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Abstract To determine evolutionary relationships among

all Japanese members of the genus Salvia (Lamiaceae), we

conducted molecular phylogenetic analyses of two chlo-

roplast DNA (cpDNA) regions (rbcL and the intergenic

spacer region of trnL-trnF:trnL-trnF) and one nuclear

DNA (nrDNA) region (internal transcribed spacer, ITS). In

cpDNA, nrDNA, and cpDNA?nrDNA trees, we found

evidence that all Japanese and two Taiwanese Salvia spe-

cies are included in a clade with other Asian Salvia, and

Japanese Salvia species were distributed among three

subclades: (1) S. plebeia (subgenus Sclarea), (2) species

belonging to subg. Salvia, and (3) species belonging to

subg. Allagospadonopsis. At the specific level our findings

suggest: a close relationship between S. nipponica and

S. glabrescens, no support for monophyly of S. lutescens

and its varieties in cpDNA, nrDNA and cpDNA?nrDNA

trees, and that S. pygmaea var. simplicior may be more

closely related to S. japonica than to other varieties of

S. pygmaea.
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Introduction

The genus Salvia L. (tribe Mentheae) is the largest genus in

the Lamiaceae, comprising nearly 1,000 species; Salvia has

radiated extensively in three regions of the world, Central

and South America (500 spp.), and West (200 spp.) and East

Asia (100 spp.) (Alziar, 1988–1993). It is distinguished from

the other genera in the Lamiaceae by the presence of two

aborted posterior stamens and a markedly elongated con-

nective tissue separating thecae of the two expressed sta-

mens, which may act as an effective tool for pollination (e.g.,

Grant and Grant 1964; Faegri and Van der Pijl 1979; Huck

1992; Crassen-Bockhoff et al. 2003; Reith et al. 2007). The

presence of such an unusual stamen structure led taxono-

mists to believe, until recently, that Salvia was monophy-

letic. However, recent molecular phylogenetic studies have

shown that the genus is polyphyletic, with three major

lineages and five other genera intercalated within it (Walker

et al. 2004; Walker and Sytsma 2007). Salvia clade I sensu

Walker and Sytsma (2007), which is a sister to Rosmarinus

and Perovskia, contains European, Central African, South-

ern African and West Asian species, while clade II contains

species from the New World. Clade III comprises West

Asian, Central Asian, East Asian, Mediterranean, and Afri-

can Salvia species.

Since Thunberg’s (1784) first accounts of Japanese

Salvia (S. japonica Thunb.), ten species, eight varieties,

and one putative hybrid have been described; they are

classified into the subgenera (subg.) Salvia, Allagospa-

donopsis, and Sclarea (Murata and Yamazaki 1993, Inoue

1997, Hihara et al. 2001). Most of the taxa are endemic to

Japan, except in the cases of S. japonica (which also occurs

in Korea, Taiwan and Central to Southern China) and

S. plebeia R. Br. (widely distributed in temperate and

tropical Asia, and Australia) (Murata and Yamazaki 1993).
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Additionally, one of the varieties of S. nipponica Miq., var.

formosana (Hayata) Kudo, is known only from Taiwan

(Li and Hedge 1994; Huang and Wu 1998). Therefore,

we imagine that almost all Japanese taxa, including the

Japanese endemics, speciated in Japan.

Inoue and Ozawa (1998) conducted morphological

and allozymic analyses among species of subg. Salvia, and

argued that S. glabrescens (Franch. et Sav.) Makino and

S. nipponica var. nipponica should be considered conspe-

cific, because genetic similarity between them was so high

(I = 0.84-0.99). They reported genetic differentiation

between S. nipponica populations in eastern and western

Japan. They also suggested that S. nipponica var. kisoensis

K. Imai should be elevated to species rank, because it was

found to be genetically differentiated from S. nipponica

var. nipponica and S. glabrescens. However, they did

not undertake taxonomic or nomenclatural revisions of

Japanese Salvia. Sudarmono and Okada (2007) conducted

cpDNA and nrDNA phylogenetic analyses of selected

Japanese and Taiwanese Salvia. They considered the spe-

ciation process in S. isensis Nakai, taking into account a

contradiction in the phylogenetic positions of the species

studied. Sudarmono and Okada (2008) analyzed additional

species and demonstrated that species of subg. Allagospa-

donopsis formed a well-supported clade, that two species

of subg. Salvia (S. glabrescens and S. nipponica) belonged

together in another clade, and that S. plebeia, the sole

Japanese species in subg. Sclarea, was sister to the clade of

subg. Salvia. Although their results suggested the possi-

bility of polyphyly among S. lutescens (Koidz.) Koidz.,

S. nipponica and S. glabrescens; however, their discussion

was limited to examining the genetic differentiation among

populations of S. japonica and related species. Two Japa-

nese Salvia (S. koyamae and S. omerocalyx Hayata) were

not included in Sudarmono and Okada’s (2008) analyses.

As part of our ongoing investigations into speciation

processes of endemic Japanese Salvia, we conducted

molecular phylogenetic analyses of all taxa of Japanese

Salvia above variety level not considered by Sudarmono and

Okada (2008), i.e., varieties of S. glabrescens (var. gla-

brescens and var. purpreomaculata (Makino) K. Inoue ex.

T. Shimizu), S. koyamae Makino, S. lutescens var. stolonif-

era (G. Nakai), varieties of S. nipponica (var. kisoensis, var.

trisecta (Matsum. ex Kudo) Honda), S. omerocalyx (var.

omerocalyx and var. prostrata Satake), S. pygmaea Matsum

var. simplicior, and S. sakuensis Naruh. et Hihara.

Materials and methods

DNA extraction, PCR, and DNA sequencing

Total DNA was isolated from 0.7-1.5 g of fresh or silica

gel-dried leaves, using a modified version of the 29

cetyltrimethylammonium bromide (CTAB) extraction

protocol of Doyle and Doyle (1987). DNA sequences were

amplified with rbcL 1-1 as the forward primer and rbcL

NN3-2 as the reverse primer for rbcL (Hasebe et al. 1994),

FRF as the forward primer and 5FR as the reverse primer

for trnL-F (Sudarmono and Okada 2007), and ITS5 as the

forward primer and ITS4 as the reverse primer for nrDNA

ITS (White et al. 1990). The protocol and conditions of the

polymerase chain reaction (PCR), purification, and cycle

sequencing followed Sudarmono and Okada (2007). To

sequence these three regions amplified by PCR, we used

an additional pair of internal primers, i.e., 724F, 744R

for rbcL (Sudarmono 2007), 3RF and 3FR for trnL-F

(Sudarmono and Okada 2007), and ITS2 and ITS3 (White

et al. 1990) for the nrDNA region, including the ITS1-5.8S

rDNA-ITS2 region (hereafter, ITS).

Sequence alignment and phylogenetic analysis

Novel sequences were collected for 18 individuals of 12

taxa and the 3 regions. Other sequences were obtained

through Genbank. Raw sequences were assembled and

edited using the BioEdit software (ver. 5.0.9; Hall 1999).

DNA sequences were aligned by multiple alignments using

the CLUSTALW 1.83 software package with default

settings (Thompson et al. 1994). Alignments of rbcL and

the intergenic spacer region of trnL-F of cpDNA were

combined. Gaps were treated as missing data.

We used 32 individuals of 10 species, 13 varieties, 4

formas, and 1 hybrid (S. 9 sakuensis) from Japan, and other

selected species belonging to clade I (S. roemeriana Scheele,

S. sclarea L., and S. texana Torr.), clade II (S. cedrosensis

Greene, S. chionopeplica Epling, S. clevelandii (Gray)

Greene, and S. farinacea Benth.), and clade III (S. digitalo-

ides Diels, S. flava Forrest ex Diels, S. glutinosa L., S. hians

Royle ex Benth., S. miltiorrhiza Bunge, S. przewalskii

Maxim., S. trijuga Diels, and S. yunnanensis C. H. Wright)

sensu Walker and Sytsma (2007). Horminum pyrenaicum L.

and Melissa officinalis L. were used as outgroups. Materials,

accession numbers for the sequences, vouchers, and litera-

ture are presented in ESM 1. Three datasets were con-

structed: (1) cpDNA (=rbcL?trnL-F) contained 47

individuals from 36 taxa, (2) ITS (hereafter nrDNA)

contained 53 individuals from 42 taxa (several not included

in cpDNA and cpDNA?nrDNA datasets), and (3) cpDNA?

nrDNA contained 47 individuals from 36 taxa.

We analyzed these datasets using three methods.

Maximum Parsimony (MP) analysis was performed with the

PAUP* 4.0b10 software (Swofford 2003). Heuristic sear-

ches were conducted with RANDOM addition, tree-bisec-

tion-reconnection (TBR) branch swapping, and MULPARS

options. Support for branches was estimated using boot-

strap analysis with 1,000 replications (Felsenstein 1985),
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through a heuristic search using RANDOM addition and

TBR branch swapping. Maximum likelihood (ML) was

also conducted with the PAUP* 4.0b10 software (Swofford

2003). We conducted a hierarchical likelihood ratio test

using MrModeltest software (ver. 2.3; Nylander 2004) to

determine the best-fit model of sequence evolution in the

ML analysis. The GTR?G (for cpDNA and nrDNA data-

sets) and GTR?G?I (for the cpDNA?nrDNA datasets)

models were chosen by the analysis. Heuristic searches

were used in the analyses to find ML trees with RANDOM

sequence addition and TBR branch swapping; we saved all

of the best trees at each step (Multrees). Bootstrap analysis

under the ML criterion was conducted using ‘‘fast’’ step-

wise addition searches with 200 replicates. Additionally, a

Bayesian analysis was conducted using the MrBayes soft-

ware (ver. 3.1.2; Huelsenbeck and Ronquist 2001;

Ronquist and Huelsenbeck 2003). The best fitting substi-

tution model (GTR?G for the cpDNA and nrDNA data-

sets, and GTR?I?G for the cpDNA?nrDNA dataset) for

Bayesian analysis was selected using a series of hierar-

chical likelihood ratio tests implemented in the MrMod-

eltest software (ver. 2.3). We performed the analysis using

the selected model with two simultaneous runs of two

million generations with four chains, sampling every 100

generations. Each analysis reached stationarity (the average

standard deviation of split frequencies between runs B0.01)

well before the end of the run. Burn-in (=5,000) trees were

discarded, and the remaining trees and their parameters

were saved. A 50% majority rule consensus tree was

constructed. The results of the Bayesian analysis are

reported as the posterior probabilities (PP; Huelsenbeck

and Ronquist 2001), which are equal to the percentage of

trees sampled when a given clade was resolved. Only PP

scores in excess of 50% are shown.

We assessed the degree of phylogenetic incongruence

between the cpDNA (=rbcL?trnL-F) and nrDNA (=ITS)

datasets of 47 taxa using the incongruence-length differ-

ence (ILD) test (Mickevich and Farris 1981; Farris et al.

1994) in the PAUP*4.0 beta10 software, TBR branch

swapping, and saving all of the most parsimonious trees.

Results

The features of alignments in the combined cpDNA

(rbcL?trnL-F), nrDNA (ITS), and cpDNA?nrDNA

datasets are shown in ESM 2. The G?C contents of

ITS regions varied from 59.9% (S. roemeriana) to 68.7%

(S. chionopeplica).

We found that the homogeneity test (ILD test) provided

a P value \ 0.01 for the combined cpDNA datasets and

ITS (hereafter, nrDNA) datasets compared with random

partitions. However, variable evolutionary rates and

heterogeneity rates of substitution appear to affect the ILD

test results, increasing the probability of type I errors (the

error of incorrectly rejecting the correct hypothesis of

congruence) (Baker and Lutzoni 2002; Darlu and Lecointre

2002). This may also be the case for our datasets since the

substitution rate of the cpDNA and nrDNA regions studied

were quite different (9.9 vs. 40.8%, respectively; ESM 2);

therefore, we decided to combine cpDNA and nrDNA

datasets.

The cpDNA data set of 47 individuals from 36 taxa

contained 2,139 characters, and 99 of these were parsi-

mony-informative. Parsimony analysis produced eight

most parsimonious trees of 265 steps, a consistency index

(CI) of 0.834 and a retention index (RI) of 0.901. Likeli-

hood analysis resulted in a ML tree with –ln L =

4,863.258. The MP strict consensus, ML, and Bayesian

trees had the same topology; the MP tree is shown with

bootstrap and PP support in Fig. 1. The species of clade I

sensu Walker and Sytsma (2007) were sister to all other

Salvia, and the species of clade II were sister to the species

of clade III plus Japanese and Taiwanese Salvia. There

were three subclades within the clade: 1. S. plebeia, 2.

species of Japanese subg. Salvia (S. glabrescens, S. koya-

mae, S. nipponica, S. sakuensis) plus S. glutinosa (species

of clade III), and 3. Japanese and Taiwanese species of

subg. Allagospadonopsis plus S. hians (species of clade

III). The rbcL and trnL-F sequences in S. koyamae and

S. nipponica var. kisoensis were identical, and those of all

taxa included in this subclade were also highly similar

(99.6–99.9% identical) to one another, except for S. nip-

ponica var. nipponica from Kumamoto and S. glutinosa.

The species in subg. Allagospadonopsis formed another

well-supported subclade, and Taiwanese (=S. arisanensis

Hayata and S. hayatana Makino ex Hayata) and Ryukyu

(=S. pygmaea var. pygmaea) Salvia were sister to other

species. Individuals of S. omerocalyx and S. lutescens and

its varieties were found in two different subclades: two

varieties of S. omerocalyx (var. omerocalyx and var. pro-

strata) formed a subclade with the S. lutescens group

(except for S. lutescens var. crenata), S. isensis and S. ran-

zaniana Makino; and a subclade containing S. japonica, an

individual S. omerocalyx plant (specimen from Takeno,

Toyooka), S. lutescens var. crenata (Makino) Murata, and

one Ryukyu taxon, S. pygmaea var. simplicior. Salvia hians

was sister to the Allagospadonopsis clade.

The ITS datasets for 53 individuals in 42 taxa contained

687 characters, and 179 of these were parsimony-infor-

mative. Parsimony analysis produced 2,795 most parsi-

monious trees of 629 steps, a consistency index (CI) of

0.618 and a retention index (RI) of 0.791. Likelihood

analysis resulted in a ML tree with –ln L = 4,263.061. The

MP strict consensus, ML, and Bayesian trees had the same

topology, and the MP tree is shown with bootstrap and PP
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support in Fig. 2. The species of clade III sensu Walker and

Sytsma (2007) plus Japanese and Taiwanese Salvia con-

sisted of a strongly supported clade. Salvia plebeia was

sister to all other species. As in the cpDNA tree, S. gla-

brescens and its varieties, S. koyamae, S. nipponica and its

varieties, and S. sakuensis were grouped with relatively

low support in a clade with several species of clade III

sensu Walker and Sytsma (2007) (=S. digitaloides, S. flava,

S. glutinosa, S. hians, S. przewalskii, S. trijuga). The

sequences of Salvia glabrescens, S. nipponica and their

varieties were highly similar to each other (95.8–99.2%

identical). The species belonging to subg. Allagospadon-

opsis and two Chinese species of clade III sensu Walker

and Sytsma (2007), S. miltiorrhiza and S. yunnanensis (in

subg. Sclarea) formed a well-supported clade. Within the

clade, the two Chinese species were sister to other species,

and the species in subg. Allagospadonopsis formed a clade

with relatively low support. In this clade, S. lutescens and

its varieties, S. omerocalyx and its variety, S. isensis and

S. ranzaniana comprised a subclade with rather low sup-

port. Individuals of S. lutescens and its varieties were

scattered within the subclade, intercalated with S. isensis,

S. omerocalyx and S. ranzaniana. Two Taiwanese species,

S. arisanensis and S. hayatana, were sister to this subclade;

S. japonica and its formas, and S. pygmaea and its variety

formed a subclade sister to the remaining species of

Allagospadonopisis.

The combined cpDNA and nrDNA datasets for 47

individuals in 36 taxa contained 2,823 characters, and 285

of these were parsimony-informative. Parsimony analysis

produced 26,058 most parsimonious trees of 923 steps, a

consistency index (CI) of 0.681 and a retention index (RI)

of 0.810. Likelihood analysis resulted in an ML tree with

–ln L = 9,561.679. The MP strict consensus, ML, and

Bayesian trees had the same topology, and the MP tree is

shown with bootstrap and PP support in Fig. 3. The species
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Fig. 1 A strict consensus tree

of eight most parsimonious trees

derived from the cpDNA

(rbcL ? trnL-F) datasets,

CI = 0.834, RI = 0.901. MP/

ML bootstrap support is shown

above branches, and Bayesian

PP numbers are shown below.

Asterisk indicate B50% support

in selected analyses. Clades I,

II, and III are sensu Walker and

Sytsma (2007). Subg.,

subgenus; S., Salvia; S. lut. v.

lut. f. lutescens, S. lutescens var.

lutescens f. lutescens; S. lut. v.

lut f. lobatocrenata, S. lutescens
var. lutescens f. lobatocrenata
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of clade I sensu Walker and Sytsma (2007) were sister to

all other Salvia, and the species of clade II were sister to

the species of clade III plus Japanese and Taiwanese

Salvia. Salvia glutinosa and S. hians, species of clade III,

comprised a strongly supported clade with Japanese

Salvia subg. Salvia, i.e., Salvia glabrescens and its varieties,

S. koyamae, S. nipponica and its varieties, and S. sakuen-

sis, and were sister to Japanese Salvia. Among Japanese

Salvia, S. nipponica var. nipponica from Kumamoto was

sister to the others. Salvia plebeia was sister to the species

of subg. Allagospadonopsis. Salvia omerocalyx and its

variety were sister to all the other taxa, and the two Tai-

wanese Salvia were sister to the rest. Salvia lutescens and

its varieties, S. isensis and S. ranzaniana comprised a

subclade with rather low support, and S. japonica and its

formas and S. pygmaea and its variety formed another

subclade.

Discussion

Our phylogenetic analyses of Japanese species, two

Taiwanese species, and species of clade I, II, and III sensu

Walker and Sytsma (2007) using cpDNA, nrDNA, and a

combined dataset showed that all Japanese species and the

two Taiwanese species of Salvia formed a well-supported

clade with the Salvia species of clade III (Figs. 1, 2, 3).

Thus, Japanese and Taiwanese Salvia may belong to clade

III, as proposed by Walker and Sytsma (2007).

The results of our molecular phylogenetic analysis

generally supported Murata and Yamazaki’s (1993) sys-

tem, which divided Japanese Salvia into three subgenera.

The species belonging to subg. Salvia (S. glabrescens,

S. koyamae, S. nipponica, S. sakuensis) were included in

the same phylogenetic clade, the species of subg. Allago-

spadonopsis formed another clade, and S. plebeia (subg.
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branches, Bayesian PP numbers
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Sclarea) fell outside both these clades in all cpDNA,

nrDNA, and cpDNA?nrDNA trees. However, monophyly

of subg. Salvia and Sclarea were not supported. Salvia

glutinosa, a member of subg. Sclarea, was sister to all the

species belonging to subg. Salvia in our cpDNA and

cpDNA?nrDNA trees (Figs. 1, 3), and formed a subclade

together with S. sakuensis in the Salvia clade of our nrDNA

tree (Fig. 2). The monophyly of species belong to subg.

Allagospadonopsis are supported in cpDNA and cpDNA?

nrDNA trees (Figs. 1, 3), however, the BS/PP support

of the Allagospadonopsis clade in nrDNA tree was

weak (Fig. 2). In our nrDNA tree, S. miltiorrhiza and

S. yunnanensis (i.e., subg. Sclarea species) formed a well-

supported clade that included species of subg. Allagospa-

donopsis. There might remain the possibility of monophyly

of subg. Allagospadonopsis, but further analyses increasing

taxa and data are needed to confirm it.

The status of some species is also questionable. For

example, all individuals of S. nipponica and S. glabrescens

(and their varieties) fell into the same unresolved clade in

both cpDNA and nrDNA trees, with a few exceptions,

because of high similarity of their sequences (99.6–99.8%

in cpDNA and 95.5–99.2% in nrDNA). This supports Inoue

and Ozawa’s (1998) claim that the two species were con-

specific. However, a proposal to elevate S. nipponica var.

kisoensis to species rank was not supported by our analysis.

Furthermore, a geographic differentiation trend suggested

by Inoue and Ozawa (1998) was not apparent in our data,

although genetic differentiation might have occurred in

some populations, e.g. S. nipponica var. nipponica from

Kumamoto (cpDNA and cpDNA?nrDNA trees Figs. 1, 3)

and Tokushima (nrDNA tree, Fig. 2).

Monophyly of S. lutescens and its varieties is also prob-

lematic. In our cpDNA tree, S. isensis and S. ranzaniana
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were included in the S. lutescens clade, while one

S. lutescens var. crenata individual fell into the S. japonica

clade (Fig. 1). One individual of S. lutescens var. crenata

was sister to S. isensis, S. lutescens and its varieties,

S. omerocalyx, and S. ranzaniana in the nrDNA tree

(Fig. 2). All varieties of S. lutescens were gathered into one

clade in the cpDNA?nrDNA tree, but at the same time, this

clade contained S. isensis and S. ranzaniana (Fig. 3).

Hybridization/introgression may have occurred because the

distributions and flowering seasons of S. japonica and

S. lutescens partly overlap. It is clear that taxonomic revi-

sion of S. lutescens will require more information on

morphological characters, habitat, and ecological niches.

Unexpectedly, S. pygmaea var. simplicior was included

in the clade containing S. japonica in all cpDNA, nrDNA,

and cpDNA?nrDNA trees, suggesting close affinity

between the two taxa (Figs. 1, 2, 3). Distributions of

S. japonica and S. pygmaea var. simplicior do not overlap;

the former is distributed in Honshu, Shikoku, and Kyushu

southward to Yaku-shima Island, Taiwan and China, but is

absent from the island chain from Amami-oshima Island to

Iriomote Island, while S. pygmaea var. simplicior is found

only on Amami-oshima Island and Tokunoshima Island.

Thus, hybridization/introgression between these two taxa

seems unlikely, at least in recent times. Morphologically,

the taxa are readily distinguishable: the calyx tube of

S. japonica is larger and has long pilose hairs on the upper

half of the inner tube, and its leaves are generally radical

and cauline; the calyx tube of S. pygmaea var. simplicior is

puberulent on all inner surfaces, and leaves are all radical

(Murata and Yamazaki 1993). However, S. pygmaea var.

simplicior has been little studied since it was formally

established in 1993 by T. Yamazaki. Further comparative

examinations of S. japonica and varieties of S. pygmaea

(var. pygmaea and var. simplicior) are required to deter-

mine taxonomic status.

Our molecular analyses revealed several taxonomic

issues warranting additional study in Japanese Salvia: the

non-monophyletic nature of S. lutescens and its varieties,

and the close relationships between S. glabrescens and

S. nipponica, as well as between S. japonica and varieties

of S. pygmaea. Further analyses, e.g., using population

genetic markers, should provide a better understanding of

evolutionary history in Japanese Salvia.
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6(1–2, 4):79–115, 163–204; 7(1–2):59–109; 9(2–3):413–497;

10(3–4):33–117

Baker FK, Lutzoni FM (2002) The utility of the incongruence length

difference test. Syst Biol 51:625–637

Crassen-Bockhoff R, Wester P, Tweraser E (2003) The staminal lever

mechanism in Salvia L. (Lamiaceae): a review. Plant Biol

(Stuttgart) 5:33–41

Darlu P, Lecointre G (2002) When does the incongruence length

difference test fail? Mol Biol Evol 19:432–437

Doyle JJ, Doyle JD (1987) A rapid DNA isolation procedure for small

quantities of fresh leaf tissue. Phytochem Bull 19:11–15

Faegri K, Van Der Pijl L (1979) The principles of pollination ecology.

Pergamon Press, Oxford

Farris JS, Kallersjo M, Kluge AG, Bult C (1994) Testing significance

of incongruence. Cladistics 10:315–319

Felsenstein J (1985) Confidence limits on phylogenies: an approach

using the bootstrap. Evolution 39:783–791

Grant KA, Grant V (1964) Mechanical isolation of Salvia apiana and

Salvia mellifera (Labiatae). Evolution 18:196–212

Hall TA (1999) BioEdit: a user-friendly biological sequence align-

ment editor and analysis program for Windows 95/98/NT. Nucl

Acids Symp Ser 41:95–98

Hasebe M, Omori T, Nakazawa M (1994) RbcL gene sequences

provide evidence for the evolutionary lineages of leptosprangiate

ferns. Proc Nat Acad Sci USA 91:5730–5734

Hihara S, Iwatsubo Y, Naruhashi N (2001) A new natural hybrid of

Salvia (Lamiaceae) from Japan, Salvia 9 sakuensis. J Phytogeogr

Tax 49:163–170

Huang T-G, Wu J-T (1998) Salvia. In: Editorial Committee of the

Flora of Taiwan (eds) Flora of Taiwan, 2nd edn, vol 4. Editorial

Committee of the Flora of Taiwan, Taipei, pp 516–529

Huck RB (1992) Overview of pollination biology in the Lamiaceae.

In: Harley RM, Reynolds T (eds) Advances in Labiatae science.

Royal Botanic Garden, Kew, pp 167–181

Huelsenbeck JP, Ronquist F (2001) MRBAYES: Bayesian inference

of phylogeny. Bioinformatics 17:754–755

Inoue K (1997) Salvia L. In: T. Shimizu (ed), Flora of Nagano

Prefecture, pp 939–941 (in Japanese)

Inoue K, Ozawa M (1998) Taxonomic study of subgenus Salvia,

Salvia (Lamiaceae). In: Proceedings of the 28th annual

meeting of the Japan Society for Plant Systematics, pp 42

(in Japanese)

Li X-W, Hedge IC (1994) Salvia. In: Wu Z-Y, Raven PH (eds) Flora

of China, vol 17, Verbenaceae through Solanaceae. Science

Press, Beijing, pp 195–222

Mickevich MF, Farris JS (1981) The implications of congruence in

Menidia. Syst Zool l 30:351–370

Murata G, Yamazaki T (1993) Salvia L. In: Iwatsuki K, Yamazaki T,

Boufford DE, Ohba H (eds) Flora of Japan IIIa. Kodansha,

Tokyo, pp 302–307

Nylander JAA (2004) MrModeltest v2. Program distributed by the

author. Evolutionary Biology Center, Uppsala University

Reith M, Baumann G, Classen-Bockhoff R, Speck T (2007) New

insights into the functional morphology of the lever mechanism

of Salvia pratensis (Lamiaceae). Ann Bot 100:393–400

J Plant Res (2011) 124:245–252 251

123



Ronquist F, Huelsenbeck JP (2003) MRBAYES 3: Bayesian phylo-

genetic inference under mixed models. Bioinformatics

19:1572–1574

Sudarmono (2007) Genetic differentiation among populations of

Salvia spp. (Lamiaceae) in Japan and its biosystematic signif-

icance. Ph.D. thesis, submitted to Osaka City University

Sudarmono, Okada H (2007) Speciation process of Salvia isensis
(Lamiaceae), a species endemic to serpentine areas in the Ise-

Tokai district, Japan, from the viewpoint of the contradictory

phylogenetic trees generated from chloroplast and nuclear DNA.

J Plant Res 120:483–490

Sudarmono, Okada H (2008) Genetic differentiations among the

populations of Salvia japonica (Lamiaceae) and its related

species. Hayati 15:18–26

Swofford DL (2003) PAUP*: phylogenetic analysis using parsimony

(*and other methods). Version 4.0b10. Sinauer Associates,

Sunderland

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTALW:

improving the sensitivity of progressive multiple sequence

alignment through sequence weighting, position-specific gap

penalties and weight matrix choice. Nucl Acids Res

22:4673–4680

Thunberg CP (1784) Salvia japonica. In: Murray JA (ed) Syst Veg,

vol 14, p 72

Walker JB, Sytsma KJ (2007) Staminal evolution in the genus Salvia
(Lamiaceae): molecular phylogenetic evidence for multiple

origins of the staminal lever. Ann Bot 100:375–391

Walker JB, Sytsma KJ, Treutlein J, Wink M (2004) Salvia (Lami-

aceae) is not monophyletic: implications for the systematics,

radiation, and ecological specializations of Salvia and tribe

Mentheae. Am J Bot 91:1115–1125

White TJ, Bruns T, Lee S, Taylor J (1990) Amplification and direct

sequencing of fungal ribosomal RNA genes for phylogenetics.

In: Innis MA, Gelfand DH, Sninsky JJ, White TJ (eds) PCR

protocols: a guide to methods and amplifications. Academic

Press, San Diego, pp 312–315

252 J Plant Res (2011) 124:245–252

123


	Phylogenetic relationships among subgenera, species, and varieties of Japanese Salvia L. (Lamiaceae)
	Abstract
	Introduction
	Materials and methods
	DNA extraction, PCR, and DNA sequencing
	Sequence alignment and phylogenetic analysis

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


