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a b s t r a c t

Pogostemon (Lamiaceae; Lamioideae) sensu lato is a large genus consisting of about 80 species with a
disjunct African/Asian distribution. The infrageneric taxonomy of the genus has historically been
troublesome due to morphological variability and putative convergent evolution within the genus.
Notably, some species of Pogostemon are obligately aquatic, perhaps the only Lamiaceae taxa which
exhibit this trait. Phylogenetic analyses using the nuclear ribosomal internal transcribed spacer (ITS)
and five plastid regions (matK, rbcL, rps16, trnH-psbA, trnL-F), confirmed the monophyly of Pogostemon
and its sister relationship with the genus Anisomeles. Pogostemon was resolved into two major clades,
and none of the three morphologically defined subgenera of Pogostemon were supported as mono-
phyletic. Inflorescence type (spikes with more than two lateral branches vs. a single terminal spike, or
rarely with two lateral branches) is phylogenetically informative and consistent with the two main clades
we recovered. Accordingly, a new infrageneric classification of Pogostemon consisting of two subgenera is
proposed. Molecular dating and biogeographic diversification analyses suggest that Pogostemon split
from its sister genus in southern and southeast Asia in the early Miocene. The early strengthening of
the Asia monsoon system that was triggered by the uplifting of the Qinghai–Tibetan Plateau may have
played an important role in the subsequent diversification of the genus. In addition, our results suggest
that transoceanic long-distance dispersal of Pogostemon from Asia to Africa occurred at least twice, once
in the late Miocene and again during the late-Miocene/early-Pliocene.

� 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Pogostemon sensu lato (s.l.) (Lamiaceae; Lamioideae) is an eco-
logically and economically important genus comprised of about
80 species, and is the largest genus within tribe Pogostemoneae
(Harley et al., 2004; Supplementary Table S1). The genus is dis-
tributed primarily from South and Southeast Asia to China
(Harley et al., 2004). Beyond this main distribution, a few species
are also distributed in tropical Africa (five endemic species), North-
ern Australia (one species), Japan (two species) and the Korea
Peninsula (one endemic species) (Bhatti and Ingrouille, 1997;
Harley et al., 2004; Yao et al., 2015). Pogostemon is tremendously
diverse in terms of morphology and habitat (discussed below),
78
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81
and can be distinguished from other Lamiaceae taxa due to their
possession of stamens that bear moniliform hairs. Historically,
most taxonomists have treated the genus as two separate groups
based primarily upon habitat: the terrestrial group Pogostemon
sensu stricto (s.s.) and the aquatic/marshland group Dysophylla Bl.
or Dysophylla El Gazzar & L. Watson ex Airy Shaw (Table 1;
Bentham, 1833; Hooker, 1885; Doan, 1936; Airy Shaw, 1967; Li
and Hedge, 1994). Taxa within the terrestrial group generally pos-
sess opposite leaves that are broad (ovate to rarely ovate-
lanceolate) and petiolate, and have relatively large flowers (calyx
usually longer than 3 mm, corolla usually longer than 4 mm). Taxa
within the aquatic/marshland group generally have opposite or
verticillate leaves that are narrow (linear or linear-lanceolate,
rarely ovate to ovate-lanceolate) and sessile to sub-sessile, and
small flowers (calyx usually 1–2 mm long, corolla usually less than
3 mm long). Keng (1978) recognized two sections within Pogoste-
mon s.l. based primarily on phyllotaxy: (1) section Pogostemon,
(Lami-

http://dx.doi.org/10.1016/j.ympev.2016.01.020
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Table 1
Comparison of related infrageneric classifications in Pogostemon.

Reference Genus Infrageneric classification Diagnosis

Bentham (1833) Dysophylla Bl. Sect. Oppositifoliae Benth. Leaves opposite
Sect. Verticillata Benth. Leaves verticillate

Pogostemon s.s. Desf. Sect. Paniculatae Benth. Recemi paniculato-ramosi
Sect. Racemosae Benth. Racemi simplices subspicati

Rafinesque-Schmaltz (1837) Eusteralis Raf. Leaves verticillate

Briquet (1897) Dysophylla Bl. Sect. Rhabdocalicinae Briq. Calyx tube cylindrical and rounded or very
indistinct, pentagonal

§1. Oppositifoliae Benth. Leaves opposite
§2. Verticillatae Benth. Leaves verticillate

Sect. Goniocalicinae Briq. Calyx tube prominently five-angled

Kudô (1929) Dysophylla Bl. Sect. Chotekia Kudô Stem glabrous to pubescent and leaves
verticillate, linear to linear-lanceolate with an
entire margin

Sect. Eudysophylla Kudô Stem indumentum tomemtosa to hirsute and
leaves opposite, ovate- lanceolate, margin
serrulate

Airy Shaw (1967) Dysophylla El Gazzar & Leaves verticillate
L. Watson ex Airy Shaw

Keng (1978) Pogostemon s.l. Desf. Sect. Pogostemon Leaves opposite
Sect. Eusteralis (Rafin.) Keng Leaves verticillate

Bhatti and Ingroulle (1997) Pogostemon s.l. Desf. Subgen. Pogostemon Calyx P4 mm long; calyx 5-veined and with
multiple secondary veins; inflorescence
usually with more than two lateral spikes; etc.

Subgen. Allopogostemon Bhatti & Ingr. Calyx P4 mm long; calyx 10-veined;
inflorescence usually with a single terminal
spike; etc.

Sect. Racemosus (Benth.) Bhatti & Ingr. Calyx symmetrical; calyx teeth triangular with
a fringe of fine hairs

Subsect. Racemosus Moniliform staminal hairs present
Subsect. Glabriusculus (Briq.) Bhatti & Ingr. Moniliform staminal hairs absent

Sect. Zygocalyx Bhatti &Ingr. Calyx more or less 2-lipped; at least 2 calyx
teeth awl-shaped; etc.

Subgen. Dysophyllus (Bl.) Bhatti & Ingr. Calyx broadly conical, length <4 mm, five veins
only, etc.

Sect. Dysophyllus Leaves opposite, etc.
Sect. Verticillatus (Benth.) Bhatti & Ingr. Leaves verticillate, etc.
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with opposite leaves; and (2) section Eusteralis (Rafin.) Keng, with
verticillate leaves. This treatment was also followed by Press
(1982). In their monograph of the genus, Bhatti and Ingrouille
(1997) proposed an alternative infrageneric classification based
mostly on inflorescence type and calyx morphology. They
recognized three subgenera, viz. subgenus Pogostemon, subgenus
Allopogostemon Bhatti & Ingr., and subgenus Dysophyllus Bhatti &
Ingr. A subsequent cladistic analysis by Ingrouille and Bhatti
(1998), based on 135 morphological character states, largely sup-
ported their previous infrageneric classification, and suggested a
close relationship between the two terrestrial subgenera (sub-
genus Pogostemon and subgenus Allopogostemon). This infrageneric
classification was adopted by Yao et al. (2015) in their monograph
of Chinese Pogostemon, with the exception of P. amaranthoides
Benth., which was transferred from Bhatti and Ingrouille’s (1997)
subgenus Dysophyllus to subgenus Pogostemon. A detailed compar-
ison of the previous infrageneric classifications of Pogostemon in
both a broad and narrow sense was provided in Yao et al. (2015)
and can be referred to in Table 1.

It has been demonstrated that parallel evolution of morpholog-
ical characters can misinform phylogenetic inference (X. Guo et al.,
2013; Wu et al., 2015), and that similar morphological characters
in unrelated taxa may be the result of parallel adaptation to similar
habitats or pollination syndromes (Walker and Sytsma, 2007; Sun
et al., 2012). In Pogostemon, many characters (e.g., calyx, inflores-
cence type, phyllotaxy) have been used for taxonomic classification
(Table 1), and some of them seem to be associated with specialized
habitats. For example, the large vs. small calyces as well as the
Please cite this article in press as: Yao, G., et al. Phylogenetic relationships, char
aceae). Mol. Phylogenet. Evol. (2016), http://dx.doi.org/10.1016/j.ympev.2016.0
presence vs. absence of secondary veins on the calyx are usually
found in Pogostemon taxa that habituated in terrestrial vs. aquatic/-
marshland habitats. Ryding’s (2007) anatomic study of calyx fea-
tures in Lamiaceae also indicated that large calyces are often
associated with taxa from arid habitats. Whether these related
characters used for the infrageneric classification of Pogostemon
are convergent is unclear, but this idea cannot be tested in the
absence of a well-resolved phylogenetic framework.

Molecular phylogenetic studies have clarified many relation-
ships within Lamiaceae (e.g., Wagstaff et al., 1998; Trusty et al.,
2004; Bräuchler et al., 2010; Bendiksby et al., 2011; Drew and
Sytsma, 2012; Xiang et al., 2013; Roy et al., 2013, 2015), but
Pogostemon has received relatively scant attention (Scheen et al.,
2010; Bendiksby et al., 2011). Scheen et al.’s (2010) study of sub-
family Lamioideae included four accessions of Pogostemon s.s.
These four taxa formed a clade (Jackknife support = 100%) that
was sister to the genus Anisomeles R. Br. Bendiksby et al. (2011)
added three accessions from Dysophylla and another accession
from Pogostemon s.s., and found that the former three species with
verticillate leaves were nested within Pogostemon s.s., validating
the concept of Pogostemon s.l. for the first time in a molecular phy-
logenetic study. However, the finding by Bendiksby et al. (2011)
that subgenus Allopogostemon (represented by P. hirsutus Benth.)
shares a close relationship with species of subgenus Dysophyllus,
but not subgenus Pogostemon, conflicted with previous classifica-
tions (Keng, 1978; Bhatti and Ingrouille, 1997). Thus, despite the
inclusion of a limited number of Pogostemon species in some recent
phylogenetic studies, the intrageneric relationships remain poorly
acter evolution and biogeographic diversification of Pogostemon s.l. (Lami-
1.020
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understood. For example, Pogostemon cablin (Blanco) Benth., or
patchouli, is a well-known crop widely used for its medical and
aromatic properties and is cultivated extensively in Southeast Asia,
India, and Brazil (Wu and Huang, 1977; J. Guo et al., 2013). Infor-
mation regarding the natural distribution of this species is want-
ing, and the populations that have been espoused as the native
forbearers were probably escapees from cultivation (Merrill,
1912; Keng, 1978). Within Pogostemon, there are other species that
have been reported to contain patchouli oil as well, and these spe-
cies have been placed into subgenus Pogostemon (Bhatti and
Ingrouille, 1997). A molecular analysis that includes more compre-
hensive sampling of Pogostemon taxa is essential to explore the
infrageneric phylogenetic relationships within the genus, and clar-
ifying relationships among the patchouli oil producing species in
the genus also would be important for promoting the efficient pro-
tection and utilization of the germplasm resources of P. cablin and
other oil producing Pogostemon species.

Recent intellectual and computational advancements have inte-
grated phylogenetics, historical biogeography, and climatology,
and allowed evolutionary biologists to rigorously test hypotheses
in novel and exciting ways. Within the field of historical
biogeography, relationships between high levels of regional
biodiversity and past geophysical and/or climate change have been
the focus of numerous recent studies (e.g., Liu et al., 2006; Thomas
et al., 2012; Drew and Sytsma, 2013; Yu et al., 2014). It has been
previously demonstrated that the ‘‘hard” collision between the
Asian and Indian subcontinents triggered the uplift of the Qing-
hai–Tibetan Plateau (QTP), often termed the ‘roof of the world’,
in southwestern China (Shi et al., 1999). This collision and
subsequent uplift, has created the complex topography of south-
east Asia (including the Indo-China Peninsula and southwestern
and southern China) that is characterized by a series of north–
south mountain ranges drained by several major rivers (Tordoff
et al., 2012). The extensive uplifting of the QTP also contributed
to the initiation and strengthening of the Asia monsoon system
of southern (including Bangladesh, Bhutan, Indian, Nepal and Sri
Lanka) and southeastern Asia (Liu and Dong, 2013), where four bio-
diversity hotspots are identified: the Himalayan region, the moun-
taines of Southwest China, Indo-Burma, and Western Ghats/Sri
Lanka (Myers et al., 2000). Bursts of speciation related to the
dynamic climatic and environmental history of this area have been
well documented recently in many biotic groups (e.g., Anopheles
Meigen: Morgan et al., 2011; Cyananthus Wall. ex Benth.: Zhou
et al., 2013; Cyrtodactylus Gray: Agarwal and Karanth, 2015;
Heteropneustes J. P. Müller: Ratmuangkhwang et al., 2014; Isodon
(Schrad. ex Benth.) Spach: Yu et al., 2014; Rheum L.: Sun et al.,
2012). These studies have focused primarily on plants distributed
in the hotspots of the Himalayas and mountains of Southwest
China or animals distributed mostly in the other two hotspots. In
contrast, plant taxa with a primary distribution in and around
the Indo-Burma and Western Ghats/Sri Lanka hotspots have been
largely understudied. These two hotspots are characterized by
exceedingly high organismal diversity and species endemism
(International, 2008; Tordoff et al., 2012), and phylogenetic and
biogeographic studies on plant groups distributed there are impor-
tant for understanding the biodiversity history in southern and
southeast Asia. Additionally, previous studies have indicated that
the mechanisms behind intercontinental biological disjunctions
in the Northern Hemisphere are more complex relative to those
reported for the Southern Hemisphere (Milne, 2006; Guo et al.,
2012). The tropical African–Asian disjunction has been linked to
several hundred genera of flowering plants (Thorne, 1973). Molec-
ular dating analyses suggest that, for biotic lineages, the time
frame for these disjunctions range from the Cretaceous (Conti
et al., 2002) to the Pleistocene (Li et al., 2009). In addition, the dis-
persal of biotic lineages between the two continents seems to be
Please cite this article in press as: Yao, G., et al. Phylogenetic relationships, char
aceae). Mol. Phylogenet. Evol. (2016), http://dx.doi.org/10.1016/j.ympev.2016.0
bidirectional, from both east to west and west to east
(Malcomber, 2002; Li et al., 2009). For African–Asian floristic dis-
junctions, four related mechanisms have been proposed (reviewed
in Yu et al., 2014): (1) overland migration (Kosuch et al., 2001), (2)
dispersal through high-latitude boreotropical flora (Davis et al.,
2002), (3) rafting of India (Conti et al., 2002), and (4) transoceanic
long-distance dispersal (Yuan et al., 2005). However, these mecha-
nisms have received scant attention as compared to mechanisms
often invoked in explaining Northern Hemisphere disjunctions,
and need to be evaluated with more empirical examples. Pogoste-
mon, present in both south/southeast Asia and tropical Africa but
largely absent in between, represents an ideal opportunity to bet-
ter understand the floral biodiversity of southern and southeast
Asia and also the mechanisms behind African–Asian disjunctions.

A well-resolved phylogeny is needed for Pogostemon in order to
understand infrageneric phylogenetic relationships, subgeneric
classifications, and morphological and biogeographical evolution
within the genus. Coupling a broad taxon sampling strategy with
the employment of five chloroplast DNA (cpDNA: matK, rbcL,
rps16, trnH-psbA, trnL-F) markers and the nuclear ribosomal inter-
nal transcribed spacer region (nrITS), we aim to (1) investigate if
Pogostemon s.l. is monophyletic and reassess the infrageneric clas-
sification of this genus as described by Bhatti and Ingrouille (1997),
(2) explore the phylogenetic position of P. cablin within the genus
and identify its close relatives, (3) reconstruct the evolution of key
morphological and habitat characters and assess the systematic
significance of these characters, (4) estimate the impact palaeocli-
matic fluctuations in southern and southeast Asia had in the diver-
sification of Pogostemon, and (5) elucidate the mechanism(s)
responsible for the African–Asian disjunction of the genus.
2. Materials and methods

2.1. 1Taxon sampling

In total, our data set contained 79 accessions, among which 66
accessions were sequenced for the present study (Supplementary
Table S2). We included 51 Pogostemon accessions representing 30
species. In addition, 16 species representing the other 9 genera of
tribe Pogostemoneae and two species representing the genera
Colquhounia Wall. and Gomphostemma Benth. were used as out-
groups based on Bendiksby et al. (2011). Our sampling of Pogoste-
mon represents all defined subgenera and sections of Bhatti and
Ingrouille (1997), the full spectrum of habitats (e.g., terrestrial,
aquatic/marshland) and also the geographic breadth of the genus.
Moreover, in order to fully resolve the phylogenetic position of P.
cablin, over half of the species in subgenus Pogostemon were
sampled.

In addition to the above sampling, we also sampled across the
order Lamiales as part of our divergence time analyses. For the
Lamiales dataset, we included taxa from Schäferhoff et al. (2010),
Bendiksby et al. (2011), and Refulio-Rodriguez and Olmstead
(2014), for a total of 183 taxa. This sampling represented all named
major lineages (23 families) in the Lamiales as well as all subfam-
ilies within the Lamiaceae. Coffea L. from the Rubiaceae as well as
Nicotiana L. and Solanum L. from the Solanaceae were selected as
outgroups as in Schäferhoff et al. (2010), and later corroborated
by Refulio-Rodriguez and Olmstead (2014).
2.2. DNA extraction, sequence selecting, amplification, and sequencing

DNA was extracted from silica gel-dried materials or from leaf
fragments taken from herbarium specimens deposited in A, HITBC,
K, KUN, PE, US. Herbarium abbreviations follow the Index Herbar-
ium of Thiers (2013, continuously updated). Genomic DNA was
acter evolution and biogeographic diversification of Pogostemon s.l. (Lami-
1.020
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extracted using the CTAB method of Doyle and Doyle (1987).The
nrITS and five cpDNA (matK, rbcL, rps16, trnL-F, trnH-psbA) regions
were selected for phylogenetic analysis of Pogostemoneae. The
cpDNA markers matK, rps16, and trnL-F as well as nrITS have
proved useful in previous phylogenetic investigations within
Lamiaceae (Bendiksby et al., 2011; Drew and Sytsma, 2012; Roy
et al., 2013; Yu et al., 2014), the other two cpDNA regions (rbcL,
trnH-psbA) have been widely used as DNA barcode markers (He
and Pan, 2015; Liu et al., 2015). Due to the low quality of DNA from
some herbarium material, nrITS sequences were not obtained from
some specimens (viz. Pogostemon amaranthoides Benth., P. elsholt-
zioides Benth., P. paniculatus (Willd.) Benth.,), while in others only
ITS2 was obtained (viz. P. rogersii N.E. Br., P. fraternus Miq., and P.
hispidocalyx C.Y. Wu & Y.C. Huang). Information on primers applied
for amplification and sequencing is provided in Table 2. In addition,
the MightyAmp DNA Polymerase (1.25U/ll) (Takara Biotechnology
Co. Ltd., Dalian, China) was selected in amplification of nrITS
sequence for most samples in Pogostemon. The cycle sequencing
products were run on an ABI Prism 3730 automated DNA sequen-
cer (Applied Biosystems Foster City, USA). In total, 381 sequences
were obtained in the present study (Supplementary Table S2). Also,
50 chloroplast sequences (11 from Pogostemon, 39 others
sequences from other genera of tribe Pogostemoneae), which were
sequenced by Scheen et al. (2010) and Bendiksby et al. (2011),
were downloaded from GenBank. Because chloroplast markers
(matK, rps16, trnL, trnL-F) analyzed in their studies are accordant
with those used in the present study. For related accessions from
Scheen et al. (2010) and Bendiksby et al. (2011), the two cpDNA
markers that they did not included (rbcL, trnH-psbA) were coded
as missing data in our analyses. Information about related samples
and GenBank accessions are listed in Supplementary Table S2.

2.3. Sequence alignment and phylogenetic analyses

Sequences were checked and edited using Sequencher v.4.5
(Gene Codes Corporation, 2005), aligned with BioEdit v.7.0.0
(Hall, 1999) and manually adjusted with Se-Al v.2.0a11
Table 2
Sequences of primer used in the present study.

Marker Primer Sequenc

matK Kim-3F CGTACA
Kim-1R ACCCAG
matK-P1-f CGTTCG
matK-P1-r AATGCT
matK-P2-f TAAACC
matK-P2-r TCCTAG

rbcL rbcLa-for ATGTCA
rbcLa-Rev GTAAAA

rps16 rpsF GTGGTA
rpsR2 TCGGGA
rps-LamF GAARGA
rps-LamF2 GAAGTA
rps-LamR CGATTC
rps-LamR2 ATCATT

trnH-psbAAA trnH05 GTTATG
psbA3 CGCGCA

trnL-F trnL-c CGAAAT
trnL-d GGGGAT
trnL-e GGTTCA
trnF-f ATTTGA

nrITS ITS-leu1 GTCCAC
ITS-4 TCCTCCG
ITS-5 GGAAGT

ITS2 ITS2_S2F ATGCGA
ITS2_S3R GACGCT

Please cite this article in press as: Yao, G., et al. Phylogenetic relationships, char
aceae). Mol. Phylogenet. Evol. (2016), http://dx.doi.org/10.1016/j.ympev.2016.0
(Rambaut, 2007). A few taxa contained a �20 base pair inversion
within the trnH-psbA region. The inversion was reversed in those
taxa. Three datasets (cpDNA, nrITS, and the combined cpDNA-
nrITS) were used for phylogenetic analyses using two approaches:
Maximum parsimony (MP) and Bayesian inference (BI). For MP
analyses, potentially informative indels of related fragments were
manually coded as binary characters (present or absent) and added
to related datasets, as described by Li et al. (2010), with 52 and 17
indels scored for the cpDNA and nrITS datasets, respectively. MP
analyses were performed in PAUP⁄ V.4.0b10 (Swofford, 2002),
and were conducted using a heuristic search of 1000 replicates
with random sequence addition, TBR branch swapping, and Mul-
Trees on. The swapping was performed on a maximum of 1000
trees (nchuck = 1000). All characters were unordered and equally
weighted; gaps were treated as missing data. Bootstrap (BS;
Felsenstein, 1985) values were calculated from 2000 replicates
using a heuristic search with simple addition with the TBR and
MULPARS options implemented. Bayesian inference implementing
Markov Chain Monte Carlo (MCMC) was conducted using MrBayes
v.3.1 (Ronquist and Huelsenbeck, 2003), and defaults were used for
related parameters. Models of nucleotide substitution were
selected under the Akaike Information Criterion (AIC) using jMo-
delTest v. 3.7 (Posada, 2008). The model used were the GTR + C
for matK, GTR + I for rbcL, GTR + C for rps16, GTR + C for trnH-
psbA, GTR + I for trnL-F, and GTR + C for nrITS. Each MCMC analysis
was run for 2,000,000 generations, sampling every 100 genera-
tions. Chain convergence was assessed by confirming that the aver-
age standard deviation of the split frequencies fell below 0.01. The
posterior probabilities (PP) of the phylogeny and its branches were
determined from the combined set of trees, discarding the first 25%
trees of each run as burn-in, as determined by Tracer v1.6
(Rambaut et al., 2014).

Topological incongruence between the combined cpDNA and
nrITS data sets was tested using the incongruence length difference
(ILD) test (Farris et al., 1994) as implemented in PAUP⁄ V.4.0b10
(Swofford, 2002). Although the ILD test suggested that the com-
bined cpDNA and nrITS data sets were significantly different
e (50 to 30) Reference

GTACTTTTGTGTTTACGAG Kim, unpublished
TCCATCTGGAAATCTTGGTTC Kim, unpublished
CTATTGGGTAAA Designed in this study
TGGATAATGGGT Designed in this study
CATTATCCAAGC Designed in this study
CGCAAGAAAGTC Designed in this study

CCACAAACAGAGACTAAAGC Soltis et al. (1992)
TCAAGTCCACCRCG Kress et al. (2009)

GAAAGCAACGTGCGACTT Oxelman et al. (1996)
TCGAACATCAATTGCAAC Oxelman et al. (1996)
CACGATCCGTTGTGGA Bendiksby et al. (2011)
ATGTCTAAACCCAATG Bendiksby et al. (2011)
GATAGATGGCTCATTG Bendiksby et al. (2011)
GGGTTTAGACATTACT Bendiksby et al. (2011)

CATGAACGTAATGCTC Tate and Simpson (2003)
TGGTGGATTCACAATCC Sang et al. (1997)

CGGTAGACGCTACG Taberlet et al. (1991)
AGAGGGACTTGAAC Taberlet et al. (1991)
AGTCCCTCTATCCC Taberlet et al. (1991)
ACTGGTGACACGAG Taberlet et al. (1991)

TGAACCTTATCATTTAG Vargas et al. (1998)
CTTATTGATATGC White et al. (1990)
AAAAGTCGTAACAAGG White et al. (1990)

TACTTGGTGTGAAT Chen et al. (2010)
TCTCCAGACTACAAT Chen et al. (2010)
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(P < 0.05), we combined the cpDNA and nrITS datasets for further
analyses because there were no strongly supported conflicts
between major clades (bootstrap support >75%) in phylogenetic
trees obtained from independent analyses of cpDNA and nrITS
datasets.

2.4. Trait evolution

To achieve an understanding of the evolutionary history of
some key morphological and ecological traits used for the taxo-
nomic classification of Pogostemon proposed by Bhatti and
Ingrouille (1997), six characters were selected and analyzed within
the genus. Additionally, in order to root the phylogenetic tree of
Pogostemon, two of its close relatives (Anisomeles and Microtoena
Prain) were included. Mesquite v.3.01 (Maddison and Maddison,
2014) was used to optimize characters on the Bayesian consensus
tree based on the combined cpDNA-nrITS data set as inferred from
BI analysis. Only one taxon was retained for each species in these
analyses. Traits were unordered and equally weighted. Character
traits and their state matrices were delimited as follows: (a) habi-
tat terrestrial (0) vs. aquatic/marshland (1), (b) phyllotaxy opposite
(0) vs. verticillate (1), (c) inflorescence spikes with more than two
lateral branches (0) vs. a single terminal spike, or rarely with two
lateral branches (1), (d) calyx P3 mm long (0) vs. <3 mm long
(1), (e) secondary calyx veins present (0) vs. absent (1), (f)
calyx5-veined (0) vs. 10-veined (1).

2.5. Divergence time analysis

Due to the lack of fossil evidence for the tribe Pogostemoneae,
we employed a two-step method for our divergence time analyses.
The first step involved a Lamiales-wide data matrix composed of
the matK, rps16, and trnL-F gene regions. These data were gleaned
from Schäferhoff et al. (2010), Bendiksby et al. (2011), and Refulio-
Rodriguez and Olmstead (2014). The initial alignment consisted of
183 taxa and 5359 nucleotides. After deletion of uninformative
insertions and ambiguously aligned characters, the final data
matrix consisted of 3700 nucleotides (matK = 1702, rps16 = 999,
and trnL-F = 999). The sampling for this alignment spanned the
order Lamiales, but also sampled all major Lamiaceae and subfam-
ily Lamioideae lineages, especially those lineages most closely
related to tribe Pogostemoneae. Coffea L. (Gentianales), Nicotiana
L. (Solanales) and Solanum L. (Solanales) were used to root the tree,
with Coffea serving as the ultimate outgroup (Refulio-Rodriguez
and Olmstead, 2014).

The Lamiales crown was constrained using a uniform prior dis-
tribution with a minimum age of 60 million years (MYA) and a
maximum age of 107 MYA. This date range encompassed the date
ranges from previous analyses that provided dates for the Lamiales
crown (Bremer et al., 2004; Janssens et al., 2009; Magallón and
Castillo, 2009; Bell et al., 2010; Magallón et al., 2015). We also
employed six fossil calibration points as follows: (1) The most
recent common ancestor (MRCA) of Avicennia L. and Acanthaceae
s.s. was constrained using a truncated lognormal distribution
(TLD) with a minimum age of 38.0 MYA, a maximum age of 107
MYA, a mean of 2.5, and a standard deviation (SD) of 1.0 based
on fossil information from Cavagnetto and Anadón (1996) and
the phylogenetic results of Tripp and McDade (2014); (2) The stem
of the Bignoniaceae was constrained using a TLD with a minimum
age of 60 MYA, a maximum age of 107 MYA, a mean of 2.0 and a SD
of 1.0 based on Paleocene fossils from Western North America
(Brown, 1962; Manchester, 2014; Manchester et al., 2015) and
Japan (Horiuchi and Manchester, in prep.); (3) The Oleaceae crown
was constrained using a TLD with a minimum age of 41.3 MYA and
a maximum age of 107 MYA, a mean of 2.0 and a SD of 1.0 based on
the fossils reported in Call and Dilcher (1992); (4) Within the Lami-
Please cite this article in press as: Yao, G., et al. Phylogenetic relationships, char
aceae). Mol. Phylogenet. Evol. (2016), http://dx.doi.org/10.1016/j.ympev.2016.0
aceae the Nepetoideae crown was constrained using a TLD with a
minimum age of 47.8 MYA, a maximum age of 107 MYA, a mean
of 2.6 and a SD of 0.5 based on the fossil pollen of Ocimum (Kar,
1996); (5) The Lamiaceae subfamily Ajugoideae was constrained
using a TLD with a minimum age of 28.1 MYA, a maximum age
of 107 MYA, a mean of 2.0, and a SD of 1.0 based on fossils reported
in Reid and Chandler (1926); (6) The stem of the genus Stachys L.
(Lamiaceae) was assigned a lognormal distribution with a mini-
mum age of 13.8 MYA, a mean of 1.5, and a SD of 0.5 (Mai, 2001;
Roy et al., 2013).

For the Bignoniaceae fossil it was not straightforward whether
to assign the calibration to the stem or the crown of the family.
Since this calibration was the oldest fossil calibration we employed
within Lamiales, we considered it important to evaluate how dif-
ferent constraint strategies might affect our results. In addition, it
was of interest to explore how different calibrations would affect
the age of the Lamiaceae. We employed Bignoniaceae stem and
crown calibrations, and removed the age constraints from within
the mints (using both the Bignoniaceae stem and crown calibra-
tions) in order to assess how our Bignoniaceae and Lamiaceae fossil
placements influenced the age of the Lamiaceae and key nodes
within.

For the second step of our dating strategy, we conducted three
analyses within subfamily Lamioideae using a combined cpDNA
(matK + rbcL + rps16 + trnH-psbA + trnL-F), nrITS, and combined
cpDNA-nrITS data set, respectively. We used results from the
Lamiales-wide analysis to constrain three crown nodes
(Anisomeles + Pogostemon, tribe Pogostemoneae, and subfamily
Lamioideae) within our Lamioideae data set. We used timeframes
of the 95% highest posterior density (HPD) to assign lognormal
priors to these three crown nodes, based on the adjusting of the
values of mean and SD to make their 95% credibility interval of
the prior distribution to be consistent with related 95% HPD
obtained from Lamiales divergence time analyses.

For all divergence time analyses, we used BEAST v.1.8.0
(Drummond et al., 2012) as implemented on the CIPRES computer
cluster (Miller et al., 2010). Divergence times were estimated with
a lognormal relaxed molecular clock using the Yule model of spe-
ciation. Models of nucleotide evolution were evaluated using the
Akaike Information Criterion (AIC) using jModelTest v. 3.7
(Posada, 2008). The Lamiales-wide analyses employed TVM + I
+C for matK, GTR + I +C for rps16, and GTR + I +C for trnL-F, while
the models for the Lamioideae analyses were as noted in 2.3. For
the Lamiales-wide analysis 6 separate runs of 100 million genera-
tions were conducted, with sampling every 5,000 generations.
Appropriate burn-in percentages for each Lamiales run were
assessed using Tracer v1.6 (Rambaut et al., 2014), varied from
10% to 40%. For the Lamioideae analyses, we conducted two sepa-
rate runs, three separate runs, and two separate runs of 30 million
generations of Markov chain Monte Carlo (MCMC) for the cpDNA,
nrITS, and cpDNA + nrITS data set respectively, with samples taken
every 2000 generations for each. We discarded the first 25% of
trees as burn-in. The log files were checked for convergence using
Tracer v1.6. The MCMC output analyses were summarized using
TreeAnnotator v. 1.8.0, included in the BEAST package, and the
chronogram was visualized using FigTree v. 1.4.0 (Rambaut,
2012). For absolute ages, we relied on the geologic time scale from
the International Commission on Stratigraphy drafted by Cohen
et al. (2013).

2.6. Ancestral area reconstruction

Five major geographic areas (Fig. 5a) were defined based on the
current known species distribution of Pogostemon (Keng, 1978;
Bhatti and Ingrouille, 1997; Yao et al., 2015): (A) southern and
southeast Asia (defined in introduction); (B) central, eastern, and
acter evolution and biogeographic diversification of Pogostemon s.l. (Lami-
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northeastern China, south Japan, and south Korea; (C) New Guinea,
the Philippines, Sundaland, and Wallacea; (D) northern Australia;
(E) and central and southern Africa. We employed the Statistical
Dispersal-Vicariance Analysis (S-DIVA) to reconstruct the biogeo-
graphic history of Pogostemon (Yu et al., 2010). The ancestral area
reconstruction (AAR) was carried out on the cpDNA, nrITS, and
combined cpDNA-nrITS data sets, independently. The maximum
ancestral area number at each node was set as three and four in
the analyses, since there are no Pogostemon species distributed in
more than four areas and only one species (P. stellatus (Lour.)
Kuntze) widely distributed within four areas.
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3. Results

3.1. Phylogenetic analyses

3.1.1. Phylogenetic analyses of cpDNA datasets
Seventy-five accessions, representing 10 genera and 45 species

within tribe Pogostemoneae, were included in our cpDNA analyses.
Among these, 50 accessions of Pogostemon, representing 29 spe-
cies, were included. The combined five-cpDNA region dataset
(manually coded) contained 4155 characters, of which 486
(13.7%) were parsimony-informative. For the remainder of the
results and discussion, we considered clades with BS of 90–100%
or PP of 0.95–1.00 as strongly supported, BS of 75–90% or PP of
0.80–0.94 moderately supported, and BS 50–74% or PP of
0.50–0.79 weakly supported.

Bayesian inference generated a topology similar to the strict
consensus of the MP trees (Supplementary Fig. S1) and is shown
in Fig. 1. Both trees strongly supported the monophyly of both tribe
Pogostemoneae (BS = 100%; PP = 1.00) and the genus Pogostemon
(BS = 100%; PP = 1.00). In tribe Pogostemoneae, two main clades
were recovered. The genus Anisomeles was strongly supported to
be the sister group of Pogostemon (BS = 100%; PP = 1.00). In
Pogostemon, two main clades were resolved. Clade A (BS = 99%;
PP = 1.00) included all accessions of subgenus Pogostemon and
the three accessions of P. amaranthoides in subgenus Dysophyllus
section Dysophyllus. In both the MP and BI analyses, phylogenetic
relationships were poorly resolved within this clade, and some
resolved nodes were weakly supported. Clade B (BS = 99%;
PP = 1.00) included all accessions of subgenus Allopogostemon and
subgenus Dysophyllus (except P. amaranthoides). Of all the subgen-
era or sections that were circumscribed by Bhatti and Ingrouille
(1997), only the section Verticillatus (Benth.) Bhatii & Ingr. of sub-
genus Dysophyllus was supported as monophyletic.
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3.1.2. Phylogenetic analyses of nrITS dataset
The analyses of the nrITS dataset included 59 accessions repre-

senting 34 species in 7 (out of 10) genera from tribe Pogoste-
moneae, including 43 accessions of 26 species from Pogostemon.
The African species P. rogersii (from subgenus Allopogostemon)
was not included in the analyses due to substandard nrITS
sequence quality. In total, the aligned nrITS matrix (manually
coded) contained 728 characters, of which 347 (47.7%) were
parsimony-informative. Bayesian inference generated a topology
similar to the MP strict consensus tree (Supplementary Fig. S2)
and is shown in Fig. 2. In general, the topology of the nrITS tree
is very similar to that produced based on the cpDNA dataset in
major lineages (clade A, B1, B2.1, B2.2). The relationships among
species within the strongly supported clade A (BS = 100%;
PP = 1.00) were poorly resolved, and clade B was weakly supported
(BS = 60%; PP = 0.67). The monophyly of subgenus Allopogostemon
section Zygocalyx Bhatti & Ingr. and subgenus Dysophyllus section
Verticillatus was confirmed in this analysis.
Please cite this article in press as: Yao, G., et al. Phylogenetic relationships, char
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3.1.3. Phylogenetic analyses of the combined cpDNA-nrITS data set
The combined cpDNA-nrITS alignment included 49 accessions

representing 34 species from 7 genera of tribe Pogostemoneae,
and 43 accessions representing 26 species in Pogostemon. The com-
bined dataset contained 4886 characters, of which 791 (16.2%)
were parsimony-informative. Bayesian inference generated a
topology similar to the MP strict consensus tree (Supplementary
Fig. S3) and is shown in Fig. 3. The main topology of the phyloge-
netic trees obtained from the MP and BI analyses were similar to
the topology generated from the independent analyses of the
cpDNA and nrITS datasets. However, in the combined data analy-
ses, phylogenetic relationships for some species were better
resolved and some nodes obtained higher support values as com-
pared with the independent analyses of cpDNA and nrITS datasets.

In the genus Pogostemon, two main clades were recovered
(clades A and B; Fig. 3). Clade A (BS = 100%; PP = 1.00) included
all accessions of subgenus Pogostemon and the species P. amaran-
thoides. The six accessions of P. cablin formed a clade that was sister
to the remainder of clade A. In addition, the four species (P. chinen-
sis C.Y. Wu & Y.C. Huang, P. formosanus Oliv., P. septentrionalis C.Y.
Wu & Y.C. Huang, P. xanthiifolius C.Y. Wu & Y.C. Huang) endemic to
China and other two species (P. amaranthoides, P. glaber Benth.)
recorded in China and neighbor counties formed a strongly-
supported sub-clade in both MP and BI analyses (BS = 96%;
PP = 1.00). Clade B (BS = 99%; PP = 1.00) included all accessions of
the subgenera Allopogostemon and Dysophyllus (except P. amaran-
thoides). Two species (P. auricularius (L.) Hassk. and P. barbatus
Bhatti & Ingr.) of subgenus Dysophyllus section Dysophyllus formed
a strongly supported clade (clade B1: BS = 100%; PP = 1.00) and sis-
ter to the remainder of clade B. All accessions of subgenus Allo-
pogostemon were nested within a strongly supported clade (clade
B2: BS = 99%, PP = 1.00) together with all of the other accessions
of subgenus Dysophyllus. The African species, Pogostemon rogersii,
that represented the subgenus Allopogostemon section Racemosus
(Benth.) Bhatii & Ingr., was sister to subgenus Dysophyllus section
Verticillatus (BS = 65%, PP = 1.00; Fig. 3, B2.1). The other African
species, the verticillate-leaved P. aquaticus (C.H. Wright) Press,
was also nested within this clade, and was strongly supported
(BS = 99%, PP = 1.00) as sister to a clade containing P. linearis
(Benth.) Kuntze + P. yatabeanus (Makino) Press. All of the species
sampled in subgenus Allopogostemon section Zygocalyx formed a
strongly supported clade (BS = 98%; PP = 1.00) that was sister to
P. quadrifolius (Benth.) F. Muell. of subgenus Dysophyllus section
Dysophyllus (BS = 97%; PP = 1.00; Fig. 3, B2.2). Amongst the infra-
generic subgenera and sections proposed by Bhatti and Ingrouille
(1997), only the sections Zygocalyx (subgenus Allopogostemon)
and Verticillatus (subgenus Dysophyllus) were monophyletic in
our analyses.

3.2. Trait evolution

Our analysis of trait evolution within Pogostemon indicated that
the terrestrial habit is shared by at least two separate
lineages – one in the subgenus Pogostemon + P. amaranthoides
clade (Fig. 4a; clade A) and another in the subgenus Allopogostemon
section Zygocalyx + P. quadrifolius clade (Fig. 4a; clade B2.2). The
aquatic/marshland taxa (subgenus Dysophyllus (except
P. amaranthoides and P. quadrifolius) and P. rogersii) were also found
to be paraphyletic due to the placement of clade B2.2 (Fig. 4a).
Morphological characters such as phyllotaxy (Fig. 4b), calyx size
(Fig. 4d), and secondary calyx vein presence (Fig. 4e), which have
been used as diagnostic characters in previous infrageneric classi-
fications of Pogostemon (Keng, 1978; Bhatti and Ingrouille, 1997),
appear to have evolved in parallel according to our phylogenetic
results. Inflorescence type (Fig. 4c; spikes with more than two lat-
eral branches vs. a single terminal spike, or rarely with two lateral
acter evolution and biogeographic diversification of Pogostemon s.l. (Lami-
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Fig. 1. Bayesian consensus tree from combined cpDNA dataset (matK, rbcL, rps16, trnH-psbA, trnL-F). Bootstrap values P50% in the MP analysis and posterior probabilities
P80% in the BI analysis are indicated above and below branches, respectively. The infrageneric classification of Pogostemon follows Bhatti and Ingrouille (1997). The crown
nodes of Pogostemon and Pogostemoneae are shown by the solid arrowhead and hollow arrowhead, respectively.
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branches) was found to be an apormorphic character and matched
the twomain clades (clades A and B) in Pogostemon nicely. The trait
of verticillate leaves was confirmed to be a derived character in
Pogostemon (Fig. 4b). Notably, if Pogostemon and its close relatives
(Anisomeles and Microtoena) are all considered, there were two
independent reversals from a 5-veined calyx to a 10-veined calyx
in Pogostemon (in two sections of subgenus Allopogostemon),
although the 10-veined calyx also seems to be a derived character
in Pogostemon (Fig. 4f).
Please cite this article in press as: Yao, G., et al. Phylogenetic relationships, char
aceae). Mol. Phylogenet. Evol. (2016), http://dx.doi.org/10.1016/j.ympev.2016.0
3.3. Molecular dating

The divergence time analyses produced sufficient ESS value
(>200) for all relevant parameters. According to the Lamiales-
wide BEAST analyses, the subfamily Lamioideae began to diversify
at ca. 36.43 Ma (95% HPD = 31.14–41.81 Ma), the tribe Pogoste-
moneae began to diversify at ca. 32.77 Ma (26.89–38.68 Ma), and
the split between Anisomeles and Pogostemon occurred at ca.
20.76 Ma (15.42–26.28 Ma) in the early Miocene. Applying the
acter evolution and biogeographic diversification of Pogostemon s.l. (Lami-
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Fig. 2. Bayesian consensus tree from the nrITS dataset. Bootstrap values P50% in the MP analysis and posterior probabilities P80% in the BI analysis are indicated above and
below branches, respectively. The infrageneric classification of Pogostemon follows Bhatti and Ingrouille (1997). Arrowhead indicated crown node of Pogostemon. The crown
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Bignoniaceae constraint to the crown of the family (while keeping
the Lamiaceae constraints in place) had virtually no effect (no
dates varied by more than 1 Ma; Supplementary Table S3) on dates
of key nodes within Lamiaceae or the family itself. When removing
constraints within the Lamiaceae the ages of key nodes within
were younger, but this effect diminished with decreasing age of
nodes within the family. The largest difference in age was for the
Nepetoideae crown, which was constrained with a minimum age
of 47.8 million years and had 95% HPD ranges of 50.1–56.6 Ma
(Bignoniaceae stem constrained) and 50.0–56.5 Ma (Bignoniaceae
crown constrained) in our initial analyses, but had 95% HPD ranges
of 31.6–47.8 Ma (Bignoniaceae stem constrained) and
33.1–48.2 Ma (Bignoniaceae crown constrained) when removing
the internal calibrations within the Lamiaceae. Again, the results
Please cite this article in press as: Yao, G., et al. Phylogenetic relationships, char
aceae). Mol. Phylogenet. Evol. (2016), http://dx.doi.org/10.1016/j.ympev.2016.0
for the key Lamiaceae nodes were virtually unchanged whether
placing the Bignoniaceae age constraint on the stem or crown.
Furthermore, the nodes used for calibrations in our Lamioideae
analyses were similar with or without internal age constraints
within Lamiaceae. Additional divergence time information for
major nodes and families within Lamiales are provided in
Supplementary Fig. S4.

Results from the Lamioideae BEAST analyses of cpDNA (matK
+ rbcL + rps16 + trnH-psbA + trnL-F), nrITS, and cpDNA + nrITS data
set were highly consistent with each other for major nodes and
are summarized in Table 3. Results from the cpDNA BEAST analysis
are illustrated in Fig. 5b and described below. Our results suggest
that the extant members of Pogostemon (crown node) arose at ca.
14.87 Ma (12.09–17.99 Ma), in the middle Miocene. In clade B,
acter evolution and biogeographic diversification of Pogostemon s.l. (Lami-
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Fig. 3. Bayesian consensus tree from combined cpDNA dataset (matK, rbcL, rps16, trnH-psbA, trnL-F) and nrITS dataset. Bootstrap valuesP50% in the MP analysis and posterior
probabilities P80% in the BI analysis are indicated above and below branches, respectively. The infrageneric classification of Pogostemon follows Bhatti and Ingrouille (1997).
The crown nodes of Pogostemon and Pogostemoneae are shown by the solid arrowhead and hollow arrowhead, respectively.

G. Yao et al. /Molecular Phylogenetics and Evolution xxx (2016) xxx–xxx 9

YMPEV 5414 No. of Pages 17, Model 5G

24 February 2016
two major diversification events occurred in the mid-late Miocene
(clades B1 andB2: 12.42 Ma, 9.55–15.71 Ma). Within clade B2, sub-
clades B2.1 and B2.2 split at ca. 10.73 Ma (7.85–13.82 Ma). Pogoste-
mon rogersii, one of the Pogostemon species endemic to Africa, split
from its sister group (subgenus Dysophyllus section Verticillatus) at
ca. 9.24 Ma (6.48–12.20 Ma) during the late Miocene. The other
African species, P. aquaticus, split from its sister group (P. yatabea-
nus + P. linearis) at ca. 5.00 Ma (2.77–7.49 Ma), near the boundary
of the Miocene and Pliocene.

3.4. Ancestral area reconstruction

Results from the independent analyses of cpDNA, nrITS and
combined cpDNA-nrITS markers were congruent, and setting
‘Max areas at each node’ as either three or four provided identical
results. Since the cpDNA data set included more species as com-
pared with the nrITS and cpDNA-nrITS data sets, results from the
analysis based on the cpDNA markers are described here and
shown in Fig. 5b. Results based on the nrITS and combined
Please cite this article in press as: Yao, G., et al. Phylogenetic relationships, char
aceae). Mol. Phylogenet. Evol. (2016), http://dx.doi.org/10.1016/j.ympev.2016.0
cpDNA-nrITS data sets can be referred in Supplementary Figs. S5
and S6, respectively. The area we coded as southern and southeast
Asia (area A; Fig. 5a) was inferred as the most likely ancestral area
of Pogostemon, and species distributed in the other defined areas
(Fig. 5a, B, C, D, E) were inferred to have dispersed from this ances-
tral area. Additionally, the African Pogostemon species were esti-
mated to have dispersed from southern and southeast Asia at
least twice: once represented by the opposite-leaved species P.
rogersii, and the other represented by the verticillate-leaved P.
aquaticus.
4. Discussion

4.1. Infrageneric relationships within Pogostemon

Our molecular phylogenetic analyses of tribe Pogostemoneae
largely agree with results from previous studies (Scheen et al.,
2010; Bendiksby et al., 2011). In particular, it affirms that the genus
acter evolution and biogeographic diversification of Pogostemon s.l. (Lami-
1.020

http://dx.doi.org/10.1016/j.ympev.2016.01.020


663

664

665

666

667

668

669

670

671

672

673

674

Fig. 4. Selected traits optimized onto a subtree of Fig. 3 for Pogostemon, Anisomeles, andMicrotoena. (a) habitat, (b) phyllotaxy, (c) inflorescence type (1: spikes with more than
two lateral branches; 2: a single terminal spike, or rarely with two lateral branches), (d) calyx size, (e) secondary calyx veins, (f) number of calyx veins.

10 G. Yao et al. /Molecular Phylogenetics and Evolution xxx (2016) xxx–xxx

YMPEV 5414 No. of Pages 17, Model 5G

24 February 2016
Pogostemon is monophyletic and is sister to Anisomeles. The follow-
ing discussion of infrageneric relationships within Pogostemon will
focus on evaluating the classification proposed by Bhatti and
Ingrouille (1997). In the present study, however, the three subgen-
era circumscribed in Bhatti and Ingrouille (1997) were found to be
polyphyletic. Additionally, neither a sister relationship between
Please cite this article in press as: Yao, G., et al. Phylogenetic relationships, char
aceae). Mol. Phylogenet. Evol. (2016), http://dx.doi.org/10.1016/j.ympev.2016.0
the two terrestrial groups (subgenus Pogostemon and subgenus
Allopogostemon), nor between the two aquatic/marshland groups
(section Dysophyllus and section Verticillatus of subgenus Dysophyl-
lus), were supported. Within Pogostemon, two main clades were
recovered (Figs.1–3): (1) clade A, which contains the previously
defined subgenus Pogostemon + P. amaranthoides; and (2) clade B,
acter evolution and biogeographic diversification of Pogostemon s.l. (Lami-
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Table 3
Divergence time estimates of BEAST analysis for related crown nodes. (3 cpDNA: matK + rps16 + trnL-F; 5 cpDNA: matK + rbcL + rps16 + trnH-psbA + trnL-F).

Node 3 cpDNA markers nrITS 5 cpDNA markers 5 cpDNA + nrITS

Mean (Ma) 95%HPD Mean (Ma) 95%HPD Mean (Ma) 95%HPD Mean (Ma) 95%HPD

Lamiales 104.30 99.45–107
Lamiaceae 65.45 59.99–70.94
Lamioideae 36.43 31.14–41.81
Tribe Pogostemoneae 32.77 26.89–38.68
Aniomeles and Pogostemon 20.76 15.42–26.28
Clade A and clade B 14.22 11.20–17.22 14.87 12.09–17.99 14.15 11.30–16.83
Clade B1 and clade B2 13.16 9.88–16.10 12.42 9.55–15.71 12.40 9.61–15.02
Clade B2.1 and cade B2.2 11.08 7.75–14.30 10.73 7.85–13.82 10.58 8.06–13.25
P. rogersii and sect. Verticillatus 9.24 6.48–12.20 9.47 6.99–12.04
P. aquaticus and P. yatabeanus + P. linearis 6.30 2.89–9.72 5.00 2.77–7.49 5.47 3.06–8.03
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which contains the previously defined subgenera Allopogostemon
and Dysophyllus (except P. amaranthoides). The recognition of these
two major clades will provide a useful platform for exploring the
evolutionary history of Pogostemon.

4.1.1. Clade A
Bhatti and Ingrouille (1997) noted that delimiting the species-

level taxonomy within subgenus Pogostemon was challenging due
to the complicated patterns of morphological variation within
the subgenus. In the present study, phylogenetic relationships
within clade A were weakly resolved in both the cpDNA (Fig. 1)
and nrITS (Fig. 2) analyses. The monophyly of subgenus Pogoste-
mon proposed by Bhatti and Ingrouille (1997) was not supported
because P. amaranthoides (subgenus Dysophyllus section Dysophyl-
lus) was nested within it. However, the strongly supported clade A
is consistent with Pogostemon s.s. section Paniculatae Benth., a des-
ignation initially proposed by Bentham (1833) mainly on the basis
of paniculate inflorescences (Table 1) and subsequently accepted
by most taxonomists (Hooker, 1885; Briquet, 1897; Wu and
Huang, 1977). Species belonging to this clade are perennial sub-
shrubs, shrubs, or rarely herbs (Yao et al., 2015).

The species P. amaranthoides has long been considered to be
more closely related to species circumscribed in Bhatti and
Ingrouille’s (1997) subgenus Pogostemon, but not the other species
included in their subgenus Dysophyllus (Hooker, 1885; Wu and
Huang, 1977; Ingrouille and Bhatti, 1998; Yao et al., 2015). It can
be distinguished from all other species in subgenus Pogostemon
by its small calyx (2–2.7 mm long vs. P3 mm) and short corolla
(Bhatti and Ingrouille, 1997; Yao et al., 2015). In Bhatti and
Ingrouille’s (1997) treatment, the calyx size may have been over-
valued because P. amaranthoides was listed as part of subgenus
Dysophyllus, which possess a relatively small calyx. Many of its
key morphological traits are much different from the other species
within the subgenus Dysophyllus, however, such as ovate leaves
(vs. linear to linear-lanceolate, or elliptic to elliptic-oblong) and
inflorescence spikes with more than two lateral branches (vs. a sin-
gle terminal spike). In Ingrouille and Bhatti’s (1998) cladistic and
phenetic analyses based on multiple morphological characters
from 79 Pogostemon species, P. amaranthoides was recovered
within subgenus Pogostemon, which was further supported by
our phylogenetic analyses.

4.1.2. Clade B
All accessions from the previously defined subgenera

Allopogostemon and Dysophyllus (except P. amaranthoides) formed
clade B, which is consistent with the results of Bendiksby et al.
(2011) based on limited sampling. In contrast to the species of
clade A, species belonging to clade B are characterized by their
inflorescences with a single terminal spike, or rarely with two lat-
eral branches in tall plant (Bhatti and Ingrouille, 1997; Yao et al.,
2015). Species of clade B are mostly annual herbs, and only rarely
Please cite this article in press as: Yao, G., et al. Phylogenetic relationships, char
aceae). Mol. Phylogenet. Evol. (2016), http://dx.doi.org/10.1016/j.ympev.2016.0
perennial herbs or subshrubs, as in P. quadrifolius, P. speciosus
Benth., P. velatus Benth (Bhatti and Ingrouille, 1997).

In Bendiksby et al.’s (2011) study, the terrestrial subgenus Allo-
pogostemon was sister to the aquatic/marshland subgenus Dyso-
phyllus. However, based on an improved taxon sampling as
conducted currently, it was found that all accessions of subgenus
Allopogostemon were nested within subgenus Dysophyllus
(Figs. 1–3). In subgenus Allopogostemon, the section Zygocalyx
was strongly supported as sister to P. quadrifolius of subgenus
Dysophyllus section Dysophyllus in our combined cpDNA-nrITS
analyses (Fig. 3). Within Pogostemon, P. quadrifolius is unique due
to its variable phyllotaxy (opposite and verticillate), and has been
considered to be a member of genus Dysophylla based on its linear
(or rarely linear-lanceolate) leaves and small flowers (Doan, 1936;
Airy Shaw, 1967). Other traits (e.g., basally woody stems, triangular
to awl-shaped calyx teeth fringed with bristles) are quite different
from other Dysophylla taxa but similar to members of section Zygo-
calyx. Bendiksby et al. (2011) showed that P. quadrifolius was
nested within subgenus Dysophyllus section Verticillatus, which
seemed to conflict with our findings. However, after checking the
accession voucher (K. Larsen & B. Hansen 6313, C!) used by
Bendiksby et al. (2011), we found the specimen was actually P.
petelotii Doan ex G. Yao, Y.F. Deng & X.J. Ge, the sister species of
P. cruciatus (Benth.) Kuntze, and not P. quadrifolius. This finding
was confirmed by our molecular analyses (Figs. 1–3).

For subgenus Allopogostemon section Racemosus, only one spe-
cies was sampled for this study. The representative species P.
rogersiiwas sister to subgenus Dysophyllus section Verticillatus. This
African species is a unique marshland species that been included in
subgenus Allopogostemon section Racemosus (Bhatti and Ingrouille,
1997). The inclusion of this species within this subgenus may have
been based on its petiolate leaves, 10-veined calyces, and large
corollas (>6 mm long). However, its marshland habitat, procum-
bent and basally rooting stems, and small (ca. 2 mm long) calyces,
are notably different from other members of section Racemosus
that occur in terrestrial habitats, but similar to taxa from section
Verticillatus. Taxa within section Racemosus occur in terrestrial
habitats and are distributed in Southern India, Sri Lanka and the
Philippines (Bhatti and Ingrouille, 1997), but were unfortunately
not available for this study. However, their inflorescence type (a
single terminal spike) suggests that they might belong to clade B.
The exact phylogenetic position of this terrestrial group needs to
be clarified in future studies.

For subgenus Dysophyllus, the phylogenetic relationships
among members of section Dysophyllus are complicated. Bhatti
and Ingrouille (1997) suggested that this section was poorly
delimited and that it was clearly not a natural group because the
species included in it were polymorphous. In the present analysis,
the four species sampled from this section fell into three
(relatively) unrelated clades (Fig. 1–3: clade A, B1, B2.2). The sec-
tion Verticillatus, defined by its verticillate leaves, was strongly
acter evolution and biogeographic diversification of Pogostemon s.l. (Lami-
1.020
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supported as monophyletic in all of our analyses (Fig. 1–3), but its
generic status as proposed by some previous taxonomists (e.g.,
Rafinesque-Schmaltz, 1837; Airy Shaw, 1967; Panigrahi, 1976)
was not supported here since it was nested within a clade com-
prised of species with opposite leaves (Fig. 4b).

4.2. Pogostemon cablin and its relatives

Due to the similar phylogenetic variations shared by crops and
their non-cultivated relatives, wild relatives of crops are usually
considered an important resource in increasing yields and develop-
ing pest and disease resistance (Maxted et al., 2006). Thus, clarify-
ing the geographical distribution and phylogenetic relationships
Please cite this article in press as: Yao, G., et al. Phylogenetic relationships, char
aceae). Mol. Phylogenet. Evol. (2016), http://dx.doi.org/10.1016/j.ympev.2016.0
between crops and their wild relatives is necessary in order to
use them more effectively (Li et al., 2010; Sebastian et al., 2010).
For the patchouli oil producing species sampled, results from our
combined cpDNA-nrITS analyses suggest that Pogostemon cablin
originated near the base of the subgenus Pogostemon (Fig. 3).
Although the species is only known thus far from cultivation,
results from the AARs indicated that this economically important
species most likely originated from south and southeastern Asia
(area A, Fig. 5b), since clade A and the sister clade of P. cablin are
all distributed in this area. In addition, P. cablin is phylogenetically
close to taxa (such as P. parviflorus Benth., P. paniculatus,
P. plectranthoides Desf., Figs. 1–3) that are mainly distributed from
northeastern India to Thailand, while taxa (such as P. formosanus,
acter evolution and biogeographic diversification of Pogostemon s.l. (Lami-
1.020
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P. septentrionalis) distributed away from this area seem to occupy a
more derived phylogenetic position (Fig. 3). Morphologically, P.
cablin and its close relatives generally have large and ovate bracts
(Bhatti and Ingrouille, 1997). Moreover, the patchouli species P.
plectranthoides, which is sister (along with eight other species) to
P. cablin in the combined cpDNA-nrITS analyses (Fig. 3), is also
widely used in medicinal in India and Nepal (Bhatti and
Ingrouille, 1997).

4.3. Trait evolution

The phylogenetic framework of Pogostemon obtained in this
study affords the opportunity to analyze the evolutionary history
of related traits (Fig. 4) that were previously used for the delimita-
tion of subgenera and/or sections within the genus. In Pogostemon,
the trait of phyllotaxy (opposite vs. verticillate) was used for delin-
eating the two sections within Pogostemon s.l. (Table 1; Keng,
1978; Press, 1982), or alternatively the two genera Pogostemon s.
s. and Dysophylla El-Gazzar & L. Watson (Table 1; Airy Shaw,
1967; Wu and Huang, 1977; Li and Hedge, 1994). However, the
results from our trait evolution analyses demonstrate that the spe-
cies with verticillate phyllotaxy are nested within a clade that
exhibits opposite phyllotaxy (Fig. 4b), implying a limited taxo-
nomic value of this trait within the genus.

In the current analysis, neither the terrestrial nor the
aquatic/marshland taxa were recovered as monophyletic
(Fig. 4a). Furthermore, the phylogenetic distribution of taxa with
large (P3 mm long) vs. small calyces (<3 mm long) (Fig. 4d) and
evident vs. absent secondary calyx venation (Fig. 4e) is similar to
that of the terrestrial vs. aquatic/marshland taxa, indicating that
these related traits may have undergone parallel evolution that
may be the result of adaptation to similar habitats. Ryding’s
(2007) anatomic study of calyces in Lamiaceae indicated that high
average PX value (percentage of the area that contains fibers and
similar xylem cells in two specially defined areas of calyx tube)
of calyces are associated with arid habitats, which suggests that
this feature may be ecologically adaptive. Our results agree with
previous suggestions that adaptive plant traits evolve in parallel
under strong selection pressure (Givnish et al., 2000; Kitahara
et al., 2010). As observed by Bhatti and Ingrouille (1997), subgenus
Pogostemon has multiple secondary calyx veins running parallel to
the five midrib veins, while the secondary calyx veins of subgenus
Allopogostemon are usually present as five strong intercostal veins
parallel to the five midrib veins. The differences in secondary calyx
venation might indicate that this morphological character is a
nonhomologous synapomorphy for the terrestrial taxa within
Pogostemon.

Inflorescence type (with more than two lateral spikes vs. a sin-
gle terminal spike, or rarely with two lateral spikes) has been used
to distinguish the two sections in Pogostemon s.s. (Table 1;
Bentham, 1833; Briquet, 1897; Wu and Huang, 1977), and also
two (subgenera Allopogostemon and Pogostemon) of the three sub-
genera in Pogostemon s.l. (Table 1; Bhatti and Ingrouille, 1997).
However, excepting Yao et al. (2015) in their treatment of Chinese
Pogostemon species, these studies did not take into account the full
breadth of Pogostemon s.l. In the current analysis, the inflorescence
type was correlated with phylogeny within Pogostemon and seems
to be informative phylogenetically (Fig. 4c). It is worth noting that,
as mentioned by Bhatti and Ingrouille (1997), the patchouli bear-
ing species of Pogostemon s.s. have inflorescence with more than
two lateral spikes, and were placed in subgenus Pogostemon
(except P. amaranthoides), while non-patchouli bearing species of
Pogostemon s.s. were placed in subgenus Allopogostemon, which
we found to be nested within subgenus Dysophyllus, a group not
known to contain patchouli oil. Here, the phytochemical trait is
also congruent with phylogenetic resolution in Pogostemon.
Please cite this article in press as: Yao, G., et al. Phylogenetic relationships, char
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Ryding’s (2007) anatomic study of calyx features in Lamiaceae
indicated that, for the seven Pogostemon species that he sampled,
the values obtained from the terrestrial species P. brachystachus
Benth. (Fig. 1–3, in clade B2.2) were similar to those of the two
aquatic/marshland species, P. auricularius (Fig. 1–3, in clade B1)
and P. stellatus (Fig. 1–3, in clade B2.1), but much lower than that
of the other four terrestrial species that belong to clade A. This rela-
tionship is consistent with the phylogeny of Pogostemon as pre-
sented here. Whether the anatomic calyx features are more
broadly phylogenetically informative within the genus needs to
be evaluated by further calyx morphology analyses that employ
wider taxon sampling.

4.4. Diversification of Pogostemon

Southern and southeast Asia (Fig. 5a, area A) exhibit the highest
Pogostemon species diversity (over 80%), with diversity particularly
dense from northeastern India to the Yunnan of China (Bhatti and
Ingrouille, 1997; Yao et al., 2015). Our analyses suggest that
Pogostemon diverged from Anisomeles in southern and southeast
Asia (area A) during the early Miocene (based on five cpDNA
markers: ca. 20.76 Ma, 95% HPD = 15.42–26.28 Ma) (Fig. 5), and
subsequently dispersed into other areas, such as Africa, eastern
Asia (central, eastern, and northeastern China, south Japan, and
south Korea) and northern Australia (Fig. 5, areas B, C, D, E). This
time frame is consistent with both the rapid uplifting of the QTP
that occurred from the late Oligocene to the early Miocene
(25–17 Ma) (Shi et al., 1999) and the initiation of the East Asia
monsoon near the Oligocene/Miocene boundary (25–22 Ma) (Sun
and Wang, 2005; Guo et al., 2008). In addition, the divergence
times of the four major lineages (clades A, B1, B2.1, B2.2) within
Pogostemon appears to have been during the middle to late
Miocene (Fig. 5, based on five cpDNA markers; clades A & B: ca.
14.87 Ma, 12.09–17.99 Ma; clades B1 & B2: ca. 12.42 Ma, 9.55–
15.71 Ma; clades B2.1 & B2.2: ca. 10.73 Ma, 7.85–13.82 Ma). The
East Asian monsoon is thought to have experienced three periods
of intensification (15–13 Ma, �8 Ma, �3 Ma) after its initiation
(Sun and Wang, 2005; Wan et al., 2007), and these increases in
intensity have been suggested to have been associated with the
uplift of the QTP (Wang et al., 2012; Liu and Dong, 2013). The
divergence times estimated in Pogostemon as mentioned above
seem to be largely consistent with the time frames of the first
two strengthening events of the East Asian monsoon, and are also
similar to the timing of the diversification events reported in other
plant lineages distributed on the QTP and adjacent areas (e.g.,
Cyananthus Wall. ex Benth.: Zhou et al., 2013; Isodon (Schrad. ex
Benth.) Spach: Yu et al., 2014; Rheum L.: Sun et al., 2012; Rhodiola
L.: Zhang et al., 2014). The South Asian monsoon is also believed to
have undergone an initiation or intensification during the middle
to late Miocene, although its initiation is not well elucidated as
compared to earlier intensifications (Prell and Kutzbach, 1992;
Gupta, 2010; Liu and Dong, 2013). Previous studies have suggested
that the Asian monsoon has had a great influence on the amount
and seasonality of precipitation in southern and southeast Asia
(Liu et al., 1998; Liu and Dong, 2013), which may have produced
higher rates of diversification for various biotic lineages distributed
there (Wang et al., 2012). The habitat diversification (terrestrial
and aquatic/marshland) within the four major lineages of Pogoste-
mon may be the result of adaptations to seasonally reversing cli-
mate (dry and humid climate in different seasons every year)
that was triggered by the Asian monsoon in southern and south-
east Asia. Wang et al. (2012) suggested that the East Asian mon-
soon system had a great influence on the diversity of the
southeast Asia fern genus Lepisorus (J. Sm.) Ching. Su et al.’s
(2014) study also indicated that the monsoon climate in eastern
Asia might have contributed to the diversification of Elaeagnus L.
acter evolution and biogeographic diversification of Pogostemon s.l. (Lami-
1.020

http://dx.doi.org/10.1016/j.ympev.2016.01.020


927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

14 G. Yao et al. /Molecular Phylogenetics and Evolution xxx (2016) xxx–xxx

YMPEV 5414 No. of Pages 17, Model 5G

24 February 2016
taxa distributed in the QTP and adjacent regions. Our results pro-
vide another example of the monsoon-influenced diversification
of plant lineages, indicating that the impact of the uplifting of
the QTP also affected diversification of biotic lineages distributed
in southern and southeast Asia, and was not just limited to taxa
distributed on the plateau and Asian interior.

The formation of habitat heterogeneity is often suggested to
have had a great contribution in the promotion of species diversity
through providing new ecological niches and diverse ways to
exploit environmental resources (Thomas et al., 2012; Giarla and
Jansa, 2014). The complex topography in southern and southeast
Asia has provided diverse ecological opportunities for Pogostemon
that have allowed it to be a species rich and habitat diverse genus
over this large area. Adapting to aquatic/marshland environments
may have been important for expanding the historical distribution
of Pogostemon, since several of these species are found, or are ende-
mic to, areas of temperate Asia (such as south Japan, Korean penin-
sula and even northeastern China), northern Australia, and Africa
(Bhatti and Ingrouille, 1997; Yao et al., 2015). The general bias
for the widespread distribution of aquatic plants was recently
reported in Haloragaceae (Chen et al., 2014), but has long been rec-
ognized in flowering plants (de Candolle, 1855; Darwin, 1872). Fac-
tors that may facilitate the widespread distribution of aquatic
plants, such as the abundance of easily dislodged propagules found
in aquatic habitats (Darwin, 1859) and the greater uniformity of
aquatic habitats (Les, 1986), were reviewed by Les et al. (2003).

4.5. Mechanism of the Asia–Africa disjunction of Pogostemon

Results from our molecular dating and AAR analyses indicated
that Pogostemon dispersed from southern and southeast Asia to
Africa at least twice from the late Miocene (ca. 9.24 Ma, 95%
HPD = 6.48–12.20 Ma) to the boundary of the Miocene and Plio-
cene (ca. 5.00 Ma, 2.77–7.49 Ma) (Fig. 5; based on five cpDNA data
set). Regarding the four major hypothesized mechanisms that have
been used to explain Africa–Asia floristic disjunctions, our diver-
gence time estimates for Pogostemon appear to be too young to
be explained by either Indian rafting (Cretaceous; Conti et al.,
2002) or the extensive boreotropical paleoflora (from the late Pale-
ocene to middle Eocene; Davis et al., 2002) hypotheses. Conse-
quently, these two oft-hypothesized mechanisms for disjunctions
are rejected in the case of Pogostemon. In addition, no species of
tribe Pogostemoneae have been recorded from the vast area
between (and including) Iran and the Arabian Peninsula/Northeast
Africa, indicating that the overland migration hypothesis also does
not seem to be a good candidate for clarifying the Africa – Asia dis-
junction of Pogostemon. The hypothesis of ‘transoceanic long-
distance dispersal’, proposed by Yuan et al. (2005), might be the
best explanation for the Africa–Asia disjunction of Pogostemon.
Pogostemon species generally have very small nutlets (less than
1 mm in diameter). The nutlets of the African Pogostemon species
are all less than 0.5 mm in diameter (except P. aquaticus
0.9 � 0.6 mm) and their sculptured surfaces are reticulate-foveate
(except P. aquaticus which is smooth) (Bhatti and Ingrouille,
1997). Li et al. (2009) suggested that small seeds could be easily
transported through floating debris and floating debris islands
common in oceans. Zhou et al. (1999) also suggested that, in Lami-
aceae groups, the small nutlets with foveate surfaces (represented
by Mosla hangchouensis Matsuda) are adapted to being carried by
water currents, because the air-pockets in these foveate fruits
can enhance the buoyancy of nutlets. The aquatic/marshland habit
of the African Pogostemon species also may facilitate their dispersal
through waterways. Moreover, two species (Anisomeles indica (L.)
Kuntze, A. malabarica (L.) R. Br. ex Sims) that belong to the sister
genus of Pogostemon are also recorded in Mauritius and Madagas-
car (Keng, 1969; Hedge, 1998). The similar timeframe of dispersal
Please cite this article in press as: Yao, G., et al. Phylogenetic relationships, char
aceae). Mol. Phylogenet. Evol. (2016), http://dx.doi.org/10.1016/j.ympev.2016.0
between the African and Asian continent estimated in Pogostemon
was also reported for long-distance dispersal of other genera that
are disjunctly distributed between the two continents, including
Bridelia Willd. (1.85–10 Ma, Li et al., 2009) and Gaertnera Lam.
(5–6 Ma, Malcomber, 2002). The chain of stepping-stone islands
(such as the Seychelles, the Comoros, and the Chagos archipelago),
prevailing wind patterns and corresponding ocean currents
between Africa and Asia probably helped facilitate biotic exchange
across the Indian Ocean (Thorne, 1973; Li et al., 2009; Warren
et al., 2010). Les et al. (2003) also suggested that relatively recent
long-distance dispersal had been important in establishing the pre-
sently disjunct distributions of many aquatic plants.

4.6. Taxonomic treatment

Our results indicate that Pogostemon has experienced a compli-
cated evolutionary history, and the last infrageneric classification
proposed by Bhatti and Ingrouille (1997) does not accurately
reflect phylogenetic relationships in the genus. Based on the results
presented here, in order to provide a better understating of the
phylogenetic relationships of Pogostemon species, two subgenera
that reflect two main clades of this genus are circumscribed: sub-
genus Dysophyllus and subgenus Pogostemon. The key to identify
the two subgenera is provided below:

1. Perennial subshrubs, shrubs, or rarely perennial herbs;
inflorescence of spikes with more than two lateral
branches; bracts and bracteoles are large, usually broad
ovate, ovate, rarely lanceolate Subgenus
Pogostemon

1. Annual herbs, or rarely perennial herbs or subshrubs;
inflorescence a single terminal spike, or rarely with two
lateral branches; bracts and bracteoles are small and
narrow, lanceolate, linear, or filiform Subgenus
Dysophyllus
Pogostemon subgenus Pogostemon. – Type: P. plectranthoides Desf.
Pogostemon sect. Paniculatae Benth. in DC. Prodr. 153. 1833. –

Type: P. paniculatus Benth.
Pogostemon sect. Pogostemon in Fl. Males. 8: 353. 1978. pro

parte. – Type: P. plectranthoides Desf.
Pogostemon subgenus Dysophyllus (Blume) Bhatti & Ingrouille in

Bull. Brit. Mus. (Nat. Hist.), Bot. 27(2): 107. 1997. nom. inval. pro
parte. – Type: Pogostemon auricularius (L.) Hassk.

The subgenus Pogostemon circumscribed here is enlarged on the
basis of Bhatti and Ingrouille (1997), since the species P. amaran-
thoides circumscribed in their subgenus Dysophyllus is also
included, which is in accordance with the treatment of Yao et al.
(2015).

Pogostemon subgenus Dysophyllus (Bl.) Bhatti & Ingrouille ex
G. Yao, Y.F. Deng & X.J. Ge in Phytotaxa 200(1): 23. 2015. – Type:
P. auricularius (L.) Hassk.

Dysophylla El-Gazzar & Watson ex Airy Shaw in Taxon 16: 190.
1967. – Type: D. quadrifolia Benth. [= P. quadrifolius (Benth.)
Kuntze].

Eusteralis Raf. in Fl. Tellur. 2: 95. 1836. Pogostemon sect.
Eusteralis (Raf.) Keng in Fl. Males. 8: 352. 1978. – Type: E. pumila
(Graham) Raf. = [P. stellatus (Lour.) Kuntze].

Pogostemon subgenus Allopogostemon Bhatti & Ingrouille in Bull.
Brit. Mus. (Nat. Hist.), Bot. 27(2): 97. 1997. nom. inval. Pogostemon
subgenus Allopogostemon Bhatti & Ingrouille ex G. Yao, Y.F. Deng &
X.J. Ge in Phytotaxa 200(1): 21. 2015. Syn. nov. – Type: P. vestitus
Benth.
acter evolution and biogeographic diversification of Pogostemon s.l. (Lami-
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Pogostemon subgenus Dysophyllus (Bl.) Bhatti & Ingrouille in
Bull. Brit. Mus. (Nat. Hist.), Bot. 27(2): 107. 1997. nom. inval. pro
parte. Dysophylla Bl. in Bijdr. Fl. Ned. Ind. 826. 1826. – Type: D.
auricularia (L.) Bl. [=P. auricularius (L.) Hassk.].

Pogostemon sect. Racemosae Benth. in DC. Prodr. 155. 1833. Syn.
nov. – Lectotype (designated by Yao et al., 2015): P. vestitus Benth.

Pogostemon sect. Pogostemon in Fl. Males. 8: 353. 1978. pro
parte. – Type: P. plectranthoides Desf.

Here, we enlarged the circumscription of subgenus Dysophyllus,
compared with that was circumscribed by Bhatti and Ingrouille
(1997).The subgenus circumscribed here includes Bhatti and
Ingrouille’s (1997) subgenera Allopogostemon and Dysophyllus
(except P. amaranthoides), or the two subgenera Allopogostemon
and Dysophyllus of Yao et al. (2015).
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