. Therefore, only the BEAST tree is shown,
with posterior probabilities (PP) and ML bootstrap (MLBS)
values given above branches, and MP bootstrap (MPBS) values
below branches (Fig. 2).

The monophyly of subtribe Salviinae was well supported
(Fig. 2; PP = 1.00, MLBS = 85 %, MPBS = 99 %; all values
are reported in this order below), in which Melissa was sister
to Lepechinia, and these together were sister to Salvia. Within
Salvia, subg. Perovskia was sister to subg. Rosmarinus, and this
clade (subg. Perovskia + subg. Rosmarinus) was then sister to
the ‘Salvia officinalis clade’ (0.85, —, —); subg. Zhumeria and
the S. aegyptiaca clade formed a clade (1.00, 100 %, 91 %);
subg. Dorystaechas was sister to subg. Meriandra, and this
clade was sister to subg. Audibertia + subg. Calosphace (1.00,
99 %, 83 %).

All EA Salvia formed a well-supported clade (EA clade:
1.00, 100 %, 100 %). Salvia glutinosa, a widely distributed
species ranging from western Asia to Europe, was embedded
in the EA clade. Within the EA clade, eight subclades (G1-—
G8) were recognized: (G1) subclade Sonchifoliae (1.00, 100
%, 100 %), including S. sonchifolia and S. petrophila, which
are sister to the rest of the EA clade; (G2) subclade Notiosphace
(1.00, 100 %, 100 %) containing only the widespread and
enigmatic S. plebeia; (G3) subclade Substoloniferae (1.00,
100 %, 99 %) including S. trijuga and S. substolonifera; (G4)
subclade Glutinaria (1.00, 97 %, 93 %) consisting of two spe-
cies distributed from Europe to western China (S. glutinosa
and S. nubicola) and another four species endemic to Japan
and Taiwan Island (S. koyamae, S. glabrescens, S. sakuensis and
S. nipponica); (G5) subclade Annuae (1.00, 95 %, 90 %) com-
prising three morphologically similar species (S. roborowskii,
S. umbratica and S. tricuspis); (G6) subclade Eurysphace (1.00,
82 %, 78 %) including 33 species of subg. Salvia sensu Wu
(1977); (G7) subclade Drymosphace (0.99, —, 62 %), consisting
of ten species of subg. Sclarea sensu Wu (1977). Subclade G7
can be further divided into two groups: (1) the Salvia miltio-
rrhiza group (0.94, 72 %, 88 %), comprising S. miltiorrhiza
and its morphologically similar species (S. sinica, S, bowley-
ana, S. paramiltiorrhiza and S. dabieshanensis) as well as two
other morphologically unique species (S. honania and S. meil-
iensis); and (2) Salvia yunnanensis, S. plectranthoides and
S. nanchuanensis, three morphologically similar species which
might represent another group, the ‘S. plectranthoides group’
(0.51, —, -). The final subclade (G8), subclade Sobiso (1.00, 92
%, 18 %), consists of 21 species of subg. Allagospadonopsis
and subg. Sclarea sensu Wu (1977) and includes two major lin-
eages: (1) the S. lutescens group (1.00, 87 %, 66 %), compris-
ing six species (S. hayatana endemic to Taiwan Island and the

other five endemic to Japan); and (2) the S. chinensis group
(1.00, 94 %, 88 %), including 15 species (with the exception
of S. japonica, the other 14 species are endemic to Japan or
China).

Chloroplast DNA analysis. After removing ambiguous sites,
the aligned length of the combined cpDNA data set was 3204 bp
(psbA—trnH, 461 bp; rbcL, 1239 bp; ycfl-rpsl5, 657 bp;
and trnL—trnF, 847 bp), of which 384 bp (12 %) were parsi-
mony informative. Apart from collapsed or weakly supported
nodes, MP, ML and BEAST trees generated similar topologies.
Therefore, only the BEAST tree is shown, with PP and MLBS
values given above branches and MPBS values below branches
(Supplementary Data Fig. S1).

The monophyly of subtribe Salviinae was supported in
BEAST and ML analyses (Supplementary Data Fig. S1; 1.00,
71 %, —); Melissa was sister to Lepechinia, and these together
were sister to Salvia. Within Salvia, the Salvia officinalis clade
was sister to subg. Rosmarinus (0.56, 84 %, 51 %), and this
clade was then sister to subg. Perovskia (1.00, 85 %, 89 %);
subg. Dorystaechas, subg. Audibertia and subg. Calosphace
formed a clade, which was then sister to subg. Meriandra
(1.00, 93 %, 98 %); subg. Zhumeria and the S. aegyptiaca clade
formed a clade (1.00, 100 %, 100 %). Monophyly of the EA
clade was again supported in cpDNA analyses (1.00, 100 %, 99
%). The cpDNA tree recovered the subclades G1, G2 and G4
of the nrDNA tree, but failed to recover the other five subclades
(G3, G5, G6, G7 and G8). In the cpDNA tree, subclade G1 was
sister to the rest of the EA clade, as in the nrDNA tree. Within
this subclade, however, the monophyly of S. petrophila was
not supported, as the accession from Guangxi (S. petrophila
1) was sister to S. sonchifolia instead of grouping with another
accession from Guizhou (S. petrophila 2). Subclade G2 was
recovered in the cpDNA tree (1.00, 100 %, 100 %). The sis-
ter relationship between S. trijuga and S. substolonifera (i.e.
subclade G3) was not recovered in the cpDNA tree, but the
monophyly of each species was supported (1.00, 100 %, 100
%). Subclade G4 was supported (1.00, 99 %, 98 %), and this
clade had S. glutinosa as sister to the remaining five species.
Subclade G5 (S. roborowskii, S. tricuspis and S. umbratica) was
not recovered as S. umbratica did not form a clade with the
two former species. Subclade G6 was split into two lineages,
and taxa of subclade G5 were embedded in one of the line-
ages. Taxa of subclades G7 and G8 nested together and formed
a clade (1.00, 92 %, 62 %).

Staminal morphology

To better elucidate staminal morphology within EA Salvia,
we provided schematics illustrating EA Salvia staminal diver-
sity rather than photographs. Six distinct stamen types (A—F)
were observed from EA Salvia (Fig. 3). Stamen type A was
only found in Salvia sonchifolia. In stamen type A [Figs 1 (25)
and 3], the filaments are clearly longer than the connectives,
with arms sub-equal, the anterior thecae fused, the posterior
thecae similar to the anterior thecae in size and fertility, both
thecae fertile, fused and in line with the lower arms distin-
guished from those with posterior thecae that are vertical to the
lower arms [see Fig. 1 (25-34)]. Stamen type B is common in
subclades G2, G3, G5 and G6. In stamen type B [Figs 1 (26,
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FiG. 3. Morphological diversity and hypothetical evolutionary trends of stamen types of EA Salvia. Parallel evolution occurs in types B, C and F. Type A is illus-
trated referring to S. sonchifolia, B1 to S. campanulata, B2 to S. trijuga, C1 to S. plectranthoides, C2 to S. petrophila, C3 to S. bowleyana, D to S. honania, E to
S. cavaleriei var. simplicifolia, F1 to S. scapiformis, and F2 to S. omerocalyx.

27) and 3), the filaments are slightly shorter than or sub-equal
to the connectives, the arms sub-equal, the anterior thecae con-
nivent or slightly separated, the posterior thecae developed but
clearly smaller than the upper thecae, and the posterior thecae
fused with sparse (type B1) to rarely no pollen (type B2) pre-
sent. Salvia plebeia (G2) and S. trijuga (G3) lack pollen (type
B2), but the other taxa within the four subclades possess some
pollen on the posterior thecae (type B1). Stamen type C was
common in subclades G1, G4 and G7, and was variable. In sta-
men type C [Figs 1 (28-31) and 3], the filaments are clearly
shorter than the connectives, the upper arms clearly longer than
the lower arms, the anterior usually connivent but easily sepa-
rated, and the posterior thecae poorly developed (type C1) or
obviously reduced (types C2 and C3), and fused with no pollen
present. Stamen type C1 [Figs 1 (28, 29) and 3], with obvi-
ous posterior thecae, was found in all taxa of subclade G4 and

the S. plectranthoides group of subclade G7. Stamen type C2
[Figs 1 (30) and 3], with two obsolete and outwardly reflexed
posterior thecae, was only found in S. petrophila of subclade
G1. Stamen type C3 [Figs 1 (31) and 3], with inflated lower
arms and extremely reduced posterior thecae, was found in spe-
cies of the S. miltiorrhiza group of subclade G7, with the excep-
tion of S. honania and S. meiliensis. Stamen type D was only
present in two morphologically similar species (S. honania and
S. meiliensis). The structure of the type D stamen [Figs 1 (32)
and 3] is similar to that of type C, but the type D has the small-
est posterior thecae of all EA Salvia, extremely divaricate and
opposite anterior thecae, and the lower arms are not inflated.
Stamen type E was only observed in two species (S. cavaleriei
and S. prionitis) of the S. chinensis group of subclade G7. In
stamen type E [Figs 1 (33) and 3], the filaments are clearly
shorter than the connectives, the upper arms clearly longer than
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the lower arms, the anterior thecae connivent or separated, the
posterior thecae slightly developed and fused, with no pollen
present. Stamen type F [Figs 1 (34) and 3], restricted to sub-
clade Sobiso, is similar to type E, but its posterior thecae are
completely lost and separated, and the anterior thecae are con-
nivent (F1) or extremely divaricate (F2). Stamen type F1 was
observed for most species of the S. chinensis group, and type F2
was found in the S. lutescens group.

Divergence time estimation

The chronogram inferred from the ntDNA (ITS and ETS)
data set is shown in Fig. 4 and Supplementary Data Fig. S2.
Divergence times presented here are consistent with previous
studies (Drew and Sytsma, 2012; Drew et al., 2017). The crown
age of subtribe Salviinae is estimated to be 30.15 Ma, with the
95 % HPD 23.44-37.22 Ma. The Salvia crown arose approx.
27.79 Ma (95 % HPD: 22.25-34.10 Ma). The crown of the
Salvia officinalis clade + subg. Rosmarinus and subg. Perovskia
clade arose approx. 23.54 Ma (95 % HPD: 16.62-30.60 Ma).
The crown of the S. aegyptiaca + subg. Zhumeria clade began
to diversify approx. 17.07 Ma (95 % HPD: 11.45-23.05 Ma).
The crown of the subg. Calosphace + subg. Audibertia clade
and subg. Meriandra + subg. Dorystaechas clade arose approx.
20.27 Ma (95 % HPD: 14.91-25.73 Ma), and the crown of subg.
Glutinaria (EA Salvia clade) began to diversify approx. 17.40
Ma (95 % HPD: 12.37-23.11 Ma). The results of the divergence
times for major lineages of EA Salvia are summarized in Table 2.

DISCUSSION

Based on nearly comprehensive taxon sampling, we corrobo-
rated that EA Salvia are monophyletic (both nrDNA and cpDNA
analyses) and recognized eight major lineages based on the
nrDNA data set. Additionally, we provide a detailed description
of staminal diversity within EA Salvia. Based upon phyloge-
netic results and morphological evidence, we maintain a broadly
defined Salvia and treat the EA Salvia as a new subgenus,
Glutinaria, and recognize eight sections within this subgenus.

Possible causes of incongruence between nuclear and plastid
phylogenies

Although the cpDNA phylogeny strongly supported EA
Salvia as monophyletic, resolution within the cpDNA tree
was quite low as compared with the ntDNA tree, and topolo-
gies inferred from these two data sets displayed obvious and
widespread discordance (Fig. 2; Supplementary Data Fig. S1).
Similar discordances between genomes have been noted in
clades elsewhere in Lamiaceae, and ancient hybridization with
chloroplast capture has been hypothesized to have contributed
to the discordance (Albaladejo et al., 2005; Drew and Sytsma,
2013; Xiang et al., 2013; Drew et al., 2014; Deng et al., 2015;
Walker et al., 2015). In this study, subclades G7 and G8 formed
two distinct lineages in the nrDNA tree (Fig. 2), but taxa
from these two lineages were mixed together in the cpDNA
phylogeny, forming a well-supported clade (Supplementary
Data Fig. S1). Additionally, previous chromosome research
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indicated that all taxa of G7 and G8 are diploid and have the
same number of chromosomes (Funamoto et al., 2000; Zhao
et al., 2006; Wang et al., 2009; Hu et al., 2016). Therefore,
ancient hybridization with chloroplast capture is likely to be
responsible for the discordance in the placement of these two
lineages. Another case probably involving chloroplast capture
is that of S. petrophila and S. sonchifolia. In the ntDNA tree,
two accessions of S. petrophila formed a clade. In the cpDNA
tree, however, S. petrophila was non-monophyletic, with one
accession sister to S. sonchifolia (Supplementary Data Fig. S1).
The discordance may have been caused by the accession of
S. petrophila from Guangxi ‘capturing’ the chloroplast genome
of S. sonchifolia.

Rapid speciation events have occurred throughout the tree of
life (Enard and Paabo, 2004). Incomplete lineage sorting, often
occurring in taxa associated with rapid radiations, may signifi-
cantly influence phylogenetic relationships (Enard and Paabo,
2004; Pollard et al., 2006). In EA Salvia, the core subclades
(G6, G7 and GB8) diversified recently (Fig. 4), and interspecific
relationships within the three subclades remain unresolved.
Recent rapid radiation may have occurred in these groups, and
incomplete lineage sorting may be a possible cause resulting
from incongruence between the nuclear and plastid data sets.
Additionally, the relative lack of informative sites within the
cpDNA matrix (12 % vs. 45 % of nrDNA) may also contribute
to the conflict. Phylogenomic approaches based on next-gener-
ation sequencing (NGS) data could address this issue.

Phylogeny of East Asian Salvia

Primarily on the basis of staminal morphology, EA Salvia
were previously classified into three subgenera: subg. Salvia,
Sclarea and Allagospadonopsis (Wu, 1977; Murata and
Yamazaki, 1993). However, our phylogenetic analyses do not
support these traditionally defined subgenera. In the nrDNA
tree, taxa of subg. Salvia are spread across four lineages (G1,
G4, G5 and G6), taxa of subg. Sclarea across six lineages (G1,
G2, G3, G4, G7 and G8) and taxa of subg. Allagospadonopsis
across two lineages (G3 and G8) (see Fig. 2).

Compared with the ntDNA tree, the cpDNA tree with limited
resolution does not accurately reflect morphological relation-
ships (Fig. 2; Supplementary Data Fig. SI). As ntDNA trees
have been shown to reflect relationships based on morpho-
logical characters more accurately, the following discussion of
phylogeny within EA Salvia mainly refers to the nuclear top-
ology, and naming of lineages follows the nrDNA tree.

Subclade Sonchifoliae (G1)

Both nrDNA and cpDNA trees indicate that the recently
described Salvia petrophila (Hu et al., 2014) and S. sonchifo-
lia form a clade that is sister to the rest of EA Salvia. It was
unexpected that these taxa would be phylogenetically closely
related, because the species are quite different in terms of
flower morphology, but they are very similar in vegetative fea-
tures (see below).

Salvia sonchifolia was described by Wu (1976) based
on specimens collected from limestone mountain areas of
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F1G. 4. Overview of the Salviinae chronogram based on the combined nrDNA (ITS and ETS) matrix. Detailed divergence times are given in Supplementary Data

Fig. S2. 1, Crown of Salviinae; 2, crown of Salvia; 3, crown of S. officinalis clade and subg. Rosmarinus + subg. Perovskia. 4, crown of S. aegyptiaca clade and

subg. Zhumeria; 5, crown of subg. Calosphace + subg. Audibertia and subg. Meriandra + subg. Dorystaechas; 6, stem of subg. Glutinaria (EA Salvia clade); 7,

crown of subg. Glutinaria (EA Salvia clade). G1-G8, crown of sect. Sonchifoliae, sect. Notiosphace, sect. Substoloniferae, sect. Glutinaria, sect. Annuae, sect.
Eurysphace, sect. Drymosphace and sect. Sobiso respectively.

south-eastern Yunnan. We recently found three new popula-
tions in western Guangxi, adjacent to south-eastern Yunnan
(Hu, 2015). Wu (1977) placed this species into subg. Salvia
based upon its curved connectives, sub-equal arms and fused
posterior thecae. However, it can be easily distinguished
from the rest of subg. Salvia due to its oblong rosettes of
basal leaves, fully fertile posterior thecae and long corolla

tubes, and was therefore placed into a monotypic series
(ser. Sonchifoliae) by Wu (1977). Salvia petrophila, a newly
described species (Hu et al., 2014), occurs only on moist
limestone cliffs in two adjacent national nature reserves
(Maolan National Nature Reserve in southern Guizhou and
Mulun National Nature Reserve in northern Guangxi) in
south-west China.
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TABLE 2. Divergence time estimates, based on BEAST analyses of
nrDNA, for major clades within EA Salvia

Node Age estimated in this study (Ma)
Mean 95 % HPD
Subg. Glutinaria 17.40 12.37-23.11
Sect. Sonchifoliae 3.00 1.06-5.38
Sect. Notiosphace 1.92 0.78-3.35
Sect. Substoloniferae 5.38 3.00-8.16
Sect. Glutinaria 4..88 2.85-6.07
Sect. Annuae 3.49 1.72-5.56
Sect. Eurysphace 491 2.89-7.13
Sect. Drymosphace 4.77 2.93-6.75
Sect. Sobiso 4.89 3.00-6.88
S. lutescens group 4.02 2.35-5.81
S. chinensis group 2.89 1.70-4.91

However, prior to flowering, it is difficult to distinguish
S. sonchifolia from S. petrophila, as they have similar leaves
and habitats. In fact, specimens of S. petrophila were first col-
lected in 1984 from the Maolan National Nature Reserve (Chen
2635, HGAS!) and were misidentified as S. sonchifolia because
the collections were in bud. In flower, however, S. petrophila
can be easily distinguished from S. sonchifolia by its falcate
(vs. sub-circular) and relatively long upper corolla lips (1.2—
1.5 cm vs. 0.6-0.7 cm), longer connectives (15-18 mm vs.
1.4-1.7 mm), unequal arms (upper arms twice as long as the
lower vs. sub-equal arms), aborted posterior thecae lacking pol-
len (vs. fully fertile posterior thecae) and exserted styles (vs.
included styles). Based on clear differences in flower morph-
ology, Hu et al. (2014) did not regard them as closely related
species. Instead, Hu et al. (2014) placed S. petrophila in sect.
Drymosphace of subg. Sclarea sensu Wu (1977), because its
flower morphology is similar to that of S. miltiorrhiza. In the
nrDNA analyses, S. petrophila is sister to S. sonchifolia. In the
cpDNA analyses, however, S. sonchifolia is sister to one acces-
sion of S. petrophila, then these together are sister to another
accession of S. petrophila (Supplementary Data Fig. S1). The
discordance between ntDNA and cpDNA may be partially
caused by the accession of S. petrophila from Guangxi ‘captur-
ing’ the chloroplast genome of S. sonchifolia. Possible syna-
pomorphies for subclade G1 include thickened fleshy roots,
sub-succulent, oblong and basal leaves, and limestone habitats.

Subclade Notiosphace (G2)

This monotypic subclade was represented by five indi-
viduals of Salvia plebeia in our study. Thunberg (1784)
first described S. plebeia (from Japan) as Ocimum virga-
tum. Subsequently, Brown (1810), presumably unaware of
Thunberg’s species delimitation, established S. plebeia based
on collections from Australia but without type designation.
Recently, Sales ef al. (2010) made a typification of the name.
The phylogenetic position of S. plebeia has long puzzled tax-
onomists. Bentham (1832-1836) was the first to place S. ple-
beia, along with S. aegyptiaca, in sect. Notiosphace, but he
was unsure about the placement of the latter. In his subsequent
study (Bentham, 1848), a number of species considered to be
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allied to S. aegyptiaca (including S. japonica and S. chinensis
from East Asia) were added into sect. Notiosphace. However,
Briquet (1897) excluded S. japonica and S. chinensis from
sect. Notiosphace in his classification of Salvia. Based on mor-
phological differences in habit, calyces, corollas and stamens,
Stibal (1935) considered S. plebeia to be unrelated to S. japon-
ica and its allies. Instead, he argued that his newly described
species, S. substolonifera, was related to S. plebeia by virtue of
sharing an annual habit, campanulate calyces and small corol-
las (0.4-0.6 cm long) (Stibal, 1934). Based on morphology,
Sales et al. (2010) concluded that S. plebeia is a phenetically
isolated species, with affinities for species from Asia. In Flora
Reipublicae Popularis Sinicae (Wu, 1977), although S. plebeia
is considered to be a member of subg. Sclarea, the species is
placed in the monotypic sect. Notiosphace based on an annual
or biennial habit, simple leaves and small corollas, and sub-
equal connective arms (Fig. 5). Although previous molecular
phylogenetic studies showed that S. plebeia was in the S. gluti-
nosa clade (EA clade), consensus on its phylogenetic position
has not been reached (Takano and Okada, 2011; Li ez al., 2013;
Will and ClaBen-Bockhoff 2017), leaving its phylogenetic pos-
ition unclear. Here, our molecular phylogenetic analyses sug-
gest that S. plebeia is an independent lineage in EA Salvia,
worthy of a monotypic sectional delimitation.

Salvia plebeia has perhaps the widest native geographic dis-
tribution of any species within the genus (Sales ef al., 2010). It
is distributed from Iran and Afghanistan in the west to Japan
in the east, from far eastern Russia in the north to Australia
in the south (Sales et al., 2010). In Asia, S. plebeia usually
grows in disturbed habitats. As a weed, it is the most wide-
spread sage in China, where only Qinghai, Xizang and Xinjiang
lack records (Wei et al., 2015). However, S. plebeia is usually
found in natural habitats in Australia. There is no consensus
on its origin and dispersal. Froissart (2007) argued that S. ple-
beia originated in Asia, and its colonization in Australia was
the result of a recent human introduction. However, because it
occurs in non-weedy habitats in Australia, Sales et al. (2010)
posited (but did not advocate) another scenario in which S. ple-
beia had an Australian origin and subsequently arrived in Asia
via long-range dispersal. At any rate, the fact that S. plebeia
is morphologically distinct, geographically widespread and the
only (ostensibly) native species of Salvia in Australia is note-
worthy. Our results clearly demonstrate that S. plebeia is a dis-
tinct lineage within EA Salvia, but further explanation as to its
origin and current distribution pattern need to be evaluated by
an in-depth phylogeographic study.

Subclade Substoloniferae (G3)

Only two endemic Chinese species, S. substolonifera and
S. trijuga, were included in this lineage. Since they were
described, no one has hypothesized that S. substolonifera and
S. trijuga are closely related species. Geographically, they have
markedly disjunct distributions and distinctly different habi-
tats. The distribution of S. substolonifera ranges from eastern
China to eastern Sichuan and north-eastern Yunnan, belonging
to the Sino-Japanese distribution pattern (Wu, 1979, 1991), and
it grows in riparian areas, moist rocky crevices and mesic for-
ests. Salvia trijuga, however, is usually found in dry habitats
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FiG. 5. Morphology of S. plebeia. (A) Plant; (B) root; (C) leaf, adaxially; (D) inflorescence; (E) corolla, showing stamen morphology; (F) bract. Photographs by
G. X. Hu.

in north-western Yunnan, south-western Sichuan and south-
eastern Xizang, and has a Sino-Himalayan distribution pattern
(Wu, 1979, 1991).

Morphologically, S. substolonifera is an annual ascending or
sub-prostrate herb, with small flowers (calyx 3—4 mm, corolla
5-7 mm), but S. frijuga is an erect perennial herb, with larger
flowers (calyx 1011 mm, corolla approx. 3 cm). Taxonomically,
S. substolonifera and S. trijuga have been included in different
subgenera. Stibal (1934) placed S. substolonifera and S. plebeia
in sect. Notiosphace (sensu subg. Eusalvia Stib.), as they both
possess an annual habit, a campanulate calyx and a small corolla
(0.4-0.6 cm). Wu (1977), however, placed S. substolonifera into
subg. Allagospadonopsis based on the separated sterile posterior
thecae. On the basis of falcate upper corolla lips and fused ster-
ile posterior thecae, both Stibal (1934) and Wu (1977) treated
S. trijuga as a member of sect. Drymosphace of subg. Sclarea.
Our phylogenetic analyses, however, showed that S. substolonif-
era and S. trijuga are sister species, forming a distinct clade
(Fig. 2). While both S. substolonifera and S. trijuga were sam-
pled in the study of Li et al. (2013), these two species did not
group together. In the study of Li et al. (2013), S. substolonifera
grouped with taxa of subg. Allagospadonopsis, and S. trijuga
was sister to S. pauciflora E. Peter, an illegitimate name now
replaced by S. wuana C.L. Xiang (Xiang et al., 2016b). A recent
phylogenetic study by Will and Cla3en-Bockhoff (2017) showed
that these two species form a lineage together with S. evansi-
ana. In our study, two accessions of S. substolonifera and three
accessions of S. trijuga were sampled from different localities,

and all analyses strongly supported them as monophyletic. The
different results in the studies by Li ef al. (2013) and Will and
ClaBen-Bockhoff (2017) may have been a result of species mis-
identification. Indeed, some key morphological characters also
support S. trijuga and S. substolonifera as closely related spe-
cies. For example, these two species can be easily distinguished
from the rest of EA Salvia by bearing unique truncate apices of
the upper calyx lips [Fig. 1 (16)]. Additionally, except for size,
they share similar corolla (+ galeate upper corolla lips) and sta-
men morphology (arcuate connectives and sub-equal arms). In
the field, we observed fused posterior thecae in S. substolonif-
era. As the fused posterior thecae in Salvia species can be easily
(and unknowingly) split when dissecting flowers, the ‘free sta-
mens’ of S. substolonifera described in previous studies may not
represent its real status (Stibal, 1934; Wu, 1977; Li and Hedge,
1994). Possible synapomorphies for this clade may include
ternate and simple leaves, campanulate calyces, truncate upper
calyx lips and sub-equal arms.

Subclade Glutinaria (G4)

In both the nrDNA and cpDNA trees, S. glutinosa, S. nubi-
cola, S. koyamae, S. glabrescens, S. sakuensis and S. nipponica
formed an independent lineage with high support values. The
floral morphology of these species is similar to that of taxa
of the S. miltiorrhiza group (sensu subg. Sclarea), including
tubular—campanulate calyces, strongly falcate upper corolla
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lips, obviously exserted styles and unequal connective arms.
However, foliar morphology (simple leaves) and flowering
time (August to October) indicate that taxa of this subclade
resemble taxa of subg. Salvia, which is characterized by simple
leaves, arcuate connectives, sub-equal arms and fused posterior
thecae, and bloom usually from August to October. Based on
the falcate upper corolla lips and unequal connective arms, Wu
(1977) placed S. glutinosa and S. nubicola (two species distrib-
uted from western China to Europe) into subg. Sclarea. On the
basis of simple leaves and larger corollas (2-3 cm long) (vs.
the corolla length of other taxa from Japan ranging from 0.4
to 1.2 cm), Murata and Yamazaki (1993) included S. koyamae,
S. glabrescens, S. sakuensis and S. nipponica (four species
endemic to Japan and Taiwan Island) in subg. Salvia. In add-
ition to forming a clade in our phylogenetic analyses, these six
species are also morphologically similar, indicating that the six
species may belong neither to subg. Salvia nor to subg. Sclarea
sensu Murata and Yamazaki (1993) and Wu (1977). Therefore,
both morphological and molecular evidence suggests that these
six species are a distinct lineage. Simple leaves, tubular—cam-
panulate calyces, falcate upper corolla lips, unequal connective
arms and fused deformed posterior thecae may be synapomor-
phies for this clade.

Although we did not obtain DNA sequences for this study,
Salvia chanryoenica, a species endemic to the Korean Peninsula,
should also be included in this lineage based on leaf and flower
morphology (Lee, 2004). Species in this clade display a note-
worthy distribution pattern in that S. glutinosa and S. nubicola
are distributed from the Himalayan region to Europe, while the
other five species are endemic to Japan, the Korean Peninsula
or Taiwan Island. Speciation and dispersal patterns within this
lineage require additional study.

Subclade Annuae (G5)

This subclade comprises three species (Salvia roborowskii,
S. umbratica and S. tricuspis). The distribution of these
three species ranges from northern China to south-western
China, with S. roborowskii extending to Bhutan and Nepal.
Morphologically, these species are very similar, with the main
diagnostic characters separating the species being corolla
colour and length. Zhu et al. (2011) described a new speceis
(S. chuanxiensis) from western Sichuan, China, but it was syn-
onymized with S. tricuspis by Xiang et al. (2016a). Wu (1977)
placed the three species in subsect. Annuae based on annual or
biennial habits, many branched stems and cauline hastate—sag-
ittate leaves. Based on staminal morphology, taxa of this line-
age appear to be related to subclade G6, which have arcuate
connectives, sub-equal arms and fused posterior thecae with
scant pollen, but their hastate—sagittate leaves resemble those
of some taxa from subclade G4. Therefore, morphological data
are consistent with phylogenetic evidence suggesting that these
three species are an independent lineage.

One noteworthy finding is that the corolla tube length of
these three species seems to be negatively correlated with ele-
vation. Salvia umbratica has the longest corolla (2.3-2.8 cm)
and lowest elevation (600-2000 m), while S. roborowskii has
the shortest corolla (1-1.3 cm) and occurs at the highest eleva-
tion (2500-3700 m). Corolla length (2.1-2.3 cm) and elevation

(1400-3000 m) of S. tricuspis are intermediate between the
former two species. In the specimen studies and field surveys,
we found morphological characters of some populations inter-
mediate between S. tricuspis and S. roborowskii, and these two
species overlap somewhat in distribution. Thus, we speculate
that natural hybridization may occur between these two species.

Subclade Eurysphace (G6)

Taxa within this lineage mirror subsect. Perennes of subg.
Salvia sensu Wu (1977). In Wu’s (1977) classification, he
divided subg. Salvia into two sections. Section Eusphace only
included S. officinalis (introduced from Europe). Our present
and previous molecular analyses (Walker et al., 2004; Walker
and Sytsma, 2007; Li et al., 2013; Will and Clalen-Bockhoff,
2014, 2017; Drew et al., 2017) indicate that S. officinalis and
EA Salvia reside in two distinct clades. Section Eurysphace was
divided into two subsections, subsect. Annuae and Perennes.
Subsection Annuae comprises three annual or biennial species
(S. roborowskii, S. tricuspis and S. umbratica), and both molecu-
lar and morphological evidence support subsect. Annuae as an
independent lineage (see Subclade Annuae above). Subsection
Perennes includes 42 species, of which 35 were sampled in the
present study. Within this subsection, except for S. sonchifolia
(associated with limestone in south-eastern Yunnan and western
Guangxi) and S. nubicola (distributed from eastern Afghanistan
to western Xizang, China), all other species are distributed
in the Hengduan Mountains and adjacent areas, with a clear
Sino-Himalayan distribution pattern (Wu, 1979, 1991). Our
molecular phylogenetic analyses indicate that 33 of the 35 spe-
cies sampled from subsect. Perennes group into subclade G6,
with S. sonchifolia and S. nubicola embedded into G1 and G4,
respectively. While we failed to obtain DNA sequences from
S. alatipetiolata, S. dolichantha, S. himmelbaurii, S. mekon-
gensis, S. schizocalyx, S. schizochila, and S. luteistriata, these
seven species of subsect. Perennes should also be included in
G6 based on their morphology and Sino-Himalayan distribu-
tion pattern. Within subclade GO, interspecific relationships
remain unresolved, indicating a potential recent rapid radiation
associated with the uplift of the Qinghai-Tibet Plateau (QTP).
Possible synapomorphies for this lineage include: perennial
herbs, simple leaves, oval-round bracts, campanulate calyces,
relatively large corollas (length >1.5 cm), arcuate connectives
with sub-equal arms, posterior thecae poorly developed but
clearly reduced relative to the anterior thecae, and the posterior
thecae fused with sparse pollen grains.

Subclade Drymosphace (G7)

All species of this lineage correspond to sect. Drymosphace
of subg. Sclarea sensu Wu (1977). In Wu’s (1977) treat-
ment, he divided sect. Drymosphace into three series. Series
Miltiorrhizae comprises eight species (S. miltiorrhiza, S. bow-
leyana, S. sinica, S. trijuga, S. yunnanensis, S. nubicola,
S. cavaleriei and S. prionitis); series Honaniae is monotypic;
and series Plectranthoidites includes three species (S. plectran-
thoides, S. nanchuanensis and S. breviconnectivata). Based on
floral similarities, the subsequently described S. meiliensis (Su
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et al., 1984) should be included in ser. Honaniae, and S. dabie-
shanensis, S. vasta and S. paramiltiorrhiza (Li and Hedge,
1994) should be placed in ser. Miltiorrhizae. In this study,
except for S. vasta and S. breviconnectivata, all other species of
sect. Drymosphace sensu Wu (1977) were sampled. However,
the monophyly of sect. Drymosphace was not supported in this
study. Phylogenetic and morphological evidence indicates that
S. trijuga and S. nubicola are members of subclades G3 and
G4, respectively (see Subclade Substoloniferae and Subclade
Glutinaria above), and that the newly described S. petrophila
arose via an early split in the EA Salvia clade (see Subclade
Sonchifoliae above). Additionally, our phylogenetic analyses
showed that S. cavaleriei and S. prionitis were embedded in
subclade G8. Wu (1977) placed S. cavaleriei and S. prionitis
in ser. Miltiorrhizae based on unequal connective arms and
fused deformed sterile posterior thecae. However, except for
deformed sterile posterior thecae, other morphological charac-
ters of these two species implicate them as members of subclade
G8. For example, the fibril roots and small corollas (length usu-
ally <1 cm) observed in these two species are present in all taxa
from subclade G8.

Although subclade G7 is well supported, interspecific rela-
tionships remain unresolved. Within the Salvia miltiorrhiza
group, S. honania and S. meiliensis are two unique species, with
clearly exserted stamens adhering laterally to the corolla wall
and styles and two opposite anterior thecae [Figs 1 (28) and 6H,
I). According to specimen studies and field observations, we
found that there are no diagnostic characters between the two
species, and the recently described S. meiliensis appears to be
conspecific with S. honania. Pollen morphology also supports
their similarity in that both have sub-oblate pollen, wide muri
and large secondary lumina (C. L. Xiang, Kunming Institute of
Botany, CAS, China, unpubl. res.). However, molecular phylo-
genetic results do not follow morphology, as accessions of these
two species do not group together. Also, S. miltiorrhiza and its
morphological allies did not group together, but S. miltiorrhiza,
S. bowleyana, S. sinica, S. dabieshanensis, S. paramiltiorrhiza
and S. vasta are morphologically similar species. The main
diagnostic characters for them are corolla colour, leaf surface
trichomes and annulate corolla tubes. However, field investiga-
tions found that the corolla colour of these species varies along
a continuum (Fig. 6A—G), and leaf trichomes are also variable.
Given our current knowledge, it may be more appropriate to
regard S. miltiorrhiza and its allies as a species complex. At any
rate, the identities of these species require further study.

Within subclade G7, S. plectranthoides, S. nanchuanensis
and S. yunnanensis form a weakly supported clade (S. plec-
tranthoides group), sister to the S. miltiorrhiza group. In terms
of corolla morphology, S. yunnanensis is similar to S. miltio-
rrhiza and its allies, and can be readily distinguished from
S. plectranthoides and S. nanchuanensis by funnelform cor-
olla tubes (vs. tubular corolla tubes) and falcate upper corolla
lips (vs. straight upper corolla lips). However, in the present
study, S. yunnanensis grouped with one accession of S. plec-
tranthoides (from Guizhou, south-western China), instead of
being embedded within the S. miltiorrhiza group. Salvia plec-
tranthoides, S. nanchuanensis and S. yunnanensis share similar
staminal morphology (type C1), providing additional possible
support for their relationship and distinguishing them from
taxa in the S. miltiorrhiza group (types C3 and D; see Fig. 3).

F1G. 6. Variation of corolla colour for S. miltiorrhiza group of sect.

Drymosphace sensu Wu (1977). (A, B) S. miltiorrhiza; (C, D) S. bowleyana;

(E, F) S. sinica; (G) S. dabieshanensis. (H) S. honania; (1) S. meiliensis.
Photographs by G. X. Hu.

While the S. plectranthoides group needs to be confirmed by
further molecular studies, this study found both morphological
and phylogenetic evidence indicating that the three species and
the S. miltiorrhiza group form a distinct lineage that is sister to
subclade G8. Possible synapomorphies for subclade G7 include
robust taproots, pinnate leaves, relatively long corollas (length
>2 cm) and fused deformed posterior thecae.

Salvia breviconnectivata was described by Sun (1976) from
Lufeng Village, Zhushan Town, Lunan (current name: Yiliang),
Kunming, Yunnan, China and was subsequently placed in ser.
Plectranthoidites, together with S. plectranthoides and S. nan-
chuanensis by Wu (1977). Unfortunately, we could not find
either specimens or living plants of S. breviconnectivata in
the field despite repeated efforts (only S. plectranthoides was
found at the type locality). Based on the original descriptions,
except for floral morphology, there are no diagnostic mor-
phological differences separating S. breviconnectivata from
S. plectranthoides. This may be why Wu (1977) placed S. brev-
iconnectivata in ser. Plectranthoidites. However, within ser.
Plectranthoidites, the species can be readily distinguished from
the other two species by having shorter corolla tubes (0.8 cm vs.
1.4-2.5 cm), sub-equal connective arms (vs. upper arms clearly
longer than lower arms) and separated posterior thecae (vs.
fused posterior thecae). The small corolla and separated poster-
ior thecae resemble taxa of subclade G8. However, S. brevicon-
nectivata lacks fibril roots, one of the putative synapomorphies
for subclade G8 (see Subclade Sobiso below). If the species was
established based on a population concept, its morphological
characters are so unusual in EA Salvia that it may have an enig-
matic phylogenetic position. Instead, if based on a single speci-
men, it is probably an abnormal individual of S. plectranthoides
rather than representing an independent species. Due to a lack
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of morphological and molecular evidence, here we tentatively
regard S. breviconnectivata as a doubtful species.

Subclade Sobiso (G8)

In total, 23 EA Salvia species are placed in subg.
Allagospadonopsis (Wu, 1977; Su et al., 1984; Murata and
Yamazaki, 1993; Li and Hedge, 1994; Takano ef al., 2014; Hu
and Peng, 2015). Except for S. japonica, broadly distributed in
China, Japan and the Korean peninsula, all other species are
endemic either to Japan (six species) or to China (16 species).
Salvia weihaiensis was first described by Wu and Li (1977)
based on collections from Weihai, Shandong, in eastern China
and was considered to be a Chinese endemic species. Although
Wu (1977) placed this species in subg. Allagospadonopsis, it
can be readily distinguished from the remainder of EA Salvia
as characterized by its robust taproots, broadly ovate bracts and
three-aristate upper calyx lips. Finally, Hu and Peng (2015)
concluded that S. weihaiensis is a synonym of S. verbenaca (a
species widely distributed in Europe) and speculated that its
occurrence in China may have resulted from an accidental nurs-
ery escape.

Based on the taxa sampled from Japan and Taiwan
Island, Takano and Okada (2011) indicated that subg.
Allagospadonopsis was monophyletic. However, the study of
Li et al. (2013) showed that subg. Allagospadonopsis was non-
monophyletic, with intercalation of S. cavaleriei, S. prionitis
and S. plectranthoides from subg. Sclarea. Here we sampled all
species of subg. Allagospadonopsis except for S. fragarioides,
S. adoxoides and S. piasezkii, three narrowly distributed species
endemic to China. Our phylogenetic results showed that S. sub-
stolonifera, belonging to subg. Allagospadonopsis, formed
an independent lineage together with S. frijuga, and the rest
of this subgenus formed a well-supported clade together with
S. cavaleriei and S. prionitis sensu subg. Sclarea (Wu, 1977).
Therefore, this study confirms that subg. Allagospadonopsis
sensu Wu (1977) and Murata and Yamazaki (1993) is non-
monophyletic. Additionally, no accessions of S. plectranthoides
were embedded in subclade Sobiso in our ntDNA trees, and the
unusual phylogenetic positions of S. plectranthoides in previ-
ous studies may have resulted from species misidentification
(Li et al., 2013; Will and Clalen-Bockhoft, 2017).

Within subclade Sobiso, two lineages were recognized. The
Salvia chinensis group consisted of 16 species, including one
Japanese endemic (S. pygmaea), 14 Chinese endemics and the
widely distributed S. japonica (Japan, China and the Korean
peninsula). While DNA sequences of S. fragarioides, S. adox-
oides and S. piasezkii were unavailable, these three Chinese
endemics should also most probably be placed into this group
based on geographic distribution and flower morphology.

Within this group, we observed a distinct stamen movement
phenomenon in all sampled taxa: the upper connective arms
cling close to the upper corolla lips at early anthesis and then
bend downward gradually until anterior fertile thecae reach the
middle lobe of the lower corolla lips (Fig. 7A, B). The stamen
movement was also mentioned by Huang et al. (2014), in which
they argued that all taxa of subg. Allagospadonopsis and a few
taxa of subg. Sclarea with small flowers share this similarity.
However, we observed that S. substolonifera is the only species
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F1G. 7. Stamen and style movement in sect. Sobiso. (A, B) Stamen movement

of S. scapiformis (A) and S. cavaleriei var. simplicifolia (B; the arrows point

to anterior thecae); (C) style movement of S. omerocalyx. 1 = early anthesis,

2 = later anthesis, and the red ovals indicate styles. Photographs: (A) and (B)
by G. X. Hu, (C) by A. Takano.

of subg. Allagospadonopsis without this type of stamen move-
ment, and our phylogenetic results demonstrate that S. subs-
tolonifera is a member of subclade G3. Within subg. Sclarea,
S. cavaleriei, S. prionitis and S. plebeia are small-flowered taxa
(corolla length <1 cm). Among these three species, the first two
species with the stamen movement phenomenon are embedded
inthe S. chinensis group (G8), while S. plebeia, without this phe-
nomenon, represents the distinct subclade Notiosphace (G2).

The S. lutescens group is another lineage of subclade GS.
With the exception of S. hayatana, endemic to Taiwan Island,
the five other species are Japanese endemics. Within this
group, most species (S. isensis, S. lutescens, S. akiensis and
S. omerocalyx) display stylar (as opposed to staminal) move-
ment during anthesis. When anthesis begins, the style clings to
the upper corolla lip, and the stigma does not open. Later, the
style moves downward slowly, and the stigma begins to open
(becomes bilobed). However, the long exserted stamens retain
their position throughout anthesis (Fig. 7C). In this group, nei-
ther stamens nor styles of S. ranzaniana change position during
anthesis. Whether S. hayatana is dynamic in terms of stami-
nal and/or stylar position during anthesis needs to be evalu-
ated further. Stamen and style movement could be regarded
as a diagnostic character to differentiate these two groups. In
subclade G8, all taxa have fibril roots, lanceolate—linear bracts,
small tubular calyces (4—7 mm), small corollas (length usu-
ally 5-10 mm, rarely up to 18 mm) and completely reduced
posterior thecae (type F). These characters could be regarded
as possible synapomorphies of subclade Sobiso. The crown of
subclade G8 began to diversify approx. 4.89 Ma. Of the two
lineages, the crown of the S. lutescens group diversified ear-
lier than that of the S. chinensis group (4.02 vs. 2.89 Ma), and
interspecific relationships within the S. lutescens group were
relatively clear (see Fig. 2). In contrast, interspecific relation-
ships of the S. chinensis group remain unresolved, and a recent
rapid radiation may have occurred in this group.
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Staminal evolution of EA Salvia

Himmelbaur and Stibal (1932-1934) first hypothesized an
evolutionary trend in the staminal morphology in Salvia, pro-
ceeding from a curved connective bearing two fertile thecae to
a situation where the lower connective became sterile and was
modified in various ways. This evolutionary trend was observed
in subg. Calosphace, subg. Audibertia and the S. officinalis
clade, and stamens with fertile posterior thecae have been dem-
onstrated to be plesiomorphic (ClaBen-Bockhoff ez al., 2004a;
Walker and Sytsma, 2007; Will and ClaBen-Bockhoff, 2014;
Walker et al., 2015).

In this study, we recognize six stamen types for EA Salvia
(types A-F; see Fig. 3). Stamen type A is only found in Salvia
sonchifolia and is distinct from the other five types by bearing
fully fertile posterior thecae. In both the nrDNA and cpDNA
trees, S. sonchifolia was one of the two first diverging lineages
of EA Salvia, and divergence time analyses showed that this
lineage diverged approx. 17.4 Ma (Fig. 4; Supplementary Data
Fig. S2). Therefore, phylogenetic and morphological evidence
both indicate stamen type A as the ancestral type in EA Salvia,
and that the other five types may have been derived from it.
Stamen types A and B both have curved connectives and sub-
equal upper and lower arms. The differences between them are
that the posterior thecae of type B are obviously smaller, verti-
cal to the lower arms, and produce little (B1) or no (B2) pollen.
Therefore, we speculate that type B is derived from type A. All
of the other four stamen types (C—F) have very unequal arms
(the upper arms clearly longer than the lower arms). Posterior
thecae within these types gradually degrade (C-E) until total
abortion (F) and do not produce pollen. Stamen type F1 resem-
bles type E in that both of them have non-parallel connectives,
forming a large gap between the two connectives. Differences
between the two types are that stamen type F1 loses poster-
ior thecae completely, with separated lower arms. Both stamen
types occur in the S. chinensis group, and stamen type F1 may
have evolved from stamen type E. Stamen type F2, limited to
the S. lutescens group, also loses posterior thecae completely,
and therefore the stamen type may also have evolved from sta-
men type E. Within EA Salvia, fusion of the posterior thecae
restricts access to nectar and forms the lever mechanism (type
A-E), which occurs in all subclades (G1-G8) of EA Salvia.
Complete reduction of the posterior thecae makes species lose
the lever mechanism (type F), which only occurs in subclade
G8. By studying the pollination mechanism of S. liguliloba, a
Chinese endemic species of subclade G8 with stamen type F,
Huang et al. (2015) indicated that the corolla tube of species
with stamen type F becomes shorter and narrower, and polli-
nators are not required to enter the tube to access nectar; this
was hypothesized to be an energy-saving and specialized pol-
lination pattern. Given the above, staminal evolutionary trends
within EA Salvia may present such a scenario: starting from
curved connectives with equal (or sub-equal) arms with two
fully fertile and fused posterior thecae (Fig. 3, type A), the pos-
terior thecae become smaller and produce little or no pollen
(Fig. 3, type B); subsequently, connectives elongate to make the
upper arms obviously longer than the lower arms, and posterior
thecae gradually degrade, producing no pollen (Fig. 3, types C,
D and E); finally, posterior thecae are completely reduced and
the lower arms are separated, resulting in a loss of the lever

mechanism (Fig. 3, type F). The evolutionary trend is similar to
the previous hypotheses (Himmelbaur and Stibal 1932-1934;
Clalen-Bockhoff et al., 2004a), supporting the independent
origins of the lever mechanism in Salvia.

It is clear based on our analyses that there is parallel evolu-
tion of staminal morphology within EA Salvia. For instance,
stamen type C occurs mainly in subclade G7, but it is also
observed in all six species of subclade G4 and S. petrophila of
subclade G1. Likewise, stamen type B is found in four distinct
subclades (G2, G3, G4 and G6). EA Salvia have traditionally
been placed into three subgenera on the basis of staminal mor-
phology alone (Wu, 1977; Murata and Yamazaki, 1993), but the
three subgenera are not supported by our molecular analyses.
Parallel evolution of stamen types may be largely responsible
for the previous inaccurate infrageneric classifications of EA
Salvia. Parallel evolution of staminal morphology has also been
noted among other clades of Salvia (Himmelbaur and Stibal,
1932-1934; Clallen-Bockhoff et al., 2004; Walker and Sytsma,
2007; Will and ClaBen-Bockhoff, 2014). Therefore, stamen
structure should not be the only diagnostic character for delim-
iting infrageneric (or generic) categories.

Diversification of East Asian Salvia

We estimate that Salvia diverged from other Salviinae dur-
ing the early Oligocene (30.15 Ma; Fig. 4, node 1) and then
began to diversify during the middle Oligocene (27.79 Ma;
Fig. 4, node 2). The EA Salvia diverged from other Salvia in
the early Oligocene (25.32 Ma; Fig. 4, node 6) and extant EA
Salvia began to diversify during the mid-Miocene (17.4 Ma;
Fig. 4, node 7). The divergence time estimates of Salvia pre-
sented here are mostly consistent with previous studies (Drew
and Sytsma, 2012; Walker et al., 2015; Drew et al., 2017).
However, the divergence estimate of EA Salvia in Drew et al.
(2017) is younger than that estimated here (approx. 12 Ma vs.
17.4 Ma). Most probably, the failure of Drew et al. (2017) to
include the early diverging EA Salvia subclades G1 and G2 led
to the difference in divergence times.

The East Asian flora is a major biodiversity hotspot, and is
often divided into two sub-kingdoms: the Sino-Japanese forest
sub-kingdom and the Sino-Himalayan forest sub-kingdom (Wu,
1979, 1991). The Sino-Japanese flora includes most paleoen-
demic taxa while the Sino-Himalayan bears more neoendemic
taxa. Therefore, the former has traditionally been considered
to be older than the latter (Wu and Wu, 1996; Li and Li, 1997).
However, based on molecular and fossil data, Chen et al. (2018)
argue that the two floras probably have a similar age. Our study
supports the findings of Chen et al. (2018). Geographically, EA
Salvia has typical Sino-Japanese and Sino-Himalayan distri-
bution patterns, in which species of the G6 clade are mainly
distributed in the Hengduan Mountains and adjacent regions
(Sino-Himalayan), while species within the G8 lineage are
mainly found in sub-tropical China (Central/South/East),
the Korean Peninsula and the Japanese Archipelago (Sino-
Japanese). Divergence time analyses estimated that subclades
G6 and G8 both began to diversify since the early Pliocene
(Fig. 4: nodes G6 and G8).

The uplift of the QTP and the initiation of the East Asia
monsoon around the early Miocene greatly influenced the East
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Asian flora (Yin and Harrison, 2000; Decelles et al., 2007; Chen
et al., 2018). The initiation of EA Salvia diversification approx.
17.4 Ma may have been spurred by these geological and/or
climatic events. Subclade G6 is a well-supported subclade in
the ntDNA tree, but interspecific relationships are mostly unre-
solved. As all species of this subclade are distributed in the
Hengduan Mountains and adjacent regions, a rapid radiation
may have occurred in this lineage in association with Pliocene/
Pleistocene QTP uplift and Pleistocene glaciation events.
Indeed, several taxa in this region (e.g. Isodon, Saussurea,
Aconitum and Gentiana) are hypothesized to have experienced
rapid radiations in association with QTP uplift episodes since
the late Miocene (Yu et al., 2014; Favre et al., 2016). As a con-
sequence of QTP uplift events, environmental heterogeneity
was increased in association with increasingly high mountains
and deep valleys, which probably triggered bursts of speciation
(Yu et al., 2014).

Stamen and style movement in EA Salvia

Stamen and style movement have been reported in many
angiosperm plants, and their hypothesized adaptive signifi-
cance includes avoidance of self-pollination, promotion of out-
crossing, delayed autonomous self-pollination and reduction
in intrafloral male—female interference (Ruan and Teixeira da
Silva, 2011). A lever-like staminal mechanism, which features
pollinator-induced movement of the stamens, was the main
trait that traditionally defined Salvia. In this study, we observed
active staminal and stylar movements that were not pollinator
induced, with both movements being irreversible compared
with such movement induced by pollinators.

Staminal movement has been considered to be a key factor
affecting male reproductive success, and can directly determine
the contact frequency and precision of anther/pollen with polli-
nators (Schlindwein and Wittmann, 1997; Taylor et al., 2006). To
date, four main types of stamen movement have been described:
(1) stimulated movement is found in Cactaceae (Schlindwein
and Wittmann, 1997), Berberidaceae (Lechowski and Bialczyk,
1992) and Ericaceae (Nagy et al., 1999); (2) simultaneous and
slow movement is found in Calycanthaceae (Azuma et al., 2005;
Du et al., 2012); (3) quick and explosive movement is found
in Morus alba and Cornus canadensis (Taylor et al., 2006;
Whitaker et al., 2007); and (4) cascade (successive) movement
is found in Nasa macrothyrsa and Ruta graveolens (Weigend
et al., 2010; Ren and Tang, 2012). In EA Salvia, stamen move-
ment corresponds to the simultaneous and slow type, and seems
to be restricted to the S. chinensis group of subclade Sobiso
(G8). At the beginning of anthesis, both the styles and the upper
connective arms cling to the upper corolla lips, with the styles
behind the upper connective arms and anterior thecae (Fig. 7A,
B). The configuration prevents the style from receiving pollen
from pollinators or self-pollinating. When the upper connective
arms move downward to the middle lobes of lower corolla lips,
the styles remain fixed in position or move downwards slightly.
This separation ensures that the style of one flower will receive
pollen from a different flower. Although we did not test stylar
receptivity at different flowering stages, we hypothesized that
taxa of G8 are protandrous based on positional changes at full
anthesis. If protogynous, the styles will logically waste some
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opportunities to receive pollen because of blocking from the
upper arms and anterior thecae at the onset of anthesis. This type
of stamen movement is also observed in Chimonanthus praecox
(Azuma et al., 2005; Du et al., 2012). In contrast, Chimonanthus
praecox is protogynous, in which stamens with immature pol-
len first recurve outward (the stigmas are receptive), then the
stamens gradually become upright and ultimately enclose the
carpels. Except for promotion of outcrossing and avoidance of
self-pollination, as suggested by previous studies (Lloyd and
Yates, 1982; Barrett, 2002), stamen movement of Salvia can
separate male and female functions well spatially (herkogamy)
and temporally (dichogamy), which will reduce sexual interfer-
ence between female and male function within a flower.

In contrast to stamen movement, we observed obvious style
movement in most species of the S. lutescens group of subclade
G8, in which the style moves downward slowly and the stigma
lobes cluster together first then bifurcate. The obvious style
movements were also observed in another two morphologically
similar species (S. honania and S. meiliensis) of subclade G7.
Based on the available data (personal field photos), we specu-
late that all EA Salvia except few for taxa of the S. chinensis
group of subclade G8 may have an apparent or cryptic style
movement phenomenon. Similar movement (although not
described) has been observed in S. hierosolymitana, which is
native to the eastern Mediterranean and belongs to the S. offici-
nalis clade. Salvia hierosolymitana has been demonstrated to be
protandrous, which allows it to reduce the risk of geitonogamy
and promote outcrossing (Leshem et al., 2011). Based on this
observation, all EA Salvia may be protandrous and its adaptive
significance needs further study.

Taxonomic treatment

Based on staminal morphology, EA Salvia have been placed
in three subgenera: subg. Salvia, subg. Sclarea and subg.
Allagospadonopsis (Wu, 1977; Murata and Yamazaki, 1993).
However, our molecular phylogenetic results do not support
these delimitations. Based on their phylogenetic results, Will
and ClaBlen-Bockhoff (2017) suggested treating EA Salvia
either as three distinct genera or as three sections of a new
genus. In this study, we recognized eight distinct lineages that
should be given equal taxonomic weight. Following the phil-
osophy of Will and Claen-Bockhoff (2017), this would mean
that EA Salvia should be treated as either eight genera or eight
sections of a single genus. Treating EA Salvia as eight separ-
ate genera would be confusing to say the least; furthermore, it
seems untenable to treat EA Salvia as a single genus because we
were unable to find any single morphological character that dis-
tinguishes EA Salvia from Salvia in the other centres of diver-
sity, particularly in south-western Asia and the Mediterranean
region. Therefore, following the suggestion of Drew et al.
(2017), and based on our molecular analysis and morphological
investigation, we formally treat the EA Salvia clade as a sub-
genus, including eight sections, below. Morphologically, all
species of EA Salvia are herbaceous and have the same basic
chromosome number, x = 8 (Gill, 1971; Yang et al., 2004; Zhao
et al., 2006; Wang et al., 2009; Hu et al., 2016). These two
characters distinguish this group and could be regarded as diag-
nostic characters of the EA Salvia clade.
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Salvia subg. Glutinaria (Raf.) G.X. Hu, C.L. Xiang & B.T.
Drew, comb. & stat. nov.

Basionym: Glutinaria Raf. in FI. Tellur. 3: 93. 1836.

Type: Salvia glutinosa L. in Sp. P1. 1: 26. 1753.

Herbs perennial, rarely biennial or annual. Leaves simple
or pinnately compound. Verticillasters two- to many flowered.
Calyx tubular to campanulate, two-lipped; upper lip entire or
three-mucronate, rarely truncate or three-dentate; lower lip
two-toothed. Corolla two-lipped; tube straight or curved, annu-
late or not; upper lip straight or falcate; lower lip three-lobed,
the middle lobe largest. Stamens two; connectives elongated,
usually articulating with the filament; anterior thecae fertile,
connivent or separated; posterior thecae developed, reduced
or completely lost, sterile, rarely fully fertile (S. sonchifolia),
fused or separated. Style two-lobed. Nutlets triquetrous, ovoid
or oblong, glabrous.

1. Sect. Sonchifoliae (C.Y. Wu) G.X. Hu, C.L. Xiang &
H. Peng, stat. nov. = Ser. Sonchifoliae C.Y. Wu in FL
Reipubl. Popularis Sin. 66: 581. 1977 — Type: Salvia son-
chifolia C.Y. Wu. in FlL. Yunnan. 1: 679. 1977.

2. Sect. Notiosphace Benth. in Labiat. Gen. Spec. 309. 1833,
p.p. — Type: Salvia plebeia R. Br. in Prodr. F1. Nov. Holland.
501. 1810.

3. Sect. Substoloniferae (C.Y. Wu) C.L. Xiang & B.T. Drew
stat. nov. = Ser. Substoloniferae C.Y. Wu in Fl. Reipubl.
Popularis Sin. 66: 583. 1977 — Type: Salvia substolonifera
E. Peter. in Acta Horti Gothob. 9: 138. 1934.

4. Sect. Glutinaria — Type: Salvia glutinosa L. in Sp. PlL. 1:
26. 1753.

5. Sect. Annuae (C.Y. Wu) C.L. Xiang & H. Peng stat. nov.
= Subsect. Annuae C.Y. Wu in Fl. Reipubl. Popularis Sin.
66: 581. 1977 — Type: Salvia roborowskii Maxim. in Bull.
Acad. Imp. Sci. Saint-Pétersbourg xxvii: 527. 1881.

6. Sect. Eurysphace Stib. in Act. Hort. Gothob. 9: 105, 112.
1934, p.p. — Type: Salvia przewalskii Maxim. in Bull.
Acad. Imp. Sci. Saint-Pétersbourg xxvii: 527. 1881.

7. Sect. Drymosphace Benth. in Labiat. Gen. Spec. 195, 218.
1833, p.p. — Type: Salvia miltiorrhiza Bunge in Enum. PL.
China Bor. 50. 1833.

8. Sect. Sobiso (Raf.) G.X. Hu, A. Takano & B.T. Drew, comb.
& stat. nov. = Sobiso Raf. in Fl. Tellur. 3: 94. 1837. — Type:
Salvia japonica Thunb. in Syst. Veg., ed. 14. 72. 1784.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Figure S1: cladogram
based on BEAST analysis of the combined cpDNA (psbA—trnH,
vefl-rpsl5, trnL—trnF and rbcL) matrix. Figure S2: divergence
time estimation of Salviinae based on the nrDNA matrix (ITS
and ETS). Appendix: voucher information and GenBank acces-
sion numbers for taxa used in this study.
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