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Abstract Solanum is one of the world’s largest and economically most important plant genera, including 1245 currently accepted
species and several major andminor crops (e.g., tomato, potato, brinjal eggplant, scarlet eggplant, Gboma eggplant, lulo, and pepino).
Here we provide an overview of the evolution of 25 key morphological traits for the major and minor clades of this giant genus based
on stochastic mapping using a well-sampled recently published phylogeny of Solanum. The most evolutionarily labile traits (showing
>100 transitions across the genus) relate to plant structure (growth form and sympodial unit structure), herbivore defence (glandular
trichomes), pollination (corolla shape and colour), and dispersal (fruit colour). Ten further traits show evolutionary lability with
50–100 transitions across the genus (e.g., specialised underground organs, trichome structure, leaf type, inflorescence position and
branching, stamen heteromorphism). Our results reveal a number of highly convergent traits in Solanum, including tubers, rhizomes,
simple leaves, yellow corollas, heteromorphic anthers, dioecy, and dry fruits, and some unexpected pathways of trait evolution that
could be explored in future studies. We show that informally named clades of Solanum can be morphologically defined by trait com-
binations providing a tool for identification and enabling predictive phylogenetic placement of unsampled species.

Keywords ancestral trait reconstruction; morphology; phenotypic character evolution; Solanum; stochastic mapping; systematics

Supporting Information may be found online in the Supporting Information section at the end of the article.

■ INTRODUCTION

Solanum L. is one of the world’s largest and economically
most important plant genera with 1245 currently accepted
species (http://solanaceaesource.org/). Twenty-four of these
are major crops (Knapp & al., 2004), including the potato
(S. tuberosum L.), tomato (S. lycopersicum L.), and brinjal

eggplant (S. melongena L.), as well as some lesser-known
cultivated species, such as pepino (S. muricatum Aiton),
lulo/naranjilla (S. quitoense Lam. and relatives), tree tomato
or tamarillo (S. betaceum Cav.), cocona (S. sessiliflorum
Dunal), scarlet eggplant (S. aethiopicum L.), Gboma egg-
plant (S. macrocarpon L.), and bush tomato (S. centrale
J.M.Black).
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Agriculture has benefited from the morphological
diversity found in Solanum through exploitation of variation
in traits such as underground storage organs and fruit mor-
phology. Breeding programmes have also used the wide range
of diversity present in gene pools of the various crops and crop
wild relatives (CWRs), to enhance quality and yield (e.g., Gur
& Zamir, 2004; Semel & al., 2006; Lippman & Zamir, 2007),
abiotic stress tolerance, and disease resistance in cultivated
potato, tomato, and eggplant (e.g., Prohens & al., 2013,
2017; Dempewolf & al., 2017; Villanueva & al., 2021). One
of the best examples of the use of wild diversity in crop breed-
ing is the single cross between the cultivated tomato and
S. habrochaites S.Knapp & D.M.Spooner, a green-fruited
wild tomato relative from the northern Andes, which in-
creased fruit soluble solid content in tomato by 22% and
brought significant profit for industry (Tanksley & al., 1996;
Tanksley & McCouch, 1997; Bernacchi & al., 1998).

Solanum has served as a model system for research into
the genetic basis of several important morphological traits.
Examples include quantitative trait locus (QTL) mapping
studies of major crop species, which have helped to explore
morphological traits relevant to plant breeding (e.g., D’Hoop
& al., 2008, 2014), as well as evolutionary developmental
studies involving traits such as genetic control of fleshy fruits
(Pabón-Mora & Litt, 2011; Tomato Genome Consortium,
2012), anther cone cohesion (Glover & al., 2004), leaf shape
and lobing (e.g., Geeta & al., 2012; Chitwood & al., 2013;
Wu & al., 2018a; Nakayama & al., 2021), breeding systems
(self-incompatibility and clonality; Vallejo-Marín & O’Brien,
2007), as well as traits related to chemical defences and
animal-plant interactions (e.g., Tingey & Gibson, 1978;
Tingey & Laubengayer, 1981; Avé & Tingey, 1986; D’Hoop
& al., 2008), and pathogen resistance (e.g., Gebhardt
& Valkonen, 2001; Jupe & al., 2012; Thaler & al., 2012).

Despite agricultural interest and ongoing research, much
of the morphological diversity in Solanum (Fig. 1) remains
underutilized and unexplored. Species of Solanum are highly
variable in both vegetative and reproductive morphology, for
example in growth form that ranges from ephemerals in the
world’s driest deserts to tiny annual herbs growing at
4000 m elevation to large trees and herbaceous climbers from
pre-montane and lowland rainforests (Fig. 1A–F). New and
unexpected morphological diversity continues to be discov-
ered as baseline taxonomic work advances in Solanum, with
some recent discoveries including a species with heart-shaped
anthers (S. anomalostemon S.Knapp & M.Nee; Knapp
& Nee, 2009), tuber-bearing shrubs (Asterophorum clade;
Gouvêa & Stehmann, 2019), species with leaky dioecy and
fluid sex expression (Martine & al., 2009; McDonnell &
al., 2019) and another with resin-glands (Silva Sampaio
& al., 2021).

Solanum has traditionally been characterised by its
relatively uniform floral morphology with sympetalous,
five-parted flowers with a central anther cone of poricidally
dehiscent anthers (Fig. 1M–R,T,X). Prior to molecular phylo-
genetic studies, the genus was divided into sections based on

morphological characters (Dunal, 1852; D’Arcy, 1972;
Hunziker, 2001); most of these divisions have subsequently
been shown to be para- or polyphyletic (Olmstead
& Palmer, 1997; Bohs, 2005; Weese & Bohs, 2007). These
traditional formal infrageneric systems have since been re-
placed by a system of informally named clades that reflect
monophyletic groups (Fig. 2) (Bohs, 2005; followed by subse-
quent studies, e.g., Stern & al., 2011; Särkinen & al., 2013;
Tepe & al., 2016; Gagnon & al., 2022). Morphological char-
acterisation of some of these clades has been difficult, how-
ever, and the robustness of proposed morphological
synapomorphies has not been tested. The use of DNA se-
quence data has also changed the circumscription of Solanum
by showing that taxa with stamen heteromorphism and/or an-
ther modifications previously segregated for these characters
are nested within the genus (e.g., Cyphomandra Mart. ex
Sendtn., Lycopersicon Mill., Normania Lowe; Spooner &
al., 1993; Bohs & Olmstead, 1997, 2001; Olmstead &
Palmer, 1997; Tepe & al., 2016). These changes have had a
minimal effect on the size of Solanum but have expanded
the morphological diversity included within the genus, espe-
cially in relation to androecium characteristics.

The current clade-based informal infrageneric system di-
vides Solanum into 49 lineages (called here minor clades),
which are grouped into 12 larger clades (called here major
clades) and further into three main groups (Figs. 2, 3)
(Bohs, 2005; Gagnon & al., 2022): (1) the small Thelopodium
clade consisting of three species sister to the rest of Solanum;
(2) Grade I, previously referred to as Clade I (Särkinen
& al., 2013) with ca. 339 non-spiny (non-prickly) species in-
cluding the cultivated tomato, potato and pepino; and
(3) Clade II, the largest monophyletic lineage in the genus that
includes 73% of Solanum (903 currently accepted species) in-
cluding the tree tomatoes and all cultivated eggplants and their
relatives. Within Grade I are 4 major and 16 minor clades
(Fig. 2A,B); major clades are VANAns (Valdiviense, Archae-
solanum, Normania, and African non-spiny), DulMo
(Dulcamaroid and Morelloid), Regmandra, and the Potato
clade, which includes several economically important minor
clades (e.g., Tomato, Petota, Etuberosum, Basarthrum; Gag-
non & al., 2022). Clade II contains seven major clades, the
largest of which is the Leptostemonum clade with
ca. 580 species, and 32 minor clades (Fig. 2C–E) including
the Eastern Hemisphere Spiny clade (hereafter EHS, previ-
ously known as the Old World clade; Gagnon & al., 2022).

What remains to be systematically evaluated in Solanum
is how morphological traits vary across these clades, and
how evolutionarily labile or conserved these traits are across
the phylogeny. Such a study has the potential of highlighting
homoplasy (independent evolution of similar-looking mor-
phological traits) and provides the backbone for evolutionary
developmental studies. Growth form is one trait that varies
widely across the genus and whose variation is linked to the
sympodial growth system in Solanum, where axillary buds
continue shoot development after each inflorescence
(Danert, 1958, 1970), often giving the stems a zig-zag
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Fig. 1. Morphological diversity across Solanum. A, Annual herb (Morelloid clade, S. weddellii Phil.); B, Herbaceous vine (Herpystichum clade,
S. brevifolium Dunal); C, Woody vine (Tomato clade, S. juglandifolium Dunal); D, Single-stemmed shrub (Pteroidea clade, S. mite Ruiz & Pav.);
E, Shrub (Torva clade, S. glutinosum Dunal); F, Tree (Crinitum clade, S. sycophanta Dunal); G, Simple glandular trichomes (Tomato clade,
S. habrochaites S.Knapp & D.M.Spooner); H, Stellate glandular trichomes (Torva clade, S. asperolanatum Ruiz & Pav.); I, Mix of simple glandular
(short) and eglandular (long) trichomes (Tomato clade, S. arcanum Peralta); J, Stellate glandular trichomes (Erythrotrichum clade, S. aciculare Sw.);
K, Needle-like prickles on calyx (EHS clade, S. dasyphyllum Schumach. & Thonn.); L, Broad-based prickles on trunk (Crinitum clade,
S. kioniotrichum Bitter ex J.F.Macbr.); M, Homomorphic stamens, most common state in Solanum (Anarrhichomenum clade, S. appendiculatum
Dunal); N, Apical and basal anther modifications (i.e., horn-like projections; Normania clade, S. trisectum Dunal); O, Apical anther modifications
(i.e., appendages; Tomato clade, S. corneliomulleri J.F.Macbr.); P, Enlarged anther connectives (Pachyphylla clade, S. betaceum Cav.); Q, Deeply
stellate purple corollas (Pachyphylla clade, S. sycocarpumMart. & Sendtn.); R, Broadly stellate purple corollas (EHS clade, S. linnaeanum Hepper
& P.-M.L.Jaeger); S, Rotate purple corollaswith abundant interpetalar tissue (Herpystichum clade, S. trifoliumDunal);T, Deeply stellate yellow-green
corollas lacking interpetalar tissue (Pteroidea clade, S. anceps Ruiz & Pav.); U, Campanulate pale lilac corollas (Morelloid clade; S. fiebrigii Bitter);
V, Urceolate white-purple corollas (Pachyphylla clade, S. diversifolium Dunal); W, Bilaterally symmetric corollas with heteromorphic anthers
(Normania clade, S. trisectumDunal);X, Bilaterally symmetric corollaswith heteromorphic anthers (Androceras clade; S. grayiRose var. grandiflorum
Whalen); Y, Obovoid, apically pointed fleshy berries (Thelopodium clade, S. thelopodium Sendtn.); Z, Globose fleshy berries with colour variation
through maturation from yellow (unripe) to red (fully mature; Cyphomandropsis clade, S. amotapense Svenson); AA, Globose orange berries
(Reductum clade, S. reductumC.V.Morton);AB, Globose black berries (Morelloid clade, S. longifilamentum Särkinen & P.Gonzáles);AC, Obovoid,
apically pointed brown berries (Herpystichum clade, S. limoncochaense Tepe); AD, Globose blue berries (Dulcamaroid clade, S. flaccidum Vell.).
— Photo vouchers: A, Särkinen & al. 4038; B, Tepe & al. 3061; C, Fajardo & al. 3998; D, Särkinen & al. 4822; E, Knapp & al. 10594; F, Tepe
& al. 2327; G, Särkinen & al. 4524; H, Knapp & al. 10336; I, Särkinen & al. 4503; J, Gouvêa 280; K, Vorontsova & al. 151; L, Melchor Castro &
Gonzáles 1446; M, Knapp & al. 10156; N, Nijmegen 984750158; O, Knapp & al. 10212; P, Tepe s.n.; Q, Bohs s.n.; R, Knapp s.n.; S, Tepe & al.
2684; T, Fajardo & al. 3982; U, Barboza & al. 3548; V, Bohs 2341 (cult. from seeds of Benítez de Rojas 2744); W, cult. Madeira, no collection
voucher; X, Vallejo-Marín 08-s-78; Y, Melchor Castro & Gonzáles 1454; Z, Särkinen & al. 4508; AA, Barboza & al. 3516; AB, Särkinen s.n.;
AC, Tepe & al. 2627; AD, Giacomin & al. 1737. Photographs by S. Knapp (E, H, M, N, R, O, U, AA), T. Särkinen (A, C, D, G, I, T, Z, AB),
P.Gonzáles Arce (L, Y), E. Tepe (B, F, K, P, S,AC), L. Bohs (Q, V), Y.F. Gouvêa (J),M.Vallejo-Marín (X),M.Benedito (W), andL.Giacomin (AD).
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Fig. 2. Phylogeny of Solanum highlighting the informally named infrageneric clades based on Bayesian analysis of 742 Solanum species (60% of
total known diversity) with two nuclear and seven plastid regions by Gagnon & al. (2022). Infrageneric clades are colour-coded and numbered re-
flecting the currently recognisedmajor andminor clades of Solanum (Table 1): bright red shades highlight minor clades within VANAns clade, dark
reds DulMo, blues Potato clade, purples Brevantherum, orange shades Geminata, yellows Cyphomandra, purple Wendlandii-Allophyllum, pink
Nemorense, and green shades indicate minor clades within the large Leptostemonum clade. Nodes without circles have maximum branch support
(1.0 posterior probability), nodes with black circles strong support (≥0.95), and nodes with white circles moderate to weak support (0.75–0.94).
Dashed lines indicate nodes with nuclear-plastome discordance highlighted in Gagnon & al. (2022) collapsed in our analyses. A, Minor clades
1–7 (Thelopodium, Valdiviense, ANS [African Non-Spiny], Normania, Archaeosolanum, Dulcamaroid, Morelloid); B, Minor clades 8–17
(Regmandra, Pteroidea, Herpystichum, S. oxycoccoides, Anarrichomenum, Articulatum, Basarthrum, Etuberosum, Tomato, Petota); C, Minor
clades 18–27 (S. anomalostemon, Trachytrichium, Gonatotrichum, Inornatum, Brevantherum, Reductum, Geminata, S. graveolens, Cyphoman-
dropsis, Pachyphylla); D, Minor clades 28–46 (Allophyllum, Wendlandii, Nemorense, S. polygamum, Acanthophora, Lasiocarpa, Gardneri, Tho-
masiifolium, Erythrotrichum, Sisymbriifolium, Crinitum, Androceras, S. campechiense, Carolinense, Bahamense, Micracantha, Asterophorum,
S. multispinum, Torva); E, Minor clades 47–49 (S. euacanthum, Elaeagnifolium, EHS [Eastern Hemisphere Spiny]).
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appearance. Concaulescence of shoot axes results in varying
numbers of leaves along each shoot, and in the apparent pair-
ing of leaves at nodes in some species. Sympodial unit struc-
ture has been used to define some clades (e.g., Pteroidea
with a single leaf in each unit, Knapp & Helgason, 1997;
Geminata with paired leaves, Knapp, 2002a) and is useful
when combined with branching pattern (Tovar & al., 2021).
Trichome structure has traditionally been a very important
taxonomic character in Solanum, where many clades are
defined by the presence or absence of particular trichome
types (e.g., stellate trichomes in Leptostemonum clade,
Seithe, 1962, 1979; Roe, 1971; “bayonet” trichomes in parts
of the Potato clade, Seithe & Anderson, 1982). Leaf division
(i.e., degree of leaf lobing) varies from simple entire to irreg-
ularly bipinnatifid but has not been previously used for

defining clades, perhaps due to variability within both species
and individuals (e.g., S. dulcamara L.; Knapp, 2013). Other
vegetative traits previously used in Solanum taxonomy in-
clude presence of specialised underground organs (e.g., such
as tubers and rhizomes; Spooner & al., 2004, 2016, 2019;
Bennett, 2008; Tepe & al., 2016; Knapp & al., 2017), prickles
(Seithe, 1962, 1979), and pseudostipules (Roe, 1972; Tepe
& al., 2016).

Sexual system (sensu Cardoso & al., 2018) has been used
in Solanum taxonomy (Symon, 1970, 1979b; Levine
& Anderson, 1986; Whalen & Costich, 1986; Anderson &
Symon, 1989; Knapp & al., 1998; Dupont & Olesen, 2006;
Anderson & al., 2015; Ndem-Galbert & al., 2021), and varies
from cosexual (i.e., hermaphroditic) to various degrees of an-
dromonoecy and dioecy. Inflorescence position, determined

Fig. 2. Continued.
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by variation in fusion of inflorescence and sympodial
stem axes in Solanum (Danert, 1958), has also been used to
define some clades (Knapp, 2002b; Bohs, 2005) and position
varies from terminal, internodal, axillary, leaf-opposed or
along spur-shoots. Inflorescences themselves vary from un-
branched (simple) to multi-branched. Corolla symmetry ap-
pears strongly linked to stamen heteromorphism, both of
which have been used in previous taxonomic studies

(Bohs & al., 2007). Other reproductive characters that have
been suggested as useful for Solanum taxonomy are presence
of swollen anther connectives (D’Arcy & al., 1990;
Bohs, 1994; Cocucci, 1996), anther shape (Knapp, 2001;
Bohs, 2005), pedicel insertion and articulation (Knapp,
2001, 2013; Tepe & al., 2016), fruit type (Symon, 1979a,
1984; Whalen, 1984; Knapp, 2001, 2002b; Chiarini & Bar-
boza, 2007), and stone cells (Symon, 1994; Knapp, 2002b;

Fig. 2. Continued.
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Särkinen & al., 2018; Knapp & al., 2019, in press). Corolla
shape and colour, fruit type and colour, fruiting calyx modifi-
cations (e.g., inflated fruiting calyces), and the presence of tri-
chomes on mature fruits have been less frequently used in
defining clades but may offer additional characters for unique
trait combinations at clade level.

Here we examine morphological trait evolution across
Solanum clades with the aim of: (1) providing an overview
of current morphological knowledge and diversity across the
genus in a phylogenetic context based on the well-sampled
phylogeny of Gagnon & al. (2022); (2) identifying evolution-
arily labile and conserved traits across Solanum; and

Fig. 2. Continued.
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(3) providing morphological descriptions for all Solanum
clades. Our study is inspired by the dynamic research commu-
nity working on Solanum continuously generating new knowl-
edge on morphological and genotypic diversity as well as
unravelling the molecular mechanisms that control the
genotype-phenotype interactions across the genus. More than
100 new species have been described in Solanum over the past
10 years (e.g., Tepe & Bohs, 2009; Bean, 2014; Giacomin
& Stehmann, 2014; Stern & al., 2014; Knapp & al., 2015,
2020; Särkinen & al., 2015a,b,c; Bean, 2016a,b; Martine &
al., 2016; Särkinen & Knapp, 2016; Knapp & Särkinen, 2018;
Gouvêa & Stehmann, 2019; Aubriot & Knapp, 2022), reveal-
ing new traits and trait combinations. This, coupled with the
densely sampled molecular phylogeny, provides an ideal op-
portunity to study the origin and evolution of major vegetative
and reproductive traits in this agronomically important genus,
and to assess/confirm diagnostic traits for Solanum clades
using a formal analysis with standardised terminology.
Results are discussed in relation to previous evolutionary
and developmental hypotheses, and new morphological hy-
potheses of trait evolution and homology are proposed that
could be tested with further studies and new tools.

■MATERIALS AND METHODS

Supermatrix topology. — The phylogenetic framework
is based on the combined supermatrix assembled by Gagnon
& al. (2022) that includes 742 species of Solanum (60% of
the 1245 currently accepted species; suppl. Table S1) and
covers all minor clades with 36%–100% species sampling in
each (Fig. 3A–C, suppl. Table S2) (Gagnon & al., 2022).
All outgroup sequences of Jaltomata Schltdl. were excluded
because coding all morphological diversity present in the sis-
ter genus was beyond the scope of this study. Instead, we in-
corporated the uncertainty of the root state in our ancestral
state reconstruction methods (see below). Nodes correspond-
ing to areas of high nuclear-plastome discordance along the
backbone of Grade I and Clade II in phylogenomic analyses
(Gagnon & al., 2022) were collapsed using the TreeTools
package v.1.9.2 (Smith, 2019) to account for phylogenetic un-
certainty and topological conflict. The ultrametric Bayesian
topology from Gagnon & al. (2022) was used as input for all
analyses. We chose to use a chronogram that assumes no cor-
relation between morphological and molecular change.

Morphological traits. — A total of 25 morphological
traits was evaluated, including 8 vegetative traits, 2 inflores-
cence traits, sexual system (sensu Cardoso & al., 2018), 7 flo-
ral traits, and 7 fruit-related traits (Table 1; suppl. Table S3).
We selected the traits for scoring because they have previously
been used in Solanum taxonomy and are of potential interest
to the wider research community and in future crop breeding
programmes. All species present in the phylogeny (after ex-
cluding 17 unpublished species for which full morphological
descriptions are not yet available) resulted in 725 coded
Solanum species (58% of all species; suppl. Table S3).

Scoring was done from the taxonomic literature and descrip-
tions included in the SolanaceaeSource database (PBI Sola-
num Project, 2022), and from herbarium specimens
identified by Solanum experts (e.g., Symon, 1994; Knapp &
Helgason, 1997; Contreras & Spooner, 1999; Bennett, 2008;
Peralta & al., 2008; Tepe & Bohs, 2011; Knapp, 2013; Knapp
& Vorontsova, 2016; Särkinen & al., 2018; Knapp &
al., 2019) (suppl. Table S2). Terminology from descriptions
was standardised based on our (sometimes incomplete)
knowledge of character homology. Polymorphisms were in-
cluded in all traits when multiple states were known to be pre-
sent within a species.

We coded sympodial structure following Danert (1970)
with numbers of leaves (1, 2, 3 or many) between each inflo-
rescence, coupled with whether leaves are found in pairs at
each node (i.e., geminate or not; Table 1). Internodal inflores-
cences were coded as those that arise along the stem not asso-
ciated with leaves (axillary buds), while leaf-opposed
inflorescences arise in conjunction with a leaf or leaf pair. Tri-
chome structure was coded combining the developmental
pathways suggested by Seithe (1962, 1979) and the
structure-based terminology of Roe (1971). Simple trichomes
included all unbranched trichomes including 2-celled “bayo-
net” trichomes (Fig. 1G) (Seithe & Anderson, 1982). All
branched or forked trichomes and echinoid dendritic tri-
chomes (e.g., Knapp, 2002a) were scored as dendritic. Stellate
trichomes included geniculate trichomes (simple trichomes
clearly derived from stellate trichomes), bristles, densely
compacted multi-angulate stellate trichomes that have been
referred to as echinoid, as well as lepidote scales developmen-
tally derived from stellate trichomes (Fig. 1H,J) (Seithe, 1962,
1979; Stern & al., 2013). Presence of glandular tips on tri-
chomes was coded separately because they are found on all tri-
chome types independent of structure (Fig. 1I,J). The degree
of leaf lobing was categorised by roughly quantifying the
depth of the sinus as distance to the midrib from the leaf mar-
gin. Simple leaves included leaf blades with entire, serrate, or
crenate margins. Leaf blades lobed a quarter to halfway to the
midrib were coded as lobed. Compound leaves were defined
as leaves with blades divided all the way to the midrib, al-
though leaflets in most of these Solanum species are variously
decurrent along the leaf midrib thus leaves are more strictly
pinnatifid.

Species known to consistently have both short- and long-
styled flowers on the same plant were coded as andromonoe-
cious, and species with individuals possessing only short- or
long-styled flowers were coded as dioecious; all other species
were coded as cosexual (i.e., hermaphroditic). Three states of
corolla shape were recognised reflecting the amount of inter-
petalar tissue between lobes: deeply stellate corollas
without apparent interpetalar tissue (i.e., deeply stellate,
Fig. 1P,Q,T), and two states with increasing amount of inter-
petalar tissue, broadly stellate (Fig. 1R) and rotate
(Fig. 1S,U,W), respectively. Our coding is a measure of
corolla division only and does not take into account orienta-
tion of corolla lobes because corolla lobes in Solanum often
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Table 1. Results of the ancestral trait reconstruction analyses (stochastic mapping) of 25 morphological traits across Solanum.

Trait States

Best
model
based
on AIC

Observed mean
number of
transitions
(95% HPD) Results

Main references used for scoring
states (see full list in suppl.
Table S2)

1. Growth form Herb, shrub, single-
stemmed shrub, tree,
herbaceous vine,
woody vine,
epiphyte

ARD 110 (65–166) Highly evolutionarily
labile with >100
transitions

2. Specialised
underground organs

Absent, rhizomes,
underground storage
organs

ARD 64 (51–78) Evolutionarily labile
with 50–100 transitions

Spooner & al., 2004, 2016, 2019;
Bennett, 2008; Knapp & al.,
2017

3. Prickles Absent, broad-
based, needle-like

ARD 82 (62–100) Evolutionarily labile
with 50–100 transitions

Seithe, 1962, 1979; Clark & al.,
2015

4. Trichome structure Absent, simple,
stellate, dendritic

ARD 93 (66–125) Evolutionarily labile
with 50–100 transitions

Seithe, 1962, 1979; Roe, 1971;
Seithe & Anderson, 1982; Freire
de Carvalho & Machado, 1991;
Giacomin & Stehmann, 2011;
Stern & Bohs, 2012; Watts &
Kariyat, 2022

5. Glandular trichome
type

Absent, simple
glandular, stellate
glandular

ARD 210 (158–265) Highly evolutionarily
labile with >100
transitions

Peralta & al., 2008; Kang &
al., 2014; Watts & Kariyat, 2022

6. Pseudostipules Absent, present
(single), present
(pair)

SYM 9 (7–11) Highly conserved with
<10 transitions

Spooner & al., 2004, 2016, 2019;
Peralta & al., 2008

7. Sympodial unit
structure

Plurifoliate, tri-
foliate, difoliate
non-geminate,
difoliate geminate,
unifoliate

ARD 215 (151–277) Highly evolutionarily
labile with >100
transitions

Danert, 1958; Child, 1979

8. Leaf division
(i.e., type)

Simple, lobed,
compound

ARD 73 (63–84) Evolutionarily labile
with 50–100 transitions

Geeta & al., 2012

9. Inflorescence
position

Terminal, inter-
nodal, axillary,
leaf-opposed, spur-
shoots

SYM 93 (67–118) Evolutionarily labile
with 50–100 transitions

Danert, 1958; Child, 1979

10. Inflorescence
branching

Unbranched, forked,
multi-branched

ARD 90 (61–116) Evolutionarily labile
with 50–100 transitions

Lippman & al., 2008

11. Sexual system Cosexual (hermaph-
roditic), andromo-
noecious, dioecious

ARD 88 (72–106) Evolutionarily labile
with 50–100 transitions

Symon, 1970, 1979a,b; Levine
& Anderson, 1986; Whalen &
Costich, 1986; Anderson &
Symon, 1989; Knapp & al.,
1998; Dupont & Olesen, 2006;
Anderson & al., 2015; Ndem-
Galbert & al., 2021

12. Corolla shape Deeply stellate,
broadly stellate,
rotate

SYM 271 (214–334) Highly evolutionarily
labile with >100
transitions

13. Corolla bilateral
symmetry

Present, absent ARD 15 (12–21) Conserved with 10–49
transitions

Bohs & al., 2007

14. Corolla colour White, green,
purple, yellow

ARD 180 (120–234) Highly evolutionarily
labile with >100
transitions

Passarelli & Bruzzone, 2004

15. Stamen
heteromorphism

Absent, anther,
filament

ARD 51 (24–71) Evolutionarily labile
with 50–100 transitions

Bohs & al., 2007

(Continues)

Version of Record 11

TAXON 00 (00) • 1–37 Hilgenhof & al. • Morphological trait evolution in Solanum

 19968175, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/tax.12990, W

iley O
nline L

ibrary on [23/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



change orientation through anthesis. For example, the urceo-
late corollas of S. diversifolium Dunal were coded as deeply
stellate based on lobe length relative to the tube (Fig. 1V).
Corolla colour was coded as four states: white, green, purple
(including blues and pinks), and yellow (including pale, dull
and bright yellows). The colour of the central “eye” of the co-
rolla was not included in the coding, and corollas described
with multiple colours in species descriptions (e.g., yellow-
green) were coded as multistate (yellow + green). For anther
modifications, when present, we recognised four states, ho-
mology of these states remains to be tested: long basal anther
projections (called horns), short basal anther extensions
(called sacks), long, fused (i.e., connivent) apical appendages,
and short, loose (i.e., not connivent) apical anther beaks.

Fruit type was coded as either fleshy (containing fleshy
mesocarp when fully ripe, including juicy, spongy, or woody

indehiscent berries as well as the explosively dehiscent berries
of the Gonatotrichum clade) or dry (including all dehiscent
berries that lack fleshy mesocarp when fully ripe). Fruiting
pedicel articulation was coded as five states based on distance
from the inflorescence rhachis. Fruiting calyx modifications
were coded as four states: inflated (papery, lantern- or
balloon-like enlarged calyces loosely covering at least >50%
of the fruits), appressed (enlarged calyces tightly surrounding
at least 50% of the fruits), swollen (thickened calyx tube
and/or lobes often with a doughnut shaped ring of swelling;
Fig. 1Z), or absent. Mature fruit colour was coded based on
the external colour (i.e., not accounting for flesh colour) with
six states following corolla colour with the addition of orange
and red (Fig. 1Y–AD). Species with striped or multi-coloured
mature berries, as well as those that change colour more than
once (e.g., immature fruits green, intermediately mature fruits

Table 1. Continued.

Trait States

Best
model
based
on AIC

Observed mean
number of
transitions
(95% HPD) Results

Main references used for scoring
states (see full list in suppl.
Table S2)

16. Anther connectives Enlarged, not
enlarged

ARD 8 (7–11) Highly conserved with
<10 transitions

D’Arcy & al., 1990; Bohs, 1994;
Cocucci, 1996

17. Anther
modifications

Absent, appendage,
horn, beak, sack

ER 7 (5–9) Highly conserved with
<10 transitions

Francisco-Ortega & al., 1993;
Peralta & al., 2008; Knapp &
Nee, 2009; Barboza, 2013

18. Anther shape Cylindrical, tapered,
cordate

SYM 12 (11–14) Conserved with 10–49
transitions

19. Pedicel insertion Flat, cup-shaped ER 2 (2–2) Highly conserved with
<10 transitions

20. Pedicel articulation Basal, near-basal,
basal 1/4–1/2, distal
1/2, absent

ER 10 (8–12) Conserved with 10–49
transitions

21. Fruit type Fleshy, dry ER 14 (13–15) Conserved with 10–49
transitions

Symon, 1979a, 1984; Whalen,
1984; Knapp, 2002b; Chiarini &
Barboza, 2007

22. Fruit colour Green, white, purple,
yellow, orange, red

ARD 286 (166–298) Highly evolutionarily
labile with >100
transitions

Peralta & al., 2008; Dhar & al.,
2015

23. Fruit trichomes Absent, present ARD 68 (45–88) Evolutionarily labile
with 50–100 transitions

24. Fruiting calyx
modifications

Absent, appressed,
inflated, swollen

ARD 62 (53–73) Evolutionarily labile
with 50–100 transitions

25. Stone cells Absent, present ARD 42 (36–49) Conserved with 10–49
transitions

Bitter, 1911, 1914; Symon, 1994;
Knapp, 2002b; Särkinen &
al., 2018; Knapp & al., 2019,
in press)

Mean number of changes modelled across 200 simulations is given based on the best model of the three models tested identified using the Akaike
information criterion (AIC): Equal Rates (ER), Symmetric (SYM), and All Rates Different (ARD). Traits were categorised as evolutionarily highly
labile (>100 transitions; dark grey), labile (50–100 transition; light grey), conserved (10–49 transitions), or highly conserved (<10 transitions). The
95% highest probability density (HPD) of the mean number of transitions is shown for each trait. Details of the estimated transition rates of the un-
derlying Markov models of each trait can be found in suppl. Table S4. Some rates of rare terminal states were found to be highly elevated and are
likely to be state reconstruction artefacts, the interpretation of the evolutionary rate results of these rare terminal states should be done with caution.

12 Version of Record

Hilgenhof & al. • Morphological trait evolution in Solanum TAXON 00 (00) • 1–37

 19968175, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/tax.12990, W

iley O
nline L

ibrary on [23/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



yellow, and mature fruits red) were scored as polymorphic.
Presence of stone cells in fruits was coded from taxonomic
monographs, field observations, or herbarium specimens, as
they can be easily seen (and felt) in both fresh and dried spec-
imens if they are present.

Trait evolution. — Stochastic character mapping
(SIMMAP; Huelsenbeck & al., 2003; Bollback, 2006) was
performed using the phytools v.0.6-99 package (Re-
vell, 2012) in R (R Core Team, 2021). All traits were trea-
ted as unordered and equally weighted. Polymorphic clades
were coded with equal probability of all states found to be pre-
sent. Three different transition rate models were used:
(1) Equal Rates (ER), i.e., a single rate for all possible transi-
tions between states; (2) Symmetrical Rates (SYM); and
(3) All Rates Different (ARD). For binary characters, only
ER and ARD were run. The best-fitting model was identified
using the Akaike information criterion (AIC; Akaike, 1974) in
phytools. The root state was treated as equally likely for all
characters (pi = equal), as this is the best approach here be-
cause full nuclear genome sequences show strong gene discor-
dance with respect to the sister relationship of Jaltomata and
Solanum (Wu & al., 2018b): These data resolve the sister line-
age to Solanum as ambiguous, either tribe Capsiceae (c. 20%
gene trees), Jaltomata (c. 38% gene trees), or Capsiceae + Jal-
tomata (c. 42% gene trees). Stochastic mapping was simulated
with 200 generations to obtain a posterior probability distribu-
tion of ancestral states across the tree. The mean number of
transitions per trait was determined based on the best-fitting
model.

Evolutionary lability was measured based on mean num-
ber of transitions (i.e., shifts) modelled across the phylogeny,
where traits with >100 transitions were considered highly
labile, traits with 50–100 transitions as labile, traits with
10–49 as conserved, and traits with <10 as highly conserved.
We focused on the mean number of transitions because we
found these results stable for rare terminal states under the
ARD model, compared to evolutionary rates that appeared
highly elevated in some of these rare terminal states.

■ RESULTS

Our results show large variation in the evolutionary la-
bility of the 25 traits we explored. Six traits were recognised
as highly evolutionarily labile, ten as labile, five as con-
served, and four as highly conserved based on the mean
number of transitions (Table 1). We carefully inspected
our results for state reconstruction artefacts relating to rare
terminal states, and detected no artefacts in the mean num-
ber of transitions but elevated evolutionary rates in some
(e.g., epiphyte and single-stem shrub states under growth
form, unifoliate sympodial units state under sympodial unit
structure, and stellate state under glandular trichome type);
hence, our results section focuses on the mean number of
transitions as a measure of evolutionary lability/conserva-
tism, and we highlight that evolutionary rate results for rare

terminal states should be interpreted with caution (suppl.
Table S4).

Six traits show >100 mean shifts across Solanum indicat-
ing high evolutionary lability. These relate to plant structure
(growth form and sympodial unit structure), herbivore de-
fence (glandular trichomes), pollination (corolla shape and
colour), and dispersal (fruit colour) (Table 1; suppl.
Table S4; Fig. 4). Shifts between herbaceous and woody
growth forms (shrubs, woody vines, and trees) are frequent
and most common, with one origin of epiphytism from herba-
ceous ancestors (Fig. 4A). Changes in sympodial unit struc-
ture are frequent, relating to changes in growth form by
enabling the modification of growth unit size, with difoliate
geminate structure being modelled as ancestral in Solanum
(Fig. 4B). Plurifoliate sympodial units dominate in Grade I
and difoliate (geminate and non-geminate) units are more fre-
quent in Clade II (Fig. 4B). Presence of glandular trichomes is
highly labile across Solanum, with multiple independent ori-
gins and losses of both simple and stellate glandular trichomes
(Table 1; suppl. Table S4; Fig. 4C). Corolla shape shows a
mean of 271 transitions across Solanum with changes driven
by the amount of interpetalar tissue present (Fig. 4D). Colour
in both corollas and fruits shows high evolutionary lability,
with most colours convergent in both corollas and fruits
(Fig. 4E,F). Purple corollas are modelled to be ancestral in
most clades in Grade I, while in Clade II white corollas are
modelled as ancestral (Fig. 4E). Losses and gains of purple
pigments are the most common, while transitions to yellow
are less common with a minimum of five independent origins
in Solanum from both white and purple ancestors (Fig. 4E;
suppl. Table S4). Fruit colour shows 286 mean transitions
across Solanumwith frequent shifts from yellow to green, yel-
low to red, and purple to green, and a minimum of 58 indepen-
dent origins of red fruits (Fig. 4; suppl. Table S4).

Ten further traits show evolutionary lability with 50–100
transitions across the genus, including specialised under-
ground organs, prickles, trichome structure, leaf type, inflo-
rescence position and branching, sexual system, stamen
heteromorphism, presence of trichomes on mature fruit, and
fruiting calyx modifications (Table 1; Figs. 5, 6). Under-
ground storage organs have evolved at least four times inde-
pendently, while rhizomes have been gained 30 times and
lost at least 27 times across Solanum (Fig. 5A; suppl.
Table S4). Prickles have a single origin in Solanum, with
needle-like acicular prickles modelled as ancestral (Fig. 1K)
followed by several switches between needle-like and broad-
based prickles (Fig. 1L), including multiple losses of prickles
(Fig. 5B). Prickles are found exclusively in clades with stellate
trichomes, except for the Wendlandii and Nemorense clades
that lack stellate trichomes but have prickles (Fig. 5B,C). Stel-
late trichomes have evolved twice in Solanum from dendritic
trichomes and have been lost several times (Fig. 5C; suppl.
Table S4). Most frequent shifts include changes between den-
dritic to simple trichomes (Fig. 5C; suppl. Table S4). Leaves
in Solanum are modelled to have been compound ancestrally
with frequent switches to simple and then to lobed (Fig. 5D).
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Internodal, forked inflorescences are modelled as ances-
tral in Solanum with repeated shifts in both inflorescence
position and branching across the phylogeny where multi-
branching inflorescences have been frequently gained and lost
(Fig. 6A,B). Terminal branched inflorescences are more com-
mon in Grade I while unbranched internodal inflorescences
dominate in the large Leptostemonum clade (Fig. 6A,B).
The ancestral sexual system in Solanum is cosexuality
(i.e., hermaphroditism) with a minimum of 17 independent or-
igins of andromonoecy and >60 reversals back to cosexuality
across Solanum (Fig. 6C). Dioecy has evolved at least six
times in Solanum, once from cosexual ancestors and five
times from andromonoecy (Fig. 6C; suppl. Table S4). Hetero-
morphic anthers have evolved at least 13 times in Solanum
and have rarely been lost (Fig. 6D). Heteromorphic filaments
are modelled ancestral in Solanumwith frequent losses and re-
gains. Androecium heteromorphism is generally present in ei-
ther filaments or anthers, except for the Thelopodium clade
where all species have both heteromorphic filaments and an-
thers (Fig. 6D). Trichomes on mature fruits are modelled as
ancestral in Solanum with frequent losses and re-gains
(Fig. 6E). Appressed fruiting calyces are common in Solanum
with 48 independent origins, most of which are found in the
Leptostemonum clade (Fig. 6F; suppl. Table S4). Inflated ca-
lyces have evolved a minimum of five times (Fig. 6F; suppl.
Table S4).

Five floral and fruit traits show 10–49 changes across So-
lanum indicating relatively conserved evolution, including co-
rolla bilateral symmetry, anther shape, pedicel articulation,
fruit type and presence of stone cells in fruit (Table 1;
Fig. 7). Bilaterally symmetric corollas have evolved seven
times independently with frequent losses (Figs. 1X, 7A; suppl.
Table S4). Tapered anther shape has evolved 6 times indepen-
dently from an ancestral cylindrical shape, and cordate anthers
have two independent origins (Fig. 7B; suppl. Table S4).
Fruiting pedicels abcise at the basal junction between pedicel
and inflorescence rhachis in most Solanum but articulation to-
wards the distal end has evolved in the Petota-Tomato clade
and has been lost twice (Fig. 7C; suppl. Table S4). Dry dehis-
cent berries have evolved at least 13 times in Solanum and
have been rarely lost once gained (Fig. 7D; suppl. Table S4).
Stone cells in fruits are modelled as ancestral in Solanumwith
frequent losses (Fig. 7E).

Four highly conserved traits show <10 changes across
Solanum, including presence of pseudostipules, enlarged an-
ther connectives, anther modifications, and pedicel insertion
type (Table 1; Fig. 8). Pseudostipules have evolved multiple
times but only in two clades (Fig. 8A). Enlarged anther

connectives have evolved only once but have been lost fre-
quently (Fig. 8B). Anther modifications have evolved five
times independently in Solanum, all outside the large Lepto-
stemonum clade (Fig. 8C; suppl. Table S4). Cup-shaped ped-
icel insertion has evolved twice (Fig. 8D).

■DISCUSSION

Morphological definition of clades.— Identifying mor-
phological traits that characterise groups has been one of the
central aims of taxonomy since its origin (Humphreys
& Linder, 2009). Views on the importance of vegetative ver-
sus reproductive traits in defining genera has changed over
the centuries (e.g., Stevens, 1997). Linnaeus (1735, 1753)
used a so-called “sexual system” based solely on numbers of
male and female parts for classifying plants into smaller units.
Both Linnaeus’s contemporaries (e.g., Adanson, 1764) and
subsequent taxonomists attempted more “natural” classifica-
tions, based on a wider selection of characters derived from
all plant parts. Pheneticists continued this tradition by advo-
cating the use of all characters with equal weight, in contrast
to cladists who focused on the use of shared derived traits in
defining groups (Williams & Ebach, 2020). A focus on a
few obvious (often reproductive) traits has led to the recogni-
tion of many morphologically distinct small genera
(Stevens, 1997; Humphreys & Linder, 2009). Molecular phy-
logenetic analyses have, however, revealed many genera
(or higher-rank taxa) to be para- or polyphyletic, due in large
part to the convergent evolution (i.e., evolutionary lability)
of many floral and fruit traits used to define these groups prior
to the advent of DNA sequence data (e.g., Orejuela
& al., 2017; Bogarín & al., 2019; Koenen & al., 2020; Appel-
hans & al., 2021).

Traits that define clades within big genera have remained
elusive in part because of the logistical difficulty of studying
large groups (Minelli, 2016). Solanum is an example of such
an unwieldy group, where the efforts of a large and collabora-
tive team of taxonomists, field botanists, and molecular sys-
tematists now enable us to provide a broad overview of
morphological diversity across the genus at species-level for
the first time. Our analysis is a major step forward in quantify-
ing morphological diversity in Solanum, one of the largest
plant genera across the tree of life (Minelli, 2016). The ana-
lyses presented here allow us to morphologically define the in-
formally named clades of Solanum, as presented in Table 2.
The most-conserved traits are clearly the most useful in defin-
ing clades, but even the most-labile traits prove useful in

Fig. 4. Evolution of the most highly labile morphological traits in Solanum with >100 transitions based on species-level analysis using stochastic
character mapping.A, Growth form; B, Sympodial unit structure; C, Glandular trichomes; D, Corolla shape; E, Corolla colour; F, Fruit colour. Re-
sults from the best model are shown for each character (see Table 1 and suppl. Table S4 for details) based on 200 simulations. The topology used for
mappingwas derived from a supermatrix phylogenywith nine loci (two nuclear and seven plastid loci; Gagnon& al., 2022) with 725 species sampled
and coded for each trait (58% of all species). All minor clades are labelled; tips reflect the crown nodes of each minor clade. Piecharts indicate like-
lihood of modelled ancestral states along the nodes, and frequency bars (tips) reflect proportion of species sampled within each clade with each state.
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defining particular clades when rare states are expressed and if
used in combination (e.g., axillary inflorescences in Pteroidea
clade with unifoliate sympodial units, or presence of both yel-
low corollas and pseudostipules in Tomato clade). Such fine-
tuned understanding of variation (or lack of) enables us to
confidently place all currently accepted species of Solanum
into the informal clades with only a few exceptions (suppl.
Table S1). Lastly, morphological characters used in the defini-
tion of clades can be used to create powerful identification
tools, and with that in mind, the underlying data has been used

to construct a freely available online interactive multi-access
key to the clades (Solanum Key Consortium, 2022).

Plant structure, roots and leaves. — Plant structure re-
lated traits have some of the highest transition rates in Sola-
num with repeated shifts between sympodial growth patterns
and herbaceous and woody growth forms (Figs. 1A–F,
4A,B). All herbaceous vines and epiphytes in Solanum are
found in Grade I except for a single truly herbaceous vine spe-
cies found in the Nemorense clade (S. hoehnei C.V.Morton,
Fig. 4A), while woody growth forms predominate in
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Fig. 5. Evolution of labile morphological traits (vegetative) in Solanum with 50–100 transitions based on species-level analysis using stochastic
character mapping.A, Specialised underground organs;B, Prickles;C, Trichome structure;D, Leaf division. Results from the best model are shown
for each character (see Table 1 and suppl. Table S4 for details) based on 200 simulations. The topology used for mapping was derived from a super-
matrix phylogeny with nine loci (two nuclear and seven plastid loci; Gagnon & al., 2022) with 725 species sampled and coded for each trait (58% of
all species). All minor clades are labelled; tips reflect the crown nodes of each minor clade. Piecharts indicate likelihood of modelled ancestral states
along the nodes, and frequency bars (tips) reflect proportion of species sampled within each clade with each state.
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Clade II. Shifts between growth forms are most prevalent in
Grade I where all seven states are observed (Fig. 4A). Growth
pattern in Solanum is sympodial, in which stems are com-
posed of a series of concaulescent branches, flowering
marks the end of the main shoot and axillary buds
(of various numbers) continue plant growth (Danert, 1958,
1970; Child, 1979). Thus, changes in the sympodial unit
structure result in variation in plant structure in general as well
as inflorescence position (Danert, 1958, 1970; Child, 1979).
Genetic control of the number of leaves per sympodial unit
is known to involve the tomato self-pruning (sp) locus; sym-
podial units of sp mutants are terminated early and have fewer
leaves (Paran & Van der Knaap, 2007). The great lability ob-
served here for both traits linked to plant structure suggests
that growth form has played a key role in diversification in So-
lanum. Sympodial growth structure is perhaps the closest trait
in the genus to the concept of “key innovation” seen in other
large plant genera, such as insular woodiness in Begonia L.
(Kidner & al., 2016) or succulence and the linked evolution
of CAM photosynthesis in Euphorbia L. (Horn & al., 2012,
2014; Anest & al., 2021). Growth form variation in Solanum
is often underappreciated, perhaps due to the difficulty of cap-
turing it in photos or in herbarium specimens.

In comparison to the high evolutionary lability of above-
ground growth form, the evolution of specialised underground
organs is less, albeit still evolutionarily labile. Our analyses
show repeated gains and losses of rhizomes and four origins
of underground storage organs in Solanum; three of the transi-
tions have resulted in stem and root tubers (Petota, Caroli-
nense, and Asterophorum clades, the latter two members of
Leptostemonum), while the fourth has given rise to a swollen
caudex (S. montanum Cav., Regmandra clade; Fig. 5A). Al-
though tubers are often associated with herbaceous species
(e.g., potatoes), in the Leptostemonum clade they are found
in woody shrubs (members of the Asterophorum clade;
Fig. 5A). Rhizomes appear evolutionarily more labile com-
pared to tubers, and the relationship between rhizomes and tu-
bers bears further investigation as both are largely found in the
same clades (Fig. 5A; Table 2).

Plant defence: Glands, trichomes and prickles. —
Glandular trichomes are involved in herbivore resistance and
in Solanum contain a variety of different chemical compounds
(Weinhold & Baldwin, 2011; Glas & al., 2012; Fan & al.,
2019). The high evolutionary lability of glandular trichomes
observed in Solanumwith frequent gains and losses is not sur-
prising, consideringmany species show infraspecific variation
in glandular pubescence between populations and individuals
(e.g., S. nigrum L., S. retroflexum Dunal, S. villosum Mill.;
Manoko, 2007; Särkinen & al., 2018). Glandular trichomes
are most prevalent in simple-haired clades; only seven (minor)
clades have stellate glandular trichomes (Fig. 4C). Morpho-
logical variation in simple glandular trichomes has been stud-
ied extensively in the Tomato clade where seven distinct types
have been identified (types I–VII; Simmons & Gurr, 2005);
each type has distinct genetic control (Schilmiller & al.,
2009, 2012; Zhang & al., 2015; Chang & al., 2018; Chalvin

& al., 2020) and potentially distinct function. Some of these
with single-celled glandular tips contain high amounts of acyl
sugars and are involved in insect resistance (types I and IV;
e.g., Weinhold &Baldwin, 2011), while trichomeswith multi-
cellular glandular tips secrete terpenes with various functions
(type VI; e.g., Glas & al., 2012; Fan & al., 2019).

Prickles in Solanum are epidermal in origin and are thought
to be modified multicellular stellate trichomes with layers
of elongate and lignified cells (Seithe, 1962, 1979;
Whalen, 1984). Our results show that the single origin of
prickles corresponds to the evolution of stellate trichomes in
the Leptostemonum clade (Fig. 5B,C), supporting the view that
prickles have originated from the stellate trichome type. The
common origin of stellate trichomes and prickles can be ob-
served in some Leptostemonum species (e.g., S. barbisetum
Nees, S. myoxotrichumBaker and S. schumannianumDammer,
all within the EHS clade) where stellate trichomes on young
stems develop lignified stalks and become prickle-like with
an apical stellate trichome (Vorontsova & Knapp, 2016;
Aubriot & Knapp, 2022). Previous studies have proposed
glandular trichomes to be involved in prickle development
(Pandey & al., 2018) but these hypotheses remain unsupported
based on our findings and other studies (Zhang & al., 2021).
Once gained, prickles have been lost several times, where
many of the losses are associated with domestication
(e.g., S. aethiopicum L., S. macrocarpon, S. melongena,
S. quitoense, S. sessiliflorum, S. stramoniifolium Jacq.; Wha-
len & al., 1981; Lester & Thitai, 1989). Variation in prickle
type and density observed within species and individuals
shows that prickle expression is highly labile; prickles and
trichomes are observed to be denser/exclusive to juvenile in-
dividuals in some species (e.g., Vorontsova & Knapp, 2016),
while in others prickly and non-prickly stems can occur on
the same plant (e.g., S. elaeagnifolium Cav.; Knapp &
al., 2017). Prickles have been shown to be under simple dom-
inant inheritance genetically (Lester & Thitai, 1989), and
QTLs and candidate genes responsible for prickle formation
have been identified (Portis & al., 2015; Pandey & al., 2018;
Miyatake & al., 2020; Qian & al., 2021; Zhang & al., 2021).

Trichome structure, in contrast, is less labile and defines
some of the major clades in Solanum (Fig. 5C) (Dunal, 1852;
Seithe, 1962, 1979; Roe, 1971, 1972). Stellate trichomes have
arisen twice in Clade II (Fig. 5C). Dendritic trichomes, which
never occur in clades with stellate trichomes, are modelled as
ancestral in Solanum and have been lost several times
(Fig. 5C). Seithe (1962, 1979) observed simple trichomes on
seedling leaves of species that subsequently developed den-
dritic or stellate trichomes, leading her to suggest that both were
derived from simple trichomes. Our results, which model den-
dritic trichomes as ancestral, do not support this view, and sug-
gest that stellate trichomes are derived from dendritic ones.

Leaves. — Compound (i.e., deeply pinnatifid) leaves are
modelled as ancestral in Solanum, with frequent shifts to sim-
ple (entire) leaves (Fig. 5D). The trait model predicts, surpris-
ingly, direct shifts from compound to simple leaves without an
“intermediate” step of leaf lobing (suppl. Table S4), as can be
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seen in particular clades with both simple and compound
leaved species (e.g., Herpystichum, Pteroidea, Anarrhichome-
num, Basarthrum, and Petota; Fig. 5D), but that lack species
with “intermediate” lobed leaves. In these clades, simple
leaves may represent reduced compound leaves where only a
single leaflet remains, as this can be observed in some tomato
mutants (Berger & al., 2009). Transitions to lobed leaves are
modelled to be via simple entire leaves (suppl. Table S4),
and such transitions can be observed in Clade II, where some
species show simple, lobed, and compound leaves in a single
shoot (e.g., Wendlandii and Pachyphylla clades: S. wendlandii
Hook.f. or S. pendulum Ruiz & Pav., respectively). All species
in Leptostemonum have either simple or lobed leaves (some
deeply lobed, e.g., S. sisymbriifolium Lam., coded as lobed),
and change in shape from lobed to entire has been documen-
ted in the Torva clade with developmental maturity of the
shoot (Roe, 1966). Our results disagree with previous studies
on leaf division patterns across Solanum where leaves were
modelled as ancestrally simple and entire (Geeta & al.,
2012); the difference in our results is likely due to increased
species sampling and the fact that we collapsed many nodes
along the backbone of Solanum due to the high discordance
and topological uncertainty based on phylogenomic sampling
(Gagnon & al., 2022). Genetic studies show upregulation of
KNOX genes in both compound and lobed leaves in Solanum
but not in simple leaves (Hagemann & Gleissberg, 1996;
Bharathan & al., 2002; Efroni & al., 2010).

Floral traits. — Two traits linked to pollinator attraction,
corolla shape and colour (Møller, 1995; Gómez & al., 2008,
2016; Muchhala & al., 2014; Reverte & al., 2016; Moré
& al., 2020), are shown to be some of the most evolutionarily
labile traits in Solanum (Fig. 4D,E). Variation in corolla shape
in Solanum depends on the amount of interpetalar tissue pre-
sent between lobes, and changes seem frequent throughout the
genus highlighting the need to explore pollinator-linked trait
variation in buzz-pollinated plant groups.

Shifts between purple and white dominate in Solanum
with >66 gains of purple corollas (Fig. 4E). Transitions to yel-
low are rare with a minimum of five independent origins of
yellow corollas, twice from white ancestors. A similar pattern
has been found in tribe Antirrhineae (Plantaginaceae), where
transitions from purple to yellow have been found to have oc-
curred via a white state (i.e., “loss” of previous pigment; e.g.,
Ellis & Field, 2016). Three transitions in Solanum, however,
indicate direct shifts from purple to yellow and these nodes
merit further investigation. The strength and brightness of

yellow is not homogenous across Solanum, and it is possible
that this colour arises from different pathways. Genetic con-
trol of corolla colouration (e.g., Gates & al., 2018) has not
been studied in Solanum, but flavonoids (anthocyanins: pur-
ple; flavones: yellow) and carotenoids (yellow) are compo-
nents of corolla colouration in other genera of Solanaceae
(Iochroma Benth.: Berardi & al., 2016; Larter & al., 2019;
Nicotiana L.: McCarthy & al., 2017; Petunia Juss.: Berardi
& al., 2021). We did not record the presence of multiple col-
ours in some species (e.g., corollas with shiny central “eyes”
at the base of the corolla with green, yellow, purple, or black
colouration) but this merits further investigation. Studies on
Antirrhinum L. have shown that even single mutations altering
corolla colour and reflectance can affect bee behaviour (Comba
& al., 2000; Dyer & al., 2006, 2007).

Our results indicate that the general floral “bauplan” in So-
lanum has changed several times independently despite the rel-
ative morphological homogeneity in Solanum flowers based on
the buzz-pollination syndrome with poricidally dehiscent an-
thers arranged in a central cone. Changes include a minimum
of 13 origins of heteromorphic anthers, 8 origins of heteromor-
phic filaments (Fig. 6D), 7 origins of bilaterally symmetric co-
rollas (Fig. 7A), and 5 independent origins of anther
modifications (Fig. 8C). Bilaterally symmetric corollas have
evolved largely in clades with heteromorphic anthers
(Leptostemonum; Figs. 6D, 7A; Lester & al., 1999;
Knapp, 2002b, 2010; Bohs & al., 2007). The link between co-
rolla and stamen zygomorphy has been well-documented and
has evolved multiple times in Solanaceae (Robyns, 1931),
where heteromorphic anthers appear to be precursors to bilater-
ally symmetric corollas (Zhang & al., 2017). Genes controlling
corolla bilateral symmetry (and heteromorphic anthers) in Sola-
num have not yet been identified, but the trait is likely to affect
pollination by increasing pollinator specificity and efficiency
(Jesson & Barrett, 2002, 2005; Fenster & al., 2009). Enlarged
anther connectives have evolved once in Solanum (Fig. 8B)
again affecting pollination as they are involved in the perfume
bee pollination in the Pachyphylla clade (Sazima & al., 1993;
Bohs, 1994; Cocucci, 1996, 1999; Falcão & Stehmann,
2018). Taken together, our results indicate continuous shifts
in pollination-related floral traits in a buzz-pollinated genus.

Fruit morphology. — Solanum is well-known for varia-
tion in fruit shape, size, colour, and texture (Fig. 1Y–AD;
Knapp, 2002c), and fruit traits have been suggested to have
been important in the diversification of the EHS clade
(Echeverría-Londoño & al., 2020) likely due to their function

Fig. 6. Evolution of labile morphological traits (reproductive) in Solanum with 50–100 transitions based on species-level analysis using stochastic
character mapping. A, Inflorescence position; B, Inflorescence branching;C, Sexual system;D, Stamen heteromorphism; E, Trichomes on mature
fruits; F, Fruiting calyx modifications. Results from the best model are shown for each character (see Table 1 and suppl. Table S4 for details) based
on 200 simulations. The topology used for mapping was derived from a supermatrix phylogeny with nine loci (two nuclear and seven plastid loci;
Gagnon & al., 2022) with 725 species sampled and coded for each trait (58% of all species). All minor clades are labelled; tips reflect the crown
nodes of each minor clade. Piecharts indicate likelihood of modelled ancestral states along the nodes, and frequency bars (tips) reflect proportion
of species sampled within each clade with each state.
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in dispersal adaptations and ability to colonise new areas and
habitats (e.g., Cipollini & al., 2002; Martine & al., 2019). Col-
our is the most evolutionarily labile fruit character in Solanum.
Fleshy Solanum berries are known to be dispersed by a wide
variety of vertebrates, including birds, bats, and small rodents
(Symon, 1979a; Cipollini & Levey, 1997a,b,c; Knapp,
2002a), and variation in fruit colour could be linked to
changes in dispersal strategies. Green fruits are the most com-
mon in Solanum (275 species sampled in the phylogeny;
suppl. Table S3), but the commonness of green fruits may
be an artefact of late maturing fruits or fruits that are rapidly
taken by dispersers in some groups and ephemerality of this
stage, where fully mature fruits are rarely collected. An exam-
ple are the green fruits of the Geminata and Brevantherum
clades that rapidly change in colour from green to yellow, or-
ange, red or purple when they are mature and are quickly con-
sumed by frugivores such as bats (Knapp, 2002a; Tovar
& al., 2021). Yellow (157 spp.) and red (122 spp.) are the sec-
ond most common fruit colours in Solanum, followed by pur-
ple (77 spp.), orange (65 spp.) and white (29 spp.; suppl.
Table S3). Flavonoids, particularly anthocyanins, are respon-
sible for purple, blue, and red fruit colours in Solanaceae,
whereas carotenoids are typically responsible for yellow, or-
ange, and red fruits (Gonzali & Perata, 2021). Because we
only scored external colour and did not code flesh colouration,
future studies should expand on the distinct colour pathways
potentially present in fruit flesh and peel, especially in species
such as S. lycopersicum (Tomato clade; Ronen & al., 1999;
Bovy & al., 2007; Gonzali & Perata, 2021), S. betaceum
(Pachyphylla clade; Acosta-Quezada & al., 2015), and
S. melongena (EHS clade; Jiang & al., 2016).

Presence of trichomes on mature fruits and fruiting calyx
modifications (Table 1, Fig. 6E,F) are evolutionarily labile in
Solanum. Our results agreewith Deanna & al. (2019) showing
a stepwise and directional evolution from non-accrescent to
accrescent (appressed) and inflated fruiting calyces but also
indicate a second path from non-accrescent directly to inflated
(suppl. Table S4). Fruiting calyx modifications (Table 1;
Fig. 6F) enable physical dispersal mechanisms, for example
where prickly accrescent fruiting calyces around dry berries
act as trample-burrs or censer fruits where seeds shake out
of the open end of the accrescent calyx with plant movement
(e.g., S. euacanthum Phil., Elaeagnifolium, Androceras and
EHS clades; Symon, 1979a; Martine & al., 2019).

The remaining fruit traits in Solanum are phylogenetically
conserved (Figs. 7C–E, 8D; pedicel articulation, fruit type,
presence of stone cells, and pedicel insertion) and are useful
for defining groups (Table 2). Stone cells (i.e., sclerotic

granules or brachysclereids), hard inclusions found in the fle-
shy portion of some Solanum berries, have evolved a mini-
mum of four times (Fig. 7E). Stone cells are derived from
sclerenchyma with massively enlarged cell walls and vary in
their number, size, shape, and colour (Bitter, 1911, 1914;
Symon, 1994; Knapp, 2002c; Särkinen & al., 2018; Knapp
& al., 2019). Their function remains unclear, but interestingly,
in the Morelloid clade, where stone cells are common,
species cultivated for their berries lack them completely
(e.g., S. scabrum Mill., see Särkinen & al., 2018).

There is complex variation in fruit texture, shape, and size
across Solanum not captured by our analyses that likely con-
tributes to dispersal strategies (e.g., Cipollini & al., 2002). In
our study, the single category of fleshy berries included
small, soft, and juicy (e.g., tomatoes), large and spongy
(e.g., eggplant), large and woody (e.g., S. sycophanta Dunal),
and explosively dehiscent fleshy berries (e.g., all species of
the Gonatotrichum clade; Knapp, 2001, 2002c; Stern &
al., 2013; S. mellobarretoi Agra & Stehmann in the Leptoste-
monum clade; Agra & Stehmann, 2016). Phenotypic variation
of fruit texture, shape, and size will be challenging to quantify
in all species but will be needed to enhance understanding of
diversity across Solanum. Methods developed for tomatoes
(e.g., Van der Knaap & al., 2014) applied across the genus
may reveal new characters and character combinations for de-
velopmental study. Links between the evolution of fruit type,
size, colour, and texture combined with fruiting calyx modifi-
cations warrant further exploration because they all affect fruit
and seed dispersal.

Sexual system. — Cosexuality, with all flowers having
both male and female parts (Cardoso & al., 2018), is ancestral
in Solanum (Fig. 6C). Dioecy is relatively rare in Solanum,
being found in 15 species sampled so far in the molecular
phylogeny, but has evolved at least six times independently,
directly from a cosexual (i.e., hermaphroditic) ancestor in at
least one case (Anarrhichomenum clade; Fig. 6C) and from
andromonoecious ancestors in others (e.g., Martine & al.,
2006, 2009). Plants with dioecious or plastic sexual systems
continue to be discovered in Solanum (e.g., Knapp & al.,
1998; Martine & al., 2016; McDonnell & al., 2019); 22 dioe-
cious species are currently known in Solanum (Fig. 3D). An-
dromonoecy as coded here is common in Solanum and is
modelled as ancestral in the Leptostemonum clade and its sis-
ter lineage with multiple gains and losses (Fig. 6C). There is
large variation within species coded as andromonoecious,
with a continuum from weakly andromonoecious species
with staminate flowers and pistillate flowers in more or less
equal proportions to strongly andromonoecious species with

Fig. 7. Evolution of conserved morphological traits in Solanum with 10–49 transitions based on species-level analysis using stochastic character
mapping. A, Corolla bilateral symmetry; B, Anther shape; C, Pedicel articulation; D, Fruit type; E, Stone cells. Results from the best model are
shown for each character (see Table 1 and suppl. Table S4 for details) based on 200 simulations. The topology used for mapping was derived from
a supermatrix phylogeny with nine loci (two nuclear and seven plastid loci; Gagnon & al., 2022) with 725 species sampled and coded for each trait
(58% of all species). All minor clades are labelled; tips reflect the crown nodes of each minor clade. Piecharts indicate likelihood of modelled an-
cestral states along the nodes, and frequency bars (tips) reflect proportion of species sampled within each clade with each state.
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a large number of staminate flowers and a single hermaphro-
ditic flower that produces fruits (Whalen & Costich, 1986;
Miller & Diggle, 2007). Future studies in large clades where
andromonoecy is common but not predominant (e.g., EHS
clade) will be useful in refining our knowledge of sexual sys-
tem transitions in Solanum; both additional taxa and se-
quences will be needed to untangle relationships in the
species-rich EHS clade where detailed relationships are not
yet clear. Small clades exhibiting the entire range of
sexual systems (e.g., the Australian groups under study by

Martine & al., 2019) could be used to understand the role of
flower morphology and pollinator dynamics in sexual system
evolution in relation to ecological conditions (e.g., Quesada-
Aguilar & al., 2008).

Future research. — Our results open several hypotheses
that could be further explored in future studies. For example,
our results highlight that much work remains to be done in un-
derstanding the evolutionary and developmental origin of the
distinct trichome structures found across Solanum. There is
more morphological variation in trichome structure than
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Fig. 8. Evolution of the most conserved morphological traits in Solanumwith <10 transitions based on species-level analysis using stochastic char-
acter mapping. A, Pseudostipules; B, Enlarged anther connectives; C, Anther modifications; D, Pedicel insertion. Results from the best model are
shown for each character (see Table 1 and suppl. Table S4 for details) based on 200 simulations. The topology used for mapping was derived from a
supermatrix phylogeny with nine loci (two nuclear and seven plastid loci; Gagnon & al., 2022) with 725 species sampled and coded for each trait
(58% of all species). All minor clades are labelled; tips reflect the crown nodes of each minor clade. Piecharts indicate likelihood of modelled an-
cestral states along the nodes, and frequency bars (tips) reflect proportion of species sampled within each clade with each state.
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displayed by the broad categories used in our analyses, with
several losses and modifications of stellate trichomes within
clades. For instance, the 2-celled geniculate trichomes in the
Gonatotrichum clade with a short basal and longer apical cell
are thought to represent reduced stellate trichomes
(Seithe, 1979; Stern & al., 2013). This is an area of great
promise for future research in developmental genetics. The
widespread occurrence of glandular trichomes across the
clades of Solanum provides an ideal system to test homology
of genetic and developmental pathways beyond the Tomato
clade. How the distinct trichome structures relate to the origin
of prickles should also be further explored.

Our results on evolutionary trends in leaf division high-
light that further exploration of genes linked to leaf shape pat-
terning across Solanum would be interesting, where lineages
with considerable polymorphism within individual plants
(e.g., Dulcamaroids) should be included following ap-
proaches in Brassicaceae (Vlad & al., 2014; Streubel
& al., 2018; Nikolov & al., 2019). Perhaps most intriguingly,
our results indicate continuous shifts in pollination-related
floral traits (e.g., corolla shape and colour) in this buzz-
pollinated genus, and the drivers of this variation should be
explored further in species-level studies in Solanum in relation
to diversification. Such studies should aim to quantify corolla
shape to include corolla lobe orientation to enable more de-
tailed studies of trait evolution at species level.

Our overview provides a framework for studying morpho-
logical evolution in Solanum and for designing future experi-
ments. Data from molecular genetics will enable detailed
understanding of pathways involved in evolution of each trait
(Smith & al., 2020) and is still largely lacking for most traits.
We emphasise, however, that many of the broad categories used
in our study are oversimplifications of the continuous variation
observed in Solanum, and confirmation of character homology
will be needed in many places. This will include observations
of developmental sequences from species across the clades in ge-
nus-wide investigations of thegenetic/metabolic pathwaysof sev-
eral key traits (e.g., leaf division, corolla and stamen bilateral
symmetry, corolla colour, sexual systems). Studying morpholog-
ical diversity in such a large and morphologically variable group
as Solanum is challenging, and we hope that our overview pro-
vides a guide for next steps and a way to further target species
for future study. Our results are limited by species sampling and
resolution of our phylogeny; the number and position of the trait
shiftswill likely increase as sampling and resolution of the under-
lying phylogeny increases. Increased sampling is especially
needed especially in the most diverse clades of Solanum (e.g.,
Brevantherum, Dulcamaroid, Geminata, Torva, and EHS clades)
both in terms of species and genes to further refine and better un-
derstandphylogeny and evolutionof this globally important genus.

■ CONCLUSION

Our analyses provide a systematic review and synthesis of
morphological diversity in the large and economically

important genus Solanum at clade level using the most up-
to-date and well-sampled phylogeny, thus expanding on previ-
ous works both in terms of taxa and traits (see Knapp
& al., 1998; Knapp, 2001, 2002b,c; Bohs & al., 2007). Traits
related to plant structure (growth form and sympodial unit
structure), plant defence (glandular trichomes), pollination
(corolla shape and colour), and dispersal (fruit colour) are
identified as the most evolutionarily labile traits in Solanum.
Ten further traits relating to life form (specialised under-
ground organs), defence (prickle type, trichome structure),
leaf division, inflorescence position and branching, sexual
system, stamen hetermorphism and fruit morphology show
signal of evolutionary lability with 50–100 transitions ob-
served across Solanum. Nine traits are more conserved and
can be used to assemble combinations of traits that define in-
formally named clades in the genus. Morphological definition
of infrageneric clades in the mega-diverse and globally dis-
tributed Solanumwill provide help with species-level identifi-
cation as well as enabling us to place unsampled species more
confidently into a phylogenetic context.
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Spooner, D.M., Álvarez, N., Peralta, I.E. & Clausen, A.M. 2016.
Taxonomy of wild potatoes and their relatives in southern South
America (Solanum sect. Petota and Etuberosum). Syst. Bot.
Monogr. 100: 1–234.

Spooner, D.M., Jansky, S.H., Rodríguez, F., Simon, R., Ames, M.,
Fajardo, D. & Castillo, R.O. 2019. Taxonomy of wild potatoes
in northern South America (Solanum section Petota). Syst. Bot.
Monogr. 108: 1–305.

Stern, S. & Bohs, L. 2012. An explosive innovation: Phylogenetic re-
lationships of Solanum section Gonatotrichum (Solanaceae).
PhytoKeys 8: 83–98. https://doi.org/10.3897/phytokeys.8.2199

Stern, S., Agra, M.F. & Bohs, L. 2011. Molecular delimitation of
clades within New World species of the “spiny solanums” (Sola-
num subg. Leptostemonum). Taxon 60: 1429–1441. https://doi.
org/10.1002/tax.605018

Stern, S., Bohs, L., Giacomin, L.L., Stehmann, J.R. & Knapp, S.
2013. A revision of Solanum section Gonatotrichum. Syst. Bot.
38: 471–496. https://doi.org/10.1600/036364413X666624

Stern, S., Bohs, L. & Keeling, J. 2014. New species and combinations
in Solanum section Androceras (Solanaceae). J. Bot. Res. Inst.
Texas 8: 1–7.

Stevens, P.F. 1997. How to interpret botanical classifications—
suggestions from history. BioScience 47(4): 243–250. https://doi.
org/10.2307/1313078

Streubel, S., André Fritz, M., Teltow, M., Kappel, C. & Sicard, A.
2018. Successive duplication-divergence mechanisms at the
RCO locus contributed to leaf shape diversity in the Brassicaceae.
Development 145(8): dev164301. https://doi.org/10.1242/dev.
164301

Symon, D.E. 1970. Dioecious Solanums. Taxon 19: 909–910. https://
doi.org/10.2307/1218308

Symon, D.E. 1979a. Fruit diversity and dispersal in Solanum in
Australia. J. Adelaide Bot. Gard. 1: 321–331.

Symon, D.E. 1979b. Sex forms in Solanum (Solanaceae) and the role of
pollen collecting insects. Pp. 385–397 in: Hawkes, J.G., Lester, R.-
N. & Skelding, A.D. (eds.), The biology and taxonomy of the So-
lanaceae. London: Academic Press.

Symon, D.E. 1984. A new form of Solanum fruit. J. Adelaide Bot.
Gard. 7: 1–367.

Symon, D.E. 1994. Kangaroo apples: Solanum sect. Archaesolanum.
Adelaide: published by the author.

Tanksley, S.D. & McCouch, S.R. 1997. Seed banks and molecular
maps: Unlocking genetic potential from the wild. Science 277:
1063–1066. https://doi.org/10.1126/science.277.5329.1063

Tanksley, S.D., Grandillo, S., Fulton, T.M., Zamir, D., Eshed, Y.,
Petiard, V., Lopez, J. & Beck-Bunn, T. 1996. Advanced back-
cross QTL analysis in a cross between an elite processing line of
tomato and its wild relative L. pimpinellifolium. Theor. Appl.
Genet. 92: 213–224. https://doi.org/10.1007/BF00223378

Tepe, E.J. & Bohs, L. 2009. New species of Solanum section
Herpystichum (Solanaceae) from Ecuador. J. Bot. Res. Inst. Texas
3(2): 511–519.

Tepe, E.J. & Bohs, L. 2011. A revision of Solanum section Herpysti-
chum. Syst. Bot. 36(4): 1068–1087. https://doi.org/10.1600/
036364411X605074

Tepe, E.J., Anderson, G.J., Spooner, D.M. & Bohs, L. 2016. Rela-
tionships among wild relatives of the tomato, potato, and pepino.
Taxon 65: 262–276. https://doi.org/10.12705/652.4

Thaler, J.S., Humphrey, P.T. & Whiteman, N.K. 2012. Evolution of
jasmonate and salicylate signal crosstalk. Trends Pl. Sci. 17: 260–
270. https://doi.org/10.1016/j.tplants.2012.02.010

Tingey, W.M. & Gibson, R.W. 1978. Feeding and mobility of the po-
tato leafhopper impaired by glandular trichomes of Solanum ber-
thaultii and S. polyadenium. J. Econ. Entomol. 71: 856–858.
https://doi.org/10.1093/jee/71.6.856

Tingey, W.M. & Laubengayer, J.E. 1981. Defense against the green
peach aphid and potato leafhopper by glandular trichomes of Sola-
num berthaultii. J. Econ. Entomol. 74: 721–725. https://doi.org/
10.1093/jee/74.6.721

Tomato Genome Consortium 2012. The tomato genome sequence
provides insights into fleshy fruit evolution. Nature 485: 635–
641. https://doi.org/10.1038/nature11119

Tovar, J.D., Andre, T., Wahlert, G.A., Bohs, L. & Giacomin, L.L.
2021. Phylogenetics and historical biogeography of Solanum
section Brevantherum (Solanaceae). Molec. Phylogen. Evol. 162:
107195. https://doi.org/10.1016/j.ympev.2021.107195

Vallejo-Marín, M. & O’Brien, H.E. 2007. Correlated evolution of
self-incompatibility and clonal reproduction in Solanum
(Solanaceae). New Phytol. 173: 415–421. https://doi.org/10.
1111/j.1469-8137.2006.01924.x

Van der Knaap, E., Chakrabarti, M., Chu, Y.H., Clevenger, J.P.,
Illa-Bernguer, E., Huang, Z., Keyhaninejad, N., Mu, Q.,
Sun, L., Wang, Y. & Wu, S. 2014. What lies beyond the eye:
The molecular mechanisms regulating tomato fruit weight and
shape. Frontiers Pl. Sci. (Online journal) 5: 227. https://doi.org/
10.3389/fpls.2014.00227

Villanueva, G., Rosa-Martínez, E., Şahin, A., García-Fortea, E.,
Plazas, M., Prohens, J. &Vilanova, S., 2021. Evaluation of ad-
vanced backcrosses of eggplant with Solanum elaeagnifolium in-
trogressions under low N conditions. Agronomy 11(9): 1770.
https://doi.org/10.3390/agronomy11091770

Vlad, D., Kierzkowski, D., Rast, M.I., Vuolo, F., Dello Ioio, R.,
Galinha, C., Gan, X. Hajheidari, M., Hay, A., Smith, R.S.,
Huijser, P., Bailey, C.D. & Tsiantis, M. 2014. Leaf shape evolu-
tion through duplication, regulatory diversification, and loss of a
homeobox gene. Science 343: 780–783. https://doi.org/10.1126/
science.1248384

Vorontsova, M.S. & Knapp, S. 2016. A revision of the “spiny
solanums,” Solanum subgenus Leptostemonum (Solanaceae), in
Africa and Madagascar. Syst. Bot. Monogr. 100: 1–424.

Watts, S. & Kariyat, R. 2022. Morphological characterization of tri-
chomes shows enormous variation in shape, density and dimen-
sions across the leaves of 14 Solanum species. AoB PLANTS
13(6): plab071. https://doi.org/10.1093/aobpla/plab071

36 Version of Record

Hilgenhof & al. • Morphological trait evolution in Solanum TAXON 00 (00) • 1–37

 19968175, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/tax.12990, W

iley O
nline L

ibrary on [23/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1073/pnas.0604635103
https://doi.org/10.1073/pnas.0604635103
https://doi.org/10.1071/BT21001
https://doi.org/10.1071/BT21001
https://doi.org/10.1111/j.1461-9555.2005.00271.x
https://doi.org/10.1111/j.1461-9555.2005.00271.x
https://doi.org/10.5281/zenodo.7870423
https://doi.org/10.5281/zenodo.7870423
https://doi.org/10.1016/j.tree.2020.01.005
https://doi.org/10.1016/j.tree.2020.01.005
http://www.xper3.com/xper3GeneratedFiles/publish/identification/3646482090706093198/mkey.html
http://www.xper3.com/xper3GeneratedFiles/publish/identification/3646482090706093198/mkey.html
https://doi.org/10.1002/j.1537-2197.1993.tb15238.x
https://doi.org/10.1002/j.1537-2197.1993.tb15238.x
https://doi.org/10.2307/25027915
https://doi.org/10.2307/25027915
https://doi.org/10.3897/phytokeys.8.2199
https://doi.org/10.1002/tax.605018
https://doi.org/10.1002/tax.605018
https://doi.org/10.1600/036364413X666624
https://doi.org/10.2307/1313078
https://doi.org/10.2307/1313078
https://doi.org/10.1242/dev.164301
https://doi.org/10.1242/dev.164301
https://doi.org/10.2307/1218308
https://doi.org/10.2307/1218308
https://doi.org/10.1126/science.277.5329.1063
https://doi.org/10.1007/BF00223378
https://doi.org/10.1600/036364411X605074
https://doi.org/10.1600/036364411X605074
https://doi.org/10.12705/652.4
https://doi.org/10.1016/j.tplants.2012.02.010
https://doi.org/10.1093/jee/71.6.856
https://doi.org/10.1093/jee/74.6.721
https://doi.org/10.1093/jee/74.6.721
https://doi.org/10.1038/nature11119
https://doi.org/10.1016/j.ympev.2021.107195
https://doi.org/10.1111/j.1469-8137.2006.01924.x
https://doi.org/10.1111/j.1469-8137.2006.01924.x
https://doi.org/10.3389/fpls.2014.00227
https://doi.org/10.3389/fpls.2014.00227
https://doi.org/10.3390/agronomy11091770
https://doi.org/10.1126/science.1248384
https://doi.org/10.1126/science.1248384
https://doi.org/10.1093/aobpla/plab071


Weese, T.L. &Bohs, L. 2007. A three-gene phylogeny of the genus So-
lanum (Solanaceae). Syst. Bot. 32(2): 445–463. https://doi.org/10.
1600/036364407781179671.

Weinhold, A. & Baldwin, I.T. 2011. Trichome-derived O-acyl sugars
are a first meal for caterpillars that tags them for predation. Proc.
Natl. Acad. Sci. U.S.A. 108: 7855–7859. https://doi.org/10.1073/
pnas.1101306108

Whalen, M.D. 1984. Conspectus of species groups in Solanum subge-
nus Leptostemonum. Gentes Herbarum 12: 179–282.

Whalen, M.D. & Costich, D.E. 1986. Andromonoecy in Solanum.
Pp. 284–302 in: D’Arcy, W.G. (ed.), Solanaceae: Biology and
systematics. New York: Columbia University Press.

Whalen, M.D., Costich, D.E. & Heiser, C.B., Jr. 1981. Taxonomy of
Solanum section Lasiocarpa. Gentes Herbarum 12: 41–129.

Williams, D.E. & Ebach, M. 2020. Cladistics: A guide to biological
classification. Cambridge: Cambridge University Press. https://
doi.org/10.1017/9781139047678

Wu, L., Tian, Z. &Zhang, J. 2018a. Functional dissection of auxin re-
sponse factors in regulating tomato leaf shape development.

Frontiers Pl. Sci. (Online journal) 9: 957. https://doi.org/10.
3389/fpls.2018.00957

Wu, M., Kostyun, J.L. & Moyle, L.C. 2018b. Genome sequence of
Jaltomata addresses rapid reproductive trait evolution and en-
hances comparative genomics in the hyper-diverse Solanaceae.
Genome Biol. Evol. 11(2): 335–349. https://doi.org/10.1093/gbe/
evy274

Zhang, X., Yan, F., Tang, Y., Yuan, Y., Deng, W. & Li, Z. 2015.
Auxin response gene SlARF3 plays multiple roles in tomato de-
velopment and is involved in the formation of epidermal cells
and trichomes. Pl. Cell Physiol. 56: 2110–2124. https://doi.org/
10.1093/pcp/pcv136

Zhang, J., Stevens, P.F. & Zhang, W. 2017. Evolution of floral zygo-
morphy in androecium and corolla in Solanaceae. J. Syst. Evol.
55(6): 581–590. https://doi.org/10.1111/jse.12275

Zhang, L., Sun, H., Xu, T., Shi, T., Li, Z. & Hou, W. 2021. Compar-
ative transcriptome analysis reveals key genes and pathways in-
volved in prickle development in eggplant. Genes 12: 341.
https://doi.org/10.3390/genes12030341

Version of Record 37

TAXON 00 (00) • 1–37 Hilgenhof & al. • Morphological trait evolution in Solanum

 19968175, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/tax.12990, W

iley O
nline L

ibrary on [23/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1600/036364407781179671
https://doi.org/10.1600/036364407781179671
https://doi.org/10.1073/pnas.1101306108
https://doi.org/10.1073/pnas.1101306108
https://doi.org/10.1017/9781139047678
https://doi.org/10.1017/9781139047678
https://doi.org/10.3389/fpls.2018.00957
https://doi.org/10.3389/fpls.2018.00957
https://doi.org/10.1093/gbe/evy274
https://doi.org/10.1093/gbe/evy274
https://doi.org/10.1093/pcp/pcv136
https://doi.org/10.1093/pcp/pcv136
https://doi.org/10.1111/jse.12275
https://doi.org/10.3390/genes12030341

	Morphological Trait Evolution in Solanum (Solanaceae): Evolutionary Lability of Key Taxonomic Characters
	Recommended Citation
	Authors

	Morphological trait evolution in Solanum (Solanaceae): Evolutionary lability of key taxonomic characters
	INTRODUCTION
	MATERIALS AND METHODS
	Supermatrix topology
	Morphological traits
	Trait evolution

	RESULTS
	DISCUSSION
	Morphological definition of clades
	Plant structure, roots and leaves
	Plant defence: Glands, trichomes and prickles
	Leaves
	Floral traits
	Fruit morphology
	Sexual system
	Future research

	CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	LITERATURE CITED


