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a b s t r a c t

The cosmopolitan family Solanaceae, which originated and first diversified in South America, is
economically important. The tribe Hyoscyameae is one of the three clades in Solanaceae that occurs
outside of the New World; Hyoscyameae genera are distributed mainly in Europe and Asia, and have
centers of species diversity in the Qinghai-Tibet Plateau and adjacent regions. Although many phylo-
genetic studies have focused on Solanaceae, the phylogenetic relationships within the tribe Hyoscyameae
and its biogeographic history remain obscure. In this study, we reconstructed the phylogeny of Hyos-
cyameae based on whole chloroplast genome data, and estimated lineage divergence times according to
the newly reported fruit fossil from the Eocene Patagonia, Physalis infinemundi, the earliest known fossil
of Solanaceae. We reconstructed a robust phylogeny of Hyoscyameae that reveals the berry fruit-type
Atropa is sister to the six capsule-bearing genera (Hyoscyameae sensu stricto), Atropanthe is sister to
the clade (Scopolia, Physochlaina, Przewalskia), and together they are sister to the robustly supported
AnisoduseHyoscyamus clade. The stem age of Hyoscyameae was inferred to be in the Eocene (47.11 Ma,
95% HPD: 36.75e57.86 Ma), and the crown ages of Hyoscyameae sensu strictowere estimated as the early
Miocene (22.52 Ma, 95% HPD: 15.19e30.53 Ma), which shows a close correlation with the rapid uplift of
the Qinghai-Tibet Plateau at the Paleogene/Neogene boundary. Our results provide insights into the
phylogenetic relationships and the history of the biogeographic diversification of the tribe Hyoscyameae,
as well as plant diversification on the Qinghai-Tibet Plateau.

Copyright © 2021 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The family Solanaceae consists of approximately 21 tribes, 100
genera and 2500 species (Hunziker, 2001; Olmstead and Bohs,
2007), including many of the world's most important and
economically significant crop species (e.g., potatoes, tomatoes,
eggplants, and chili peppers). In addition to their agricultural
importance, many species in the family are of high ornamental
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value (e.g., petunias, jimsonweeds, and nightshade) or have sig-
nificant medicinal potential (e.g., species in the Atropina lineage;
Olmstead et al., 2008). The highest species diversity of Solanaceae is
found in the western hemisphere, particularly in South America
(Olmstead, 2013; Dupin et al., 2017). Molecular phylogenetic ana-
lyses of Solanaceae have yielded 19 main clades, three of which are
found outside the New World (Anthocercideae in Australia, and
Hyoscyameae and Mandragora L. in Eurasia), yet relationships
within some of the main clades still need to be further explored
(Olmstead et al., 2008; Olmstead, 2013; S€arkinen et al., 2013).

The tribe Hyoscyameae sensu lato is one of the most important
medicinal groups in Solanaceae. The tribe, which is mainly
restricted to Eurasia and has diversity centers in the
Mediterranean-Turanian region and the Qinghai-Tibet Plateau
(QTP) region (Tu et al., 2010), includes nearly 40 species in seven
. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
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genera (the berry fruit-bearing Atropa L. and the capsule fruit-
bearing Hyoscyameae sensu stricto, including Anisodus Link ex
Spreng., Atropanthe Pascher, Hyoscyamus L., Physochlaina G. Don,
PrzewalskiaMaxim., and Scopolia Jacq.) (Lu and Zhang,1986; D'Arcy
and Zhang, 1992). Of these genera, Physochlaina and Scopolia are
distributed in Europe and Asia. A few species of Hyoscyamus (~20
spp.), the largest genus in the tribe, extend to Africa. Some genera,
such as Anisodus, Atropanthe and Przewalskia, are endemic to the
QTP and adjacent areas. Phytochemical studies have suggested that
genera in Hyoscyameae are closely related (Tetenyi, 1987;
Gemeinholzer andWink, 2001) andmolecular phylogenetic studies
have indicated that Hyoscyameae is monophyletic (Olmstead et al.,
2008; Tu et al., 2010; S€arkinen et al., 2013; Sanchez-Puerta and
Abbona, 2014). However, inter-generic phylogenetic relationships
within Hyoscyameae are still obscure. Specifically, researchers have
yet to consistently position the monotypic genus Atropanthe, which
is endemic to central and southwest China, within Hyoscyameae
(Yuan et al., 2006; Olmstead et al., 2008; Tu et al., 2010). Further-
more, the relationship between Anisodus and Hyoscyamus remains
uncertain (Fig. 1). The reconstruction of these unresolved re-
lationships within Hyoscyameae may be aided by plastome data,
which have provided new insights into the evolutionary history of
other plant lineages (e.g., Guo et al., 2019; Mu et al., 2020).

Divergence times within Hyoscyameae are also obscure.
Olmstead (2013) suggested that Solanaceae diversified at a time
that coincided with the isolation of South America from the Late
Cretaceous through the Cenozoic. A relatively young stem age of
Solanaceae, 48.64 million years ago (Ma), has been estimated
based on fossil calibration, and the crown ages of several clades
are estimated to be young, including Hyoscyameae (~12 Ma) and
Physalinae (~9 Ma) (Dupin et al., 2017). However, a well-
preserved fossil of the lantern fruit (Physalis infinemundi Wilf)
from the Eocene Patagonia (52.2 Ma) has recently been reported,
and represents the earliest unequivocal fossil of Solanaceae to
date (Wilf et al., 2017). Considering the relatively derived
phylogenetic position of the Physalinae clade within Solanaceae,
and that fossils only offer minimum estimates of certain clades,
the origin of Solanaceae is likely to be older than the Eocene
(S€arkinen et al., 2018).

Plant diversification in Hyoscyameae sensu stricto is thought to
be linked to the Himalayan uplift (Lu and Zhang, 1986). Cytological
studies suggest an early evolution occurred before the orogeny of
the Himalaya (Tu et al., 2005), while all genera in the tribe Hyos-
cyameae are estimated to have diversified during the middle to late
Miocene (Tu et al., 2010). Elucidating biogeographical histories of
plant groups requires well-resolved phylogenies and clear pale-
ontological evidence. In this regard, combining the recent discovery
of the Physalis infinemundi fossil with a robust phylogeny repre-
sents a promising approach to determining whether the uplift of
the QTP and the diversification of Hyoscyameae are correlated.
Fig. 1. Two phylogenetic trees of the tribe Hyoscyameae adapted from (A) Olmstead
et al. (2008) and (B) Tu et al. (2010). Support values with maximum parsimony anal-
ysis (BSMP) are shown in (A), and both BSMP and posterior probabilities of Bayesian
analysis (PPBI) are presented in (B). Stars denote BSMP ¼ 100 and PPBI ¼ 1.00, and
hyphens denote BSMP < 50 or PPBI < 0.95.
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In this study, we reconstructed the phylogeny of the tribe
Hyoscyameae by using whole chloroplast genome data of all seven
genera in the tribe. We then took advantage of a recent discovery of
the earliest fossil P. infinemundi from the Gondwanan Patagonia to
re-estimate the divergence time of each genus in tribe Hyoscya-
meae. Finally, we used these divergence times to assess whether
the diversification of the Hyoscyameae is correlated with the
orogeny of the QTP and adjacent areas. The explicit estimations of
both phylogeny and divergence times obtained here are not only
important for further understanding the biogeographic history of
Solanaceae, but also for providing empirical data to better under-
stand themechanisms of speciation and plant diversification on the
QTP and adjacent areas.

2. Materials and methods

2.1. Taxon sampling and data retrieval

Nine species representing all genera of the tribe Hyoscyameae
were sampled. For the genus Physochlaina, we sequenced thewhole
chloroplast genome of Physochlaina physaloides (L.) G. Don (Tong
et al., 2019), which is distributed in the most eastward range of
the genus, aiming to make a comparison with Physochlaina ori-
entalis G. Don which is distributed in the most westward range.
Whole chloroplast genomes of an additional 20 species repre-
senting the main clades of Solanaceae were selected based on
S€arkinen et al. (2013). Related sequences were downloaded from
NCBI (Table S1).

2.2. Phylogenetic reconstruction

The substitution saturation test was performed for the data
matrix in DAMBE7 (Xia, 2018). Phylogenetic analyses were per-
formed using maximum likelihood (ML) analyses implemented in
IQ-TREE v.1.6.12 (Nguyen et al., 2015), and Bayesian inference (BI) in
MrBayes v.3.2.6 (Ronquist et al., 2012). Plastid sequences were
aligned using MAFFT (Katoh et al., 2019) and refined using Gblocks
v.0.91b (Castresana, 2000) to exclude all gaps. The bootstrap sup-
port values (BSML) of the ML analyses were estimated from 1000
replicates using UFBoot2 (Hoang et al., 2018). For the BI analyses,
the best model was provided by jModeltest v.2.1.10 (Darriba et al.,
2012). Then the Markov chain Monte Carlo (MCMC) algorithm
was applied to two datasets, with three hot chains and one cold
chain for 4 � 107 generations in a parallel mode. Trees were
sampled every 1000 generations beginningwith a random tree. The
run was accomplished and the average standard deviation of split
frequencies was less than 0.01 in all cases. Bayesian posterior
probabilities (PPBI) were calculated as the 50% majority-rule
consensus of all sampled trees, with the first 25% trees discarded
as burn-in.

2.3. Divergence time estimation

Several confirmed fossils of Solanaceae are documented
(S€arkinen et al., 2013, 2018; Wilf et al., 2017). Among them, the
earliest fossil with well-preserved fruit morphology, P. infinemundi
(Wilf et al., 2017), was employed for node constraint in this study.
Because Physalis is paraphyletic (Olmstead et al., 2008; S€arkinen
et al., 2013), and the inflated calyx occurs in multiple solanoid
lineages, the fossil P. infinemundi was used to constrain the Sol-
anoideae node. An XML format file was generated using the BEAUti
in the BEAST v.2.6.0 (www.beast2.org) package and then performed
on the CIPRES website (Miller et al., 2010). A lognormal relaxed
molecular clock was selected with a general time-reversible sub-
stitution model with gamma site heterogeneity, four rate

http://www.beast2.org
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categories, and a birth-death process tree prior. An offset of 52.2Ma
(mean ¼ 1, Stdev ¼ 1.25) was set for the crown age of Solanoideae
clade with the 95% highest posterior density (HPD) intervals
(52.5e73.4Ma). TheMCMC lengthwas 2� 109 with sampling every
4000 generations for analyses. BEAST log files were analyzed with
Tracer v.1.7 (Rambaut et al., 2018) for convergencewith the first 10%
removed as burn-in. When an effective sample size for parameters
in the log file was more than 200, the maximum clade credibility
(MCC) treewithmedian heights was generated by TreeAnnotator in
the BEAST package with the initial 20% of trees discarded as burn-
in. The final tree was edited in FigTree v.1.4.4 (Rambaut et al., 2018)
to view related parameters.

3. Results

3.1. Phylogenetic relationships within Hyoscyameae

A data matrix with a length of 144,352 bp was obtained, and the
substitution saturation test performed on DAMBE7 supports the
downstream analysis (Iss < Iss. c). The best-fit model (GTR þ I þ G)
was selected by AICc with jModeltest. The tribe Hyoscyameae was
supported to be monophyletic with full support (BSML ¼ 100,
PPBI ¼ 1.00, Fig. 2). Within the tribe Hyoscyameae, the first clade to
diverge was the berry genus Atropa. Anisodus and Hyoscyamus
formed a clade with strong support (BSML ¼ 84, PPBI ¼ 1.00). The
monotypic genus Atropanthe was sister to the clade of (Scopolia
(Physochlaina, Przewalskia)) with strong support (BSML ¼ 99,
PPBI ¼ 1.00). Another monotypic genus endemic to the QTP, Prze-
walskia, grouped with the second largest genus in the tribe, Phys-
ochlaina, with strong support (BSML ¼ 83, PPBI ¼ 1.00).

3.2. Divergence time estimation

The stem age of the tribe Hyoscyameaewas dated to be 47.11 Ma
(95% HPD: 36.75e57.86 Ma), and its crown age was estimated to be
30.28 Ma (95% HPD: 21.19e40.35 Ma) (Fig. 3). The crown age of the
clade consisting of the six capsule-type genera (Hyoscyameae sensu
stricto) was inferred as 22.52 Ma (95% HPD: 15.19e30.53 Ma). The
split time between Anisodus and Hyoscyamuswas dated as 21.17 Ma
(95% HPD: 13.96e29.11 Ma). The crown ages of Atropanthe and
Fig. 2. Phylogeny of the tribe Hyoscyameae inferred from maximum likelihood analyses base
analysis of maximum likelihood are indicated on branches, posterior probabilities of the Ba
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Scopolia were dated as 20.67 Ma (95% HPD: 13.48e28.35 Ma) and
16.24 Ma (95% HPD: 10e23.14 Ma), respectively. Physochlaina and
Przewalskia diverged at 14.82 Ma (95% HPD: 8.5e21.22 Ma).
4. Discussion

4.1. Phylogenetic relationships within the tribe Hyoscyameae

A robust phylogeny of the tribe Hyoscyameae was constructed
in this study. The delimitation of the tribe Hyoscyameae has been
debated (Yuan et al., 2006). Atropa with its berry fruits had been
recognized as a member of the tribe Solaneae (D'Arcy, 1991),
whereas the six remaining genera of the tribe bearing capsule fruits
have been treated to constitute the tribe Hyoscyameae sensu stricto
(Lu and Zhang, 1986; D'Arcy and Zhang, 1992). In this study, Atropa
was resolved as sister to Hyoscyameae sensu stricto with strong
support (Fig. 2). This is also supported by morphological charac-
teristics, such as the thin inner side of the testa cell (vs. thick in
Hyoscyameae sensu stricto) (Yang, 2002). Previously, the phyloge-
netic relationship between Anisodus andHyoscyamuswas uncertain
(Olmstead et al., 2008), or resolved as a sister clade with weak
support (Tu et al., 2010; Sanchez-Puerta and Abbona, 2014). In the
current study, Anisodus and Hyoscyamus were resolved as sister
genera with strong support (BSML ¼ 84, PPBI ¼ 1.00). The testa
morphology in these two genera is brain-striate (cerebroid), while
it is net-like in Atropanthe, Scopolia, Physochlaina, and Przewalskia
(Yang, 2002).

Atropanthe is a monotypic genus endemic to central and
southwest China. It grouped with the (Scopolia (Physochlaina,
Przewalskia)) clade with weak support (BSMP ¼ 62) (Olmstead et al.,
2008), yet it was strongly supported as the first clade to diverge
within Hyoscyameae sensu stricto (Tu et al., 2010). Based on a data
matrix consisting of ten plastid markers (11,610 bp) representing
the most variable regions in the chloroplast genome, Sanchez-
Puerta and Abbona (2014) constructed the backbone of Hyoscya-
meae, but the phylogenetic positions of Atropanthe and Anisodus
were unresolved. By using a larger dataset consisting of whole
plastid sequences, we demonstrated that Atropanthe is robustly
resolved as sister to the clade (Scopolia (Physochlaina, Przewalskia))
(BSML ¼ 99, PPBI ¼ 1.00; Fig. 2). The phylogeny and its support
d on whole chloroplast genome data of Solanaceae. Support values generated from the
yesian inference are 1.00 for all nodes.



Fig. 3. BEAST chronogram of Solanaceae inferred from whole chloroplast genome data. Blue bars represent the 95% highest posterior density intervals of node ages. The fossil
Physalis infinemundi Wilf was used for calibration and is marked by a red star in the tree. Pli.: Pliocene, Ple.: Pleistocene, Q.: Quaternary.
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values of Hyoscyameae at the genus level are well-resolved in this
study, which demonstrates the great potential of whole chloroplast
genome data in phylogenomic study of certain plant lineages.

4.2. Divergence time estimations of the tribe Hyoscyameae

Based on whole chloroplast genome data and the newly found
lantern fossil from the Eocene Patagonia, we estimated the stem
and crown ages of the tribe Hyoscyameae to be 47.11 Ma (95% HPD:
36.75e57.86 Ma) and 30.28 Ma (95% HPD: 21.19e40.35 Ma),
respectively (Fig. 3). Previous studies have indicated that the tribe
Hyoscyameae is closely related to New World lineages (Tu et al.,
2010; Dupin et al., 2017). During the Paleocene and early Eocene,
Trans-Atlantic dispersal between the New World and Eurasia was
possible, such as with the extinct genus Lagokarpos McMurran &
Manchester (Tang et al., 2019). Thus, our divergence time estimates
suggest that ancestral Hyoscyameae might have landed in Europe
from the New World and dispersed eastward to Asia; during this
period, their fruit type transformed from berries (as in Atropa) to
capsules (as in Hyoscyameae sensu stricto).

Our dating of the crown ages of Hyoscyameae clade except for
Atropa to the early Miocene (22.52 Ma, 95% HPD: 15.19e30.53 Ma,
Fig. 3) supports previous hypotheses that the diversification of
Hyoscyameae sensu stricto is closely linked to the orogeny of the
QTP (~40e35 Ma, Favre et al., 2015; Lu and Zhang, 1986; Wen et al.,
2014).Well-preserved fossils of animals and plants discovered from
the QTP indicate that this region underwent drastic uplift (from
2300 m to ca. 3000 m) during the early to middle Miocene (Deng
et al., 2019; Su et al., 2019). Our inferred divergence time of
ancestral Hyoscyameae sensu stricto clade (22.52 Ma) is consistent
with this important geologic event.

Because of the rapid uplift of the QTP and the transformation of
its climatic ecosystem from typical tropical or subtropical to a
plateau-type biotic assemblage at the Paleogene/Neogene
boundary, diverse and complicated local habitat and climate
conditions occurred, which might have triggered and facilitated
speciation and diversification of the ancestral Hyoscyameae.
Members of Hyoscyameae diverged and evolved both intrinsically
(ploidy, chromosome base number, and chromosome structure)
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and extrinsically (fruit type, inflorescence, and other
morphology). Plants distributed in the alpine and arctic regions
with harsh and cold environments may easily turn to polyploidy
(Brochmann et al., 2004; Madlung, 2013; Van de Peer et al., 2017).
Cytological studies have demonstrated a large proportion of
polyploidy and complicated variation in chromosome number and
structure in most members of Hyoscyameae (Tu et al., 2005, and
references therein). Besides berries and capsules, several mem-
bers in the Atropina lineage have atypical Solanaceae fruit types,
such as mericarps in Nolana L. ex L.f. and dry indehiscent fruit in
Sclerophylax Miers, and they occupy a continuous coastal desert
habitat in Peru and Chile (Olmstead et al., 2008; Dillon et al.,
2009). The diverse fruit morphology in the Atropina lineage im-
plies a great genetic potential for fruit variation and evolution in
Solanaceae, and repeated evolution of fruit morphology has been
detected, such as the gain and loss of balloon-like fruit calyx in the
tribe Physalideae (Deanna et al., 2019). High morphological and
genetic diversity of fruit in the Atropina lineage may have
contributed to the diversification and evolutionary success of
ancestral Hyoscyameae when encountering diverse habitat and
climate condition.

4.3. Rapid evolutionary radiation of Physochlaina

Many plant lineages exhibit the out-of-QTP pattern, including
Gentiana (Tourn.) L. (Favre et al., 2016),Hippophae L. (Jia et al., 2012),
Incarvillea Juss (Rana et al., 2021), Lilieae (Huang et al., 2018),
Rhodiola L. (Zhang et al., 2014), and Saxifraga Tourn. ex L. (Ebersbach
et al., 2017). Physochlaina and Przewalskia, two of the youngest
genera in Hyoscyameae, show great variation in species numbers
and distribution ranges. Physochlaina consists of 12 species
distributed from the Far East to Central Asia, whereas Przewalskia is
a monotypic genus endemic to high altitudes on the QTP. Thus,
although both lineages originated on the QTP, Przewalskia is
restricted to this region, while Physochlaina has diversified and
expanded its range out of the QTP. Possible factors that may have
facilitated the rapid diversification of Physochlaina include karyo-
type, ploidy level, and related fertility ability (densely-flowered vs.
1e3 flowers). Physochlaina is a hexaploid with a basic chromosome
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number of x¼ 7; in contrast, Przewalskia is a tetraploid with a basic
chromosome number of x ¼ 11 (Tu et al., 2005). Furthermore,
Physochlaina has the type 2B karyotype, whereas Przewalskia has
the type 2A karyotype. The type 2A karyotype is considered rela-
tively primitive compared to type 2B (Stebbins,1971), and empirical
studies indicate that hexaploidy is more competitive than tetra-
ploidy (Ramsey, 2011).

The two Physochlaina species sampled in this study represent a
broad geographic range covering eastern Asia (P. physaloides, Tong
et al., 2019) and central Asia (P. orientalis, Gandini et al., 2019).
These two species are also the most derived sister species in the
genus (Tu et al., 2010; S€arkinen et al., 2013; Sanchez-Puerta and
Abbona, 2014). The divergence time between Physochlaina and
Przewalskiawas inferred to be 16.24 Ma (95% HPD: 10e23.14 Ma),
and the two Physochlaina species diverged at 3.45 Ma (95% HPD:
1.48e6.21 Ma, Fig. 3). Considering the young lineage age and vast
distribution range from northeast to Central Asia, Physochlaina is
an exemplar in Hyoscyameae demonstrating the rapid evolu-
tionary radiation pattern on the QTP and adjacent areas. Inte-
grated effects from the fast uplift of the QTP since the late
Paleogene may have contributed to habitat differentiation (e.g.,
slopes, rock fissures, and understory) among species within
Physochlaina. It is of great interest to further investigate the
phylogeny, divergence times, and biogeography of the tribe
Hyoscyameae at the species level, particularly exploring the
disjunct distributional pattern in the Mediterranean, eastern Asia,
and Africa. Further findings should advance our understanding of
the mechanisms of species diversification on the QTP and adjacent
areas, and the dynamics of the evolutionary diversifications of
Hyoscyameae and Solanaceae.

5. Conclusions

Based on whole chloroplast genome data, we obtained a well-
resolved phylogeny of the tribe Hyoscyameae in Solanaceae.
Atropa was resolved as sister to Hyoscyameae sensu stricto, the
phylogenetic position of Atropanthe was strongly resolved as sister
to the clade (Scopolia, Physochlaina, Przewalskia), and together they
are sister to the strongly supported AnisoduseHyoscyamus clade.
Fossil-calibrated divergence times within Hyoscyameae were re-
estimated based on the recently discovered Eocene Patagonia
Physalis fossil. The stem age of the tribe was dated to the Eocene,
and Hyoscyameae sensu stricto diversified during the early
Miocene. These findings suggest a strong correlation between the
lineage diversification and the rapid uplift of the QTP during the
early Miocene. Future work needs to emphasize the species-level
evolutionary diversification of the Hyoscyameae, particularly
exploring the evolution of the species disjunctively distributed in
Africa, Asia, and Europe.
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