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Our understanding of angiosperm phylogeny arguably has in-
creased more in the past three decades than in the preceding three 
centuries (Soltis et al., 2005; Judd et al., 2016). This advancement 
is, in part, a result of large-scale collaborative efforts using Sanger 
sequencing to construct taxon-rich (but generally gene-poor) phy-
logenies spanning angiosperms or major subclades (e.g., Olmstead 
et al., 1992, 1993, 2000; Chase et al., 1993; Soltis et al., 1998, 1999, 

2000, 2011; Savolainen et  al., 2000a, 2000b; Albach et  al., 2001b; 
Bremer et al., 2002; Wurdack and Davis, 2009; Refulio-Rodriguez 
and Olmstead, 2014). However, while these studies made great pro-
gress, many deep-level relationships proved difficult to resolve us-
ing only a handful of mostly chloroplast genes (e.g., Bremer et al., 
2002). More recently, studies have assembled genome-scale data 
sets, primarily generated with next-generation sequencing (NGS) 
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PREMISE OF THE STUDY: Our current understanding of flowering plant phylogeny provides 
an excellent framework for exploring various aspects of character evolution through 
comparative analyses. However, attempts to synthesize this phylogenetic framework with 
extensive morphological data sets have been surprisingly rare. Here, we explore character 
evolution in Asteridae (asterids), a major angiosperm clade, using an extensive morphological 
data set and a well-resolved phylogeny.

METHODS: We scored 15 phenotypic characters (spanning chemistry, vegetative anatomy, and 
floral, fruit, and seed features) across 248 species for ancestral state reconstruction using a 
phylogenetic framework based on 73 plastid genes and the same 248 species.

KEY RESULTS: Iridoid production, unitegmic ovules, and cellular endosperm were all 
reconstructed as synapomorphic for Asteridae. Sympetaly, long associated with asterids, 
shows complex patterns of evolution, suggesting it arose several times independently within 
the clade. Stamens equal in number to the petals is likely a synapomorphy for Gentianidae, 
a major asterid subclade. Members of Lamianae, a major gentianid subclade, are potentially 
diagnosed by adnate stamens, unilacunar nodes, and simple perforation plates.

CONCLUSIONS: The analyses presented here provide a greatly improved understanding 
of character evolution across Asteridae, highlighting multiple characters potentially 
synapomorphic for major clades. However, several important parts of the asterid tree are 
poorly known for several key phenotypic features (e.g., degree of petal fusion, integument 
number, nucellus type, endosperm type, iridoid production). Further morphological, 
anatomical, developmental, and chemical investigations of these poorly known asterids are 
critical for a more detailed understanding of early asterid evolution.

  KEY WORDS    angiosperm synapomorphies; Asteridae; Campanulidae; character evolution; 
Gentianidae; iridoids; Lamiidae; morphology.
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technologies, aimed at resolving recalcitrant nodes across the angio
sperm tree (e.g., Jansen et al., 2007; Moore et al., 2006, 2007, 2010; 
Wang et al., 2009; Xi et al., 2012, 2014; Soltis et al., 2013a; Wickett 
et al., 2014; Zeng et al., 2014; Stull et al., 2015). Although some re-
lationships remain uncertain (e.g., the positions of Dilleniaceae, 
Caryophyllales, Santalales, and Berberidopsidales, and relation-
ships within Lamiales), our current understanding of angiosperm 
phylogeny has facilitated vast improvements in classification (APG, 
1998, 2003, 2009, 2016; Cantino et al., 2007; Soltis et al., 2011; Stull 
et al., 2015) and constitutes an invaluable tool for investigating vari-
ous aspects of flowering plant evolution (Soltis et al., 1999).

However, given the continued focus on resolving the frame-
work of angiosperm phylogeny (e.g., Soltis et al., 2011; Zeng et al., 
2014; Liu et al., 2017), the pace of sequence generation has greatly 
surpassed efforts to accumulate and analyze morphological data 
for understanding broader patterns of angiosperm evolution. 
Broad-scale morphological data sets are essential for determining 
synapomorphies, assessing patterns of character evolution across 
major clades, and incorporating information from the fossil record. 
Unfortunately, too few studies have synthesized morphological data 
with available phylogenetic frameworks to elucidate broader pat-
terns of flowering plant evolution (but see, e.g., Albach et al., 2001a; 
Ronse De Craene et al., 2003; Doyle, 2005, 2007; Ronse De Craene, 
2008; Endress and Doyle, 2009, 2015; Endress, 2010, 2011a, 2011b; 
Ronse De Craene and Brockington, 2013; Soltis et al., 2013b; Zanne 
et al., 2014). Although a wealth of morphological data is available in 
the older literature, even basic morphological information is miss-
ing for many taxa (Stevens, 2001 onward). Consequently, we still 
have much to learn about flowering plant evolution in light of our 
improved knowledge of phylogenetic relationships (see other arti-
cles in this Special Issue).

Here, we synthesize our current understanding of phylogeny 
and available morphological data to explore patterns of character 
evolution in asterids, with particular emphases on the large sub-
clade Gentianidae (Cantino et al., 2007; also known as core asterids 
or euasterids: e.g., APG, 1998). The clade Gentianidae (names with 
phylogenetic definitions following the PhyloCode [e.g., Cantino 
et al. 2007] are presented in italics throughout) represents a major 
angiosperm radiation including ~80,000 species or ~30% of flower-
ing plant species richness (assuming ~250,000 species, as per Judd 
et al., 2016; this proportion is expected to hold for larger estimates 
of angiosperm species, e.g., Govaerts, 2001, 2003). This group, at 
least in part, has been recognized by botanists for at least 200 years 
(e.g., de Jussieu, 1789), although phylogenetic studies have ex-
panded its circumscription. Gentianids—which encompass most 
angiosperms with fused corollas (sympetaly)—were recognized by 
Takhtajan (1980), Cronquist (1981), and other leading authors of 
the 20th century as Asteridae, but this name is currently used in a 
broader sense (Asteridae sensu Cantino et al., 2007), encompassing 
Ericales and Cornales as well as Gentianidae.

Members of Gentianidae, as currently recognized, fall into two 
major clades, Lamiidae and Campanulidae, each with ~40,000 spe-
cies. Several previous studies have investigated character evolution 
in the asterids (Albach, 2001a; Bremer et al., 2001), but the identifi-
cation of clear synapomorphies for the asterids as a whole (as well as 
major subgroups, e.g., Gentianidae, Lamiidae, and Campanulidae) 
has proven difficult in light of poor phylogenetic resolution, a lim-
ited sampling of morphological and other non-DNA characters, 
and potentially complicated patterns of character evolution, in-
cluding frequent parallelisms (Endress, 1996; Judd and Olmstead, 

2004). For example, Albach et al. (2001a), focusing on several em-
bryological and biochemical characters, documented in Asteridae 
the prevalence of unitegmic and tenuinucellate ovules, as well as iri-
doid production, but each character showed complicated patterns 
of gain/loss. Other major features associated with asterids—e.g., 
sympetaly and cellular endosperm formation—are also not ubiq-
uitous, especially among Cornales, Ericales, and “early-diverging” 
lamiids and campanulids (Stevens, 2001 onward).

This study explores patterns of character evolution in Asteridae 
(sensu Cantino et al., 2007) using an improved phylogenetic frame-
work (e.g., Tank and Donoghue, 2010; Refulio-Rodriguez and 
Olmstead, 2014; Stull et al., 2015) with expanded sampling of key, 
“early-diverging” lamiids and campanulids (Stull et al., 2015) and 
a broad set of phenotypic characters (spanning chemistry, vege-
tative anatomy, and floral, fruit, and seed features). In addition to 
identifying the ancestral morphological features for major asterid 
clades, we highlight areas of the asterid tree with critical missing 
phenotypic data and hope to spur efforts to assemble phenotypic 
data across asterids for more in-depth future comparative studies.

MATERIALS AND METHODS

Taxonomic and molecular sampling

We sampled 248 species across core eudicots (Gunneridae), 227 
of which are asterids. Our sampling was designed to represent all 
major asterid lineages while maintaining species-level compatibil-
ity with available morphological data sets for asterids (e.g., Albach 
et al., 2001a; Bremer et al., 2001). Following the APG IV classifica-
tion (APG, 2016), all asterid orders were represented, as were all 69 
core asterid (gentianid) families; five (of six) families of Cornales 
were included as were 16 (of 22) families of Ericales. Our sampling 
of the gentianid order Boraginales includes 10 species, represent-
ing seven of the 11 families recognized in more recent treatments 
(Leubert et  al., 2016). We also included an extensive sampling of 
“basal lamiid” genera, which have been under-sampled in most 
previous large-scale phylogenetic studies (e.g., Soltis et  al., 2011; 
Refulio-Rodriguez and Olmstead, 2014). In particular, we included 
Oncotheca (Oncothecaceae), Metteniusa, 10 genera of Icacinaceae 
s.l. now placed in Metteniusaceae (Stull et al., 2015), 21 of the 23 
genera remaining in Icacinaecae s.s. (Stull et al., 2015), and all three 
genera of Garryales (Aucuba, Garrya, and Eucommia). We also in-
cluded at least one representative from each of the five families of 
Aquifoliales, which is positioned sister to the rest of the campanulid 
clade.

Given the prevalence of chloroplast DNA sequence data from pre-
vious phylogenetic studies (e.g., Moore et al., 2010; Soltis et al. 2011; 
Stull et al., 2015), we sampled 73 chloroplast genes for phylogenetic 
analyses to provide a solid framework for subsequent character re-
constructions. Although the resulting data set includes ~61% missing 
data, taxa with relatively complete gene sampling are well distributed 
across the asterids, owing to previous studies employing chloroplast 
genomes to resolve major angiosperm and asterid relationships (e.g., 
Moore et al., 2010; Stull et al., 2015). Thus, the sequence-rich species 
should provide a well-resolved scaffold to place the remaining spe-
cies sampled for fewer loci. This matrix is available from the Dryad 
Digital Repository: https://doi.org/10.5061/dryad.7783j. GenBank 
numbers for the included sequences are presented in Appendix S1 
(see Supplemental Data with this article).

https://doi.org/10.5061/dryad.7783j
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Phylogenetic analyses

We conducted phylogenetic analyses using both maximum likeli-
hood (ML) and Bayesian approaches. The ML analyses were con-
ducted in RAxML v 8.2.10 (Stamatakis, 2014), including a rapid 
bootstrap analysis as well as a search for the best-scoring ML tree 
using the GTR+GAMMA model, with model parameters parti-
tioned by gene region. The Bayesian analyses were implemented in 
MrBayes v. 3.2.1 (Huelsenbeck and Ronquist, 2001; Ronquist et al., 
2012), including 15 million generations with four chains sampling 
the posterior every 1000 generations. The Bayesian analysis also used 
the GTR+GAMMA model partitioned by gene. Convergence of the 
MrBayes analysis was determined by visually inspecting the outputs 
of the program using Tracer v. 1.5 (Rambaut and Drummond, 2009). 
We conducted the Bayesian analyses primarily to obtain the posterior 
distribution, which provides a convenient source of trees for integrat-
ing phylogenetic uncertainty in downstream analyses—in this case, 
ancestral state reconstruction. Phylogenetic trees are available from 
the Dryad Digital Repository: https://doi.org/10.5061/dryad.7783j.

Phenotypic character sampling

We selected 15 morphological characters (Table 1)—many of which 
have been previously emphasized in broad-scale discussions and 
classifications of asterids in particular and angiosperms in general 
(e.g., Cronquist, 1981, 1988; Stevens, 2001 onwards; Takhtajan, 
2009)—for ancestral state reconstruction across asterids. Some 
of these characters (ovule integument number, nucellus type, en-
dosperm formation type, iridoid compound production) have been 
analyzed previously (e.g., Albach et al., 2001a), whereas others (e.g., 
fruit type, seed number, and habit) have been highlighted as po-
tentially important in early asterid evolution, given recent phyloge-
netic analyses that clarified the basal branching order of Lamiidae 
(Stull et al., 2015). Table 1 outlines the characters and correspond-
ing states explored in this study; Appendix S2 discusses these 
characters further and provides rationale for the states employed 
in our reconstructions. The complete matrix of phenotypic char-
acters is available from the Dryad Digital Repository: https://doi.
org/10.5061/dryad.7783j.

Character data were obtained from the following sources: Mauritzon 
(1936), Bailey and Howard (1941a,b), Howard (1940, 1942a–d, 
1992), Sleumer (1942, 1969, 1971), Fagerlind (1945), Dickison 
(1986), Flora of North America (Flora of North America Editorial 
Committee, 1993 onward), Takhtajan (1997, 2009), Jensen (2000), 
Albach et al. (2001a), Bremer et al. (2001), Kårehed (2001), Knapp 
(2002), eFloras (2008; Flora of North America and Flora of China), 
Peng and Howard (2008), Lens et al. (2008), González and Rudall 
(2010), Endress and Rapini (2014), Dickison and Bittrich (2016), 
Potgieter and Duno (2016), Potgieter et  al. (2016), and Schori 
(2016). We scored character states for each species, rather than for 
each genus (e.g., Bremer et al., 2001). However, in many cases, char-
acter states were not reported for individual species but instead for 
genera or families. If, for a given character, the state was reported 
as invariant across the broader group (e.g., genus or family) con-
taining the species, and if the circumscription of the group as pre-
sented reflects our current understanding of phylogeny, we scored 
the species accordingly. However, if variation was noted across the 
group, we scored the character as missing data for the species. For 
the characters sympetaly and synsepaly (petal and sepal fusion, re-
spectively), states were scored based on the mature condition of the 
flower, except in cases where available developmental data provided 
evidence for an alternative state (e.g., petals in Araliaceae are fused 
early in development and free at maturity; Erbar et al., 2004; Leins 
and Erbar, 2004). In such cases, the developmental state was used as 
this should correspond to the original/ancestral state of the charac-
ter for the taxon in question (Stevens, 2001 onward).

Character reconstructions

Ancestral state reconstructions were conducted individually for each 
character using maximum likelihood in Mesquite v. 3.2 (Maddison 
and Maddison, 2017). The reconstructions were performed using 
the Mk1 model and the best-scoring tree from the RAxML analy-
sis, but without branch-length information (as some of the internal 
branch lengths were extremely small—effectively zero—causing 
errors in Mesquite; the branch lengths were thus transformed to 
equivalent lengths to permit ancestral state reconstruction). Under 

TABLE 1.  Characters and character states scored and analyzed for this study (see Appendix S2 for definitions).

Characters States

Habit Woody (0) Herbaceous (1) Suffrutescent (2)
Perforation plates Simple (0) Scalariform (1)
Nodal anatomy Unilacunar (0) Trilacunar (1) Multilacunar (2)
Iridoids Absent (0) Present (1)
Synsepaly Free (0) Fused (1)
Sympetaly Free (0) Fused (1)
Stamen number: 

petal number
More stamens 

than petals (0)
Equal in number (1) Stamens fewer (2) Both numerous (3)

Stamen adnation Free (0) Adnate to corolla (1)
Ovary position Superior (0) Inferior (1) Half-inferior (2)
Carpel number Many: more than 

ten (0)
One (1) Two (2) Three (3) Four (4) Five (5) Six to ten (10)

Fruit type Drupe (0) Berry (1) Capsule (2) Schizocarp (3) Nut/achene (4) Follicle (5) Samara (6)
Seed number  

(per fruit)
Many: more than 

ten (0)
One (1) Two (2) Three (3) Four (4) Five (5) Six to ten (10)

Ovule integument Bitegmic (0) Partially bitegmic (1) Unitegmic (2) Ategmic (3)
Ovule nucellus Tenuinucellate (0) Crassinucellate (1) Weakly crassinucellate 

(2)
Pseudocrassinucellate (3)

Endosperm* Nuclear (0) Cellular (1) Absent (2)

https://doi.org/10.5061/dryad.7783j
https://doi.org/10.5061/dryad.7783j
https://doi.org/10.5061/dryad.7783j
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the Mk1 model, transitions between all 
combinations of states are permitted. We 
also reconstructed ancestral states of key 
nodes (i.e., Asteridae, Ericales + Gentianidae, 
Gentianidae, Lamiidae, Lamianae, and 
Campanulidae) using ML and Bayesian 
Inference in BayesTraits v. 3.0 (Pagel and 
Meade, 2006; http://www.evolution.rdg.
ac.uk/BayesTraitsV3/BayesTraitsV3.html). 
These analyses included branch-length in-
formation and incorporated phylogenetic 
uncertainty by using a random set of 200 
post-burnin trees from the MrBayes analysis 
described above. The BayesTraits analyses 
included multi-state Markov models with 
either ML or Markov chain Monte Carlo 
(MCMC) analyses implemented, in both 
cases using the default parameters of the pro-
gram; for ML, this included 10 ML attempts 
per tree (with 20,000 ML maximum evalu-
ations); for MCMC, this included 1,010,000 
iterations (with a sample period of 1000 and 
a burnin of 10,000).

RESULTS

The phylogenetic trees recovered from both 
ML (Appendix S3) and Bayesian (Appendix 
S4) approaches are largely congruent with 
each other and with previous studies of as-
terid phylogeny (e.g., Soltis et  al., 2011; Refulio-Rodriguez and 
Olmstead, 2014; Stull et  al., 2015). Areas of the tree with poor 
support include the positions of Dilleniaceae, Berberidopsidales, 
Santalales, and Caryophyllales. The relationships recovered here 
among major clades of asterids are consistent with previous stud-
ies: Cornales and Ericales are successively sister with 100% boot-
strap support (BSS) to the Gentianidae clade, which comprises two 
well-supported subclades, Lamiidae and Campanulidae (each with 
100% BSS). Within Lamiidae, Icacinaceae s.s. (Stull et  al., 2015) 
and Oncotheca (Oncothecaceae) form a clade (BSS 100%) sister to 
the rest of the lamiids (= Metteniusidae; Stull et al., 2015). Within 
Metteniusidae, Metteniusaceae (Metteniusales) and Garryales are 
successively sister (with 96% and 99% BSS for the respective nodes) 
to the core lamiids, also known as Lamianae, which received max-
imal BSS as monophyletic.

Relationships among core lamiid clades recognized as orders in 
APG IV (2016) are less well supported: Boraginales + Gentianales 
(79% BSS); Solanales + Lamiales (63% BSS); and Vahliales 
+ (Solanales + Lamiales) (91% BSS). Within Campanulidae, 
Aquifoliales were placed with maximal BSS as sister to the rest of 
the clade, but relationships within the latter clade (i.e., campanu-
lids excluding Aquifoliales) are less well supported. Escalloniales 
and Asterales form a clade (95% BSS) sister to a clade of Bruniales, 
Apiales, Paracryphiales, and Dipsacales (83% BSS), among which 
relationships are poorly supported.

Figure  1 summarizes synapomorphies of major clades as re-
covered from the ancestral state reconstructions. The individual 
Mesquite ML reconstructions for each character are presented in 
Appendix S5–S19. The ML and Bayesian results from BayesTraits 

(incorporating branch-length information and phylogenetic uncer-
tainty) are presented in Table 2. The results for particular characters 
are presented below. Although the Mesquite and BayesTraits analy-
ses were largely congruent, some notable differences were recovered; 
these are highlighted below.

Habit and vegetative anatomy

A woody habit is reconstructed as ancestral for Asteridae—Mesquite 
proportional likelihood (MPL), BayesTraits proportional likelihood 
(BPL), BayesTraits posterior probability (BPP): 0.96/0.97/0.93—
as well as for the deeper nodes leading to the root of the tree (in 
the Mesquite analyses). Within Asteridae, and especially within 
Gentianidae, there are complicated patterns of transition between 
woody and herbaceous habits. Both major gentianid clades, lamiids 
and campanulids, are reconstructed as ancestrally woody (lamiids: 
0.99/0.99/0.99; campanulids: 0.99/0.92/0.86). The clade Lamianae, 
which comprises the bulk of lamiid diversity, is predominantly her-
baceous, but the ancestral state of this clade is ambiguous (i.e., no 
state recovered at 0.50 or greater). It seems likely that there have 
been numerous transitions between woody and herbaceous hab-
its (including probably numerous reversals). Within campanulids, 
the two basal-most nodes are reconstructed as woody, suggesting a 
similar pattern of numerous woody–herbaceous transitions within 
the clade.

Trilacunar nodes were reconstructed as ancestral for Asteridae 
(0.88/0.99/0.65). The Mesquite ML analysis reconstructed unilacu-
nar nodes as synapomorphic for Ericales + Gentianidae (MPL: 0.83), 
while the BayesTraits analyses reconstructed trilacunar nodes as 

FIGURE 1.  Summary tree for Asteridae showing potential synapomorphies of major clades re-
covered from the ancestral state reconstructions. The original reconstructions for each character 
are presented in Appendix S5–S19. The numbers denote the location of apomorphies and cor-
respond to the following character states: 1. iridoid production, 2. unitegmic ovules, 3. cellular 
endosperm, 4. stamens equal in number to the petals, 5. inferior ovaries, 6. stamens adnate to the 
corolla, 7. unilacunar nodes, and 8. simple perforation plates.
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ancestral for all major clades except the Lamianae clade, which has 
unilacunar nodes (BPL: 0.68; BPP: 0.89). Scalariform perforation 
plates appear to be ancestral for Asteridae (0.82/0.93/0.99), but this 
state may have arisen along an earlier branch (i.e., somewhere be-
tween the nodes defining Superasteridae and Asteridae). However, 
within asterids, reversals to simple perforation plates might rep-
resent synapomorphies for a number of clades: e.g., Icacinoideae 
(Stull et al. 2015), Lamianae, Campanulaceae, and within Apiales.

Chemistry

Although the presence of iridoids is almost entirely con-
fined to Asteridae, with rare exceptions (e.g., Liquidambar and 
Daphniphyllum: Kaplan and Gottlieib, 1982), many members of 
this clade do not produce iridoids. The presence/absence of iri-
doids is poorly documented across basal lamiids and basal cam-
panulids, and this lack of chemical data might explain ambiguity 
in the Mesquite reconstruction of several nodes (e.g., Asteridae: 
absent, 0.57; present, 0.43). The BayesTraits reconstructions, how-
ever, clearly recovered iridoid production as ancestral for asterids 
(BPL: 0.99; BPP: 0.99). Within gentianids, however, iridoids appear 
to have been lost on numerous occasions; in some cases, loss of 
iridoids seems to characterize major clades (e.g., Boraginales and 
Solanales).

Floral morphology

Free petals are reconstructed as the ancestral state of Asteridae 
(0.90/1.0/0.99), Ericales + Gentianidae (0.83/1.0/0.99), Gentianidae 
(0.77/1.0/0.99), and Campanulidae (0.92/1.0/0.99). The Mesquite 
analysis reconstructed fused petals as the ancestral state of lamiids 
(0.91), in contrast with the BayesTraits analyses, which recovered 
free petals as ancestral for lamiids (BPL: 1.0; BPP: 0.72). All analy-
ses recovered fused petals as ancestral for Lamianae (0.97/1.0/0.70). 
Within the campanulids, most of the deeper nodes are recon-
structed with free petals, suggesting that sympetaly arose on nu-
merous occasions within the clade.

The fusion of staminal filaments to the petals (stamen adnation) 
shows a similar pattern to sympetaly. The ancestral state of Asteridae 
(0.99/0.99/0.99) and its major subclades, e.g., Cornales (MPL: 100), 
Ericales (MPL: 100), lamiids (0.93/0.99/0.98), and campanulids 
(0.99/0.99/0.99), is reconstructed as free. Within lamiids, the point 
at which stamen adnation arose is ambiguous, but potentially it 
evolved in the common ancestor of Lamianae (0.52/0.56/0.87). As 
with sympetaly, stamen adnation is reconstructed as arising multi-
ple times within campanulids. The relative number of stamens and 
petals was ambiguous across the different analyses, but BayesTraits 
recovered stamen number equal to petal number as synapomorphic 
for Gentianidae (BPL: 0.99; BPP: 0.91). Having fewer stamens than 
petals is likely a synapomorphy for Lamiales or a subclade within 
the order.

Superior ovaries (i.e., hypogynous flowers) are reconstructed as 
ancestral for Asteridae (0.99/0.65/0.28) and predominate across the 
clade, but multiple subclades show inferior ovaries (i.e., epigynous 
flowers) as a possible synapomorphy, e.g., Cornales (MPL: 0.47) and 
Rubiaceae (MPL: 0.97). The BayesTraits analyses recovered inferior 
ovaries as ancestral for Campanulidae, albeit with some ambiguity 
(BPL: 0.79, BPP: 0.37), while Mesquite recovered inferior ovaries as 
ancestral for a subclade, i.e., all campanulids excluding Aquifoliales 
(MPL: 0.94).

Fruit type

The ancestral fruit type of Asteridae is ambiguous, reconstructed 
as either drupes (MPL: 0.57) or capsules (MPL: 0.43); this char-
acter could not be reconstructed using BayesTraits because the 
number of states required the estimation of too many free pa-
rameters. Drupaceous fruits, however, appear ancestral for 
Gentianidae (MPL: 0.85) and its two major subclades, lamiids 
(MPL: 0.96) and campanulids (MPL: 0.86). Within Lamianae, 
fruit type is highly diverse, but capsules are reconstructed as 
ancestral for this clade (MPL: 0.93). Capsules are also recon-
structed as ancestral for Asterales (MPL: 0.90), a major clade of 
campanulids.

TABLE 2.  Ancestral state reconstructions for major clades inferred from maximum likelihood and Bayesian inference (in BayesTraits v 3.0; Pagel and Meade, 2006; 
http://www.evolution.rdg.ac.uk/BayesTraitsV3/BayesTraitsV3.html). The parentheses following each reconstructed state contain ML proportional likelihoods and 
Bayesian posterior probabilities for each state. Several characters (i.e., carpel number, fruit type, and seed number) could not be reconstructed using BayesTraits 
because they possessed too many free parameters to estimate.

Character Asteridae 
Ericales + 

Gentianidae Gentianidae Lamiidae Lamianae Campanulidae

Habit Woody (0.97/0.93) Woody (0.93/0.87) Woody (0.98/0.95) Woody (0.99/0.99) Ambiguous Woody (0.92/0.86)
Perforation plates Scalariform 

(0.93/0.99)
Scalariform 

(0.99/0.90)
Scalariform 

(0.99/0.95)
Scalariform 

(0.99/0.95)
Simple (0.99/0.82) Scalariform 

(0.99/0.90)
Nodal anatomy Trilacunar (0.99/0.65) Trilacunar (0.93/0.50) Trilacunar (0.99/0.74) Trilacunar (0.99/0.80) Unilacunar 

(0.68/0.89)
Trilacunar (0.99/0.60)

Iridoids Present (0.99/0.99) Present (0.99/0.98) Present (0.99/0.99) Present (1.0/0.99) Present (0.99/0.96) Present (0.99/0.99)
Synsepaly Fused (0.99/0.73) Fused (0.99/0.57) Fused (0.99/0.88) Fused (0.99/0.80) Fused (0.69/0.59) Fused (0.97/0.83)
Sympetaly Free (1.0/0.99) Free (1.0/0.99) Free (1.0/0.99) Free (1.0/0.72) Fused (1.0/0.70) Free (1.0/0.99)
Stamen vs. petal 

number
More stamens 

(0.79/0.71)
More stamens 

(0.61/0.45)
Equal in number 

(0.99/0.91)
Equal in number 

(0.99/0.99)
Equal in number 

(0.99/0.80)
Equal in number 

(0.99/0.84)
Stamen Adnation Free (0.99/0.99) Free (0.99/0.99) Free (0.99/0.99) Free (0.99/0.98) Fused (0.56/0.87) Free (0.99/0.99)
Ovary position Superior (0.65/0.28) Superior (0.97/0.71) Superior (0.85/0.50) Superior (0.93/0.87) Superior (0.89/0.49) Inferior (0.79/0.37)
Ovule integument Unitegmic 

(0.71/0.57)
Bitegmic (0.81/0.77) Unitegmic 

(0.99/0.99)
Unitegmic 

(0.99/0.99)
Unitegmic 

(0.99/0.99)
Unitegmic 

(0.99/0.99)
Ovule nucellus Crassinucellate 

(0.99/0.95)
Crassinucellate 

(0.99/0.89)
Crassinucellate 

(0.99/0.96)
Crassinucellate 

(0.99/0.99)
Tenuinucellate 

(0.99/0.99)
Crassinucellate 

(0.95/0.72)
Endosperm Cellular (0.99/0.94) Cellular (0.99/0.97) Cellular (0.99/0.97) Cellular (0.93/0.87) Cellular (0.98/0.95) Cellular (0.98/0.95)

http://www.evolution.rdg.ac.uk/BayesTraitsV3/BayesTraitsV3.html
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Ovule features

Unitegmic ovules were reconstructed as synapomorphic for 
Asteridae (0.95/0.71/0.57). However, unitegmic ovules are not 
ubiquitous across Asteridae: some members of Ericales possess 
bitegmic ovules, and bitegmic or partially bitegmic ovules have 
been documented in Icacinaceae and Metteniusaceae (although in 
general this character is poorly documented across basal lamiids). 
The Mesquite and BayesTraits analyses showed major discrepancies 
in the reconstructions of nucellus condition. Mesquite recovered 
tenuinucellate ovules as possibly synapomorphic for Asteridae (PL: 
0.63), whereas the BayesTraits analyses recovered crassinucellate 
ovules as ancestral for Asteridae (0.99/0.95) and all major subclades 
except Lamianae (tenuinucellate ovules: 0.99/0.99). This character 
does indeed show considerable variation within the asterids, with 
Cornales showing both crassinucellate and tenuinucellate ovules, 
and some members of Icacinaceae showing weakly crassinucellate 
ovules; this character is also very poorly documented across the 
basal lamiids.

Cellular endosperm is reconstructed as synapomorphic for 
Asteridae (0.96/0.99/0.94), but multiple clades within Asteridae 
appear to show reversals to nuclear endosperm (e.g., Boraginales, 
Gentianales, some Aquifoliales, and Apiales). Endosperm type, 
however, like the other ovule features noted above, is poorly docu-
mented in basal lamiids and basal campanulids (i.e., Aquifoliales).

DISCUSSION

Our ancestral state reconstructions, employing an expanded phy-
logenetic framework, provide an improved understanding of char-
acter evolution across Asteridae, both confirming and challenging 
long-held ideas about asterid morphological evolution. Below we 
outline likely synapomorphies of major clades and also provide a 
more detailed discussion of the ancestral morphological features of 
Gentianidae, one of the largest angiosperm clades (~80,000 spp.). 
We then highlight areas of the phylogeny with considerable miss-
ing data, potentially causing ambiguity in our understanding of 
the evolutionary history of certain phenotypic characters. We hope 
this section will guide future studies on asterid character evolution. 
Finally, we discuss some inherent difficulties of conducting ances-
tral state reconstruction (e.g., incomplete sampling, ambiguity in 
delimiting and/or coding character states); these factors are impor-
tant to consider when interpreting results given the fundamental 
influence that they can have on ancestral state reconstruction.

Synapomorphies of major clades

A number of the characters we examined show considerable varia-
bility across the phylogeny, potentially due to parallel evolution and/
or reversals, leading to ambiguity in the reconstruction of ancestral 
states and synapomorphies. Nevertheless, we documented multi-
ple unambiguous synapomorphies for major clades. Ovules with a 
single integument (unitegmy) and cellular endosperm appear to be 
synapomorphies of Asteridae. Patterns of nucellus evolution vary 
across analyses; therefore, we could not determine whether tenui-
nucellate ovules are a synapomorphy of asterids. Iridoid production 
is also likely a synapomorphy of asterids, but this character shows 
complex patterns of evolution within asterids, possibly owing to 
multiple instances of loss.

Sympetaly, which has long been associated with asterids, does 
not appear to be a synapomorphy of either Asteridae or the sub-
clade Gentianidae. The ancestral state of Lamiidae differed across 
analysis type; Mesquite reconstructed fused petals as ancestral, 
whereas BayesTraits recovered free petals as ancestral. These differ-
ences might stem from the absence of branch-length information 
(and/or phylogenetic uncertainty) in the Mesquite analyses.

Nevertheless, this character appears to show a much more 
complicated pattern of evolution across asterids than traditionally 
thought, potentially with multiple independent transitions from 
free to fused petals. Two developmental patterns, generally referred 
to as “early” and “late” sympetaly (Erbar and Leins, 1996; Erbar, 
1991), have been documented for sympetalous corollas in asterids. 
Although early and late sympetaly generally correspond to flowers 
in Campanulidae and Lamiidae, respectively, there are notable ex-
ceptions (e.g., Rubiaceae, a major clade of Lamiidae, has early sym-
petaly). Our results, combined with the developmental complexity 
of sympetalous corollas across asterids, support the possibility that 
sympetalous corollas evolved on multiple occasions in Asteridae. 
More detailed morphological and developmental investigations, 
within a phylogenetic context, will be necessary to better under-
stand the evolution of sympetalous corollas in asterids.

Stamens equal in number to the petals might represent a syn-
apomorphy for Gentianidae, but this character showed some differ-
ences across the different reconstructions. Stamen adnation appears 
to have also arisen independently on multiple occasions, but it nev-
ertheless serves as a synapomorphy for particular clades. Stamen 
adnation is probably a synapomorphy of Lamianae, for example, 
and potentially for several campanulid subclades (although those 
patterns are more complex). Capsular fruits might also represent 
a synapomorphy of Lamianae, but numerous transitions to other 
fruit types occur within this clade.

Simple perforation plates and unilacunar nodes may represent 
synapomorphies for Lamianae. However, these states also pre-
dominate in Icacinaceae (in particular, they are ubiquitous across 
Icacinoideae, which includes all genera except Cassinopsis), which 
is positioned outside Lamianae in the broader Lamiidae. This 
suggests that these features either evolved independently in both 
Icacinoideae and Lamianae or instead arose on a deeper branch 
(i.e., the common ancestor of Lamiidae).

Ancestral morphology of Gentianidae

Although synapomorphies for Gentianidae remain unclear or few 
(e.g., stamens and petals equal in number), the character recon-
structions presented here have greatly clarified the morphological 
features ancestral to this clade. Ancestral gentianids were most 
likely woody with scalariform perforation plates and trilacunar 
nodes; iridoids were present; the flowers potentially had free (or 
only slightly fused) petals, free stamens, and a superior ovary; fruits 
were drupes; ovules were unitegmic; and endosperm production 
was cellular. Most of these features are also supported as ancestral 
for the two major gentianid subclades, lamiids and campanulids. 
This view contrasts with previous research suggesting, for example, 
that capsular fruits were ancestral for campanulids (Beaulieu and 
Donoghue, 2013).

Our analyses provide a solid foundation for exploring character 
transitions (or key innovations: Miller, 1949; Galis, 2001) within 
Gentianidae that might be associated with increased diversification. 
Although the gentianids represent one of the largest angiosperm 
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clades, with approximately one-third of angiosperm species rich-
ness—i.e., one third of 250,000 to 300,000+ species, depending on 
estimates (Govaerts, 2001, 2003; Christenhuszn and Byng, 2016; 
Judd et al., 2016)—much of that diversity can be attributed to par-
ticular species-rich subclades, e.g., Lamiales (or subclades within), 
Rubiaceae, Asteraceae, Solanaceae, Apocynaceae, and Boraginales. 
Future studies could explore, for example, whether transitions to 
sympetaly, capsular or achene fruits, and/or an herbaceous habit 
within independent gentianid subclades are associated with in-
creased diversification (e.g., Beaulieu and Donoghue, 2013).

Although the ancestral habit of Asteridae and Gentianidae was 
reconstructed as woody, Gentianidae appears to show compli-
cated patterns of transition between woody and herbaceous habits. 
Several notably species-rich gentianid clades have high proportions 
(~50% or greater) of herbaceous taxa (e.g., Lamiales, Solanales, 
Asterales, Apiales; FitzJohn et  al., 2014), suggesting that herba-
ceousness might be linked to increased diversification rates. This is 
not necessarily surprising as the herbaceous habit has been linked 
to increased rates of molecular evolution (Smith and Donoghue, 
2008) and the ability to inhabit diverse climates (Zanne et al., 2014), 
but additional research will be necessary to better understand the 
relationship of habit to diversification rate (Gianoli, 2004).

Missing (morphological) data and future work

Several characters long considered important in asterid evolution 
and classification (e.g., sympetaly, integument number, nucellus 
type, endosperm type, iridoid production) are poorly documented 
in several key parts of the asterid tree. Genera formerly included 
in Icacinaceae s.l. (Howard, 1940; Sleumer, 1942)—and now placed 
variously in the lamiids and campanulids—are very poorly docu-
mented for these particular characters. Also, some of the genera of 
Icacinaceae s.l. that have been studied possess strange combinations 
of features not found in other gentianids (e.g., Emmotum, which 
is now in Metteniusaceae, has bitegmic and crassinucellate ovules; 
Endress and Rapini, 2014). More detailed morphological, anatom-
ical, and developmental investigations of poorly studied lamiids 
(e.g., Oncothecaceae, Metteniusaceae, Icacinaceae s.s.) and cam-
panulids (e.g., members of Aquifoliales) will therefore be critical to 
amass the data necessary to better understand the evolution of these 
characters in asterids.

Difficulties of ancestral state reconstruction

Ancestral state reconstruction is a challenging enterprise, and re-
constructions are ultimately influenced by a number of factors that 
deserve careful attention from the researcher. Phylogenies are sel-
dom reconstructed with complete resolution and confidence, and 
therefore the incorporation of phylogenetic uncertainty is critical 
in ancestral state reconstruction; use of a single tree may convey 
more confidence than warranted (Pagel et  al., 2004). To accom-
modate phylogenetic uncertainty in our analyses (e.g., among core 
lamiid order, [Stull et al., 2015] and among certain campanulid or-
ders [Soltis et al., 2011]), we used the program BayesTraits (Pagel 
and Meade, 2006) to conduct reconstructions across a distribution 
of trees. In these analyses, the ancestral states of several characters 
(e.g., habit, nodal anatomy, and stamen adnation) were ambigu-
ous for the core lamiids (i.e., Lamianae), but this might be a con-
sequence of complicated evolutionary patterns or missing data, in 
addition to phylogenetic uncertainty.

Sampling is another critical consideration for ancestral state re-
construction. It is often impractical to sample all species within a 
clade of interest (especially when the clade is large, as in the pres-
ent study; see also the paper in this issue by Folk et  al. [2018]), 
and there are several approaches to accommodate incomplete 
sampling. One is to sample and score individual species scattered 
across the clade of interest (e.g., Soltis et al., 2013b); as long as the 
sampling of species is sufficient to capture the morphological var-
iation present in the clade, this should be an effective approach for 
reconstructing ancestral states of the clade as a whole (Salisbury 
and Kim, 2001). Another approach is to choose exemplar species 
of subclades and to assign states to the exemplars based on pre-
vious studies or knowledge of variation across the entire subclade 
(Donoghue and Ackerly, 1996); when the subclade is polymorphic 
for a given character, the exemplar is either scored as polymorphic 
or assigned the presumed ancestral state for the clade (Nixon and 
Davis, 1991). The latter approach (using exemplars) is beneficial in 
that it potentially incorporates more complete information about 
the morphological variation within a clade, but problematic in that 
it requires more assumptions and/or prior knowledge that might 
not be readily available (e.g., the ancestral state of each subclade 
included in the analysis). To avoid such complications, we opted to 
score individual species sampled broadly across the clade of interest 
(asterids), which is the approach typically employed in contempo-
rary studies of character evolution (e.g., Beaulieu and Donoghue, 
2013; Soltis et al., 2013b; Zanne et al., 2014; Wu et al., 2015; Sauquet 
et al., 2017).

Missing phenotypic data (for poorly studied taxa) can lead 
to ambiguity in ancestral state reconstruction, especially when 
data are missing from crucial parts of the tree (e.g., across a basal 
grade; Donoghue and Acklerly, 1996; Sauquet et al., 2017). A per-
haps more vexing issue lies in the delimitation and coding of mor-
phological character states—which can be problematic for both 
morphology-based phylogenetics and ancestral state reconstruc-
tion (Stevens, 1991; Wiens, 2001). The delimitation of characters 
into character states is rarely straightforward; often taxa will ex-
hibit expressions of a character that are difficult to bin into one 
qualitative state or another (Stevens, 1991; Wiens, 2001; Scotland 
et al., 2003). Fruits are a classic example of a character that is chal-
lenging to break into meaningful categories, given the prevalence 
of fruits intermediate between frequently used types, as well as 
ambiguous homology between superficially or functionally sim-
ilar fruit morphologies (e.g., Judd, 1985; Stevens, 2001 onward; 
Beaulieu and Donoghue, 2013; Judd et  al., 2016). It is therefore 
important to outline clearly the characters and states used for re-
constructions—as we have attempted to do (Appendix S2)—so 
that future research can reproduce, build on, or critique previous 
studies of character evolution.
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