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ABSTRACT 

PHYLOGENY, BIOGEOGRAPHY, FLORAL MORPHOLOGY  

OF CYPHOCARPOIDEAE (CAMPANULACEAE) 

 

KIMBERLY M. HANSEN 

 

Campanulaceae is a family of flowering plants in the Asterales that is composed of five 

morphologically distinct subfamilies. Historically, systematic studies have focused within the 

two large subfamilies and have largely ignored the relationships among the subfamilies. 

Furthermore, studies of the anomalous Cyphocarpoideae, consisting of three species distributed 

in the Atacama Desert of Chile, are all but absent from the literature. Historical hypotheses 

concerning the evolution of the subfamilies and the placement of Cyphocarpoideae are tested 

with molecular phylogenies constructed from 57 plastid coding sequences for 78 taxa and 3 

nuclear ribosomal genes for 47 taxa. All five subfamilies are sampled including a 

phylogenetically diverse representation of the larger subfamilies and all three extant species of 

Cyphocarpoideae. A rapid radiation early in the evolution of Campanulaceae is evident including 

an initial divergence into two lineages. In the lineage comprised of Lobelioideae, 

Nemacladoideae and Cyphocarpoideae, Cyphocarpoideae is sister to Nemacladoideae. 

Divergence dates, geologic events and floristic affinities are used to reconstruct a biogeographic 

history that includes a single long distance dispersal event from South Africa (origin of 

Lobelioideae) to the Neotropics via GAARlandia followed by a second dispersal to the Nearctic 

(origin of Nemacladoideae). The distribution of Cyphocarpoideae can be explained by a 

dispersal from either the Nearctic or Neotropics.    
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INTRODUCTION 

 

The Campanulaceae, comprised of five subfamilies, 84 genera and more than 2300 

species (Lammers, 2007a), is the second largest family in the Asterales and third largest family 

in the Campanulidae. Jussieu formally described it in 1789. Historically, some authors expanded 

it to include Goodeniaceae, Pentraphragma and/or Sphenoclea (Tahktajan, 1980, 1983; 

Dahlgren, 1983). Molecular phylogenies suggest it is the sister taxon to Rousseaceae and their 

divergence is estimated at 86-71 million years ago (Ma) (Wikstrom et al., 2001; Magallon et al., 

2015; Tank et al., 2015). The radiation of Campanulaceae began significantly later as evidenced 

by the estimated dates for the crown group at 67-41 Ma (Wikstrom et al., 2001; Bell et al., 2010; 

Knox, 2014). The distribution of the family is cosmopolitan, although significant overlap among 

the subfamilies is limited to Africa, where the family is proposed to have originated (Knox, 

2006; Antonelli, 2009; Crowl et al., 2016). Classification and evolutionary studies within the 

family have been generally limited to the species rich Campanuloideae and Lobelioideae 

(Givnish, 1995; Stace and James, 1996; Schultheis, 2001; Sales, 2004; Koopman and Ayers, 

2005; Park, 2006; Knox, 2008; Roquet, 2008, 2009; Antonelli, 2009; Borsch, 2009; Cellinese, 

2009; Frajman and Schneeweiss, 2009; Haberle, 2009; Stefanović and Lakušić, 2009; Wendling 

et al., 2011; Mansion et al., 2012; Prebble et al., 2012; Wang et al., 2013; Lagarmosino, 2014; 

Crowl et al.,2016)  

The Cyphocarpoideae, composed of a single genus and three species, is the smallest of 

the five subfamilies. It is restricted to the southern Atacama Desert of Chile (Figure 1) and is 

poorly represented in herbaria. Aside from the original species descriptions and illustrations, the 

Kew World Checklist and Bibliography of Campanulaceae (Lammers, 2007a) cites a mere four 

additional publications focused on this subfamily: two taxonomic descriptions for the type 
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species, Cyphocarpus rigescens Miers (Gay, 1849; Wimmer, 1968), and two pollen morphology 

studies that were also limited to the type species (Dunbar 1976, 1984). Cyphocarpus innocuus 

Sandwith and C. psammophilus Ricardi have not been included in any studies following their 

original descriptions in 1914 and 1959 respectively. 

Morphology—Although the five subfamilies are morphologically distinct from each 

other (Table 1), the floral morphology of Cyphocarpoideae is unique among Asterales 

(Lammers, 1992). Like all Campanulaceae, Cyphocarpoideae have articulated lacticifers 

associated with the phloem throughout the vegetative and floral organs all of which produce 

milky sap. All three species of Cyphocarpoideae are annuals, a condition shared with all but one 

species of Nemacladoideae and some Campanuloideae and Lobelioideae. Unlike Lobelioideae 

and some Nemacladoideae, Cyphocarpoideae are non-resupinate. Similar to Lobelioideae, 

Cyphioideae, and some Nemacladoideae, Cyphocarpoideae have zygomorphic, bilabiate 

corollas. However, only in Cyphocarpoideae is the upper lip comprised of a single corolla lobe 

that forms a hood. The margins of the hood are connivent so that it remains tightly closed. The 

margin is winged and at the distal end of the hood, the wings fuse (and become notably elongate 

in Cyphocarpus rigescens and C. innocuus) to form an appendage that projects off the hood. The 

appendage resembles, but is smaller than, the four lobes of the lower lip. The point of attachment 

of the appendage, is keeled and this results in the appendage being erect. (Plates 1-3). The palate 

has three prominent yellow ridges (Plate 4), which are the result of induplicate aestivation of the 

corolla lobes, which is also unique to this subfamily. The stamens are epipetalous, as in many 

Lobelioideae, and the free portion of the filaments are pubescent (Plate 5). The anthers are 

included in the corolla tube, a true synapomorphy with Campanuloideae and Cyphioideae. In 

Lobelioideae the anthers are connate but in Cyphocarpoideae and the remaining subfamilies they 
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are connivent around the style. Pollen is 3-colporate, prolate-spheroidal, and the surface 

sculpture is reticulate with protrusions in the lumina (Plate 5) (Dunbar, 1984). Nearly all 

Campanulaceae flowers are epigynous and the capsules are hemispheric or turbinate but in 

Cyphocarpoideae the capsules are notably elongate and sickle-shaped or falcate (Plates 1-3). The 

arrangement and function of stylar hairs vary among the subfamilies. In Cyphocarpoideae they 

are found only on the distal most portion, on the abaxial sides of the immature stigmatic lobes 

(Plate 5). Similar to Nemacladoideae the style curves abruptly just below the stigma (Plate 5). In 

Nemacladus Nutt. it curves away from the odd sepal whereas in Pseudonemacladus (B.L.Rob.) 

McVaugh and Cyphocarpoideae it curves toward the odd sepal. In Lobelioideae, 

Nemacladoideae and Cyphocarpoideae the stigma is two-lobed. Like most Lobelioideae and all 

Cyphioideae and Nemacladoideae, the fruit is a two-locular capsule and placentation is axile 

(apical in Cyphioideae). However, in Cyphocarpoideae the septum is extremely thin and, early in 

development, it tears and largely disintegrates and thus the capsule appears to have a single 

locule with free central placentation. Additionally, in Cyphocarpoideae dehiscence is along a 

single longitudinal slit rather than apical valves, the predominant condition in the other 

subfamilies. Chromosome numbers and phytochemistry are completely unknown. 

Classification— Historically, relationships among the subfamilies have been largely 

ignored. Although several classification schemes have been proposed (Table 2), detailed 

discussions are wholly absent (Bremer,1876; Schonland, 1889;Wimmer, 1968; Takhtajan, 1980, 

1983, 1987, 1997; Cronquist 1980,1987; Thorne, 1983; Lammers, 1992, 1998, 2007). This is 

due, in part, to the fact that little has been published about Cyphocarpoideae and 

Nemacladoideae and Cyphioideae have only recently received attention (Knox, 2014). Subfamily 

level classification is further complicated by the prevalence of floral autapomorphies (e.g. 
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actinomorphic corollas in Campanuloideae, staminal column in Lobelioideae, stigma containing 

a fluid-filled stigmatic chamber in Cyphioideae, stellately spreading anthers in Nemacladoideae, 

galeate upper lip in Cyphocarpoideae), symplesiomorphies shared with other Asterales (i.e. 

estipulate leaves, protandrous flowers, antesepalous stamens, tetrasporangiate, dithecal anthers 

that dehisce introrsely along longitudinal slits, a syncarpous gynoecium that bears a solitary 

style, and small, numerous seeds) and traits that vary widely (e.g. carpel number in 

Campanuloideae, pollen surface sculpture in Lobelioideae, filament fusion in Cyphia, floral 

resupination in Nemacladoideae). It is evident that the few traits that are shared among 

subfamilies are largely a result of homoplasy given that nearly all combinations can be made 

(Table 1).    

Bentham’s 1876 treatment was the first to include species from all five currently 

recognized subfamilies. In his classification, Campanulaceae was composed of three tribes, 

Campanuleae, Cyphieae and Lobelieae. Nemacladoideae and Cyphocarpoideae, as currently 

recognized, were placed in the Cyphieae with Cyphia P.J. Bergius. Bentham’s Campanuleae and 

Lobelieae are in agreement with current circumscription of the Campanuloideae and 

Lobelioideae, respectively. In his 1875 prelude, he noted that his circumscription of Cyphieae 

should not be considered a natural group and no further discussion was provided to clarify why 

he did not recognize Cyphioideae, Nemacladoideae and Cyphocarpoideae as distinct tribes.  

Subsequent treatments (Schonland 1889, Wimmer 1968, Takhtajan 1980, 1983, Lammers 1992) 

recognized Bentham’s broadly circumscribed Cyphioideae and included similar, undetailed 

disclaimers regarding doubts of its monophyly. Wimmer (1968), echoed the opinion of Miers 

(1848) in his original description, but added that Cyphocarpus was so morphologically distinct 

that family level recognition was more appropriate yet he did not formally propose this 
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classification due to the lack of available material for study. Thorne (1983) included both 

Nemacladoideae and Cyphocarpoideae within Lobelioideae and thus narrowed Cyphioideae to 

include only Cyphia. Cronquist (1980) was the first to formally propose the five distinct 

subfamilies that are currently recognized. He later speculated that Cyphioideae, Nemacladoideae 

and Cyphocarpoideae (or some combination) were transitional between the ancestral 

Campanuloideae and the derived Lobelioideae (Cronquist, 1987). When Takhtajan (1987, 1997) 

and Lammers (1998, 2007b) revisited their classification systems, they also recognized five 

distinct subfamilies but failed to propose relationships among them.   

Although only a single species (C. rigescens) was sampled, Cosner et al. (1994) 

constructed the first molecular phylogeny that included Cyphocarpoideae. The monophyly of the 

family was well supported, however, the monophyly of the subfamilies could not be confirmed 

from a single gene (rbcL) and with their limited taxon sampling. Although additional studies 

expanded the number of taxa representing Campanuloideae and Lobelioideae, several important 

taxa considered to be basal were not included and rbcL continued to be the only locus sampled 

for Cyphocarpoideae (Gustafsson and Bremer, 1995; Gustafsson et al., 1996; Backlund and 

Bremer, 1997; Lundberg and Bremer, 2003). Gustafson and Bremer (1995) inferred a phylogeny 

of the Asterales based on chemical and morphological traits however, significant amounts of 

missing data for Cyphocarpoideae and Nemacladoideae resulted in an unresolved topology. Only 

recently has a multigene phylogeny been constructed for the Campanulaceae that included more 

than one locus for Cyphocarpoideae (Crowl et al., 2016). This phylogeny was the first to include 

a sufficient number of taxa from the Campanuloideae and Lobelioideae that allowed for the 

unambiguous confirmation of the monophyly of the subfamilies. It was also able to clarify, to 

some degree, the relationships among them. An initial divergence into two major clades is highly 
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supported and suggests a novel topology. One clade contains Campanuloideae and Cyphioideae 

and the second, an unresolved clade, is composed of Lobelioideae, Nemacladoideae and 

Cyphocarpoideae (Crowl et al., 2016). The topology confirms Bentham’s (1875) suspicion that 

Cyphiodeae, Nemacladoideae and Cyphocarpoideae are not a monophyletic clade and lends 

some support to the treatment of Thorne (1983) who suggested that Lobelioideae, 

Nemacladoideae and Cyphocarpoideae are closely related. Unfortunately, the sister taxon of 

Cyphocarpoideae remains unknown. 

Biogeography— Cyphocarpoideae is restricted to the southern Atacama Desert of Chile, 

the oldest, extant, non-polar desert in the world. Semi-arid conditions characterized the Atacama 

Desert in the late Jurassic 150 Ma (Hartley, 2005). Following the opening of the Drake Passage 

32-28 Ma and the development of the Humboldt Current, arid conditions were prevalent by the 

middle Oligocene (Graham, 2010). The alluvial soils characteristic of the Peruvian and Atacama 

Deserts were deposited in the early Miocene (23 Ma) (Graham, 2010). The onset of hyper-aridity 

occurred in pulses. The first two pulses were the most significant and were related to the uplift of 

the Andes. In the middle Miocene 19-13 Ma, the Andes reached 2 km, which was sufficient to 

block the moisture-rich winds from the east and a second pulse occurred following a surge of 

rapid uplift in the central Andes 10-6 Ma to reach heights of 4 km (Garzione, et al., 2008; 

Schlunegger et al., 2010). Aridity increased again as modern water surface circulation patterns in 

the eastern tropical pacific (responsible for El Nino weather events) developed following the 

closing of the Panama Seaway 4.5-4.2 Ma and yet again 1.5 Ma in response to global climate 

change associated with Northern Hemisphere glaciation (Cannariato and Ravelo, 1997). 

Dated phylogenies that have included endemic taxa suggest the flora of the Atacama 

Desert is relatively young. All lineages diverged from their closest relatives 14-1 Ma (Lavin et 
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al., 2003; Huertas et al., 2007; Catalano et al., 2008; Luebert and Wen, 2008; Scherson et al., 

2008; Dillon et al.,2009; Guerrero et al., 2013) with a single exception (Tiquilia Pers., 59-48 Ma; 

Moore and Jansen, 2006). A review of well resolved phylogenies with relatively complete taxon 

sampling identified four distinct elements of the flora of the Atacama Desert based on the 

distributions of the sister taxa of native species: i) neotropical; ii) central Chilean; iii) trans-

Andean; and iv) amphitropical (Luebert, 2011).  

Nemacladoideae is composed of two geographically disjunct genera. Monotypic 

Pseudonemacladus occurs on exposed limestone at the edges of pine-oak forests on the dry 

eastern slopes of the Sierra Madre Oriental in eastern Mexico. Although the geologic history of 

the Sierra Madre Oriental is complex and not well understood, it is well accepted that the 

orogeny was complete by the beginning of the Tertiary ca. 65 Ma (Graham, 2010). Due to high 

levels of endemism and disparate community assemblages that include both Nearctic and 

Neotropical elements, Mexico has long been recognized as an important biogeographic transition 

zone composed of several distinct subunits, including the Sierra Madre Oriental (Marshall and 

Liebherr, 2000). Pseudonemacladus occurs in the transition zone between two floristic regions 

that each have a significant endemic element. Additionally, one has a strong influence from the 

floras of western North American and Central America while the other has affinities with 

southern montane regions, primarily the Andes in South America (Rzedowski, 1966). 

Nemacladus typically occurs in dry, sandy habitats from Oregon and Idaho in the US south to 

Baja California and Sonora, Mexico. All of the basal lineages of Nemacladus occur in, but are 

not necessarily endemic to, Baja California. The peninsula, and its flora, became isolated after 

rifting began 12.5 Ma and the spreading of the Gulf of California commenced 6-10 Ma 

(Londsdale, 1989). The flora of northern Baja California has a significant endemic element as 
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well as affinities to the mainland Sonoran Desert to the east and the flora of California to the 

north (Wiggins, 1980).  

The cosmopolitan Lobelioideae is most diverse in South America where nearly half of 

the species are distributed. Another 17% occur in North America, 14% in Africa and 12% are 

Polynesian. It is poorly represented in Australasia (5%), Asia (3%) and Europe (<1%; Lammers, 

2007b). Noteworthy radiations include the monophyletic Hawaiian clade composed of ca. 126 

species (Givnish, 2009) and the neotropical Centropogon-Siphocampylos-Burmeistera clade with 

ca. 541 species (Lagarmosino, 2014). The detailed biogeographical analysis presented by Crowl, 

et al., (2016) inferred several long distance dispersals from the Afrotropics to the Neotropics and 

suggested that bidirectional exchanges between the Nearctic and Neotropics were common. 

South Africa is proposed as the origin of Lobelioideae (Knox, 2014; Crowl et al., 2016). 

The purpose of this study is to resolve the relationships within the Lobelioideae-

Nemacladoideae-Cyphocarpoideae clade in order to understand character evolution, divergence 

times and biogeographic patterns in Campanulaceae with a particular focus on Cyphocarpoideae. 

This is the first study to include more than a single species of Cyphocarpoideae and therefore 

date, for the first time, the crown node of this subfamily. 
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METHODS 

Taxon Sampling — Eighty accessions representing 79 species were included in this 

study; 48 were newly sequenced for this study and 32 were available in GenBank or TreeBase 

(Table 3). Seventy-eight accessions were included in the analyses of plastid DNA (cpDNA); 46 

were newly sequenced and 32 were available in GenBank or TreeBase. Two taxa, Downingia 

cuspidata and Cuscuta exaltata, were removed from the data set due to high proportions of 

missing data before performing the divergence dating analysis in BEAST. The ribosomal DNA 

(nrDNA) analyses included only the 47 newly sequenced taxa. Outgroups were composed of 15 

euasterid taxa. Campanulidae was represented by one taxon from the sister family of 

Campanulaceae (Carpodetus serratus J.R. Forst. & G. Forst.,  Rousseaceae), five additional taxa 

from the Asterales (Acourtia wrightii (A. Gray) Reveal & R.M. King, Helianthus annuus L., 

Praxelis clematidea (Griseb.) R.M. King & H.Rob., Silybum marianum (L.) Gaertn., Asteraceae; 

Scaevola aemula R.Br., Goodeniaceae) and one taxon from Dipsacales (Lonicera japonica 

Thunb., Caprifoliaceae). More distantly related outgroups were composed of six taxa from the 

Lamiidae (Asclepias syriaca L., Apocynaceae, Gentianales; Boea hygrometrica (Bunge) R. 

Brown, Gesneriaceae, Lamiales; Coffea Arabica L., Rubiaceae, Gentianales; Cuscuta exaltata 

Engelm., Ipomoea batatas (L.) Lam., Solanaceae, Solanales; Olea europaea L., Oleaceae, 

Lamiales) and two taxa from the basal euasterid lineage Ericales (Camellia sinensis (L.) Kuntze, 

Theaceae; Primula poissonii Franch., Primulaceae). Only two outgroup taxa (Acourtia wrightii 

and Scaevola aemula) were newly sequenced for this study and included in the nrDNA analyses.  

Where possible, each of the major lineages within each subfamily of Campanulaceae is 

represented. Previously published molecular phylogenies were referenced to select representative 

taxa of Campanuloideae (Eddie, et al., 2003; Roquet, et al., 2008, 2009; Haberle, et al. 2009; 
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Mansion, et al., 2012; Crowl, et al., 2014, 2016), Lobelioideae (Antonelli, 2008; Knox, et al., 

2008; Knox, 2014) and Cyphioideae (Knox, 2014). The cpDNA data set included 17 (14 newly 

sequenced and included in nrDNA dataset) Campanuloideae and 25 (20 newly sequenced and 

included in nrDNA dataset) Lobelioideae taxa. All eleven Cyphioideae taxa with previously 

published plastome data (Knox, 2014) were included in the cpDNA dataset. Two Cyphia species 

were newly sequenced for this study and included in the rDNA analyses. The five 

Nemacladoideae taxa included in the cpDNA dataset (six in nrDNA dataset), represent both 

major lineages and all major clades within Nemacladus based on unpublished atpB and nrITS 

trees (Ayers, unpublished data). All three species of Cyphocarpoideae are included. The nine 

taxa representing these two subfamilies are newly sequenced for this study; eight are included in 

the cpDNA dataset and all nine are included in the nrDNA dataset. 

DNA Extraction— A modified sorbitol protocol (Storchova, et al., 2000) was used to 

extract genomic DNA from herbarium collections or tissue preserved in silica gel. All samples 

were eluted in 10mM Tris-Cl pH 8.0. Only samples with high molecular weight (assessed 

visually on a 1% agarose gel) were selected for Illumina library preparation. A NanoDrop 

spectrophotometer (Thermo Scientific, Carlsbad, California, USA) was used to quantify DNA 

concentration and assess purity. A solid phase reversible immobilization (SPRI) bead solution 

containing 18% PEG and Sera-Mag carboxylate modified beads (ThermoFisher  Scientific, 

Waltham, MA) was used to purify samples if 260/280 absorbance values were below 1.7 and 

when necessary, concentrate samples before proceeding to library preparation.  

Illumina Library Prep and Sequencing—Sequence data was generated from three 

Illumina 500 cycle MiSeq runs (Illumina, San Diego, CA USA) to produce paired-end 250 bp 

reads. The first run consisted of a multiplex of 24 libraries (representing 21 taxa) prepped with a 
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Nextera XT DNA Sample Preparation Kit (Cat no.: FC-131-1001, Illumina, San Diego, CA, 

USA). These libraries were prepared according to the manufacturer’s protocol with ca. 100 ng of 

starting DNA and no size selection procedure was performed. Quantitative PCR was performed 

using universal Illumina P7 and P5 primers to quantify libraries and multiplex them in equimolar 

concentrations. The samples sequenced on the second and third MiSeq runs were prepped as 

follows. One to two µg of genomic DNA was fragmented with NEBNext fragmentase (Cat no.: 

M0348, New England BioLabs, Ipswich, Massachusetts, USA) for an initial duration of 5 

minutes. Fragment size distribution was assessed on a 1% agarose gel and when necessary, 

samples were fragmented for an additional two-six minutes until the highest concentrations of 

fragments were ca. 600-1000 bp in length. Samples were cleaned and concentrated with AMPure 

SPRI bead solution (Cat no.: A63880, Agencourt, Beverly, Massachusetts, USA) before 

proceeding with library preparation using NEBNext DNA Library Prep Master Mix Set for 

Illumina kit (Cat no.: E6040L, New England BioLabs, Ipswich, Massachusetts, USA). The 

manufacturer’s instructions were followed except in all instances where 1:1.8 (library: SPRI 

bead solution) bead clean ups were recommended, instead, a 1:1 or 1:0.8 ratio was substituted. 

NEBNext Multiplex Oligos for Illumina (Cat no.: E7335 and E7500, New England BioLabs, 

Ipswich, Massachusetts, USA) were used to barcode libraries for multiplexing. No size selection 

procedure was performed. Quantitative PCR was performed using universal Illumina P7 and P5 

primers to quantify libraries and multiplex them in equimolar concentrations. The second run 

consisted of 24 multiplexed libraries (representing 24 taxa) and the third run consisted of 22 

multiplexed libraries (representing 22 taxa). 

Short Read Processing, Assembly and Alignment— Unique barcode sequences were 

entered into the MiSeq prior to sequencing and samples were subsequently de-mulitplexed by the 
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instrument. The fastq-mcf program (within the ea-utils package; Aronesty, 2011) was used to 

trim adaptors and low quality bases and remove reads with a PHRED score less than 30 for read 

pools sequenced on the first and second run. Read pools from the third run were trimmed and 

quality filtered using default settings for the BBDuk plug-in available in Geneious Pro v9.0.5 

(http://www.geneious.com, Kearse et al., 2012). Because read pools were not size selected 

during library prep, fastq-mcf was also used to de-couple paired reads for all read pools. 

Geneious Pro (versions 6.1.6, 7.1.7, 8.1.3, 9.0.5) was used to remove duplicate reads and retain 

only reads greater than 70 bp.  

 The Trachelium caeruleum (Campanuloideae, Campanulaceae) reference 

plastome (NC010442; Haberle, 2008) and the Asclepias syriaca nrDNA cistron (JF312046; 

Straub, et al., 2011) were retrieved from GenBank and used for reference guided assembly. Read 

pools were aligned to the references using the medium sensitivity algorithm for 25 iterations in 

Geneious Pro (versions 6.1.6, 7.1.7, 8.1.3, 9.0.5). Assemblies were visually inspected for 

misassembly and masked where coverage was less than five reads. Visual inspection also 

revealed areas of high sequence divergence, which were also masked. Missing data was 

recovered by using the newly assembled contigs of a more closely related taxon as a reference in 

a second round of reference-guided assembly in Geneious Pro using the same settings. Coding 

portions of 57 single copy genes were extracted from each plastome assembly according to the 

annotations available for the Trachelium caeruleum reference. Genes encoding the 18s, 5.8s and 

28s  ribosomal subunits were extracted from each nrDNA cistron assembly according to the 

annotations available for the Asclepias syriaca reference. For both the cpDNA and nrDNA 

datasets, all genes were aligned individually and then concatenated into a single alignment. All 

alignments were performed in MAFFT v7 (Katoh, 2013) using default settings and edited 
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manually in BioEdit v7.2.3 (Hall, 1999). Geneious Pro (versions 6.1.6, 7.1.7, 8.1.3, 9.0.5) was 

used to concatenate alignments. 

Phylogenetic Analyses— Maximum parsimony (MP), maximum likelihood (ML), and 

Bayesian (BI) analyses were performed on the unpartitioned cpDNA (78 taxa) and nrDNA (47 

taxa) alignments. Maximum parsimony analyses for each dataset were performed in PAUP* 

4.0a147 (http://people.sc.fsu.edu/~dswofford/paup_test/; Swofford, 2002) using a heuristic 

search algorithm and 1000 bootstrap replicates. Gaps were treated as missing data, starting trees 

were obtained via stepwise random addition with 1000 replicates, and branch-swapping was 

performed using the TBR method. MEGA v6.0.5 (Tamura, et al., 2013) was used to determine 

the optimal model of molecular evolution by running the Find Best-Fit Substitution Model (ML) 

analysis with default settings. Maximum likelihood analyses were performed in Geneious Pro 

v9.0.5 using the RAxML v7.2.8 (Stamatakis, 2014) plug-in. A Rapid Bootstrapping and Search 

for the Best-Scoring Maximum Likelihood Tree analysis was performed with 1000 replicates. 

Default settings were used for all remaining parts of the analyses including generation of the 

starting tree via randomized stepwise addition parsimony. The same analysis was performed on 

the 76 taxa cpDNA dataset to generate a starting tree for the divergence data analysis. The 

Bayesian analyses were performed in Mr. Bayes v.3.2.2 (Huelsenbeck and Ronquist, 2001) using 

the optimal model of molecular evolution and Primula poissonii was designated as the outgroup. 

Each Markov chain Monte Carlo (MCMC) analysis was performed using four heated chains with 

a chain temperature of 0.2. The MCMC was run for 1,000,000 generations sampling the posterior 

every 100 generations. An initial burn-in of 1,000 trees (10%) was designated. Parameter outputs 

were visualized in Geneious Pro v9.0.5 to determine chain stabilization and verify an appropriate 
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burn-in was designated. Default settings were used for all remaining aspects of the analyses 

including priors and starting trees.   

Divergence Dating—Divergence times were calculated in BEAST v1.8.2 (Drummond, 

2012) from the cpDNA dataset consisting of 57 coding genes and 76 taxa. MEGA v6.0.5 

(Tamura, et al., 2013) was used to determine the optimal model of molecular evolution for 

individual genes by running the Find Best-Fit Substitution Model (ML) analysis with default 

settings. The dataset was partitioned by gene and the optimal model of molecular evolution was 

specified for each gene (Table 4). The only reported Campanulaceae fossils consisting of seeds 

dated to 17-16 Ma, are thought to be most closely related to Campanula pyramidalis (Lancucka-

Srodoniowa, 1977, 1979). A lognormal prior distribution with mean= 5.0, standard deviation= 

1.0 and offset= 16 was applied to the node representing the MRCA of C. parryi and C. 

garganica, the most closely related taxa included in this study. The Asterales and 

Campanulaceae were each constrained as monophyletic and the crown nodes were used as 

calibration points by applying a normal distribution using means and 95% highest posterior 

densities from previously published date ranges (Bell et al., 2010). The uncorrelated lognormal 

clock model and Yule process speciation model were assigned. A maximum likelihood tree was 

generated in RAxML (see details above) and provided as a starting tree. The MCMC was run for 

40 million generations sampling every 1000 generations. Tracer v1.6 (Heled and Drummond 

2010) was used to assess effective sample size and chain convergence and estimate an 

appropriate burn in (20%). TreeAnnotator v1.8.2 (Drummond et al., 2012) was used to produce a 

maximum clade credibility summary tree. 

Character reconstruction—Mesquite v3.04 was used to map unambiguous 

synapomorphies among subfamilies in the Lobelioideae-Nemacladoideae-Cyphocarpoideae 
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clade onto the maximum likelihood tree constructed from cpDNA using maximum parsimony 

criteria.  
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RESULTS 

Read Pools, Assemblies and Alignments—Three MiSeq runs produced a total of 

81,522,150 reads that were successfully de-multiplexed and assigned to a specific index. This 

initial pool was reduced to 66,825,699 reads (72%) after trimming and filtering (Table 5). Read 

pools were composed of 128,729-2,825,500 clean reads per read pool (mean 954,653; median 

899,528). The number of clean reads per read pool that mapped to the plastid reference ranged 

from 7,885-333,062 (mean 82,176; median 51383). Mapped reads spanned 60.3-100% of the 

length (162,321 bp) of the reference (mean 91.5%; median 93.4%). Mean read depth ranged 

from 9.3-425.5 (median 55.9). The number of clean reads per read pool that mapped to the rDNA 

reference ranged from 780-296,919 (mean 40899.54; median 24240). Mapped reads spanned 

84.2-100% of the length (8016 bp) of the reference (mean 98.9%; median 100%). Mean read 

depth ranged from 12.9-4236.4 (median 363.6).  

The plastid alignment, consisting of 57 genes and 78 taxa, was 41,621 bp in length and as 

a whole contained 1.5% missing data (Table 6). Cuscuta exalta had the most missing data among 

taxa (14%) and nhdI had the most missing data (8.1%) among genes. There were 18,868 variable 

characters and 13,433 of these were parsimony informative. The rDNA alignment, consisting of 

three genes and 47 taxa, was 5361 bp in length and contained 4% missing data  (Table 7). 

Cyphocarpus rigescens had the most missing data among taxa (3%). The 18s and 5.8s coding 

sequences contained no missing data and the 28s coding sequence had 5.8% missing data. There 

were 415 variable characters and 233 of these were parsimony informative.    

Phylogenetic Analyses—Congruent with previously published studies, all cpDNA 

analyses (Figures 2-4) and nrDNA analyses (Figures 5-7) show high support for the monophyly 

of Campanulaceae. The maximum parsimony bootstrap values (MPBV) and maximum 
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likelihood bootstrap values (MLBV) for both the cpDNA and nrDNA datasets are all 100% and 

the Bayesian inference posterior probabilities (BIPP) for both data sets are one. The sister 

relationship to Rousseaceae is also highly supported (MPBV=91.2, MLBV=100, BIPP=1). Each 

subfamily is highly supported as monophyletic in all analyses with the exception of 

Nemacladoideae and Campanuloideae in some analyses (Table 8).  Within Cyphocarpoideae, the 

relationships among Cyphocarpus species are consistent in all analyses. 

Analyses of cpDNA— The ML and BI analyses of the cpDNA dataset produced identical 

and highly supported backbone topologies (Figures 2-3). The backbone topology of 

Campanulaceae is congruent with previously published results (Crowl et al., 2016) and shows an 

initial divergence into two clades. The first clade contains Campanuloideae sister to Cyphioideae 

and it is weakly supported in the ML analyses but highly supported in the BI analysis 

(MLBV=72, BIPP=1). The second clade contains Lobelioideae, Nemacladoideae and 

Cyphocarpoideae and is highly supported (MLBV=100, BIPP=1). Within this clade, the sister 

relationship between Nemacladoideae and Cyphocarpoideae is highly supported (MLBV=100, 

BIPP=1).  

The backbone topology of the strict consensus tree constructed from the MP analysis is a 

polytomy among the subfamilies with one exception (Figure 4).  Although weakly supported, the 

only relationship among subfamilies that is inferred is a monophyletic Cyphocarpoideae and 

Nemacladoideae (MPBV=64.7) where Cyphocarpoideae is nested within a paraphyletic 

Nemacladoideae. Nemacladus and Cyphocarpus are each highly supported as monophyletic 

(MPBV=100 for each), although their sister relationship is weakly supported (MPBV=71.8) 

Among the eight equally most parsimonious trees (Figure 8), two are identical and congruent 

with the backbone topologies of the ML and BI analyses except that Cyphocarpoideae is nested 
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within Nemacladoideae. Furthermore, none of the eight equally most parsimonious trees support 

a monophyletic Nemacladoideae but six topologies support Cyphocarpoideae nested within 

Nemacladoideae. Three of these six trees infer a close relationship among Lobelioideae, 

Cyphocarpoideae and Nemacladoideae while two suggest Cyphocarpoideae and Nemacladoideae 

are more closely related to Campanuloideae than Lobelioideae. The topology of the two trees 

that do not support Nemacladoideae and Cyphocarpoideae as a monophyletic group have 

identical backbone topologies which initially diverge into two clades; the first clade contains 

Pseudonemacladus sister to Cyphocarpoideae with Lobelioideae basal and the second clade 

contains Nemacladus sister to Campanuloideae with Cyphioideae basal.   

Analyses of nrDNA— The topologies of the nrDNA analyses are incongruent, however, 

most of the conflicting relationships were weakly supported (Figures 5-7). All nodes forming the 

backbone topologies of the ML tree (Figure 5) and bootstrapped MP strict consensus tree (Figure 

7) are weakly supported and collapse into a polytomy if a threshold of 70% bootstrap support is 

imposed. In the BI analysis (Figure 6) there is high support for the sister relationships of 

Nemacladoideae and Cyphocarpoideae (BIPP=0.996) and Campanuloideae and Lobelioideae 

(BIPP=0.995). When a threshold of 0.7 posterior probability is imposed, a three-way polytomy 

forms among these two clades and Cyphioideae.  

Divergence Time Estimation—Stem lineages of all five subfamilies diverged within 5.5 

million years. The ages of crown lineages varied from 12.8 Ma (Cyphocarpoideae) to 55.7 Ma 

(Lobelioideae) (Figure 9; Table 9) and are in agreement with previously published estimates 

(Knox, 2014; Crowl et al., (2016).  
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DISCUSSION 

 The topology of the ML and BI cpDNA trees suggests that the early evolution of 

Campanulaceae included an initial divergence into two clades followed by a rapid radiation into 

five monophyletic groups consistent with current circumscription of the five subfamilies. This is 

in agreement with the tree presented by Crowl et al., (2016). The rapid radiation did not allow 

sufficient time for shared morphological characters to accumulate among the subfamilies before 

they diverged. Likewise, the relatively long branches leading to the crown group of each 

subfamily are indicative of a longer shared history. The resolution of the Lobelioideae-

Nemacladoideae-Cyphocarpoideae clade permits ancestral character reconstruction and thus a 

better understanding of morphological evolution within the family. The resolved phylogeny, in 

combination with the divergence dates, also provides some insight into the biogeographical 

history of Cyphocarpoideae.    

Morphology— A close relationship between Lobelioideae, Nemacladoideae and 

Cyphocarpoideae was proposed by Thorne (1983) although he did not provide any 

morphological context to support his hypothesis. Two-lobed stigmas are the only morphological 

synapomorphy that unites the Lobelioideae-Nemacladoideae-Cyphocarpoideae clade. Although 

this character is found in other Asterales, ancestral character reconstruction suggests that it has 

evolved independently in Campanulaceae (Figure 10). The only definitive synapomorphy that 

supports the sister relationship of Nemacladoideae and Cyphocarpoideae is the curved style just 

below the stigma. In Cyphocarpoideae and Pseudonemacladus it curves abruptly toward the 

lower lip (i.e. toward the odd sepal). In Nemacladus, it curves to varying degrees toward the 

upper lip (lower lip in resupinate taxa) but always away from the odd sepal. Although this trait is 
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also shared with Scaevola aemula and other Goodeniaceae, the ancestral character reconstruction 

supports two independent evolutionary events (Figure 11).   

Biogeography— Given that an African origin for Lobelioideae has been proposed (Knox, 

2006; Antonelli, 2009), the resolution of this subfamily as basal in the Lobelioideae-

Nemacladoideae-Cyphocarpoideae clade further supports the African origin for Campanulaceae 

proposed by Crowl, et al. (2016). However, the sister relationship of Nemacladoideae and 

Cyphocarpoideae is inconsistent with the claim that the distributions of these two subfamilies are 

the result of two independent dispersal events from the Afrotropics to the Nearctic and 

Neotropics, respectively. Instead, the sister relationship proposed here infers a single dispersal 

event would better explain their New World distribution.  

 Cyphocarpoideae and Nemacladoideae diverged ca. 57 Ma during the initial rapid 

radiation of Campanulaceae. The edaphic and climatic conditions that restrict the distribution of 

extant Cyphocarpoideae had not yet developed. However, the deposition of modern soils was 

complete when the crown group diverged ca. 12.8 Ma and Cyphocarpus rigescens and C. 

innocuus diverged ca. 8.3 Ma following hyper-aridification resulting from uplift pulses of the 

Andes. The recent diversification of Cyphocarpoideae is consistent with divergence times of <14 

Ma for other endemic taxa in the Atacama Desert (Lavin et al., 2003; Huertas et al., 2007; 

Catalano et al., 2008; Luebert and Wen, 2008; Scherson et al., 2008; Dillon et al.,2009; Guerrero 

et al., 2013). The divergence from Nemacladoideae before the formation of suitable habitat and 

the significant lag time until the diversification of crown Cyphocarpoideae suggests that the 

dispersal event from South Africa was not directly to the Atacama Desert. This is further 

supported by the affinities of the flora of the Atacama Desert (i.e. central Chilean, neotropical, 
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transandean and amphitropical elements but lacking an African element) and ages of other 

endemic taxa. 

In Nemacladoideae, Nemacladus diverged early from Pseudonemacladus, ca. 52.5 Ma. 

The relatively short branch leading to Pseudonemacladus and the coincidental timing of habitat 

formation could be interpreted as evidence that this taxon represents a relictual lineage. The 

diversification of all major lineages of Nemacladus occurred 27.1-14.1 Ma, before the isolation 

of the Baja peninsula 10-6 Ma. This suggests that the distribution of Pseudonemacladus may 

better represent the ancestral distribution of Nemacladoideae. A dispersal event from South 

Africa directly to the Sierra Madre Orientale is not supported by the floristic affinities of the 

Sierra Madre Oriental (i.e. the presence of a significant Central and South American element and 

lack of an African element) (Rzedowski, 1966). 

The Rio-Grande Rise-Walvis Ridge Complex, a series of submerged islands located off 

the coasts of Brazil and western Africa (Figure 12), were exposed until the Oligocene (Hekinian, 

1979; Parrish, 1993; Bermingham and Martin, 1998) and provided a stepping stone migration 

route between Africa and South America when these continents were significantly closer 

together (Morely, 2003). At this time, the Greater Antilles and Aves Ridge (GAARlandia) 

provided another migration route from northern South America to Central and North America 

(Iturralde-Vicent and MacPhee, 1999) (Figure 13). Both routes were available during the rapid 

radiation of the family and could have facilitated a dispersal from South Africa to the Neotropics, 

which was then followed by a dispersal to the Nearctic (Nemacladoideae) via GAARlandia. This 

pattern is supported by the floristic affinities where Pseudonemacladus is distributed. The 

floristic affinities of the Atacama Desert would support a subsequent dispersal from the Sierra 
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Madre Orientale in Mexico (Figure 14A) or a dispersal following migration across the Rio-

Grande Rise Wavis-Ridge Complex (Figure 14B). 

Conclusions— The resolution of the relationships in the Lobelioideae-Nemacladoideae-

Cyphocarpoideae clade allows for the identification of morphological traits that have been 

conserved in the evolutionary history of this clade of Campanulaceae. In particular, it has 

allowed for the interpretation of those associated with the historically enigmatic 

Cyphocarpoideae. Definitive synapomorphies are rare, but all three subfamilies have a two-lobed 

stigma and Nemacladoideae and Cyphocarpoideae have styles that curve just below the stigma. 

Resolution of the relationships has allowed for the clarification of some aspects pertaining to the 

early biogeographic history of Campanulaceae while others remain ambiguous. An African 

origin for the family is now unequivocal given that Lobelioideae is basal. The sister relationship 

of Nemacladoideae and Cyphocarpoideae suggests that a single dispersal from the Afrotropics 

occurred. The timing coincides with available migration routes between South Africa and the 

Neotropics as well as between the Neotropics and eastern Mexico. The divergence time of 

Nemacladoideae and Cyphocarpoideae coincides with the habitat formation of 

Pseudonemacladus but precedes that of Nemacladus and Cyphocarpoideae. The recent 

diversification of Cyphocarpoideae and the floristic affinities of the Atacama Desert do not 

support a dispersal event from South Africa, but instead equally support two scenarios of 

dispersal from either the Nearctic or the Neotropics.   
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Figure 1. Distribution map of Cyphocarpoideae 
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Figure 2.  Maximum likelihood tree reconstruction from plastid DNA. Numbers are bootstrap 

support values. Subfamilies are denoted by color (Cyphioideae = orange, Campanuloideae = red, 

Lobelioideae = purple, Nemacladoideae = green, Cyphocarpoideae = blue). 
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Figure 3.  Bayesian inference tree reconstruction from plastid DNA. Numbers are bootstrap 

support values. Subfamilies are denoted by color (Cyphioideae = orange, Campanuloideae = red, 

Lobelioideae = purple, Nemacladoideae = green, Cyphocarpoideae = blue). 
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Figure 4. Maximum parsimony tree reconstructed from plastid DNA. Numbers are bootstrap 

support values. Subfamilies are denoted by color (Cyphioideae = orange, Campanuloideae = red, 

Lobelioideae = purple, Nemacladoideae = green, Cyphocarpoideae = blue). 
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Figure 5. Maximum likelihood tree reconstruction from nuclear ribosomal DNA. Numbers are 

bootstrap support values. Subfamilies are denoted by color (Cyphioideae = orange, 

Campanuloideae = red, Lobelioideae = purple, Nemacladoideae = green, Cyphocarpoideae = 

blue). 
 
 

 

 

 

 

 

 



54 
 

Figure 6. Bayesian inference tree reconstruction from nuclear ribosomal DNA. Numbers are 

bootstrap support values. Subfamilies are denoted by color (Cyphioideae = orange, 

Campanuloideae = red, Lobelioideae = purple, Nemacladoideae = green, Cyphocarpoideae = 

blue). 
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Figure 7. Maximum parsimony tree reconstructed from nuclear ribosomal DNA. Numbers are 

bootstrap support values. Subfamilies are denoted by color (Cyphioideae = orange, 

Campanuloideae = red, Lobelioideae = purple, Nemacladoideae = green, Cyphocarpoideae = 

blue). 
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Figure 8. Backbone topologies of 8 most parsimonious trees from PAUP analysis of cpDNA. 
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Figure 9. Divergence times estimated by BEAST. Numbers are divergence times in millions of 

years before prsent. Subfamilies are denoted by color (Cyphioideae = orange, Campanuloideae = 

red, Lobelioideae = purple, Nemacladoideae = green, Cyphocarpoideae = blue). 
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Figure 10. Ancestral character mapping showing evolution of a curved style is derived within 

Campanulaceae. Black lines indicate the presence of a curved style. 
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Figure 11. Ancestral character mapping showing evolution of a two-lobed stigma is derived 

within Campanulaceae. Black lines indicate the presence of a two-lobed stigma. 
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Figure 12. The Rio-Grande Rise and Walvis Ridge complex of submerged islands. A putative 

migration route of the MRCA of Cyphocarpoideae and Nemacladoideae from South Africa to the 

Neotropics during a time when the continents were closer together and the islands were exposed.  
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Figure 13. GAARlandia. A putative migration route of the MRCA of Nemacladoideae from the 

Neotropics to the Sierra Madre Oriental during a time the islands were exposed.  
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Figure 14. Alternative scenarios for the dispersal history of Nemacladoideae and 

Cyphocarpoideae. Black = MRCA of Nemacladoideae and Cyphocarpoideae, Yellow = MRCA 

of Nemacladoideae, RED = MRCA of Cyphocarpoideae. 
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Plate 1. Botanical illustration of Cyphocarpus innocuus. A. Habit. B. Flower, opened 

longitudinally, calyx removed. C. Flower, front view. D. Upper leaf. E. Lower leaf. F. Mature 

fruit. G. Flower, lateral view. 

 

 
 

 

 

 

 



64 
 

Plate 2. Botanical illustration of Cyphocarpus psammophilus. A. Flower, lateral view. B. 

Flower, opened longitudinally, calyx removed. C. Flower, front view. D.Habit. E. Leaf. F. 

Mature fruit. 
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Plate 3. Botanical illustration of Cyphocarpus rigescens. A. Flower, front view. B. Flower, 

lateral view. C. Flower, opened longitudinally, calyx removed. D.Upper leaf. E. Lower leaf. F. 

Mature fruit. 
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Plate 4. Photos of Cyphocarpus species illustrating unique flower morphology. A. Cyphocarpus 

psammophilus, B. Cyphocarpus rigescens, lateral view, C. Cyphocarpus innocuus, D. 

Cyphocarpus rigescens. 
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Plate 5. Scanning electron microscopy images of Cyphocarpus species. A. Cyphocarpus 

innocuus lower lip of corolla showing pubescent filaments adnate to corolla. B. Cyphocarpus 

psammophilus pollen. C. Cyphocarpus rigescens stylar hairs. D. Cyphocarpus rigescens mature 

style and stigma.  

 

 
 


