
15

Botanical Journal of the Linnean Society, 2022, 200, 15–38. With 6 figures.

*Corresponding authors. E-mail: rosej@unk.edu; bdrewfb@
yahoo.com

A timeframe for mint evolution: towards a better 
understanding of trait evolution and historical 
biogeography in Lamiaceae

JEFFREY P. ROSE1,*, , CHUN-LEI XIANG2, KENNETH J. SYTSMA3 and BRYAN T. DREW1,*

1Department of Biology, University of Nebraska-Kearney, Kearney, NE 68849, USA
2CAS Key Laboratory for Plant Diversity and Biogeography of East Asia, Kunming Institute of Botany, 
Chinese Academy of Sciences, Kunming 650201, China
3Department of Botany, University of Wisconsin-Madison, Madison, WI 53706, USA

Received 9 April 2021; revised 8 September 2021; accepted for publication 2 December 2021

Lamiaceae are one of the largest and most economically important families of flowering plants. Despite focused study 
on relationships within subclades, higher-level relationships have been under-studied. Moreover, the herbaceous 
habit of much of the family has resulted in a poor fossil record and has hampered estimates of divergence times. 
Using a new dataset of five plastid loci from 178 members of Lamiaceae representing all subfamilies and nearly 
all tribes, we clarify major infrafamilial relationships and present a robust set of divergence times. We use this 
phylogenetic hypothesis as a platform to test previous hypotheses regarding the historical biogeography and evolution 
of major traits in the family. We confirm the placement of subfamily Nepetoideae, show continued uncertainty in the 
placement of subfamilies Ajugoideae and Premnoideae and highlight extreme discordance with recent results from 
nuclear data. Lamiaceae originated during the Late Cretaceous as woody plants with nutlet fruits and four stamens, 
probably in South-East Asia. Most subfamilies diverged during the Eocene, perhaps facilitated by climatic cooling. 
Our results provide a valuable set of secondary dates for Lamiaceae and highlight the need for focused study of 
subfamilies Callicarpoideae and Viticoideae. Our results also provide several hypotheses regarding trait or range-
dependent diversification.

ADDITIONAL KEYWORDS:   Eocene – habit – K-Pg – Lamiales – nutlets – Salvia – stamen number.

INTRODUCTION

An accurate estimate of temporal history is requisite 
for properly articulating organismal evolution. The 
DNA sequencing revolution in conjunction with the 
notion of molecular clocks (Zuckerkandl & Pauling, 
1965) provided a broad platform to apply dates to 
phylogenetic trees. Subsequently, relaxed molecular 
clock models allowed for divergence time estimations 
that are ostensibly accurate and stable (Thorne, 
Kishino & Painter, 1998; Huelsenbeck, Larget & 
Swofford, 2000; Douzery et al., 2004; Drummond et al., 
2006). There had been resistance to molecular dating 
techniques (e.g. Ayala, 1986, 1999; Graur & Martin, 
2004), but molecular dating has become a routine 
exercise in phylogenetic studies, although pitfalls still 

exist (e.g. Sytsma, Spalink & Berger, 2014; Beaulieu 
et al., 2015; Sauquet & Magallón, 2018). Indeed, 
phylogenetic trees calibrated to absolute or relative 
time (ultrametric) are recommended, if not required, 
for many phylogenetic comparative analyses including 
tracing character evolution, measuring diversification 
rates and reconstructing historical biogeography. 
Despite the importance of time-calibrated phylogenetic 
trees, many angiosperm clades do not yet have robust 
estimates of divergence times, especially in groups in 
which their morphological traits and/or biogeography 
are not conducive to fossilization (e.g. herbaceous, 
tropical and/or xerophytic lineages).

Lamiaceae (the mint family) are one of the most 
easily recognized families of flowering plants. They are 
nearly worldwide in distribution and are of economic 
importance for timber (teak: Tectona L.f., white teak: 
Gmelina arborea Roxb.), culinary uses (e.g. mint: 
Mentha L., basil: Ocimum L.), horticulture (e.g. 
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beautyberry: Callicarpa L., lavender: Lavandula L., 
sage: Salvia L.) and weeds (e.g. ground-ivy: Glechoma 
L., dead-nettle: Lamium L., pignut: Mesosphaerum 
suaveolens (L.) Kuntze). With c. 7000 currently 
recognized species (Harley et al. 2004; Zhao et al., 
2021), Lamiaceae are the largest family of Lamiales 
and the sixth largest plant family overall. Based 
on both morphological and molecular phylogenetic 
results, the family has recently expanded in size as 
most taxa traditionally placed in Verbenaceae are now 
treated in Lamiaceae (Cantino, 1992a, 1992b; Cantino, 
Harley & Wagstaff, 1992; Wagstaff & Olmstead, 1997; 
Wagstaff et al., 1998; Harley et al., 2004). In Lamiales, 
Lamiaceae are probably sister to a clade composed 
of Mazaceae + Orobanchaceae + Paulowniaceae 
+ Phrymaceae (Schäferhoff et  al., 2010; Refulio-
Rodriguez & Olmstead, 2014; Xu et al., 2019; Zhang 
et al., 2020).

Phylogeny and classification of Lamiaceae

Most studies of  Lamiaceae have focused on 
relationships at or below the subfamilial level (e.g. 
Paton et al., 2004; Bramley, Forest & de Kok, 2009; 
Conn et al., 2009; Bräuchler, Meimberg & Heubl, 2010; 
Scheen et al., 2010; Bendiksby et al., 2011; Drew & 
Sytsma, 2012; Roy & Lindqvist, 2015; Xiang et al., 
2018; Zhao et al., 2020), whereas studies of subfamilial 
relationships have been largely lacking, especially 
with comprehensive sampling of major clades. 
However, investigations into major relationships with 
comprehensive sampling have been conducted by Li 
et al. (2016) using five plastid loci and Zhao et al. (2021) 
using 79 protein-coding plastid genes. These studies 
support the recognition of 12 subfamilies in Lamiaceae 
(Li et al., 2016; Li & Olmstead, 2017; Zhao et al., 2021). 
The monophyly of all proposed subfamilies except 
Cymarioideae has been affirmed from these studies, 
but relationships among subfamilies are still unclear, 
with Bayesian analysis recovering high posterior 
probabilities for most relationships and parsimony 
and maximum likelihood analyses finding low (or no) 
support for some relationships. 

Nuclear evidence for relationships in Lamiaceae 
was presented by the Mint Evolutionary Genomics 
Consortium (MEGC, 2018) using data from 520 
single-copy nuclear exons and representatives of all 
subfamilies except Cymarioideae. These data were 
used, in part, to infer species trees for the family 
based on concatenation and coalescent analyses. Trees 
from these two approaches are largely congruent, but 
they differ topologically in two ways: (1) Premnoideae 
were not recovered as monophyletic in the coalescent 
analysis; and (2) Ajugoideae were sister to Lamioideae 
in the coalescent species tree but sister to Lamioideae 

+ Peronematoideae in the concatenated species tree. 
Overall, nuclear data appear congruent with plastid 
data (Li et al., 2016; Zhao et al., 2021) in recovering 
Callicarpoideae + Prostantheroideae as sister to 
the rest of Lamiaceae, followed by Nepetoideae. 
However, the two genomes present considerably 
different relationships among the remaining clades, 
although given the conflict between the coalescent 
and concatenated analyses of MEGC (2018) it is not 
exactly clear why.

Timeframe for diversification of Lamiaceae

Despite the importance of and interest in Lamiaceae, 
no comprehensive analysis of divergence times in the 
family has been conducted, with most studies focusing 
on groups below the subfamily level and including 
limited outgroup sampling. Estimates of the stem 
age of Lamiaceae from angiosperm-wide analyses of 
divergence times have been typically estimated at < 
40 Mya (Martínez-Millán, 2010; Magallón et al., 2015; 
Wikström et al., 2015; Barba-Montoya et al., 2018; 
Li et al., 2019), but Zhang et al. (2020) estimated 
a Cretaceous age for stem Lamiaceae. Inferring 
divergence times for Lamiaceae is challenging due to 
a paucity of fossils that can be used to constrain nodes 
within the family (Harley et al., 2004), but some fossils 
that do exist can be confidently, albeit conservatively, 
placed (e.g. Drew & Sytsma, 2012). Particularly widely 
used have been two fossils used to constrain the stem 
of Melissa L. and the crown of Nepetoideae (Drew & 
Sytsma, 2012; Yu et al., 2014; Deng et al., 2015; Yao 
et al., 2016; Li et al., 2017) and a fossil that can be used 
to constrain Stachys L. (Roy et al., 2013, 2016; Roy & 
Lindqvist, 2015; Yao et al., 2016; Kriebel et al., 2019). 
Chronograms calibrated with the aforementioned 
fossils have differed markedly from age estimates of 
Lamiaceae as inferred from angiosperm-wide studies. 
For example, crown Nepetoideae have been dated to c. 
57.0 Mya (Drew & Sytsma, 2012) or slightly older at 
63.4 Mya (Li et al., 2017), whereas Roy & Lindqvist 
(2015) dated crown Lamioideae to at least 20 Mya. 
In their investigation of Pogostemon Desf., Yao et al. 
(2016) provided more representative family-wide 
sampling with widespread sampling and calibrations 
in Lamiaceae and across Lamiales, dating crown 
Lamiaceae to c. 65 Mya. This large disparity in ages 
estimated based on angiosperm-wide studies versus 
those with good sampling of Lamiaceae and Lamiales 
has yet to be fully addressed.

Historical biogeography of lamiaceae

Hedge (1992) and Harley et al. (2004) reviewed the 
biogeography of Lamiaceae, pointing to six or seven 
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areas where the family shows high species diversity, 
with Harley et al. (2004) adding the Indo–Malesian 
region due to the inclusion of genera from Verbenaceae 
and Symphoremataceae in a broader concept of 
Lamiaceae (Cantino et al., 1992). Building on previous 
work, Harley et al. (2004) proposed a Late Cretaceous 
or Early Tertiary Gondwanan origin of the family, 
with a rapid radiation to other areas, and they also 
hypothesized an Asian origin of Nepetoideae. Studies 
investigating the historical biogeography of the entire 
Lamiaceae using molecular phylogenetic trees have 
been lacking, with studies focusing on relationships 
at or below the subfamilial level (e.g. Paton et al., 
2004; Scheen & Albert, 2009; Mathiesen, Scheen & 
Lindqvist, 2011; Drew & Sytsma, 2012, 2013; Roy 
et al., 2013; Roy & Lindqvist, 2015; Yao et al., 2016; 
Drew et al., 2017a; Li et al., 2017), and many of these 
studies have used parsimony character mapping. 
Model-based analyses of historical biogeography at 
the subfamilial and tribal levels have suggested a 
strong signal for an Asian origin of Lamioideae (Roy & 
Lindqvist, 2015), a Mediterranean/South-West Asian 
origin of Nepetoideae: Mentheae (Drew & Sytsma, 
2012) and a South-East Asian origin of Nepetoideae: 
Elsholtzieae (Li et al., 2017). So far, these are the best 
available biogeographical reconstructions for deep 
nodes in Lamiaceae, so the hypotheses of Harley et al. 
(2004) have yet to be rigorously tested with molecular 
data. 

Trait evolution in Lamiaceae

One of the most conspicuous features of temperate 
Lamiaceae, especially subfamilies Lamioideae and 
Nepetoideae, is the distinctive nutlet fruit (essentially 
a schizocarp) that splits into four mericarps at maturity 
and is usually, but not always, associated with a 
gynobasic style. This fruit type was used as a defining 
feature for Lamiaceae prior to molecular data (Ryding, 
1995). However, a large number of tropical Lamiaceae 
(former Verbenaceae) have drupaceous or nut-like fruits 
[e.g. Ajugoideae: Clerodendrum L. s.l. (Steane, de Kok 
& Olmstead, 2004; Yuan et al., 2010); Callicarpoideae: 
Callicarpa, Prostantheroideae: Chloantheae (Conn 
et al., 2009]); Viticoideae: Vitex L. s.s.], or even capsular 
fruits [Viticoideae: Teijsmanniodendron Koord. (de 
Kok, Go & Latiff, 2009)]. No recent hypothesis has yet 
been provided for when nutlets evolved, or what the 
ancestral fruit type of Lamiaceae might have been. 
Based on parsimony reconstructions on a suboptimal 
Lamiales phylogenetic tree that placed Myoporaceae 
as sister to Lamiaceae (as well as questionable coding 
in which nutlets were treated as indehiscent fruits), 
Wagstaff & Olmstead (1997) reconstructed the most 
recent common ancestor for all Lamiaceae as bearing 
an ovary with four uniovulate locules and a fleshy 

fruit. More recently, Li et al. (2016) suggested that 
nutlets evolved independently from other Lamiaceae in 
Prostantheroideae. The presence of drupaceous fruits 
in the most recent common ancestor in all Lamiaceae 
is therefore a reasonable hypothesis, but needs to be 
more rigorously scrutinized.

Likewise, although most of Lamiaceae are 
herbaceous, the drupaceous members are also often 
woody (Harley et al., 2004). Transition between woody 
and herbaceous habit in Lamiales appears complex, 
confounded by uncertainty regarding relationships in 
the order. As such, the ancestral habit of the family 
has never been estimated although, as with fruit 
type, a woody habit seems to be a reasonable starting 
hypothesis in need of testing.

Perhaps the most evolutionary noteworthy 
morphological trait in Lamiaceae is the occurrence of 
two fertile stamens, brought about by either reduction 
to staminodes or, in most cases, the loss of one pair of 
stamens. The presence and evolutionary consequence 
of this reduction has been the topic of much study, 
especially in Salvia (Claßen-Bockhoff, Wester & 
Tweraser, 2003; et al., 2004; Walker & Sytsma, 2007; 
Celep et al., 2020; Kriebel et al., 2020). However, 
several genera of New World Menthinae also have two 
stamens (Harley et al., 2004; Drew & Sytsma, 2012; 
Drew et al., 2017a). In Menthinae (Nepetoideae), Drew 
& Sytsma (2012) suggested four or five origins of 
two stamens from ancestors with four stamens, with 
four to six reversions to four stamens. When other 
Nepetoideae are considered, there appear to be an 
additional three or four origins of two stamens, with 
possibly one or two more reversions to four stamens 
(Drew & Sytsma, 2012). Uncertainty in the number 
of losses/gains in stamen number is a result of both 
uncertainty in relationships in New World Menthinae 
(Drew & Sytsma, 2012; Drew et  al., 2017a), and 
uncertainty in the ancestral reconstructions in New 
World Menthinae and the crown nodes of Salviinae 
and Lycopinae + Menthinae + Nepetinae. Conversely, 
some lineages of Lamiaceae have more than four 
stamens (up to 16). Such conditions are found in 
several (sub)tropical clades (Harley et al., 2004) such 
as Lachnostachys Hook. (five to eight), Symphorema 
Roxb. (six), and Tectona (five or six), although when 
stamens are greater than four the genus is generally 
polymorphic regarding stamen number. In their 
phylogenetic tree of Lamiales, Schäferhoff et al. (2010) 
reconstructed stamen number in Lamiales. Lamiaceae 
were represented as a single tip coded as fixed for 
four stamens, but the most recent common ancestor 
of Lamiaceae and its sister clade was reconstructed as 
bearing four stamens.

Given a current lack of consensus on relationships 
in Lamiaceae, particularly with representative 
taxonomic sampling, a poorly understood timeframe 
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for the diversification of the family and untested 
or tenuously supported hypotheses regarding the 
historical biogeography and fruit/fertile stamen 
evolution in the family, we sought to address these 
issues. Specifically, our goals were to: (1) provide a 
hypothesis of relationships in Lamiaceae based on 
rapidly evolving plastid data and with representative 
sampling in the family; (2) provide a robust estimate 
of subfamilial and inter-subfamilial divergence 
times; (3) clarify the historical biogeography of the 
deepest nodes of Lamiaceae, specifically testing 
the hypothesis of a K-Pg, Gondwanan origin of the 
family; (4) assess whether ancestral Lamiaceae were 
woody or herbaceous; (5) investigate the evolution of 
fruit type in the family to better place the origin of 
nutlets and examine the lability of fruit type and (6) 
investigate fertile stamen number evolution in the 
family, including clarifying fertile stamen number at 
the crown of subtribe Salviinae.

MATERIAL AND METHODS

Taxonomic sampling in Lamiales and Lamiaceae

Our analyses included two datasets, a Lamiales-
wide dataset and a second dataset that focused on 
Lamiaceae. The Lamiales-wide dataset contained 
196 taxa and included 63 accessions from Lamiaceae 
(Supporting Information, File S1). Sequences for the 
Lamiales-wide data were downloaded from GenBank 
and were largely from Schäferhoff et  al. (2010), 
Bendiksby et al. (2011) and Refulio-Rodriguez & 
Olmstead (2014), but were augmented with our own 
data and sequences from GenBank. The Lamiales-wide 
dataset contained representatives from all families of 
Lamiales, with the exception of the newly described 
Wightiaceae (Liu et al., 2020), and included taxa from 
all 12 subfamilies of Lamiaceae (Li & Olmstead 2017). 
Two species of Solanaceae (Solanales) and one species 
each from Montiniaceae (Solanales), Apocynaceae 
(Gentianales) and Rubiaceae (Gentianales) served 
as an outgroup, with the two taxa from Gentianales 
used to root the phylogenetic tree (Refulio-Rodriguez 
& Olmstead 2014). 

The second dataset focused on Lamiaceae and 
included 195 species. The Lamiaceae dataset included 
data from Drew & Sytsma (2012), GenBank and newly 
sequenced data (Supporting Information, File S1). Of 
these 195 species, 178 species were from Lamiaceae 
and represented all 12 subfamilies of Lamiaceae, 
and 17 species were from closely related families 
[Acanthaceae (two species), Bignoniaceae (one species), 
Gesneriaceae (two species), Linderniaceae (one 
species), Mazaceae (one species), Orobanchaceae (four 
species), Paulowniaceae (one species), Pedaliaceae (one 

species), Phrymaceae (two species), Plantaginaceae 
(one species) and Scrophulariaceae (one species)] and 
served as an outgroup. Gesneriaceae were used to root 
the phylogenetic tree based on Refulio-Rodriguez & 
Olmstead (2014).

DNA extraction, gene regions and sequencing

We used the DNeasy Plant Mini Kit (Qiagen, Valencia, 
CA, USA) to extract DNA from silica-dried leaves 
and herbarium collection specimens. Thermal cycler 
conditions for PCR were as in Drew et al. (2017a), 
and we usedTaKaRa Ex Taq (Otsu, Shiga, Japan) 
PCR products. PCRs were diluted 30× in water and 
subsequently cycle sequenced, electrophoresed and 
analysed at the University of Arizona Genetics Core. 

The Lamiales-wide analyses used the matK, 
ndhF, rps16 and trnL-trnF plastid gene regions. For 
phylogenetic analyses of the Lamiaceae dataset we 
used the entire ycf1 gene (also a small portion of trnN-
GUU and the trnN-ycf1 spacer) and the ycf1-rps15 
spacer, trnL-F and rpl32-trnL regions. The trnN-ycf1 
spacer and the first c. 900 nucleotides of ycf1 were 
sequenced and amplified for most taxa using the 
primers trnNGUU-f (TAA CAG CCG ACC GCT CTA 
CC) and ycf1-921r (CAT TCA CTC GGA TTT CTT 
CSS), but for some more recalcitrant taxa we used the 
primers ycf1-167f (TCA GCA ACR ACT GGT TTT ATT 
ACG) and ycf1-936r (ATT CAT TTT CCT TTC CAT 
TCA CTC G). Primers for the remainder of ycf1, the 
ycf1-rps15 spacer and the trnL-F and rpl32-trnL gene 
regions are detailed in Drew & Sytsma (2011, 2012).

Sequence analyses, phylogenetic inference 
and divergence time estimation

Contigs  of  the plast id  DNA sequences  ( for 
the Lamiaceae dataset) were constructed and edited 
using Sequencher v.4.7 (Gene Codes, Ann Arbor, 
MI, USA) and Geneious v.9.1.8 (Kearse et al., 2012). 
Sequences for both the Lamiales-wide and Lamiaceae 
datasets were aligned and edited using Mesquite 
v.3.61 (Maddison & Maddison, 2019). For both 
datasets, phylogenetic and divergence time analyses 
were conducted simultaneously using BEAST v.1.10.4 
(Suchard et al., 2018).

In BEAST analyses of both Lamiales and Lamiaceae, 
datasets were partitioned to account for sequence rate 
heterogeneity between different gene regions. The 
Lamiales dataset had four partitions corresponding 
to the matK, ndhF, rps16 and trnL-trnF plastid 
regions. The Lamiaceae dataset had five partitions 
corresponding to the trnN-ycf1 spacer, ycf1, ycf1-
rps15 spacer, trnL-F and rpl32-trnL regions. For each 
of our data partitions, we used a model of evolution 
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as determined by the Akaike information criterion in 
jModelTest2 (Darriba et al., 2012). For the Lamiales 
dataset jModelTest2 suggested the TVM + Γ + I (matK) 
and GTR + Γ + I (ndhF, rps16, trnL-trnF) models, and 
for the Lamiaceae dataset we used the GTR + Γ (trnN-
ycf1 spacer and rpl32-trnL) and GTR + Γ + I (trnL-
trnF, ycf1, ycf1-rps15 spacer) models.

To estimate divergence times in Lamiaceae we used 
a two-step approach. The first dataset consisted of a 
Lamiales-wide data matrix composed of matK, ndhF, 
rps16 and trnL-F. The alignment initially consisted 
of 196 taxa and 7451 nucleotides (matK  =  1804, 
ndhF  =  2202, rps16  =  1742 and trnL-F  =  1703). 
Subsequently, after deletion of ambiguously aligned 
characters and long single-taxon insertions the 
Lamiales data matrix we used for analyses consisted 
of 6154 nucleotides (matK  = 1732, ndhF  = 2172, 
rps16 = 1128, and trnL-F = 1122). The root of the 
tree was constrained with a uniform prior with ages 
ranging from 81 to 121 My, and the crown of Lamiales 
+ Solanales was constrained with a uniform prior 
ranging from 79 to 115 My based on Barba-Montoya 
et al. (2018; nodes 1052 and 1053, respectively). The 
crown of Lamiales was constrained with a uniform 
prior ranging from 67 to 107 My based on several 
analyses that previously estimated dates for the 
crown node of Lamiales (Bremer, Friis & Bremer, 
2004; Janssens et al., 2009; Magallón & Castillo, 2009; 
Magallón et al., 2015; Barba-Montoya et al., 2018). We 
used the following five fossil calibration points within 
Lamiales. (1) For the most recent common ancestor 
(MRCA) of Acanthaceae s.s. and Avicennia L. we 
used a lognormal distribution (LD) with a minimum 
age of 37.8 My, a mean (mu) of 1.5 and a standard 
deviation (sigma; SD) of 1.0 based on Cavagnetto & 
Anadón (1996), Tripp & McDade (2014) and Woodcock 
et al. (2020). (2) Stem Bignoniaceae were constrained 
using a LD with a minimum age of 56 My, a mean of 
2.0 and a SD of 1.0 based on Palaeocene fossils from 
western North America (Brown, 1962; Manchester, 
2014; Manchester, Grímsson & Zetter, 2015) and 
Japan (Horiuchi & Manchester, 2011). (3) Crown 
Oleaceae were constrained with a LD, a minimum age 
of 65.4 My, a mean of 1.5 and a SD of 1.0 based on 
Late Cretaceous wood fossils described in Srivastava 
et al. (2015). (4) Crown Lamiaceae were constrained 
using a LD, a minimum age of 65.4 My, a mean of 1.5 
and a SD of 1.0 based on Late Cretaceous wood fossils 
described in Wheeler et al. (2017). These fossils from 
Wheeler et al. (2017) were not attributable to a specific 
lineage, with affinities to Gmelina L. and Vitex, so we 
conservatively constrained the crown of Lamiaceae. 
(5) The crown of Nepetoideae were constrained with 
a LD, a minimum age of 47.8 My, a mean of 2.6 and a 
SD of 0.5 based on early Eocene Ocimum pollen fossils 

(Kar 1996; Sarkar & Prasad 2002; see Drew & Sytsma 
2012). Additional fossil calibrations, such as Melissa 
(Nepetoideae) and Ajuginucula E.Reid (Ajugoideae) 
identified as early-Oligocene by Reid & Chandler 
(1926), have been previously employed to estimate 
divergence times in Lamiaceae (Drew & Sytsma, 2012, 
2013; Yu et al., 2014; Deng et al., 2015; Yao et al., 2016; 
Drew et al., 2017a; Li et al., 2017; Zhang et al., 2017), 
but the identity of these fossils was questioned by 
Manchester, Grímsson & Zetter (2015). Additionally, 
Boltenhagen (1976a, 1976b) described Lamiaceae 
(Nepetoideae) pollen from the Coniacian, but Muller 
(1981) considered this finding as ‘pending’.

Since a major goal of this paper is to estimate 
divergence times within Lamiaceae, we specifically 
tested how removing fossil calibrations in Lamiaceae 
would affect dating estimates within the family. To 
this end, we also experimented with several other 
calibration strategies to test the robustness of the 
calibrations outlined above. In concert with the 
aforementioned calibrations we: (1) constrained  
the crown of Oleaceae with a LD, a minimum age of 
41.2 My (instead of 65.4 My as before; mean and SD as 
described previously) based on mid-Eocene fruit fossils 
described by Call & Dilcher (1992); (2) constrained the 
crown of Oleaceae with a LD and a minimum age of 
41.2 My and removed constraints on the crown nodes 
of both Lamiaceae and Nepetoideae; (3) constrained 
the crown of Oleaceae with a LD, a minimum age of 
83.6 My (mean and SD as described before) based 
on early Campanian pollen fossils described in 
Manchester, Grímsson & Zetter (2015); (4) constrained 
the crown of Oleaceae with a minimum age of 65.4 Myr 
(other parameters as described before) and removed 
constraints on the crown Lamiaceae; (5) constrained 
the crown of Oleaceae with a minimum age of 65.4 My 
and removed constraints on the crown Nepetoideae 
and (6) constrained the crown of Oleaceae with a 
minimum age of 65.4 My and removed constraints on 
the crown nodes of both Lamiaceae and Nepetoideae. 

The second step of our divergence time estimation 
approach focused on Lamiaceae and contained the 
trnN-ycf1 spacer, ycf1, ycf1-rps15 spacer, trnL-F and 
rpl32-trnL gene regions. The data in this alignment 
was obtained from Drew & Sytsma (2012) and newly 
produced sequences, augmented with data from 
GenBank (particularly for outgroup taxa). The new 
sequences in this study include 26 new trnL-F, rpl32-
trnL and trnN-ycf1 spacer-ycf1-ycf1-rps15 spacer 
region sequences and c. 1200 nucleotides (trnN-ycf1 
spacer and c. 900 nucleotides of ycf1) from 55 additional 
species. The initial alignment contained 195 taxa 
and 11 251 nucleotides (trnN-ycf1 = 317, ycf1 = 7146, 
ycf1-rps15  spacer =  886, trnL-F  =  1365, rpl32-
trnL = 1537). After removing sites due to ambiguous 
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alignment and/or long single-taxon insertions, the 
Lamiaceae alignment we used for analyses contained 
9635 nucleotides (trnN-ycf1 = 304, ycf1 = 6606, ycf1-
rps15 spacer = 660, trnL-F = 1099, rpl32-trnL = 966). 
The Lamiaceae alignment included all 12 subfamilies 
and 17 of 22 tribes (all missing tribes were from 
Lamioideae). The largest three subfamilies were the 
most densely sampled with 105 Nepetoideae (c. 3500 
total species), 28 Lamioideae (c. 1260 species) and 12 
Ajugoideae (c. 770 species) species represented. This 
sampling was somewhat biased towards Nepetoideae, 
but we accounted for missing taxa in our coding schemes 
(see next), and the unsampled tribes of Lamioideae 
should not impact results or conclusions in this study. 
We used Rehmannia Libosch. ex Fisch. & C.A.Mey, 
(Orobanchaceae), Triaenophora (Hook.f.) Soler. 
(Orobanchaceae), Pedicularis L.  (Orobanchaceae), 
Lindenbergia Doweld (Orobanchaceae), Paulownia 
S iebo ld  & Zucc. (Paulowniaceae ) , Phryma 
L. (Phrymaceae), Erythranthe Spach (Phrymaceae), 
Mazus Lour. (Mazaceae), Echinacanthus  Nees 
(Acanthaceae), Aphelandra R.Br. (Acanthaceae), 
Sesamum L.  (Pedaliaceae), Adenocalymma Benth. 
(Bignoniaceae), Digitalis L.  (Plantaginaceae), 
Scrophularia L. (Scrophulariaceae), Lindernia All. 
(Linderniaceae), Boea Comm. ex Lam. (Gesneriaceae) 
and Primulina Hance (Gesneriaceae) as outgroups. 
Gesneriaceae were used to root the tree following 
Refulio-Rodriguez & Olmstead (2014). 

We constrained the root of this tree with a uniform 
prior and lower and upper ages of 80.8 and 94.1 
My based on our initial Lamiales-wide analysis. 
We also constrained the MRCA of Lamiaceae and 
Orobanchaceae (lower = 69.6, upper = 80.3), crown 
Lamiaceae (lower = 65.6, upper = 71.9) and crown 
Nepetoideae (lower = 51.3, upper = 61.3) based on ages 
obtained from the Lamiales-wide analysis. We also 
constrained the crown of tribe Stachydeae with a LD, 
an offset of 13.8 My, a mean of 1.5 and a SD of 0.5 
based on fossils described in Mai (2001) and used in 
previous studies of Lamioideae (e.g. Roy et al., 2013). 
To explore the effect that constraining Lamiaceae and 
Nepetoideae had on dates obtained for Lamiaceae we 
performed two additional analyses. (1) We conducted 
an analysis as before, but without constraining 
Lamiaceae or Nepetoideae. (2) We conducted an 
analysis as before, but used the fossil calibrations for 
crown Lamiaceae and crown Nepetoideae as described 
in the Lamiales-wide BEAST analysis instead of using 
uniform priors.

For our BEAST Lamiales-wide analysis we 
conducted seven separate analyses of 150 000 000 
generations of Markov chain Monte Carlo (MCMC), 
sampling every 5000 generations. The specific burn-in 
percentages for each individual Lamiales analysis 
were assessed using Tracer v.1.7.1 (Rambaut et al., 

2018), and varied between 10 and 15%. We conducted 
six BEAST runs for the Lamiaceae analyses of 120 
000 000 MCMC generations with samples taken 
every 5000 generations. After analysing the log files 
in Tracer v.1.7.1, we discarded the first 10% of trees 
as burn-in for each run. For both the Lamiales-
wide and Lamiaceae analyses, the MCMC output 
analyses were combined using logCombiner v.1.10.4 
and the maximum clade credibility (MCC) tree was 
subsequently produced using TreeAnnotator v.1.10.4; 
both programs are included in the BEAST package.

Phylogenetic placeholders

Comparative analyses, including analyses of historical 
biogeography and character evolution, are most 
accurate when the character states of unsampled 
tips are accounted for. As our dataset contains 
representative but incomplete sampling of tribes and 
especially genera, we selected tips as placeholders, 
attempting to group as finely as possible to minimize 
the total number of dropped tips. Placeholders were 
selected to represent monophyletic groups while 
ensuring that all known genera of Lamiaceae were 
properly accounted for in our comparative analyses. 
If multiple tips existed for a particular placeholder 
(e.g. multiple samples of Stachys for Stachydeae), 
all tips but one were dropped to ensure monophyly. 
Detailed composition and justification of taxonomic 
placeholders are fully documented in the Supporting 
Information (Supplementary Methods), but a summary 
of the process follows. Using a list of all tips in our 
phylogenetic tree, we selected the greatest number 
of monophyletic groups represented by our tips while 
considering the distribution of unsampled genera. 
The placement of unsampled genera was inferred 
using information from previous studies of Lamiaceae, 
especially (but not exclusively) subfamilial and tribal 
level studies (e.g. Paton et al., 2004; Bramley et al., 
2009; Conn et al., 2009; Bräuchler et al., 2010; Yuan 
et al., 2010; Bendiksby et al., 2011; Pastore et al., 
2011; Drew & Sytsma, 2012; Salmaki et al., 2013; Li 
et al., 2016; Roy et al., 2016; Li et al., 2017; Paton, 
Mwanyambo & Culham, 2018; Xiang et al., 2018) 
and checking our list of genera against Harley et al. 
(2004), adding genera as necessary and accounting for 
changes in circumscription.

Using known relationships among genera as a guide, 
we pruned our MCC tree to 115 tips in Lamiaceae, 
maximizing the number of terminals represented 
without presenting an inaccurate summary of generic 
relationships. Due to uncertainty about interfamilial 
relationships in Lamiales and sparse sampling among 
other families of Lamiales, we excluded outgroups. We 
were able to ensure monophyletic and representative 
placeholders for all subfamilies with the exception 
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of Lamioideae. In Lamioideae, we were missing 
data for tribes Paraphlomideae and Synandreae. 
We completely excluded Paraphlomoideae to avoid 
combining this small clade of c. 23 species with 
the larger tribes Lamieae, Leucadeae, Leonureae, 
Marrubieae and Phlomoideae (Bendiksby et al., 2011). 
Because our plastid topology of relationships among 
tribes Galeopsideae and Stachydeae differed from 
Zhao et al. (2021), we used previous nuclear results 
to place Synandreae in a clade with Colquhounieae + 
Galeopsideae + Stachydeae for placeholder purposes 
(Roy & Lindqvist, 2015; Roy et al., 2016). We were 
unable to account for eight small genera that do not 
have any molecular data available to determine their 
exact phylogenetic position (Bendiksby et al., 2011; 
Xiang et al., 2018): Benguellia G.Tayl. (Nepetoideae: 
Ocimeae, one species), Eriothymus (Benth.) Schmidt 
(Nepetoideae: Mentheae, one species), Madlabium 
Hedge (Lamioideae, one species) Metastachydium 
Airy Shaw ex C.Y.Wu & H.W.Li (Lamioideae, one 
species), Monochilus Fisch. & C.A.Mey (Ajugoideae, 
two species), Pseudomarrubium Popov (Lamioideae, 
one species) and Renschia Vatke (Scutellarioideae, one 
species). Last, because of rampant non-monophyly in 
New World Menthinae (Bräuchler et al., 2010; Drew 
& Sytsma, 2012; Drew et al., 2017a), we coded all tips 
in this clade directly rather than using placeholders.

Ancestral range estimation

We scored our taxonomic placeholders for presence/
absence in eight regions, delimited on the location 
of present geographical barriers and past tectonic 
activity and with a particular focus on the areas of 
high mint diversity recognized by Hedge (1992) and 
refined by Harley et al. (2004), largely corresponding 
to the area delimitation of Drew & Sytsma (2012) 
and Kriebel et al. (2019): (1) Africa south of the Sahel 
including the southern Arabian Peninsula and Indian 
Ocean islands; (2) Australasia including Australia, 
New Zealand, New Guinea, and south Pacific islands; 
(3) Eurasia excluding the Mediterranean north of the 
Central Asian deserts and west of the Altai Mountains; 
(4) North America south to Chiapas in Mexico; (5) 
North-East Asia east of the Altai Mountains and north 
of the Himalayas, and including temperate China, 
Japan and the Korean peninsula; (6) South and Central 
America south of Chiapas including the Caribbean; 
(7) South-East Asia from India, east to tropical China 
and south to Indonesia and (8) the Mediterranean 
and South-West Asia from the Canary Islands east to 
Pakistan, including North Africa, the Middle East and 
the Caucasus. 

We determined the geography of extant tips using 
a multi-step process. First, we downloaded all records 
of Lamiaceae from GBIF (https://www.gbif.org/), 

applying a filter to remove coordinates located in 
heavily urban areas, country centroids or in the ocean 
using the function clean_coordinates in the R package 
‘CoordinateCleaner’ (Zizka et al., 2019). We then 
converted country and state/province/department to 
one of the eight areas delimited previously and scored 
each genus for presence/absence in these areas. Last, 
we checked genus distributions against reported 
ranges in Harley et al. (2004) and Flora of China 
(http://www.efloras.org/). We then combined the range 
of each genus into a ‘super range’ for each placeholder 
clade. Geography of each genus and placeholder is 
available in the Supporting Information (File S2).

In several cases in which placeholder tips were 
wide-ranging (seven or eight of all eight possible 
ranges), we were concerned that the broad extant 
distribution would add noise to reconstructions when 
a priori knowledge from published analyses at lower 
taxonomic levels allows objective removal of ostensibly 
derived ranges. We therefore removed some ranges 
from these placeholders to incorporate this knowledge. 
We only used studies in which ranges were nearly 
equally or more finely partitioned than our own: 
[Elsholtzia Willd. s.s.: Li et al., 2017; Isodon (Schrad. 
ex Benth.) Spach: Yu et al., 2014; subgenera of Salvia: 
Kriebel et al., 2019; and Pogostemon: Yao et al., 2016] 
or based on clear phylogenetic signal that temperate 
areas are derived in Scutellarioideae (Li et al., 2016; 
Zhao et al., 2020).

For four clades in which phylogenetic data exist 
but were either without or with only a parsimony-
based ancestral range reconstruction (Teucrium L. s.l.: 
Salmaki et al., 2016; Leucadeae: Scheen & Albert, 
2009; Mentha: Bunsawat et al., 2004; and Stachydeae: 
Roy et al., 2013), we reanalysed the available aligned 
DNA matrices from these studies, assigning priority to 
nuclear DNA matrices, when available, and ignoring 
plastid data if both were available. Matrices were 
analysed using RAxML (Stamatakis, 2014) under GTR 
+ Γ with 20 search replicates for the best tree. For each 
clade, the most likely phylogram across all search 
replicates was made ultrametric to relative time using 
penalized likelihood with the chronos function in 
‘ape’ v.5.0 (Paradis & Schliep, 2018) with a smoothing 
parameter of 0.1. Each tip was scored for presence/
absence in the eight ranges defined for the entire family. 
Ancestral range estimation (ARE) was conducted in 
BioGeoBEARS v.1.1.2 (Matzke, 2012; 2013) using the 
dispersal-extinction-cladogenesis (DEC) model (Ree 
& Smith, 2008) without any additional assumptions. 
Note that the primary aim of this analysis was to 
obtain a reasonable idea of the ARE for the crown of 
each of the four placeholder lineages that we analysed 
here, not a definitive analysis of their historical 
biogeography. As such, we incorporated uncertainty 
about the ARE into our refined coding by including all 
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possible ranges inferred at each crown, irrespective of 
their probabilities. Phylogenetic trees, tip coding and 
results for these clade-specific analyses are available 
in the Dryad repository accompanying this paper.

Using the refined presence/absence matrix for 
our placeholder clades in each of the eight areas, we 
conducted ARE for Lamiaceae using BioGeoBEARS, 
testing between the DEC model with and without the 
additional ‘j’ parameter, which models jump dispersal/
founder events. The significance of the fit of the DEC 
and DECj models were tested using a likelihood ratio 
test. We allowed a maximum range size of up to seven 
areas (the maximum found in any extant tip post 
cleaning). We conducted a stratified analysis, with 
dispersal probabilities between pairs of areas specified 
for four time slices (0–35, 35–65, 65–90 and > 90 Mya) 
with dispersal multipliers modified in each time slice 
based on the adjacency of landmasses during each 
period of time. The justification for these time slices 
and dispersal probabilities have been detailed in other 
large groups with wide geographical distributions, as 
in Lamiaceae (e.g. Buerki et al., 2011: Sapindaceae; 
Berger et al., 2016: Myrtales; Cardinal-McTeague, 
Sytsma & Hall, 2016: Brassicales; Spalink et al., 2016: 
Cyperaceae; Rose et al., 2018: Ericales; Kriebel et al., 
2019: Salvia) and are based on known geological 
events affecting geographical distributions in such 
widely dispersed groups. These time slices allowed 
for testing the importance of continental vicariance 
and collision as well as the role of possible Northern 
Hemisphere land bridges (Tiffney, 1985, 2000; Tiffney 
& Manchester, 2001; Graham, 2011). The wide time 
range between 0 and 35 Mya was used to allow the 
potential for relatively easy dispersal between areas 
given our relatively sparse sampling towards the tips. 
All input files are provided in the Dryad repository 
accompanying this paper.

Ancestral state reconstruction of traits

We scored habit, fruit type and fertile stamen 
number for all genera of Lamiaceae, using the same 
list as for the ARE analysis previously and scoring 
‘supergenera’ based on the trait combinations found 
in their constituent genera. We scored habit based on 
descriptions in Harley et al. (2004), treating genera as 
either woody or herbaceous, with ‘undershrubs’ grouped 
as woody and the ambiguous state of ‘subshrubs’ scored 
as either woody or herbaceous based on the prevailing 
habit in the rest of the genus. We scored fruit type as 
one of three categories (capsule, drupe/drupaceous/
nut or schizocarp/nutlet) based on fruit descriptions 
in Harley et al. (2004). Last, we scored fertile stamen 
number as one of four categories: 2, 4, 5 or > 5, again 
using Harley et al. (2004). We allowed placeholders to 
be polymorphic. Ancestral states were reconstructed 

by fitting a Markov-k (Mk) model using maximum 
likelihood as implemented in the rayDISC function 
in the R package ‘corrHMM’ v.1.22 (Beaulieu, Oliver 
& O’Meara, 2017). We reconstructed traits using an 
equal rate (ER), symmetric rates (SYM) and all rates 
different (ARD) model of trait evolution, with the 
root state estimated using the procedure of FitzJohn, 
Maddison & Otto (2009). We selected the best model for 
each trait using Akaike weights derived from the AICc 
score of each model. Trait scoring for each genus and 
placeholder is available in the Supporting Information 
(File S3).

RESULTS

Lamiaceae in lamiales and subfamilial 
relationships

Our analysis of the aligned matrix of 6154 bp of 196 
species of Lamiales resulted in a largely well-supported 
hypothesis of relationships in Lamiaceae (Fig. 1; 
Supplementary Information, Fig. S1). Lamiaceae were 
recovered as sister to Mazaceae + Orobanchaceae 
+ Paulowniaceae + Phrymaceae with a posterior 
probability (PP) = 1.0. In Lamiaceae, all subfamilies, 
when represented by multiple tips, were supported by 
PP = 1.0 except Lamioideae (PP > 0.99). In Lamiaceae, 
Callicarpoideae + Prostantheroideae formed a clade 
(PP > 0.99) strongly supported as sister to the rest of 
the family (PP = 1.0). Nepetoideae were in turn sister to 
all remaining subfamilies (PP > 0.99). In Nepetoideae, 
we recovered Mentheae as sister to Elsholtzieae + 
Ocimeae, but with low support (PP = 0.77). Relationships 
among the clade formed by the remaining subfamilies 
(PP > 0.99) were largely well-supported, with the clade 
Symphorematoideae + Viticoideae (PP = 1.0) sister to 
the remainder of the clade (PP > 0.99), and Tectonoideae 
subsequently sister to remainder of the clade, which 
comprised Ajugoideae + Cymarioideae + Lamioideae 
+ Peronematoideae + Premnoideae + Scutellarioideae 
(PP = 1.0). In this last clade, relationships were less 
clear, with Ajugoideae weakly supported as sister to the 
remaining families in the clade (PP = 0.82). Although 
weakly supported, Peronematoideae were sister to a 
strongly supported clade of Cymarioideae + Lamioideae 
+ Scutellarioideae (PP = 1.0), with Scutellarioideae in 
turn sister to Cymarioideae + Lamioideae (PP = 1.0).

Lamiaceae divergence times

Our various calibration strategies yielded largely 
congruent divergence time estimates (Supplementary 
Information, Table S1). The results that follow are 
based on our BEAST analyses that used five fossil 
calibration points (including two in Lamiaceae) and 
Oleaceae constrained at 65.4 Mya. Major divergence 
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times in Lamiaceae are presented in Table 1. The 
analyses that explored different calibration strategies 
regarding the Lamiaceae and Nepetoideae crowns 
yielded similar ages for major clades in Lamiaceae, 
with dates slightly older when fossil calibrations for 
the Lamiaceae and Nepetoideae crowns were used 
(data not shown, but see supplementary table and 

tree files in Dryad). Lamiaceae diverged from other 
Lamiales in the Late Cretaceous [stem age 74.4 My, 
95% highest posterior density (HPD) = 69.8–78.9 
My] and began to diversify soon after (crown age 68.4 
My, 95% HPD = 65.6–71.3 My) (Fig. 1; Table 1). Stem 
lineages of most extant subfamilies diverged within 
a narrow window during the Late Cretaceous and 
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Figure 1.  BEAST chronogram of Lamiaceae with outgroups removed. Branches are coloured based on subfamily, which are 
labelled to the right. Tribes and subtribes in Nepetoideae as discussed in the text are indicated on internal branches. All 
branches are supported by posterior probabilities (PP) > 0.95, unless indicated by an asterisk (*).
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Palaeocene, especially c. 55–65 Mya, and stem lineages 
of all extant subfamilies originated by the mid-Eocene 
c. 45 Mya, with the divergence between Cymarioideae-
Lamioideae occurring most recently (Fig. 1; Table 1). 

Ancestral range estimation

Reduced ranges of widespread clades
DEC on widespread clades led us to reduce the 
distribution of Leucadeae to Africa/South-East Asia/
South-West Asia (Supplementary Information, 
Fig. S2), Mentha to Australasia/South-West Asia 
(Supplementary Information, Fig. S3), Stachys 
s.l. to Eurasia/South-West Asia (Supplementary 
Information, Fig. S4) and Teucrium s.l. to Australasia/
South America/South-East Asia/South-West Asia 
(Supplementary Information, Fig. S5).

Lamiaceae biogeography
The DEC model without any additional parameters 
(LnL = −348.11, d = 1.02 × 10−2, e = 1.00 × 10−12; 
Supplementary Information, Fig. S6) was a worse fit for 
the data than DEC with a model with jump dispersal 
added (LnL = −340.44, d = 9.6 × 10−3, e = 1.00 × 10−12, 
j = 0.020; Fig. 2; Supplementary Information, Fig. S7) as 
indicated by a likelihood ratio test (D = 15.34, d.f. = 1, 
P = 8.99 × 10−5), and we therefore focus our discussion on 

the DECj results. Crown Lamiaceae were ambiguously 
reconstructed, with the highest probability belonging 
to a joint Australasian + South-East Asian origin 
(P = 0.16). Crown Callicarpoideae + Prostantheroideae 
were ambiguously reconstructed as Australasian in 
origin (P = 0.30), whereas the crown of the remainder 
of the family was reconstructed as South-East Asian 
(P = 0.76). Crown Nepetoideae originated in South-
East Asia, although this reconstruction is not fully clear 
(P = 0.57), but the crown of Elsholtzieae + Ocimeae 
more clearly originated in this region (P = 0.92). Crown 
Mentheae may have originated in South-West Asia 
(P = 0.58), with a strong signal for this area along most 
of the backbone of Mentheae. There was strong South-
East Asian signal among other subfamilies, especially 
for inter-subfamilial nodes and subfamilial nodes (when 
multiple placeholders are present), with the exception 
of Symphorematoideae + Viticoideae and Premnoideae, 
which were ambiguously reconstructed as South-East 
Asian in origin (P = 0.54 and 0.41, respectively). As with 
Nepetoideae: Mentheae, crown Lamioideae excluding 
tribe Pogostemoneae were reconstructed as originating 
in South-West Asia, albeit ambiguously (P = 0.36). 

Ancestral state reconstruction of habit

Akaike model weights did not clearly favour one 
model of trait evolution, so we selected the simplest 

Table 1.  Summary of crown and stem divergence times (in My) and 95% highest posterior density (HPD) for major clades 
(family, subfamily, and select tribes) of Lamiaceae as outlined in Figure 1. An asterisk (*) indicates clades for which, due 
to sampling, have their deepest divergences not represented in this dataset. In the case of Callicarpoideae (and prob-
ably also Viticoideae), infra-subfamilial relationships are not well known such that the crown age based on extant tips 
is uncertain. In the other cases, genera around the crown radiation are missing for Prostantheroideae (Brachysola Rye), 
Scutellarioideae (Wenchengia C.Y.Wu & S.Chow) and Symphorematoideae (Sphenodesme Jack), so the crown ages pre-
sented here are under-estimated. A dagger (†) indicates subfamilies crown ages of which cannot be reported as they are 
represented by a single tip in this dataset

Clade Crown mean Crown 95% HPD Stem mean Stem 95% HPD

Lamiaceae 68.4 65.6–71.3 74.4 69.8–78.9
Ajugoideae 55.2 48.0–61.8 60.9 55.8–66.0
Callicarpoideae* 1.4 0.3–2.8 63.8 55.8–70.3
Cymarioideae† – – 45.1 38.2–52.0
Lamioideae 41.0 34.4–47.6 45.1 38.2–52.0
Nepetoideae 55.3 51.3–59.7 66.2 62.8–70.3
Nepetoideae: Elsholtzieae 39.0 28.5–49.1 53.0 47.4–59.2
Nepetoideae: Mentheae 45.8 38.9–52.6 55.3 51.3–59.7
Nepetoideae: Ocimeae 42.2 31.0–52.8 53.0 47.4–59.2
Peronematoideae 46.7 32.1–58.2 55.6 49.3–61.7
Premnoideae 48.6 33.5–60.5 60.0 54.7–65.2
Prostantheroideae* 49.8 36.6–61.7 63.8 55.8–70.3
Scutellarioideae* 39.3 28.0–50.0 51.0 44.2–57.6
Symphorematoideae* 5.0 1.2–9.9 46.3 29.4–61.5
Tectonoideae† – – 62.8 58.1–67.6
Viticoideae 16.7 8.3–26.3 46.3 29.4–61.5
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(ER) model of evolution (weight  =  0.31; Fig. 3). 
Lamiaceae were reconstructed as ancestrally woody 
(P = 0.99), and most subfamilies were reconstructed as 
ancestrally woody but with major shifts to herbaceous 

habit by crown Nepetoideae (P = 0.79), and at least 
crown Lamioideae excluding tribe Pogostemoneae 
(P  =  0.72), but possibly also crown Lamioideae 
(P = 0.55). There were numerous transitions back 
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Figure 2.  Ancestral range estimation of Lamiaceae under the DECj model. Node pies represent the relative probability 
of each range/joint range. Areas with a global maximum probability < 0.33 are coloured black. Tip boxes show presence 
or absence of each placeholder in each of the eight areas. Placeholders marked with an asterisk (*) have had their ranges 
reduced based on a priori knowledge of their ancestral range (see Materials and Methods). Subfamilies are indicated to the 
right. Tribes and subtribes in Nepetoideae as discussed in the text are indicated on internal branches.
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to woody habit in Nepetoideae and Lamioideae in 
addition to transition that occurred along the stems 
to placeholder tips, notably in Nepetoideae subtribe 
Salviinae. However, it was unclear whether woodiness 
evolved independently in Salvia and Lepechinia Willd. 
or was ancestral in the tribe and was lost in clades 
of Lepechinia, Melissa and Salvia, as crown Salviinae 

were reconstructed as nearly equally probably woody 
or herbaceous (Pherbaceous = 0.57).

Ancestral state reconstruction of fruit

Akaike model weights favoured the symmetric rates 
model of trait evolution (weight = 0.80; Fig. 4). Nutlets 
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Figure 3.  Ancestral state reconstruction of habit in Lamiaceae under an equal rates model of trait evolution. Subfamilies 
are indicated to the right. Tribes and subtribes in Nepetoideae as discussed in the text are indicated on internal branches.
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were strongly favoured as the ancestral fruit type of 
Lamiaceae (P > 0.99) and as the ancestral fruit type 
for nearly all deeper nodes of the family. Capsular 
fruits evolved independently in Symphorematoideae 
and Viticoideae, and drupes evolved at least seven 
times, with the common ancestor of Premnoideae 
and  Pros tanthero ideae  t r ibe  Ch loantheae  

having drupaceous fruits (P = 0.87 and P = 0.60, 
respectively).

Ancestral state reconstruction of stamens

Akaike model weights favoured the symmetric 
rates model of fertile stamen number evolution 
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Figure 4.  Ancestral state reconstruction of fruit type in Lamiaceae under a symmetric rates model of trait evolution. Subfamilies 
are indicated to the right. Tribes and subtribes in Nepetoideae as discussed in the text are indicated on internal branches.
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(weight = 0.91; Fig. 5). Ancestral Lamiaceae were 
inferred to have had four fertile stamens (P > 0.99). 
Transitions inferred at internal nodes were  to two 
fertile stamens in Prostantheroideae, possibly at 
the crown of Westringeae (P2stamens = 0.43) or more 
likely at the common ancestor of Hemigenia R.Br. 
and Westringia Sm. (P  =  0.76), at crown Salvia 

(P = 0.92) and in New World Menthinae (P = 0.70). 
Taking into account evolution on branches leading 
to terminals, two stamens evolved at least 15 times 
in Lamiaceae, including independently in the closely 
related Collinsonia L. and Mosla (Benth.) Buch.-Ham. 
ex Maxim. (Nepetoideae: Elsholtzieae; Fig. 5). There 
were at least three reversions to four stamens from 
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Figure 5.  Ancestral state reconstruction of fertile stamen number in Lamiaceae under a symmetric rates model of trait 
evolution. Subfamilies are indicated to the right. Tribes and subtribes in Nepetoideae as discussed in the text are indicated 
on internal branches.
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two stamens: in the Hemigenia clade and twice in 
New World Menthinae. On the other hand, stamen 
proliferation only occurred in smaller clades, especially 
in Prostantheroideae tribe Chloantheae. Few common 
ancestors in Lamiaceae were reconstructed as 
possessing a large number of stamens.

DISCUSSION

Over the past several decades, slow but substantial 
progress has been made towards understanding 
relationships in Lamiaceae. Despite this progress, 
much of the phylogenetic, biogeographical and 
morphological information has not been combined 
into a holistic view of the family, and most energy has 
been devoted towards understanding relationships 
rather than evolutionary phenomena. Elucidating 
relationships is a necessary first step, but a full 
understanding of evolution of the mint family 
requires time-calibrated trees combined with a 
robust series of comparative analyses. Such analyses 
are more routinely being done in the community 
of Lamiaceae systematists. In this way, our study 
helps to provide a framework for future studies by 
providing a robust family-wide context and a series of 
secondary fossil calibrations and refining hypotheses 
about the historical biogeography and trait evolution 
in the family. Here, we continue the process of 
clarifying the evolution of Lamiaceae and provide a 
framework for future studies by presenting a well-
sampled and supported phylogenetic hypothesis that 
includes the first family-wide divergence estimates 
for major lineages in Lamiaceae and elucidate habit, 
fruit and stamen evolution within the family.

Progress towards a phylogenetic hypothesis 
for Lamiaceae

During the last five years, relationships among 
subfamilies have been proposed based on plastid and 
nuclear data (Li et al., 2016; MEGC, 2018; Zhao et al., 
2021). Although resolved in some areas, relationships 
between some subfamilies remain unclear, and the 
monophyly of some subfamilies is also not fully 
elucidated (e.g. Cymarioideae, Viticoideae). Given 
that our molecular dataset is also derived from the 
plastid genome, but reflects a different set of loci, our 
topology largely matches the topology of Li et al. (2016) 
and Zhao et al. (2021) and is fully congruent with the 
summary topology of the former (Fig. 1). Moreover, our 
use of more rapidly evolving plastid loci clarifies most 
unresolved relationships in Li et al. (2016), including 
placing Nepetoideae as sister to the remainder of the 
family excluding Callicarpoideae + Prostantheroideae, 
positions also strongly supported by an analysis of 

79 more conserved plastid loci (Zhao et al., 2021) and 
nuclear data (MEGC, 2018).

Although our study still fails to confidently resolve 
the placement of Ajugoideae and Premnoideae, our 
MCC tree suggests that Premnoideae are more 
closely related to Lamioideae than are Ajugoideae 
(Fig. 1; PP = 0.82). This contrasts markedly with 
the relationships resolved by Zhao et al. (2021), who 
suggested that Ajugoideae are more closely related to 
Lamioideae than are Premnoideae, albeit without full 
support. Zhang et al. (2020), using whole plastomes 
from representatives of six ingroup subfamilies, 
suggested a third, albeit variably supported topology 
showing a sister relationship of Premnoideae and 
Tectonoideae. The relative placement of Ajugoideae 
and Premnoideae appears to be the most recalcitrant 
inter-subfamilial relationship in the plastid genealogy, 
and neither our sampling of a few relatively rapidly 
evolving loci nor the large number of more conserved 
loci appears sufficient to resolve this. A third, still 
untested strategy to robustly resolve the plastid 
genealogy may be to analyse complete plastome data 
from all subfamilies with multiple samples for all 
subfamilies.

More importantly, the plastid topology regarding 
relationships among Ajugoideae, Lamioideae, 
Peronematoideae, Premnoideae and Scutellarioideae 
(even ignoring the uncertain placement of Ajugoideae) 
is in strong conflict with relationships among these 
subfamilies inferred from 520 nuclear genes (MEGC, 
2018; Godden et al., 2019; Fig. 6), with Cymarioideae 
not represented by nuclear data. Based on these 
nuclear data, Scutellarioideae are strongly (but 
not fully) supported as sister to the remaining 
subfamilies, in contrast to being sister to Lamioideae 
as found based on plastid data. Additionally, nuclear 
data place Ajugoideae as essentially unresolved in 
relation to Lamioideae and Peronematoideae, in 
strong conflict with their placement in any previous 
study. One obvious caveat is that the nuclear data 
does not convincingly resolve this part of the tree. 
Furthermore, there is strong conflict between 
concatenation and coalescent species tree approaches 
when using these nuclear data. It is not immediately 
clear what the cause of conflict between genomes is, 
but at least some of topological conflict is probably 
real. Biologically, such conflict may be the result 
of horizontal gene flow in the evolutionary history 
of Lamiaceae, as has been demonstrated in Salvia 
(Rose et al., 2021). Alternatively, some conflict may 
be artificially caused by error in gene tree estimation 
in MEGC (2018), which in turn introduces error 
into species tree estimation. This may arise from 
estimating gene trees for loci that contain little or no 
phylogenetic information about relationships at these 
nodes (cf. fig. S2b of MEGC, 2018).
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A post-K-Pg diversification of Lamiaceae

Our study finally provides a comprehensive, time-
calibrated hypothesis for relationships throughout 
Lamiaceae. Our finding of a Late Cretaceous origin of 
stem and crown Lamiaceae clearly contradicts nearly 
all previous estimates of the divergence time of stem 
Lamiaceae at < 40 Mya (Fig. 1; Table 1). However, our 
ages are consistent with previous estimates of the age of 
crown Lamiaceae in studies focused within the family 
and using one or more primary internal calibrations 
(Drew & Sytsma, 2012; Yao et al., 2016). Subfamily 
divergence times are nearly identical for those of 
Nepetoideae and tribes Mentheae and Ocimeae (Drew 
& Sytsma, 2012; Yu et al., 2014; Li et al., 2017), but 
the age of crown Elsholtzieae is younger in this study 
that estimated by Li et al. (2017) (39.0 vs. 50.1 My), 
perhaps a result of fairly sparse outgroup sampling in 
Li et al. (2017). Outside of Nepetoideae, our estimated 
divergence time of c. 41 Mya for crown Lamioideae is 
consistent with the estimate of Yao et al. (2016), but 
is much older than the estimate of c. 20–26 Mya by 
Roy & Lindqvist (2015). The latter young age is almost 
certainly due to constraining the age of Lamiaceae 

based on the young stem age for the family given 
in Martínez-Millán (2010). In Ajugoideae, Salmaki 
et al. (2016) estimated the crown age of Clades II–
IV of Xiang et al. (2018) to be c. 16 Myr, considerably 
younger than our estimate of 45 Myr for this node. 
Although the methods of Salmaki et al. (2016) are 
somewhat unclear, they may have estimated these 
divergence times based on secondary calibrations from 
Roy & Lindqvist (2015). Given the apparent disparity 
in ages recovered across previous studies, we hope that 
our list of vetted and conservatively assigned primary 
calibrations will aid in choosing a common set of fossils 
with which to calibrate phylogenetic trees. This, in 
combination with a comprehensive set of secondary 
dates throughout the major clades of Lamiaceae, will 
ideally result in consistent set of divergence times 
across studies investigating questions at a diversity of 
taxonomic scales in Lamiaceae.

The clustering of divergence times of major Lamiaceae 
clades just after the K-Pg boundary, especially in 
the 40–50 Mya timeframe, suggest that the warm 
temperatures during the Eocene climatic optimum and, 
in particular, the subsequent rapid cooling had profound 
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Viticoideae

Scutellarioideae

Cymarioideae

Lamioideae
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Figure 6.  Tanglegram showing concurrence and conflict between plastid and nuclear relationships in Lamiaceae as 
currently understood. Time-calibrated plastid relationships are shown on left and are as found in this study, and nuclear 
relationships are shown at right based on the chronogram of Godden et al. (2019) using the tree of MEGC (2018). Links 
connect subfamilies and nodes are rotated to minimize link overlap. Note the conflicting placement of subfamilies Ajugoideae 
and Scutellarioideae.
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impacts on present day diversity of Lamiaceae. Rapid 
cladogenesis during this timeframe is also seen in other 
angiosperm families, particularly in the huge radiation 
of Asteraceae (Panero & Crozier, 2016; Mandel et al., 
2019), but also in smaller clades (Loranthaceae: Liu 
et al., 2018; Ranunculaceae: Zhai et al., 2019). Future 
studies should examine whether rates of speciation in 
Lamiaceae also increased during this timeframe.

Biogeographical origins: Out of South-East 
Asia and around the world?

In expanding on previous work, Harley et al. (2004) 
hypothesized that Lamiaceae originated during the 
Late Cretaceous on landmasses formerly part of 
Gondwana and that subfamily Nepetoideae originated 
in South-East Asia. Our ARE provides support for 
a Late Cretaceous origin for Lamiaceae and also 
supports the hypothesis that Nepetoideae originated 
in South-East Asia (Fig. 2). However, our study does 
not resolve if the family originated in the former 
parts of Gondwana or Laurasia, although our results 
indicate that the latter is more likely. 

Our ARE suggests that crown Lamiaceae originated 
in either Australasia (former Gondwana) or South-East 
Asia (former Laurasia), with the possibility of a joint 
Australasian + South-East Asian origin, although the 
landmasses were far more distant then than at present. 
An origin involving one or both of these landmasses is 
evident from both the high probability of a South-East 
Asian origin of most subfamilies, as well as the strong 
Australasian signal in Prostantheroideae, which is 
endemic to Australia. Noise in our ARE is two-fold: 
first, in excluding outgroups from our analyses, and 
second because of the wide-ranging distribution of 
Callicarpoideae. The first problem awaits a better 
supported and widely sampled estimate of the 
phylogenetic tree of both Lamiaceae and close relatives 
in Lamiales. The second problem awaits a better 
understanding of relationships in Callicarpoideae, of 
which only 19/170 species have ever been sampled in 
a single phylogenetic tree and in which relationships 
are largely unresolved (Bramley, 2009; Li et al., 2016). 
However, most species of Callicarpoideae occur in 
South-East Asia.

Although the crown ancestral range of Lamiaceae 
remains murky, South-East Asia has nevertheless 
clearly been important in the biogeographical history 
of the family. South-East Asia is reconstructed as 
the most likely area of origin for nearly all super-
subfamilial nodes and the crowns of all subfamilies 
when multiple placeholders exist for those subfamilies 
(Fig. 2). The somewhat ambiguous reconstruction of the 
ancestral range of Symphorematoideae + Viticoideae 
is probably an artefact stemming from uncertainty 
given that we coded nearly cosmopolitan Viticoideae 

from a single tip. As with Callicarpoideae, Viticoideae 
are in critical need of a better sampled and supported 
phylogenetic tree incorporating a more representative 
portion of the species diversity.

One of the more intriguing biogeographical patterns 
in Lamiaceae is found in Premnoideae, in which 
the Central/South American genus Cornutia L. (c. 
12 species) is sister to the rest of the subfamily, all 
restricted to the Old World, and almost exclusively in 
the tropics. Inferring the ancestral range of crown of 
Premnoideae is inherently difficult, given the unusual 
distribution and an old crown age (48.6 Myr; Table 
1). Our reconstruction of the crown of the subfamily 
is ambiguous, although possibly of South-East Asian 
origin with subsequent dispersal to South America 
(Fig. 2), and a reliable understanding of the origin of 
Cornutia awaits, at the very least, a better taxonomic 
sampling of Gmelina and Premna L. However, arrival 
in South America via Antarctica remains a likely and 
testable hypothesis. 

All previous biogeographical analyses of Lamiaceae 
above the generic level have focused on Lamioideae 
and Nepetoideae, and particularly on the latter. 
Despite using different biogeographical models and/
or programs, our results largely corroborate previous 
findings. Using plastid data, Roy & Lindqvist (2015) 
reconstructed Lamioideae as South-East Asian in 
origin, as we suggest here, although their nuclear 
dataset suggested a joint South-East Asian and 
rather broadly defined ‘temperate Asian’ origin for the 
subfamily. Drew & Sytsma (2012) reconstructed the 
historical biogeography of Mentheae (Nepetoideae) 
and proposed a Mediterranean origin for most 
backbone nodes in the tribe. Their Mediterranean 
region largely corresponds to what we have delimited 
in South-West Asia.

Again, our analysis is largely concurrent in finding 
a strong South-West Asian signal along backbone 
Mentheae but is less certain of the ancestral range 
of the ancestor that marks the divergence of the 
nearly cosmopolitan subtribe Lycopinae (Lycopus 
L.). One area in which we disagree with previous 
reconstructions is that Li et al. (2017) reconstructed the 
historical biogeography of Elsholtzieae (Nepetoideae) 
as having a North-West Asian origin of the tribe, while 
we suggest a more south-eastern or widespread Asian 
origin for the tribe.

The movement of Mentheae (Nepetoideae) and 
Lamioideae from South-East Asia to South-West Asia 
during Eocene cooling appears likely to be correlated 
with a shift in bioclimatic niche. Future studies should 
examine if this is the case and, given that these two 
clades are particularly species rich (Harley et al., 
2004; Scheen et al., 2010; Bendiksby et al., 2011; Drew 
& Sytsma, 2012), if any bioclimatic niche shifts are 
associated with increased rates of speciation.
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Trait evolution and the unexpected origin 
of nutlets

Our analyses clarify the evolution of key traits in 
Lamiaceae by examining the evolution of fruit and habit 
using a broad sampling of the family and re-assess the 
evolution of fertile stamen number with much denser 
sampling outside of Nepetoideae compared to previous 
work (Drew & Sytsma, 2012). We reconstruct the ancestor 
of all Lamiaceae as being woody with four fertile stamens 
and having nutlet fruits (Figs 3–5). A woody habit for 
the ancestor of the family is not unexpected given the 
large number of woody clades around the deepest nodes. 
Although woodiness is reconstructed with a probability 
of nearly 1.0 along the backbone of the clade formed 
by the MRCA of Tectonoideae and Lamioideae, better 
taxonomic sampling in this clade would clarify some 
of the more ambiguously reconstructed nodes (Fig. 3). 
In particular, a comprehensively sampled phylogenetic 
tree would probably result in a higher probability of 
woodiness at the crown of Ajugoideae Clade I (Rotheca 
Raf. as the placeholder) given that relationships in 
this clade suggest that the herbaceous habit is derived 
(Xiang et al., 2018). The same is probably true for crown 
Scutellarioideae + Cymarioideae/Lamioideae given 
relationships in Scutellarioideae (Li et al., 2012; Zhang 
et al., 2020). Likewise, the origin of herbaceous habit 
in Lamioideae is ambiguous but probably originated 
at least after the divergence of tribe Pogostemoneae. 
However, the ancestral habit of Pogostemoneae is not 
intuitive based on a consideration of the phylogenetic 
tree of the clade, and a clarification of the origin of 
woodiness in Lamioideae awaits future study. It is 
curious that the two largest subfamilies (Nepetoideae 
and Lamioideae), which combined account for roughly 
two-thirds of total species diversity in mints are 
probably herbaceous in origin. Future study should 
explicitly test for the effect of the origin of herbaceous 
habit on increased rates of diversification (Soltis et al., 
2013; Boucher et al., 2017), perhaps testing the effect 
of presence in South-West Asia on the evolution of 
herbaceous habit (see above). Additionally, although 
we do not test this association here, many of the woody 
mint lineages are also restricted to tropical biomes 
in Australasia and South-East Asia. The interplay 
between, woody habit, occurrence in the tropics and 
rates of diversification should be finely teased apart in 
the future.

Unexpectedly, we reconstruct nutlets as the 
ancestral fruit type of all Lamiaceae (Fig. 4). This 
fruit type has generally been thought of as an 
apomorphy for Lamiaceae in the traditional, narrow 
sense (Cantino, 1992a; Ryding, 1995), but appears 
to be ancestral for the entire family. Scoring fruit 
type in Lamiaceae is complicated both by ovule 
number and abortion (Cantino, 1992a; Harley et al., 

2004), and by the presence of drupaceous fruit in 
at least some members of all subfamilies excepting 
Lamioideae and Nepetoideae, and nutlets or nutlet-
like fruits appearing in at least some members of 
many of these other subfamilies. The ancestral nutlet 
pattern may be driven in part by our relatively sparse 
sampling of Prostantheroideae and Viticoideae, which 
are polymorphic for nutlet and non-nutlet fruits. 
Furthermore, Li et al. (2016) suggested that nutlets 
evolved independently in Prostantheroideae, although 
they hypothesized that it was shared by the common 
ancestor of the entire subfamily. In Viticoideae, only 
Neotropical Pseudocarpidium Millsp. has nutlets. 
Pseudocarpidium was not included in Bramley, Forest 
& de Kok (2009) or Zhao et al. (2021), and although 
Li et al. (2016) found it to be embedded in Viticoideae 
in some analyses, the genus formed a polytomy with 
the rest of the subfamily in other analyses. Therefore, 
given our refined phylogenetic hypothesis it appears 
that the nutlet/schizocarp fruit of Prostantheroideae 
is inherited from the common ancestor of mints, rather 
than derived independently. Based on our analyses, 
drupaceous fruits have arisen independently in 
Callicarpoideae, Prostantheroideae tribe Chloantheae, 
Viticoideae, Symphorematoideae and Tectonoideae, 
among other clades. More comprehensive sampling 
of these clades and better support for the placement 
of Pseudocarpidium will resolve the exact number of  
times in which drupes have evolved from nutlets. 
Fruits have evolved in a similar way in the closely 
related Verbenaceae, in which drupaceous fruits 
have originated multiple times from ancestors with 
schizocarps (O’Leary et al., 2012). In Boraginaceae 
(Boraginales) nutlets have evolved twice from capsular 
fruited ancestors (Weigend et al., 2014). Although not 
tested here, such a transition from capsules to nutlets 
is also probable in Lamiaceae given the predominance 
of capsule fruits in the clade sister to Lamiaceae, as 
well as in other closely related Lamiales.

Last, we have clarified the evolution of fertile 
stamen number in Lamiaceae. We strongly, and 
largely unsurprisingly, reconstruct the ancestor of 
Lamiaceae as having four fertile stamens (Fig. 5). 
Stamen proliferation above four appears to have little, 
if any, effect on the macroevolutionary dynamics of 
Lamiaceae except for Tectonoideae (androecium penta- 
or hexamerous), and it is unclear to what extent stamen 
numbers in excess of five are found in any interspecific 
common ancestors in Lamiaceae, apart from the c. 17 
species in the Sphenodesme Jack + Symphorema clade 
in Symphorematoideae (Li et al., 2016), or if they have 
originated in individual species. On the other hand, 
reduction in fertile stamen number has had important 
evolutionary consequences, at least in the particularly 
well-documented case of its impact on the diversification 
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of the c. 1000 Salvia spp. (Claßen-Bockhoff et al., 2003, 
2004; Walker & Sytsma, 2007; Drew et al., 2017b; Kriebel 
et al., 2020), in which the reduction in fertile stamen 
number may be a preadaptation to the elongation of 
the filament connective and therefore the evolution of 
the staminal lever mechanism. However, it is unclear 
if a shift in stamen number has led to an increased 
speciation rate in Salvia as a whole, or if other processes 
have led to increased rates of speciation in subclades of 
Salvia (Kriebel et al., 2019, 2020). At the least, reduction 
in stamen number may lead to increased floral 
specialization and therefore increased opportunities 
for speciation (although perhaps not an abrupt shift 
in rates). This hypothesis remains to be tested and, 
whereas the most species-rich clade in Lamiaceae 
consists of species with two fertile stamens (Salvia, New 
World Menthinae), most other lineages of Lamiaceae 
with two fertile stamens are relatively depauperate. 

CONCLUSIONS

This study provides the first comprehensive and time-
calibrated phylogenetic hypothesis for Lamiaceae, 
which samples all currently recognized subfamilies 
and samples most key nodes in these subfamilies. 
Our results reinforce an emerging consensus of 
plastid relationships with the family, and there is 
great promise that whole plastome sequences, with 
non-coding regions included, will resolve and provide 
support for the most recalcitrant relationships. At the 
same time, large nuclear datasets are increasingly 
being employed to elucidate broad scale relationships 
in the family. Although species trees derived from 
organellar and nuclear genomic compartments are 
concordant regarding many relationships, several 
major relationships are still unresolved and possibly 
discordant. It remains to be seen if relationships 
inferred from these genomes remain discordant as 
additional data are accumulated and unresolved 
relationships in both datasets are clarified and, if so, 
what processes have led to such discordance. Given 
the strong signal for identical ancestral ranges and 
character states in most inter-subfamilial nodes, it 
seems unlikely that topological differences between the 
plastid and nuclear genomes (as presently understood, 
with an unknown placement of Cymarioideae based 
on nuclear data) would have an impact on our 
reconstructions.

From a woody, four-stamened, nutlet-bearing 
ancestor that arose in the Late Cretaceous, possibly in 
what is now South-East Asia, mints have diversified 
into one of the largest plant families, possibly 
aided by climatic cooling and the invasion of xeric 
habitats since the Eocene. Future work should target 
taxonomic and genetic sampling in Callicarpoideae 

and Viticoideae to continue to clarify the historical 
biogeography of the family and test hypotheses 
regarding the role of reduction of stamen number and 
evolution of herbaceous habit on diversification rates 
in the family.
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