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Abstract

Background: A robust molecular phylogeny is fundamental for developing a stable classification and providing a
solid framework to understand patterns of diversification, historical biogeography, and character evolution. As the
sixth largest angiosperm family, Lamiaceae, or the mint family, consitutes a major source of aromatic oil, wood,
ornamentals, and culinary and medicinal herbs, making it an exceptionally important group ecologically,
ethnobotanically, and floristically. The lack of a reliable phylogenetic framework for this family has thus far hindered
broad-scale biogeographic studies and our comprehension of diversification. Although significant progress has
been made towards clarifying Lamiaceae relationships during the past three decades, the resolution of a
phylogenetic backbone at the tribal level has remained one of the greatest challenges due to limited availability of
genetic data.

Results: We performed phylogenetic analyses of Lamiaceae to infer relationships at the tribal level using 79
protein-coding plastid genes from 175 accessions representing 170 taxa, 79 genera, and all 12 subfamilies. Both
maximum likelihood and Bayesian analyses yielded a more robust phylogenetic hypothesis relative to previous
studies and supported the monophyly of all 12 subfamilies, and a classification for 22 tribes, three of which are
newly recognized in this study. As a consequence, we propose an updated phylogenetically informed tribal
classification for Lamiaceae that is supplemented with a detailed summary of taxonomic history, generic and
species diversity, morphology, synapomorphies, and distribution for each subfamily and tribe.

Conclusions: Increased taxon sampling conjoined with phylogenetic analyses based on plastome sequences has
provided robust support at both deep and shallow nodes and offers new insights into the phylogenetic
relationships among tribes and subfamilies of Lamiaceae. This robust phylogenetic backbone of Lamiaceae will
serve as a framework for future studies on mint classification, biogeography, character evolution, and diversification.
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Background
Lamiaceae, generally known as the mint family, have
long been known for their aromatic oils, which have
played an undeniably significant role within culinary,
medicinal, and horticultural aspects of human history.
Species of Lamiaceae are of wide economic importance
as sources of wood (e.g., Tectona grandis L. f.), landscape
ornamentals (e.g., scarlet sage [Salvia splendens Sellow
ex Wied-Neuw.]), cosmetics (e.g., lavender [Lavandula
angustifolia Mill.]), culinary herbs (e.g., basil [Ocimum
basilicum L.}, oregano [Origanum vulgare L.], thyme
[Thymus vulgaris L.]), and medicinal herbs (e.g., Korean
mint [Agastache rugosa (Fisch. & C.A. Mey.) Kuntze],
peppermint [Mentha x piperita L.]). Despite the recogni-
tion of this family (Lamiaceae s.s.) from advances in sys-
tematics and taxonomy of the late twentieth century, the
family has historically been considered a “natural” group
based on a combination of readily recognizable features
such as an herbaceous habit, quadrangular stems, oppos-
ite phyllotaxy, bilabiate flowers, a gynobasic style, and
four nutlets. However, morphological and molecular
phylogenetic studies in the past three decades have sig-
nificantly changed the concept of the family, and an ex-
panded Lamiaceae (Lamiaceae s.l) is now widely
accepted. As currently circumscribed, Lamiaceae com-
prise more than 230 genera and over 7000 species, mak-
ing it the sixth largest angiosperm family and the largest
family in the order Lamiales [1-3]. Although unequivo-
cally shown to be members of the family, inclusion of
some disparate groups such as Vitex L. (originally placed
in Verbenaceae because they were trees with fleshy
fruits) has challenged the earlier concepts of the family.

Early infrafamilial classifications within Lamiaceae
were predominately based on the treatment of Bentham
[4], who divided the family into eight tribes. Briquet [5],
for example, followed the division of Bentham [4], but
raised some of the tribes to subfamilial rank and merged
four tribes into the single large subfamily Lamioideae.
Erdtman [6], however, recognized only two subfamilies
based on palynological distinctions, viz.,, Lamioideae
(with tricolpate pollen shed at the two-celled stage) and
Nepetoideae (with hexacolpate pollen shed at the three-
celled stage). Combining the classifications of Briquet [5]
and Erdtman [6], Wunderlich [7] recognized six subfam-
ilies within Lamiaceae, rejecting Lamioideae as circum-
scribed by Briquet [5] and accepting a subfamily
Nepetoideae close to that of Erdtman [6]. Cantino and
Sanders [8] revealed that Nepetoideae sensu Erdtman [6]
is monophyletic with several synapomorphies, whereas
no synapomorphy was found for Lamioideae sensu Erdt-
man [6].

The mint family has long been thought to have
evolved from Verbenaceae-like ancestors, and these two
families were considered separate largely based upon
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gynoecial structure. Although a deeply four-lobed ovary
with a gynobasic style is typical for most traditionally
recognized Lamiaceae (i.e. Lamiaceae s.s.), and an
unlobed ovary with a terminal style is typical of most
Verbenaceae, there exists in both families a continuum
in extent of lobing and separation of fruits into single
seeded units [9]. Noting this, Cantino [9, 10] carried out
a cladistic analysis of the Lamiaceae s.s. and the Verbe-
naceae s.l. based on 85 morphological and anatomical
characters, which provided support to reject that the
Lamiaceae s.s. was monophyletic, demonstrating several
clades of the Verbenaceae s.l. recovered among clades of
the Lamiaceae s.s. Based on these results, Cantino et al.
[11] published a list of subfamilies and genera of the
Lamiaceae s.l. that had been proposed earlier by Junell
[12]. This incorporated the transfer of the cymose sub-
families Caryopteridoideae, Chloanthoideae, Viticoideae,
Symphorematoideae, and tribe Monochileae to the ex-
panded Lamiaceae, rendering the Verbenaceae s.s. as
only the subfamily Verbenoideae. Verbenaceae s.s. can
be recognized by having racemose inflorescences, tricol-
porate pollen, and ovules attached to the carpel margins,
while the Lamiaceae s.l. generally possess thyrsoid inflo-
rescences, colpate pollen, and ovules attached to the
sides of the false septa of ovary [13]. Moreover, the Ver-
benaceae s.s. have thickened stigma lobes with conspicu-
ous stigmatic tissue, hypocrateriform corollas with
included stamens, and usually terete stems, whereas in
the Lamiaceae s.l., stigma lobes are slender with incon-
spicuous stigmatic tissue, corollas that are rarely hypo-
crateriform, and stems are typically quadrangular. Since
Cantino et al. [11], the expanded concept of the Lamiaceae
s.l. has been consistently supported as monophyletic by
molecular phylogenetic studies [14-20] and is widely ac-
cepted in various classifications [1, 3]. We acknowledge
these results and use the names Lamiaceae and Verbena-
ceae in their contemporary circumscription. Though today
both Lamiaceae and Verbenaceae are placed within “core
Lamiales” of the asterids, they have unexpectedly not been
recovered as sister taxa despite their morphological simi-
larities: Lamiaceae belong to a clade that includes Maza-
ceae, Phrymaceae, Wightiaceae, Paulowniaceae, and
Orobanchaceae, whereas Verbenaceae are recovered as
sister to Thomandersiaceae [18, 21, 22].

Following Cantino et al. [11], Harley et al. [1] published
a global, genus-level taxonomic conspectus of Lamiaceae.
Except for the ten genera Acrymia Prain, Callicarpa L.,
Cymaria Benth., Garrettia H.R. Fletch., Holocheila (Kudo)
S. Chow, Hymenopyramis Wall. ex Griff., Ombrocharis
Hand.-Mazz., Peronema Jack, Petraeovitex Oliv., and Tec-
tona L. that were treated as incertae sedis, the remaining
226 genera were assigned to seven subfamilies: Ajugoi-
deae, Lamioideae, Nepetoideae, Prostantheroideae, Scutel-
larioideae, Symphorematoideae, and Viticoideae [1]. Since
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the publication of this classification [1], numerous molecu-
lar phylogenetic studies have been carried out to explore
the relationships at the subfamilial [19], tribal [23-33], or
generic [34-50] level. However, relationships among four
subfamilies (Nepetoideae, Tectonoideae, Premnoideae, and
Ajugoideae) remain unresolved and those among some
tribes were also unclear in those studies.

In terms of taxon number, the most comprehensively
sampled phylogenetic study of Lamiaceae was conducted
by Li et al. [19] using an ingroup sampling of 288 species
from 191 genera and employing five plastid DNA re-
gions (matK, ndhF, rbcL, rpsl6, and truL-trnF). The
backbone of this phylogeny was comprised of 12 clades,
all provided with high branch support, and seven of
which corresponded to a portion of the Viticoideae and
six of the previously recognized subfamilies of Harley
et al. [1]. The other five clades consisted of previously
incertae sedis genera and were each provided subfamilial
rank as the Cymarioideae (including Acrymia and Cym-
aria), Peronematoideae (including Hymenopyramis, Pet-
raeovitex, Peronema, and Garrettia), Premnoideae
(including Premna L., Gmelina L., and Cornutia L.), Cal-
licarpoideae (including Callicarpa), and Tectonoideae
(including Tectona) [19, 51].

Despite the improved resolution in our understanding
of Lamiaceae and its subfamilies, the work by Li et al
[19] was not able to clarify relationships among Nepetoi-
deae, Tectonoideae, Premnoideae, and Ajugoideae, nor
were they able to provide resolution to understand the
tribal classification within some subfamilies (viz. Lamioi-
deae). While recent phylogenetic analyses have greatly
improved our understanding of the major lineages and
classifications of Lamioideae [52, 53], the tribal member-
ship of Betonica L., Colquhounia Wall., Galeopsis L.,
Metastachydium Airy Shaw ex CY. Wu & H.W. Lj,
Paralamium Dunn., and Roylea Wall. ex Benth. remains
unclear [2, 53]. Furthermore, Xiang et al. [54] identified
four major clades within the Ajugoideae, but did not
propose a formal tribal classification. The uncertain rela-
tionships among and within these subfamilies have hin-
dered the further study of character evolution and
diversification patterns within Lamiaceae.

Next-generation sequencing (NGS) provides a signifi-
cantly larger amount of DNA sequence data than has
been previously available for phylogenetic studies within
angiosperms [55]. While the use of complete plastome
sequences is not a panacea [56], it has successfully re-
solved previously intractable phylogenetic problems
within flowering plants at multiple taxonomic levels
[57-65]. Concordantly, recent phylogenomic studies
based on plastome sequences have provided new insight
into both generic and species-level relationships within
Scutellarioideae [66] and Salvia [67], respectively. In
order to resolve the remaining ambiguities at the tribal
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and subfamilial level, we sequenced and analyzed the
complete plastome for 175 representative taxa from all
currently recognized tribes in the 12 subfamilies of
Lamiaceae. The focus of this study was to (1) improve
the resolution of the phylogenetic backbone of Lamia-
ceae, (2) modify the tribal classification of Lamiaceae
based on our results, and (3) provide a summary of the
recent phylogenetic and taxonomic progress achieved
for each subfamily and tribe.

Results

Characteristic of plastome features and datasets

Our sequencing generated between 13,829,468 (Sipho-
cranion flavidum Y.P. Chen & C.L. Xiang) and 81,265,
290 (Chloanthes coccinea Bartl.) clean reads from the 50
newly sequenced species, with the mean base coverage
ranging from 110x (Congea tomentosa Roxb.) to 3104x
(Lamium amplexicaule L.) estimated by the GetOrga-
nelle pipeline [68]. Since we failed to assemble the
complete plastome of Callicarpa americana L., the aver-
age base coverage for this species is unavailable (noted
as “NA” in Table 1). Statistics about the assemblies for
each newly sequenced species are provided in Table 1.

All plastomes exhibit a typical quadripartite structure
of the large single-copy (LSC, 81,341-85,891 bp) and
small single-copy (SSC, 9969-20,681 bp) regions, sepa-
rated by a pair of inverted repeats (IR regions, 23,085—
31,573 bp). The chloroplast genome maps are provided
in Additional file 1 (Fig. S1). The GC content was evenly
distributed, and the average GC content was 38.10%
(Additional file 2: Table S1). All the newly sequenced
and annotated plastomes in the present study were sub-
mitted to the National Center for Biotechnology Infor-
mation (NCBI) database with accession numbers
MT473738-MT473786 (Table 1).

The aligned length of the combined 79 protein-coding
regions (CR) is 72,082 bp. Removal of ambiguous sites
and single-taxon insertions results in an aligned length
of 69,822 bp (CRM), of which 41,459 sites are constant
(59.38%). The aligned regions and the excluded ambigu-
ous sites of the individual loci are listed in Additional
file 3 (Table S2), and properties of the five datasets are
summarized in Table 2.

Phylogenomic analyses

All analyses yielded an identical topology for the ingroup
at the tribal level (Fig. 1; Additional files 4, 5, 6, 7: Figs.
S2, S3, S4, S5), although the support is variable among
different datasets. All 12 subfamilies were recovered and
well-supported in all analyses (Fig. 1; Additional files 4,
5, 6, 7: Figs. S2, S3, S4, S5). The topology recovered by
the combined dataset with the ambiguously aligned posi-
tions excluded (CRM) is presented as the primary tree
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Table 1 Newly sampled species in this study (NA data unavailable)

Systematic assignment Species Locality Clean reads Mean GenBank
coverage accession
of base (x) numbers

Phrymaceae Mimulus sp. The United States Botanic 19,584,540 478 MT473772

(outgroup) Garden (USBG), United

States

Ajugoideae Ajugeae Caryopteris forrestii Diels Lijiang, Yunnan, China 67,295,160 485 MT473742

Ajugoideae Teucrieae Schnabelia oligophylla Kunming, Yunnan, China 67,359,376 726 MT473777
Hand-Mazz.

Ajugoideae Clerodendreae Clerodendrum japonicum Kunming, Yunnan, China 69,357,954 854 MT473745
(Thunb.) Sweet

Ajugoideae Clerodendreae Clerodendrum trichotomum Huairou, Beijing, China 69,621,568 536 MT473746
Thunb.

Ajugoideae Rotheceae Rotheca serrata (L) Steane Kunming, Yunnan, China 69,698,896 328 MT473776
& Mabb.

Callicarpioideae - Callicarpa americana L. Gainesville, Florida, United 69,222,992 NA -

States

Callicarpioideae - Callicarpa arborea Roxb. Kunming, Yunnan, China 70,066,596 341 MT473738

Callicarpioideae - Callicarpa brevipes (Benth.) Guangzhou, Guangdong, 68,119,222 383 MT473739
Hance China

Callicarpioideae - Callicarpa macrophylla Vahl Kunming, Yunnan, China 69,104,110 499 MT473740

Callicarpioideae - Callicarpa peichieniana Chun Guangzhou, Guangdong, 68,759,068 215 MT473741
& SL. Chen ex H. Ma China
& W.B. Yu

Cymarioideae - Cymaria dichotoma Benth. Changjiang, Hainan, China 68,070,464 1189 MT473753

Lamioideae Paraphlomideae Paraphlomis javanica Kunming, Yunnan, China 66,797,022 239 MT473773
(Blume) Prain

Lamioideae Gomphostemmateae Gomphostemma lucidum Changjiang, Hainan, China 66,781,246 274 MT473764
Wall. ex Benth.

Lamioideae Gomphostemmateae  Chelonopsis souliei (Bonati) Litang, Sichuan, China 67,646,436 572 MT473743
Merr.

Lamioideae Colguhounieae Colquhounia coccinea Wall. Kunming, Yunnan, China 66,842,836 171 MT473749

Lamioideae Colguhounieae Colquhounia seguinii Vaniot Kunming, Yunnan, China 66,760,344 337 MT473750

Lamioideae Colquhounieae Colquhounia vestita Wall. Cuona, Xizang, China 67,753,130 192 MT473751

Lamioideae Lamieae Lamium amplexicaule L. Zuogong, Xizang, China 67,339,814 3104 MT473770

Lamioideae Synandreae Macbridea alba Chapm. The United States Botanic 20,514,794 474 MT473771

Garden (USBG),
United States

Lamioideae Stachydeae Galeopsis bifida Boenn. Degin, Yunnan, China 67442714 500 MT473759

Nepetoideae Elsholtzieae Elsholtzia densa Benth. Shangri-La, Yunnan, China 18,273,016 888 MT473757

Nepetoideae Elsholtzieae Elsholtzia rugulosa Hemsl. Kunming, Yunnan, China 67,318,028 553 MT473758

Nepetoideae Ocimeae Siphocranion flavidum Malipo, Yunnan, China 13,829,468 436 MT473778

Y.P. Chen & C.L. Xiang
Nepetoideae Ocimeae Siphocranion macranthum Nanchuan, Congging, China 13,860,798 241 MT473779
(Hook. f) C.Y. Wu

Nepetoideae Ocimeae Hanceola exserta Y.Z. Sun Hezhou, Guangxi, China 67,557,758 203 MT473765

ex C.Y. Wu

Nepetoideae Ocimeae Isodon amethystoides (Benth.) Lin'an, Zhejiang, China 25,146,824 696 MT473767

H. Hara

Nepetoideae Ocimeae Isodon lophanthoides (Buch.-Ham. Kunming, Yunnan, China 40,730966 316 MT473768

ex D. Don) H. Hara

Nepetoideae Ocimeae Isodon ternifolius (D. Don) Kudé  Longling, Yunnan, China 32984960 542 MT473769
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Table 1 Newly sampled species in this study (NA data unavailable) (Continued)

Systematic assignment Species Locality Clean reads Mean GenBank
coverage accession
of base (x) numbers

Nepetoideae Ocimeae Coleus xanthanthus C.Y. Wu & Mengla, Yunnan, China 25,669,120 821 MT473748

Y.C. Huang
Nepetoideae Menheae Dracocephalum taliense Forrest Heging, Yunnan, China 68,863,176 446 MT473756
Nepetoideae Menheae Clinopodium abyssinicum (Benth.)  Kabarnet, Baringo, Kenya 48,657,815 833 MT473747
Kuntze
Peronematoideae - Garrettia siamensis H.R. Fletcher Mengla, Yunnan, China 69,566,486 1905 MT473760
Peronematoideae - Hymenopyramis cana Craib Changjiang, Hainan, China  66,946216 298 MT473766
Premnoideae - Premna szemaoensis C. P'ei Kunming, Yunnan, China 69,409,616 477 MT473775
Premnoideae - Premna viethamensis Bo Li K'Bang, Gia Lai, Vietham 80,675,070 460 MT473774
Premnoideae - Gmelina arborea Roxb. ex Sm. Mengla, Yunnan, China 67974942 493 MT473761
Premnoideae - Gmelina hainanensis Oliv. Kunming, Yunnan, China 67,354,640 1527 MT473762
Premnoideae - Gmelina philippensis Cham. Mengla, Yunnan, China 69,953,046 479 MT473763
Prostantheroideae Chloantheae Chloanthes coccinea Bartl. Australian National Botanic 81,265,290 598 MT473744
Gardens (ANBG), Australia

Prostantheroideae Chloantheae Dasymalla teckiana (F. Muell.) Australian National Botanic 41,308,508 519 MT473754
B.J. Conn & Henwood Gardens (ANBG), Australia

Prostantheroideae Chloantheae Dicrastylis parvifolia F. Muell. Australian National Botanic 81,081,410 577 MT473755
Gardens (ANBG), Australia

Symphorematoideae - Congea tomentosa Roxb. Mengla, Yunnan, China 40,494,132 110 MT473752

Symphorematoideae - Sphenodesme mollis Craib Mengla, Yunnan, China 81,008,454 529 MT473780

Tectonoideae - Tectona grandis L. f. Mengla, Yunnan, China 40,169,710 514 MT473781

Viticoideae - Vitex glabrata R. Br. Mengla, Yunnan, China 70,126,282 722 MT473782

Viticoideae - Vitex negundo var. cannabifolia Kunming, Yunnan, China 67,083,468 1387 MT473783

(Siebold & Zucc.) Hand.-Mazz.
Viticoideae - Vitex quinata (Lour.) F.N. Williams ~ Mengla, Yunnan, China 69,282,366 828 MT473784
Viticoideae - Vitex tripinnata (Lour.) Merr. Guangzhou, Guangdong, 67,005,514 1404 MT473785
China
Viticoideae - Vitex yunnanensis W.W. Sm. Luguan, Yunnan, China 70,217,642 395 MT473786

(Fig. 1) for the following discussion of phylogenetic
relationships.

Within Lamiaceae, two primary clades were recovered
and subdivided as 12 clades corresponding to the 12 sub-
families (Fig. 1), with each subfamily being monophyletic
(excepting Cymarioideae, which was represented by only
one species). The first clade comprised the Prostantheroi-
deae and Callicarpoideae (i.e., Calliprostantherina sensu Li
et al. [19]), both with strong support (MLBS =100%,
BIPP = 1.00; Fig. 1; Additional files 4, 5, 6, 7: Figs. S2, S3,
S4, S5, and all support values follow this order hereafter).
The two tribes of Prostantheroideae, Chloantheae and
Westringieae, were each recovered as monophyletic and
sister taxa with strong support (100%, 1.00). The second
clade of Lamiaceae consisted of Nepetoideae, Symphore-
matoideae, Viticoideae, Tectonoideae, Premnoideae, Aju-
goideae, Peronematoideae, Scutellarioideae, Cymarioideae,
and Lamioideae (Fig. 1; Additional files 4, 5, 6, 7: Figs. S2,
S3, S4, S5).

Within Nepetoideae (100%, 1.00), the monophyly of
Elsholtzieae, Ocimeae, and Mentheae was robustly sup-
ported in all analyses (100%, 1.00). However, relation-
ships among the three tribes varied among different
datasets. Most of the datasets (CRM, CR, CR3, dePCS)
supported Elsholtzieae as sister to Ocimeae (Fig. 1, 86%,
1.00; Additional files 4, 5: Figs. S2, S3; Additional file 7:
Fig. S5), while in the phylogeny based on dataset CR12,
Elsholtzieae were weakly supported as sister to
Mentheae (Additional file 6: Fig. S4, 45%, 0.66).

In tribe Elsholtzieae, the genus Elsholtzia Willd. was
recovered as sister to Collinsonia L. and Perilla L., and
the sister relationships received maximal support in all
analyses (Fig. 1; Additional files 4, 5, 6, 7: Figs. S2, S3,
S4, S5). Representatives of all seven subtribes of Oci-
meae formed a well-resolved clade, with subtribe Sipho-
cranioninae (Siphocranion spp.) diverging first, followed
by subsequent bifurcations for subtribes Lavandulinae
(Lavandula spp.), Hanceolinae (Hanceola exserta Y.Z.
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Table 2 Data characteristics with models selected for each dataset used for phylogenetic study in the present study

Dataset CRM CR CR12 CR3 dePCS
GC content 38.3% 38.3% 40.2% 34.5% 30.8%

Alignment sites (bp) 69,822 72,082 48,069 24,013 72,082
Constant sites (bp) 41459 43415 31,083 12,331 50,977
Parsimony-informative sites (bp) 29,945 20,185 11,561 8,624 14,473
Variable sites (bp) 28,363 28,667 16,986 11,682 21,105
Missing data 431% 431% 431% 431% 431%

Best-fit model GTR++G GTR+I+G GTR+I+G GTR++G GTR+G

Sun ex C.Y. Wu), Isodoninae (Isodon spp.), Hyptidinae
(Mesosphaerum suaveolens (L.) Kuntze), Ociminae (Oci-
mum spp.), and Plectranthinae (Coleus spp.). Relation-
ships within tribe Mentheae were also well resolved
(100%, 1.00), with subtribe Salviinae recovered as sister
to the remaining four subtribes, Prunellinae, Lycopinae,
Menthinae, and Nepetinae.

Along the backbone of the tree, subsequent to the
branching of the Nepetoideae, Symphorematoideae
(100%, 1.00) and Viticoideae (100%, 1.00) formed a clade
(i.e., Viticisymphorina sensu Li et al. [19]), which was
followed by subsequent bifurcation supporting clades of
the Tectonoideae (100%, 1.00), Premnoideae (100%,
1.00), and then Ajugoideae, respectively (Fig. 1, 100%,
1.00). Ajugoideae (100%, 1.00) were divided into four
subclades that corresponded with the structure of tribal
classification: each tribe was recovered as monophyletic
and provided with high branch support (100%, 1.00).
Within the Ajugoideae, Rotheceae were recovered as sis-
ter to the Teucrieae, Clerodendreae, and Ajugeae.

The sister clade of Ajugoideae was comprised of Pero-
nematoideae, Scutellarioideae, Cymarioideae, and
Lamioideae (i.e., the phylogenetically defined Perola-
miina in Li et al. [19]). Monophyly of Ajugoideae plus
Perolamiina was supported in all analyses with moderate
support values (Fig. 1, 71%, 0.98; Additional files 4, 5, 6,
7: Figs. S2, S3, S4, S5), and Peronematoideae were recov-
ered as monophyletic (100%, 1.00) and sister to Scutel-
larioideae + Cymarioideae + Lamioideae (ie.,
Scutelamiina sensu Li et al. [19]). Within Scutellarioi-
deae, four out of five genera were included for analyses
and the monotypic genus Wenchengia C.Y. Wu & S.
Chow (100%, 1.00) is sister to the remaining three
genera (100%, 1.00). The sister clade of Scutellarioideae
consisted of Cymarioideae and Lamioideae (100%, 1.00).
Within Lamioideae, Pogostemoneae were the earliest di-
verging lineage, followed by the Gomphostemmateae,
Colquhounieae, Synandreae, Betoniceae, Galeopseae,
Stachydeae, Paraphlomideae, Phlomideae, Leonureae,
Marrubieae, Leucadeae, and Lamieae; consistent with
previously published studies [52, 53], most tribes re-
ceived maximal support values, although some tribes

were only represented by a limited number of species
(e.g., Lamieae, Leucadeae, and Leonureae).

Discussion

It has been more than 20 years since the first attempt
was made to employ molecular data as evidence to infer
a phylogenetic tree for Lamiaceae, which made use of
the rbcL region of the chloroplast genome [15]. Subse-
quently, various phylogenetic analyses have greatly con-
tributed to our understanding of the circumscription,
classification, and phylogeny of this family, progressively
improving the resolution of relationships [15, 19, 25,
27-31, 44, 46, 52-54, 69]. This study, based on coding
plastome sequences, provides the most comprehensive
phylogeny of Lamiaceae at the tribal level to date. With
increased taxon sampling and a vastly expanded DNA
dataset, the results of our plastid phylogeny significantly
clarify the remaining ambiguities for all relationships
among subfamilies and provide better support for all
nodes in the phylogenetic tree at the subfamilial level.

In our phylogenetic analyses, 12 subfamilies are recov-
ered and well-supported as monophyletic (Fig. 1; Add-
itional files 4, 5, 6, 7: Figs. S2, S3, S4, S5). Our results
correspond with the most recent phylogenetic study
using five cpDNA regions [19] and have resolved the
placement of the Nepetoideae, Premnoideae, and Aju-
goideae which were previously unknown. Nepetoideae,
the largest subfamily of Lamiaceae, is sister to a grade of
lineages comprising the Symphorematoideae, Viticoi-
deae, Tectonoideae, Premnoideae, Ajugoideae, Perone-
matoideae,  Scutellarioideae, =~ Cymarioideae,  and
Lamioideae (Fig. 1). However, our results differ some-
what from those of the Mint Evolutionary Genomics
Consortium [20], which used 520 single-copy nuclear
genes from 48 Lamiaceae species representing 11 of 12
subfamilies. Their results of the first-diverging lineages
were consistent with ours and only differ within the
clade of Premnoideae, Ajugoideae, Peronematoideae,
Scutellarioideae, Cymarioideae, and Lamioideae, where
most of the relationships in their tree were weakly sup-
ported. Furthermore, taxon sampling was sparse in their
study, and it is possible that additional taxon sampling
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Fig. 1. Maximum likelihood phylogeny of Lamiaceae based on
combined 79 plastid coding regions dataset, with ambiguously
aligned sites excluded. Maximum likelihood bootstrap support
(MLBS) and Bayesian inference posterior probability (BIPP) are
shown above and below the branches, respectively. Bold horizontal
lines indicate clades with BIPP = 1.00) and MLBS = 100%. A “-"
indicates MLBS values < 50% and BIPP < 0.8. Subfamilies and tribes
recognized by Li et al. [19] and Li and Olmstead [51] are indicated
by gray boxes, while new tribes proposed in this study were marked
in red font

could alter the subfamilial relationships that their ana-
lyses recovered.

Relationships within Lamioideae are also relatively
similar with previous broad-scale studies [52, 53], but in-
ternal support values from our study are generally
higher. Within Lamioideae, five genera (Betonica, Colqu-
hounia, Galeopsis, Metastachydium, and Roylea) have
not previously been assigned tribal status [2, 52, 53]. In
addition, the phylogenetic position of Paralamium re-
mains unclear [2, 53], since the genus has not been in-
cluded in any published molecular phylogenetic study.
We included three of these genera (Betonica, Colquhou-
nia, and Galeopsis) in our study.

Colquhounia is recovered as sister (Fig. 1, 100%, 1.00)
to the clade of Synandreae, Betoniceae, Galeopseae, Sta-
chydeae, Paraphlomideae, Phlomideae, Leonureae, Mar-
rubieae, Leucadeae, and Lamieae. The morphological
distinctiveness and well-supported phylogenetic position
of Colquhounia substantiates tribal recognition within
Lamioideae as tribe Colquhounieae (see “Taxonomic
treatment”).

Corroborating previous phylogenetic studies [52, 53],
our chloroplast phylogeny demonstrates that Galeopsis
and Betonica form a clade (Fig. 1, 64%, 0.98) that is sis-
ter to the Stachydeae (100%, 1.00). This clade in turn is
recovered as sister to a clade of Paraphlomideae, Phlo-
mideae, Leonureae, Marrubieae, Lamieae, and Leuca-
deae. Using cpDNA markers, Scheen et al. [52] and
Bendiksby et al. [53] found this same structure, and our
unpublished data based on chloroplast DNA markers
(M. Bendiksby and Y. Salmaki, in prep.) also suggests
these two genera occupy different positions within
Lamioideae. In contrast, analyses using the low-copy nu-
clear pentatricopeptide repeat (PPR) region recovered
Galeopsis as sister to tribe Synandreae rather than sister
to Betonica, albeit this was provided with low support
[69]. With the available evidence (see “Discussion”), the
phylogeny supports that Betonica and Galeopsis are dis-
tinct from other tribes. As suggested by Li and Olmstead
[51], “for the benefit of those who need a complete,
rank-based classification of Lamiaceae to arrange genera
and species in checklists”, a new monotypic tribe (i.e.,
Betoniceae) is established here and the tribe Galeopseae
(also monotypic) is resurrected, to accommodate the
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systematic positions of these two genera within Lamioi-
deae. The tribal placement of the remaining three gen-
era, Paralamium, Roylea, and Metastachydium, is still
uncertain.

Within Ajugoideae, we recover the same relationships
as reported by Xiang et al. [54], who sampled 51 taxa
representing 22 of the 23 genera of the subfamily and
identified four main clades. All clades are recovered as
monophyletic and receive better resolution (Fig. 1). Al-
though Xiang et al. [54] improved our understanding of
relationships within Ajugoideae, a tribal classification
scheme for the subfamily has been needed. Corroborating
previous studies [54], we propose a formal tribal classifica-
tion for subfamily Ajugoideae, including the new tribe
Rotheceae (see “Taxonomic treatment”).

The advances in our knowledge reported in the results
above cement a foundation in our understanding of rela-
tionships within Lamiaceae. In order to provide a clearer
picture in light of these results and to consolidate the
numerous advances made in the systematics of Lamia-
ceae since Harley et al. [1], the following sections pro-
vide a detailed discussion and commentary for each
subfamily and tribe.

Subfamily Prostantheroideae Luerss.

Prostantheroideae consist of approximately 315 species
allocated to two tribes: Chloantheae and Westringieae.
They are distinguished from all other subfamilies by hav-
ing a prominent albuminous seed [4, 8]. While multiple
cell layers can be found in the endosperm in other sub-
families [70] (therefore technically albuminous), the
endosperm never develops to a size that can be easily
seen [1].

Although confined to Australia, Prostantheroideae are
widely distributed throughout most of the continent, in
both temperate and tropical climates. Within this ex-
panse, the habitats they occupy range from riparian
zones of cool temperate rainforest to crests of shifting
sand dunes in the central arid region.

Prostantheroideae are sister to Callicarpoideae (i.e., Cal-
liprostantherina sensu Li et al. [19]). This relationship was
first discovered by Olmstead et al. [71], then consistently
supported by subsequent molecular phylogenetic studies
[18-20, 31, 72] as well as our own (Fig. 1; Additional files
4,5, 6, 7: Figs. S2, S3, S4, S5). Together, both Prostanther-
oideae and Callicarpoideae form a sister clade to the
remaining Lamiaceae (Fig. 1) [18-20, 31, 72]. In addition
to having albuminous seeds, Prostantheroideae are distin-
guished from Callicarpoideae by their dry fruits (vs. fleshy
fruits).

Tribe Chloantheae Benth. & Hook. f
Chloantheae consist of 13 genera and ca. 100 species of
shrubs (or subshrubs) distributed across mainland Australia
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[73]. This distribution includes a large number of species
adapted to extreme arid habitats, with genera such as New-
castelia F. Muell. and Dicrastylis Drumm. ex Harv. occupy-
ing sandy deserts of the central inland [74].

A remarkable diversity in floral morphology is dis-
played across Chloantheae, with corollas ranging from
5-merous and zygomorphic (e.g., Chloanthes R. Br. and
Dasymalla Endl) to 5-8 (—10)-merous and actino-
morphic (e.g., Dicrastylis). All species are distinguished
(particularly from the sister tribe Westringieae) by an
unlobed ovary, which develops into a 1 (-2) seeded dry
indehiscent fruit [1], and a distinctive indumentum of
complex dendritic trichomes (typically tomentose) cov-
ering branches, leaves, and flowers (except four species
in the Westringieae).

Many taxonomic changes have been made for
Chloantheae and its constituents. Since the description
of Chloanthes and Pityrodia R. Br. [75], most genera
were shuffled between different tribes of Verbenaceae
[76, 77]. Most were allocated within the tribe
Chloantheae (Verbenaceae) by Bentham [4]. This treat-
ment was followed later by Hutchinson’s recognition as
family Chloanthaceae [78], which was accepted by some
authors [74, 79-83], but not all [84, 85].

Phylogenetic analysis of morphological [9] and mo-
lecular data [71] indicated that Chloantheae is sister to
Westringieae within Lamiaceae, which is supported here
(Fig. 1). The contemporary understanding of generic re-
lationships within the tribe was informed by the compre-
hensively sampled molecular phylogeny of Conn et al.
[24], which found that Pityrodia was not monophyletic,
precipitating the description of Muniria N. Streiber &
B.J. Conn and restoration of Dasymalla and Quoya Gau-
dich. [73]. Another new genus, Apatelantha, was re-
cently described to accommodate a clade identified by
Conn et al. [24] composed of individuals formerly
assigned to Lachnostachys Hook., Newcastelia, and Phy-
sopsis Turcz. [86]. Although our study only samples
three taxa in Chloantheae, as in previous studies [73], it
supports the close relationship between Dasymalla and
Chloanthes relative to Dicrastylis (Fig. 1; Additional files
4, 5, 6, 7: Figs. S2, S3, S4, S5).

Tribe Westringieae Bartl.
Westringieae consist of five genera and over ca. 210 spe-
cies of subshrubs, shrubs, and small trees distributed
across Australia [1]. Frequently found restricted to ex-
posed and rocky or well-drained places, members of the
tribe are distributed throughout habitats within which
these places occur, from rainforests to ranges of the
Australian arid inland.

Flowers are 5-merous and weakly to strongly zygo-
morphic, similar to bird or insect pollination syndromes
typically found in other Lamiaceae [87-89]. The tribe
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can be distinguished from Chloantheae by a four-lobed
ovary, which develops into four nutlets [1]. The variation
in anther morphology (e.g., outgrowth of the antheridial
connective of Prostanthera Labill) combined with re-
ductions in fertility (reduction of abaxial stamens to sta-
minodes in Westringia Sm.) in this tribe distinguishes it
from Chloantheae (which typically has four bithecate an-
thers) and assists with informing the contemporary gen-
eric delimitation in the tribe [1, 90].

Tribal recognition of Westringieae and its generic con-
stituency was first described by Bentham [91]. The
monophyly of this tribe, in addition to its sister relation-
ship to Chloantheae, has been substantiated by numer-
ous phylogenetic analyses [9, 19, 71] including our own
(Fig. 1). Further investigation into generic relationships
has shown that Hemiandra R. Br., Hemigenia R. Br.,
Microcorys R. Br., and Westringia are closely related to
each other with respect to Prostanthera [87, 90, 92], al-
though the relationship between them still needs to be
resolved by more comprehensively sampled phylogenetic
studies.

Subfamily Callicarpoideae Bo Li & R.G. Olmstead

This recently described subfamily consists only of the
genus Callicarpa which contains ca. 170 species of
small trees or shrubs primarily distributed in tropical
to temperate Asia, tropical and subtropical America,
Australia, and some Pacific Islands [19, 51]. Callicar-
poideae differs from other subfamilies by having a
peltate or capitate stigma and a drupaceous fruit with
four stony pyrenes [51]. Furthermore, Callicarpoideae
possess actinomorphic flowers which are unusual
within Lamiaceae (generally zygomorphic). The group
is remarkably morphologically homogeneous given its
broad geographical distribution, although there is
variation in the number of flower parts and stamen
structure among different species within
Callicarpoideae.

Callicarpa was historically placed in Verbenaceae and
treated as a member of tribe Callicarpeae in subfamily
Viticoideae [5]. It was first transferred to Lamiaceae
based on a cladistic analysis of morphological, anatom-
ical, and palynological characters [9, 10] and later con-
firmed by molecular study [19]. Because only one or few
representatives of the genus were included, different
phylogenetic analyses resolved Callicarpa in different
positions within Lamiaceae [19, 31, 52, 53, 71].

The sister relationship between Callicarpa and Pros-
tantheroideae was first discovered by Olmstead et al.
[71] and confirmed by subsequent studies [18-20, 31,
72]. In our analyses, they form a well-supported clade,
which is sister to the remaining Lamiaceae (Fig. 1; Add-
itional files 4, 5, 6, 7: Figs. S2, S3, S4, S5).
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Subfamily Nepetoideae (Dumort.) Luerss.

Nepetoideae are the most species-rich subfamily within
Lamiaceae, with about 3400 species divided into three
tribes, Elsholtzieae, Mentheae, and Ocimeae [1]. Nepe-
toideae are native to every continent except Antarctica
and are found in each of the seven global regions of high
Lamiaceae diversity [1, 93]. Although only clarified when
comparative pollen analyses were established [6, 8],
Nepetoideae are now considered among the most clearly
defined subfamilies of Lamiaceae and have consistently
been supported as monophyletic in molecular analyses
[15, 19, 31, 44, 94, 95]. Nepetoideae contain nearly all
the aromatic species within Lamiaceae and are charac-
terized by hexacolpate, trinucleate pollen [6, 8], an
investing embryo [96], and the presence of rosmarinic
acid [1]. Additionally, mucilaginous nutlets are only
known to occur in the Nepetoideae within Lamiaceae
and occur in all three tribes [97]. Thus, mucilaginous
nutlets may also represent a synapomorphy within
Nepetoideae.

The tribal assignment for groups now in Nepetoideae
has been controversial [4, 5, 7] and was summarized by
Cantino [10]. Results from morphological and molecular
studies [9, 10, 95] led to a fundamentally new tribal clas-
sification for Nepetoideae proposed by Cantino et al.
[11]. They recognized the four tribes Elsholtzieae, Oci-
meae, Lavanduleae, and Mentheae, with the latter con-
taining the largest number of changes in
circumscription. Harley et al. [1] basically adopted this
treatment of Cantino et al. [11], with the exception of
subsuming Lavanduleae within Ocimeae. Although the
three tribes of Harley et al. [1] are well-supported in
both previous studies [16, 23, 27, 31, 98] and our ana-
lyses (Fig. 1; Additional files 4, 5, 6, 7: Figs. S2, S3, S4,
S5), relationships among the three tribes remain murky.
Previous studies have either found (1) Ocimeae to be sis-
ter to the Mentheae-Elsholtzieae clade [95], or (2)
Mentheae to be sister to the Ocimeae-Elsholtzieae clade
[16, 23, 27, 98], or (3) Elsholtzieae to be sister to the
Mentheae-Ocimeae clade [31]. Our results reveal that
Elsholtzieae is sister to Ocimeae in most of the analyses
(CRM, CR, CR3, dePCS) (Fig. 1; Additional files 4, 5, 7:
Figs. S2, S3, S5), but is weakly supported as sister to
Mentheae by the dataset CR12 (Additional file 6: Fig.
S4). Since none of the abovementioned relationships are
strongly supported, nor a broad sampling within all
three tribes are included in these studies, further studies
are still needed to resolve the relationships among the
three tribes.

Tribe Elsholtzieae (Burnett) R.W. Sanders & P.D. Cantino

Elsholtzieae are the smallest tribe of Nepetoideae, com-
prising eight genera and ca. 70 species mostly distributed
across East and Southeast Asia. Collinsonia, which is
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restricted to eastern North America, is the sole New
World member of this tribe [1, 98]. Species of Elsholt-
zieae share divergent stamens, a weakly 2-lipped corolla,
and an asymmetric disc with an elongate anterior lobe,
but it is unclear whether these features are apomorphic
[1, 31].

The tribe was formally validated by Sanders and Can-
tino [99] and consisted of six genera in the classification
of Cantino et al. [11]: Collinsonia, Elsholtzia, Keiskea
Miq., Mosla (Benth.) Buch.-Ham. ex Maxim., Perilla,
and Perillula Maxim. In the molecular phylogenetic
study of Nepetoideae by Wagstaff et al. [95], Elsholtzieae
was represented by Elsholtzia, Collinsonia, and Perilla
and formed a well-supported clade. Based on a sampling
of all genera of Elsholtzieae using two nrDNA and four
cpDNA markers, the results by Chen et al. [31] con-
firmed that the previously incertae sedis genus Ombro-
charis is a member of the tribe and sister to Perillula.
Contemporaneously, based on results from molecular
phylogenetic analyses [31] and karyological studies [100],
Mayta-Anco et al. [101] established a new genus,
Vuhuangia Solomon Raju, Molinari & Mayta, to accom-
modate Elsholtzia flava (Benth.) Benth. and E. penduli-
flora W.W. Sm. However, Li et al. [98], apparently
unaware of Vuhuangia, demonstrated that Elsholtzia
was not monophyletic and outlined E. flava and E. pen-
duliflora should be separated from Elsholtzia as a dis-
tinct genus.

Biogeographic analysis of an expanded sample of
Elsholtzieae showed that the tribe originated in East Asia
and then dispersed to Southeast Asia and North Amer-
ica; the uplifts of the Qinghai-Tibetan Plateau and cli-
mate changes from Middle Miocene onwards may have
promoted the species diversification of Elsholtzieae [98].

Tribe Ocimeae Dumort.

Ocimeae are characterized by declinate stamens lying along
the anterior lip of the corolla and synthecous anthers [1,
102]. As currently circumscribed, a total of 43 genera and
over 1200 species are included in Ocimeae, distributed
mainly in the tropics and subtropics [1, 103, 104]. Major
centers of diversity include tropical Africa and Madagascar,
China and Malaysia, and South America [1, 103].

In early classifications of Lamiaceae [4, 5], Ocimeae
were recognized as subfamily Ocimoideae. Based on an
expansive morphological cladistic analysis, Cantino [9,
10] reduced Ocimoideae to tribe Ocimeae within sub-
family Nepetoideae sensu Cantino et al. [11]. Ocimeae
was further divided into three subtribes: Hyptidinae,
Plectranthinae, and Ociminae [11]. Because Isodon
(Schrad. ex Benth.) Spach, Hanceola Kudo, and Sipho-
cranion Kudd are very different from other Ocimeae in
terms of nutlet, inflorescence, and calyx morphology, Pa-
ton and Ryding [102] treated the three genera as incertae
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sedis within Ocimeae, while Harley et al. [105] later
established subtribe Hanceolinae to accommodate them.

Paton et al. [23] carried out the first molecular phylo-
genetic analyses of Ocimeae and revealed that the genus
Lavandula L. was sister to the remaining Ocimeae and
thus subtribe Lavandulinae was recognized within
Ocimeae [23]. However, the two genera Hanceola and
Siphocranion were not included in their analysis. The
phylogenetic relationships within Ocimeae were fur-
ther elucidated based on more comprehensive sam-
pling by Zhong et al. [106], who demonstrated that
Siphocranion, Hanceola, and Isodon each formed a
distinct lineage within Ocimeae. The subtribes Sipho-
cranioninae and Isodoninae were thus described to
accommodate Siphocranion and Isodon, respectively,
while subtribe Hanceolinae only includes Hanceola
[106].

Recently, Chen et al. [107] reported a new species of
Siphocranion, and in their molecular phylogenetic ana-
lyses based on six cpDNA markers, Siphocranioninae is
shown to be sister to the remaining subtribes, with
Lavandulinae further supported as the sister group of
the clade including Hanceolinae, the Isodoninae-
Hyptidinae clade, and the Plectranthinae-Ociminae
clade. Our phylogenomic analyses largely confirm the re-
sults of Chen et al. [107], with the exception that Isodo-
ninae is resolved as sister to the Hyptidinae-Ociminae-
Plectranthinae clade (Fig. 1; Additional files 4, 5, 6, 7:
Figs. S2, S3, S4, S5).

Tribe Mentheae Dumort.

Mentheae are characterized by stamens divergent or as-
cending (not declinate), a distinctly 2-lipped corolla
(rarely weakly so), symmetric disc (if asymmetric and an-
terior lobe elongate, then corolla distinctly 2-lipped),
and nutlets with an areolate abscission scar. Some of the
most widely known medicinal and culinary plants are
found within this group: mint, oregano, sage, savory, and
thyme. Mentheae comprise both the largest number of
genera and species of any tribe within Nepetoideae and
Lamiaceae. Many of the plants in this group are of eco-
nomic and ecological importance and thus have com-
monly attracted the attention of scientists. This has
resulted in fundamentally differing taxonomic ap-
proaches at all taxonomic ranks, making it difficult to
provide accurate numbers for genera (about 60) or spe-
cies (at least 2000).

Due to the abovementioned fluidity regarding circum-
scription within Mentheae, the classification of Harley et al.
[1] is regarded as the starting point for a modern subtribal
classification. There, three subtribes were recognized,
Menthinae, Nepetinae, and Salviinae, along with two genera
of uncertain placement (Heterolamium C.Y. Wu and Me-
lissa L.). Since the treatment of Harley et al. [1],
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relationships within Menthinae have been greatly clarified
based on molecular phylogenetic studies [25, 27, 108—110].
Drew and Sytsma [27] accommodated Cleonia L., Hormi-
num L., and Prunella L. in Prunellinae and erected a new
subtribe, Lycopinae, for the enigmatic genus Lycopus L. (a
tribe Lycopeae was previously proposed [111]). Neoeplingia
Ramamoorthy, Hiriart & Medrano along with Melissa were
transferred to Salviinae [27] while Hyssopus L. and the pre-
viously unplaced Heterolamium were included in Nepetinae
based on morphological [112] and molecular results [27,
113]. The currently accepted number of subtribes is thus
five. This is also well-supported by our analyses, where Sal-
viinae is sister to the other four subtribes; among the
remaining subtribes, Nepetinae and Menthinae are sister
groups, with Prunellinae and Lycopinae as successive sister
groups to Nepetinae and Menthinae (Fig. 1; Additional files
4,5, 6, 7: Figs. S2, S3, S4, S5).

Subfamily Symphorematoideae Briq.

Symphorematoideae contain about 21 species in three
genera of woody climbers, Congea Roxb., Sphenodesme
Jack, and Symphorema Roxb., and occur mainly in trop-
ical regions of Asia. Symphorematoideae are character-
ized by having capitate cymes surrounded by bracteoles
which are often conspicuous, colorful, and accrescent,
and incompletely 2-locular ovaries [19].

Historically, Symphorematoideae has been treated as a
separate family with the same circumscription [114, 115]
or (more commonly) as part of Verbenaceae [5, 116]. It
was first found to be related to Lamiaceae in the mo-
lecular era [15, 16], and then transferred to Lamiaceae
and treated as a subfamily [1, 117]. Li et al. [19] were
the first to include all three genera of Symphorematoi-
deae in a comprehensive phylogenetic analysis of Lamia-
ceae  based on  chloroplast sequences, and
Symphorematoideae was found to be monophyletic and
sister to Viticoideae. Such a sister relationship was fur-
ther recovered in phylogenetic analyses based on nuclear
genes [20] and confirmed in our phylogenomic analyses
using plastome sequences (Fig. 1; Additional files 4, 5, 6,
7: Figs. S2, S3, S4, S5).

Subfamily Viticoideae Briq.

Viticoideae currently include ca. 280 species in three
genera: Vitex (250 spp.), Teijsmanniodendron Koord. (23
spp.), and Pseudocarpidium Millsp. (9 spp.). These gen-
era are distributed predominantly in the Tropics with a
few species of Vitex occurring in temperate regions of
the Northern Hemisphere [19].

Viticoideae as defined by Briquet [5] were a heteroge-
neous group whose circumscription has shrunk dramat-
ically. Segregated from traditional Viticoideae are three
subfamilies, Callicarpoideae, Premnoideae, and Tecto-
noideae in the present classification, and part of
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Ajugoideae and Scutellarioideae. Furthermore, the type
genus of Viticoideae, Vitex, has expanded to include
Paravitex HR. Fletcher, Petitia Jacq., Tsoongia Merr.,
and Viticipremna H.]. Lam based on molecular studies
[19, 42]. Even though only three genera remain in Viti-
coideae as currently circumscribed, the intergeneric re-
lationships are still questionable, with the positions of
Teijsmanniodendron and Pseudocarpidium poorly re-
solved [19]. As mentioned above, the sister relationship
between Viticoideae and Symphorematoideae is firmly
supported, and the two subfamilies share several ana-
tomical traits [19]. Morphologically, species of Viticoi-
deae can be easily recognized by the palmately
compound leaves and dry or fleshy drupes or
schizocarps.

Subfamily Tectonoideae Bo Li & R.G. Olmstead
Tectonoideae comprise only the three species of Tec-
tona. They are large trees native to tropical Asia from
India to Southeast Asia, but are widely cultivated and
naturalized in Africa, Central and South America, and
the Caribbean [51].

Tectona was originally placed in tribe Tectoneae of
Viticoideae [5], but was revealed to be sister to a large
clade comprising Lamioideae, Cymarioideae, Scutellar-
ioideae, Peronematoideae, Ajugoideae, and Premnoideae
[19]. The relationship is also confirmed by our analyses
(Fig. 1; Additional files 4, 5, 6, 7: Figs. S2, S3, S4, S5).
However, Tectona was recovered as sister to a larger
clade including the aforementioned subfamilies (Cymar-
ioideae not sampled) as well as Symphorematoideae and
Viticoideae in an analysis using low-copy nuclear markers
[20]. Regardless of phylogenetic position, Tectonoideae
represents a genetically isolated clade in Lamiaceae and
has a series of distinct morphological traits [19, 51].

Subfamily Premnoideae Bo Li, R.G. Olmstead & P.D.
Cantino

Premnoideae were recently established to include three
former viticoid genera (Sensu Harley et al. [1]): Cornu-
tia, Gmelina, and Premna [19], with the total species
number estimated at about 150 (B. Li, pers. comm.).
Nearly all species of this subfamily are woody shrubs,
trees, or climbers, occurring mainly in Old World trop-
ical to subtropical regions (Gmelina and Premna) and
the New World Tropics (Cornutia) [19].

With the current circumscription, Premnoideae are
well-supported in our phylogenomic trees (Fig. 1;
Additional files 4, 5, 6, 7: Figs. S2, S3, S4, S5). However,
in a phylogeny of Lamiaceae based on nuclear genes,
Cornutia was not recovered in Premnoideae but was sis-
ter to the Lamioideae-Ajugoideae-Peronematoideae-Scu-
tellarioideae clade [20, 72]. In the analyses of Li et al.
[19], the relationships among Premnoideae, Ajugoideae,
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and Lamioideae-Cymarioideae-Scutellarioideae-Perone-
matoideae were not well resolved, but in our phyloge-
nomic analyses, Premnoideae are strongly supported to
be sister to the clade comprising Lamioideae, Cymarioi-
deae, Scutellarioideae, Peronematoideae, and Ajugoideae
(Fig. 1; Additional files 4, 5, 6, 7: Figs. S2, S3, S4, S5).

Subfamily Ajugoideae Kostel.

Ajugoideae are the third-largest subfamily within Lamia-
ceae and contain about 770 species in 23 genera [19, 48,
54, 118, 119] distributed worldwide but most common
in tropical regions [1]. A possible synapomorphy of Aju-
goideae may be pollen with branched to granular colu-
mellae [9].

Briquet [5] first elevated tribe Ajugeae sensu Bentham
[4] to subfamilial rank, which was followed by most sub-
sequent treatments [1, 7, 116, 120]. Circumscription of
Ajugoideae, however, has changed considerably. The
recognition of some subfamilies (i.e, Teucrioideae and
Caryopteridoideae) that include many traditionally ver-
benaceous genera (e.g., Caryopteris Bunge, Cleroden-
drum L., Schnabelia Hand.-Mazz., and Teucrium L.) was
untenable. These genera were later transferred to Aju-
goideae based on molecular phylogenetic [15, 16] and
morphological evidence [121].

A recent phylogenetic study that sampled 22 out of
the 23 genera of Ajugoideae and used four cpDNA
markers (matK, rbcL, trnL-trnF, and rps16) strongly sup-
ported the monophyly of Ajugoideae and identified four
major clades [54]. Relationships among these clades are
consistent with the results in our study.

Currently, no tribal classification has been assigned for
Ajugoideae. Although some old tribal names have been
proposed [5, 91, 122], the circumscription of Lamiaceae
at that time was much narrower compared to our
current understanding, and many genera now placed
within Ajugoideae (e.g., Caryopteris, Clerodendrum,
Rotheca, Schnabelia, Volkameria 1.) were previ-
ously treated as members of Verbenaceae. Based on re-
sults from both the present and previous studies [19,
54], we suggest that the four clades be recognized as
tribes Ajugeae, Clerodendreae, Teucrieae, and Rothe-
ceae, with the last proposed here as a new tribe (see
“Taxonomic treatment” below).

Tribe Rotheceae

Rotheceae are established as a new tribe (see “Taxo-
nomic treatment” below) comprising four genera:
Rotheca (60 spp.), Glossocarya Wall. ex Griff. (13 spp.),
Discretitheca P.D. Cantino (1 sp.), and Karomia Dop. (9
spp.). The tribe is disjunctly distributed from Australia
(Queensland) and tropical southern Asia to southern Af-
rica. No non-molecular synapomorphy has been
found for this tribe.
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Rotheca, the largest genus in this tribe, was resurrected
by Steane and Mabberley [123] to maintain the mono-
phyly of the genus Clerodendrum [35]. In the present
study, we demonstrate Rotheca to be sister to all other
members of the subfamily, as reported by Yuan et al.
[124]. Although only Rotheca was sampled here, a close
relationship to the other three genera has been demon-
strated previously [54]. Steane et al. [36] found Karomia
to be sister to Rotheca based on ndhF sequences, and
this relationship was corroborated by Li et al. [19] based
on five cpDNA markers. Xiang et al. [54] found that
Karomia, Discretitheca, Glossocarya, and Rotheca
formed a clade, but with moderate support. Discretitheca
and Glossocarya were only first included in molecular
phylogenetic analyses [54], and detailed morphological
studies as well as molecular phylogenetic studies for
these two genera are scarce and more studies are
needed. As with Discretitheca and Glossocarya, only one
species of Karomia (K. speciosa (Hutch. & Corbishley) R.
Fern.) has been included in previous molecular phylo-
genetic analyses [36, 54], although DNA sequences of
two species have been reported (the additional species is
K. tettensis (Klotzsch) R. Fern. which was used mainly
for ecological analyses [125]). Overall, the systematic re-
lationships within this tribe await to be fully clarified.

Tribe Teucrieae Dumort.

Teucrieae consist of ca. 260 species in three genera, Teu-
crium (ca. 250 spp.), Schnabelia (5 spp.), and Rubiteucris
Kud6 (2 spp.). The latter two genera are endemic to East
Asia, while Teucrium has a subcosmopolitan distribu-
tion. A possible synapomorphy of the tribe is the conflu-
ence of anther thecae at anthesis, a feature that also
characterizes Ajugeae, where it may have arisen
independently.

Teucrium is the largest genus in this tribe. A previ-
ous phylogenetic study [48] suggested the inclusion
of Oncinocalyx F. Muell., Spartothamnella Briq., and
Teucridium Hook.f. in Teucrium, and this treatment
was confirmed by Xiang et al. [54]. Although both
Rubiteucris and Schnabelia are small genera, the tax-
onomy and systematic relationships of Rubiteucris
and Schnabelia were not sufficiently resolved until
recent molecular phylogenetic studies based on a
broad sampling [48, 54]. Here, the monophyly of
Teucrieae is strongly supported (Fig. 1; Additional
files 4, 5, 6, 7: Figs. S2, S3, S4, S5).

Tribe Ajugeae Benth.

Ajugeae contain 79 species in six genera: Ajuga L. (ca.
50 spp.), Amethystea L. (1 sp.), Caryopteris (7 spp.),
Pseudocaryopteris (Briq.) P.D. Cantino (3 spp.), Trichos-
tema Gronov. (17 spp.), and Tripora P.D. Cantino (1
sp.). Ajuga is distributed primarily in Eurasia,
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Amethystea is widespread in temperate Asia [1], Trichos-
tema is restricted to North America [126], and the
remaining three genera are endemic to East Asia. A pos-
sible synapomorphy is the confluence of the anther the-
cae at anthesis (with a reversal in Caryopteris), a feature
that also characterizes Teucrieae and may have arisen
independently in the two tribes. In most other species of
Ajugoideae and in most of the closest outgroups, the
thecae remain separate at anthesis. However, it is equally
parsimonious to hypothesize that confluent anther the-
cae are a synapomorphy of the clade comprising Aju-
geae, Clerodendreae, and Teucrieae, with a subsequent
reversal at the base of Clerodendreae.

The traditionally delimited genus Caryopteris [5, 54,
127] is polyphyletic [9, 128] and species previously in-
cluded in Caryopteris have been distributed in six gen-
era:  Caryopteris, Discretitheca,  Pseudocaryopteris,
Rubiteucris, Schnabelia, and Tripora, of which three
were placed in tribe Ajugeae, two belong to tribe Teu-
crieae, and one belongs to tribe Rotheceae. A sister-
group relationship between Tripora and Pseudocaryop-
teris was inferred in previous studies [54, 129, 130], but
support values varied in different studies. The sister rela-
tionship between the North American genus Trichos-
tema and the East Asian genus Caryopteris was also
reported in many studies [15, 16, 35, 36, 130, 131]. Al-
though Ajuga is the largest genus in this tribe, no phylo-
genetic study has been carried out for the genus to date,
and infrageneric relationships within this genus still need
further investigation.

Tribe Clerodendreae Brig.
Clerodendreae consist of ca. 350 species in ten genera:
Clerodendrum (ca. 150 spp.), Volkameria (30 spp.),
Kalaharia Baill. (1 sp.), Amasonia L£. (8 spp.), Tetraclea
A. Gray (2 spp.), Aegiphila Jacq. (120 spp.), Ovieda L.
(21 spp.), Oxera Labill. (21 spp.), Hosea Ridl. (1 sp.), and
probably Monochilus Fisch. & C.A. Mey. (2 spp.). Mono-
chilus has not been included in any published molecular
analysis, but based on a cladistic analysis of morpho-
logical data, Cantino [9] suggested a close relationship
between Monochilus and Amasonia. Both genera usually
have alternate to subopposite leaves, a rare feature in
Lamiaceae. Monochilus was not included in the molecu-
lar results presented here but the presence of alternate
to subopposite leaves suggests that Monochilus should
be treated within tribe Clerodendreae. However, this re-
lationship needs to be tested using molecular evidence.
Clerodendreae are pan-tropical/subtropical in distribu-
tion, predominantly distributed in the Americas, Africa,
Asia, and Pacific Oceania. A probable synapomorphy for
the tribe is a drupaceous fruit with four one-seeded pyr-
enes. In some species, the fruits split into four fleshy
schizocarps. A similar fruit type is found in Rotheca
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(Tribe Rotheceae), where it apparently evolved inde-
pendently. The character polarity is not entirely clear be-
cause Premnoideae also have drupaceous fruits.
However, the fruits of Premnoideae contain a single
four-seeded pyrene instead of four one-seeded ones. The
other closely related groups (subfamilies Peronematoi-
deae, Scutellarioideae, Cymarioideae, and Lamioideae)
have dry fruits [19].

In terms of the number of genera, this is the largest
tribe within subfamily Ajugoideae. Previous molecular
phylogenetic studies concentrated mainly on two genera,
Clerodendrum [34-36, 124] and Oxera [118, 119]. As a
result of the disintegration of the traditionally defined
Clerodendrum, some genera (ie., Volkameria, Ovieda,
Rotheca) were resurrected [34—36, 123, 124]. Species re-
lationships within those genera, however, remain uncer-
tain. In addition, relationships within the clade including
Ovieda, Aegiphila, Clerodendrum, Tetraclea, Amasonia,
Kalaharia, and Volkameria, require further study.

Subfamily Peronematoideae Bo Li, R.G. Olmstead & P.D.
Cantino

Peronematoideae were recently established to accommo-
date a well-supported clade comprising four small,
mostly tropical Asian genera, Garrettia (1 sp.), Hymeno-
pyramis (7 spp.), Peronema (1 sp.), and Petraeovitex (8
spp.), which are sister to a larger clade formed by sub-
families Scutellarioideae, Cymarioideae, and Lamioideae
[19]. These four genera were previously placed in the
subfamily Caryopteridoideae of Verbenaceae [5, 132,
133] and were all transferred to Lamiaceae by Cantino
et al. [11], with Hymenopyramis placed in Viticoideae,
Peronema and Petraeovitex in Teucrioideae, and Garret-
tia in Ajugoideae. However, all the four genera were
treated as incertae sedis in Harley et al.’s classification of
Lamiaceae [1].

In recent molecular phylogenetic studies, Garrettia
was first inferred to be sister to a clade comprising
Scutellarioideae, Acrymia, Cymaria, and Lamioideae
[53], while the same sister relationship to an equiva-
lent clade of the Scutellarioideae-Cymaria-Lamioideae
clade (Acrymia was not sampled) was later found for
a small well-supported clade comprised of Hymeno-
pyramis, Petraeovitex, and Peronema [31, 44], as con-
firmed in our phylogenomic trees (Fig. 1; Additional
files 4, 5, 6, 7: Figs. S2, S3, S4, S5). When Garrettia,
Hymenopyramis, Petraeovitex, and Peronema were in-
cluded in the same analysis, they grouped together in
a highly supported clade that is sister to the
Scutellarioideae-Cymarioideae-Lamioideae clade [19].
Morphologically, the four genera are very heteroge-
neous but do share some common traits as noted by
Chen et al. [44] and Li et al. [19].
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Subfamily Scutellarioideae (Dumort.) Caruel
Scutellarioideae consist of ca. 390 species in five genera:
Holmskioldia Retz. (1 sp.), Wenchengia (1 sp.), Renschia
Vatke (1 sp.), Tinnea Kotschy ex Hook. f. (19 sp.), and
Scutellaria L. (ca. 360 spp.) [1, 9, 121]. Species numbers
and distribution of these genera are extremely uneven.
Scutellaria is the largest and most widely distributed
genus, having a cosmopolitan distribution [1, 134, 135].
Tinnea is much smaller and is distributed in tropical
and southern Africa. The monotypic genera Renschia,
Wenchengia, and Holmskioldia are endemic to Somalia,
Southeast Asia (Hainan Island of China, Vietnam), and
subtropical Himalayan regions, respectively. Scutellarioi-
deae is diagnosed by the following synapomorphic char-
acters: pericarps with tuberculate or elongate processes
[136], high densities of xylem fibers in the calyces [137],
and thyrses with single-flowered cymes that form
raceme-like inflorescences (but most species of Tinnea
and Holmskioldia have cymose inflorescences).

Scutellarioideae had been thought to be sister to
Lamioideae [31, 44], but with the separation of Cymar-
ioideae from the Lamioideae [19], Scutellarioideae is sis-
ter to the Cymarioideae-Lamioideae clade. Based on
previous studies and our phylogenomic results, Tinnea
and Holmskioldia are successive sister groups to Scutel-
laria, with Wenchengia sister to the rest of Scutellarioi-
deae [15, 16, 19, 31, 44, 66, 136]. However, relationships
within  Scutellarioideae remain unresolved because
Renschia has never been included in a molecular phylo-
genetic study. To date, four phylogenetic studies have fo-
cused on Scutellaria [66, 138—140], but none included a
comprehensive taxon sampling of the genus or of Scutel-
larioideae as a whole. Thus, relationships within Scutel-
laria still need to be addressed in future studies.

Subfamily Cymarioideae Bo Li, R.G. Olmstead & P.D.
Cantino

Cymarioideae were recently established to include two
small genera that have previously been considered incer-
tae sedis [1], Acrymia (1 sp.) and Cymaria (2 spp.),
which are endemic to Southeast Asia.

Bendiksby et al. [53] found that Acrymia and Cymaria
were the closest relatives of Lamioideae, which was sup-
ported by a subsequent study [44] but only with moder-
ate support. Li et al. [19] further confirmed this
relationship with high support values and consequently
established a new subfamily, Cymarioideae, to accommo-
date the systematic position of the Acrymia-Cymaria
clade. In the present study, Cymaria dichotoma Benth. is
sister to Lamioideae in all analyses (Fig. 1; Additional
files 4, 5,