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Supervisors:  Robert K. Jansen and Beryl B. Simpson 

 

 This study examines the evolutionary history of Pectis L., a neotropical genus of 

~90 species of xeric-adapted, herbaceous, annuals and perennials. Pectis is rare among 

the Asteraceae, as it uses C4 photosynthesis, a complex suite of traits that concentrates 

carbon around Rubisco. Plants with C4 photosynthesis do well in environments of high 

light and high heat, and the C4 syndrome is thought to have evolved as a response to such 

environments.  

Pectis is most diverse in Mexico, the Caribbean Islands, and South America, and 

its distribution mirrors the disjunctions of patches of desert, thornscrub, coastal plains, 

savanna, and openings in seasonally-dry tropical forests and oak-pine woodlands. 

Vicariance and long-distance dispersal theories can explain the patchy distribution of 

xeric-adapted plants, as well as the origin of Caribbean species. To answer evolutionary 

questions about a group, one must understand how its members are related. The most 

comprehensive taxonomic treatment of Pectis is over 100 years old, and includes only 

North American species. Recent revisions still leave half the species unassigned to 

section. Molecular studies have found Pectis sister to, or encompassing, the genus 

Porophyllum.  
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To infer evolutionary relationships between and within Pectis and Porophyllum, 

DNA from the nuclear and chloroplast genomes of 78 Pectis and 22 Porophyllum species 

were sampled, sequenced, and analyzed. The molecular phylogeny was used to suggest 

updated sections based on monophyletic groups. To infer the photosynthetic pathway of 

Pectis and Porophyllum species, carbon isotope ratios were obtained from 62 Pectis and 

18 Porophyllum species. The timing and location of the evolution of Pectis and 

Porophyllum has implications for the evolution of C4 photosynthesis. The carbon isotope 

data were combined with the phylogeny to determine the extent and direction of the 

evolution of C4 photosynthesis, and the timing of its evolution was inferred from a fossil-

calibrated analysis using chloroplast data from species across the Asteraceae. Distribution 

data was combined with the Pectis phylogeny to answer questions regarding the 

biogeographical history of Pectis, including questions regarding its disjuncted 

distribution, the timing of the evolution of desert species, and the timing and pattern of 

dispersal to and from the Caribbean Islands. 
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Chapter 1.  Introduction 

Pectis L. is a genus of small annuals and perennials in the sunflower family 

(Asteraceae). They belong to the Heliantheae Alliance of the Asteroideae subfamily, in 

the same tribe as marigolds, tribe Tageteae (Panero and Funk, 2008). The Tageteae is a 

New World tribe of 32 genera (sensu Panero 2007), most of which have pellucid oil 

glands on the foliage and/or phyllaries. Unlike the other Tageteae, Pectis has very short, 

club-like style branches and its ray florets are inserted at the bases of the phyllaries. The 

oil of most Pectis species is strongly scented, and Pectis is probably best known for its 

distinctive odor. Pectis angustifolia has a high thimole content (Albers, 1942), and Pectis 

papposa has been suggested as a potential source of commercial food and beverage 

flavoring because of its high cumaldehyde and carvone content (Bradley and Haagen-

Smit, 1949). Phototoxic effects of Pectis oil have been reported (Downum, Keil, and 

Rodriguez, 1985; Downum and Rodriguez, 1986; Downum et al., 1989) as have anti-

bacterial and anti-fungal properties (da Silva, Andrade, and Maia, 2005; Soares et al., 

2009). The most common species in the US are Pectis angustifolia and P. papposa. The 

former is called cinchweed, after its odor of stinkbugs, and the latter has the common 

name of lemonscent, for its strong citrus smell. Both species are common where they 

occur, and, depending on moisture conditions for the particular year, can cover great 

swathes of land in an intense, cheery yellow. These two species are exceptions in the 

genus, as most Pectis species are relatively uncommon, or locally common in small, 

restricted populations.  
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Linnaeus described Pectis species from collections made in the Caribbean Islands 

(P. linifolia and P. ciliaris). The Caribbean Islands are home to ~15 Pectis species; ten 

are endemic to the islands, and several have not been collected for decades and may be 

extinct. Brazil has 12 species, six of which are endemic to the country. Mexico, with ~55 

species and varieties, is the center of diversity for Pectis, with most species occurring in 

the western states, from Sonora to Oaxaca. 

Several species groups have been proposed within Pectis, and the most 

comprehensive treatment is by Fernald, who in 1897 arranged 36 species and varieties 

into five subgenera. The distinctions between species groups (subgenera or sections, 

depending on the treatment) have been made mostly based on pappus structure. Over half 

the recognized species of Pectis have not been assigned to section. The few molecular 

studies that have included Pectis species have indicated a close relationship between 

Pectis and Porophyllum, either as sister taxa (Baldwin, Wessa, and Panero, 2002), or with 

Porophyllum nested within Pectis (Loockerman, Turner, and Jansen, 2003).  

One of the more interesting features of Pectis is that the 20 species examined for 

photosynthetic pathway exhibit C4 photosynthesis, a trait that increases photosynthetic 

efficiency in environments of high light and high heat. In such environments, Rubisco 

(the primary carbon fixation enzyme in C3 plants) can accept oxygen as well as carbon, 

thus reducing photosynthetic efficiency. In C4 plants, PEP-C is the carboxylating enzyme, 

and the carbon obtained is then concentrated in a specialized location around Rubisco, 

where the C3 cycle continues. Flaveria, a genus in the same tribe as Pectis, has species 

that exhibit C3 photosynthesis, C4 photosynthesis, and C3-C4 intermediate photosynthesis. 
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This variety of photosynthetic types has made Flaveria a model for our understanding of 

the evolution of C4 photosynthesis, and by understanding the phylogeny of Flaveria 

species, we are able to infer the steps that led from C3 to C4 photosynthesis in Pectis.  

Chapter 2 addresses the phylogeny and photosynthetic pathway of Pectis. Nuclear 

(the internal transcribed spacer of nuclear ribosomal DNA) and chloroplast data (two 

coding regions and four non-coding regions) from accessions of 78 Pectis and 22 

Porophyllum species and varieties were used to reconstruct the evolutionary history of 

the two genera. The analysis recovered a monophyletic Pectis with five major clades. 

Porophyllum was recovered as a monophyletic clade sister to Pectis, although analysis of 

the chloroplast data and the combinded nuclear+chloroplast data recovered two species of 

Porophyllum sister to Pectis + Porophyllum. The photosynthetic pathway was analyzed 

for 62 Pectis and 18 Porophyllum species. All the Pectis species sampled have carbon 

isotope ratios indicative of C4 photosynthesis, and all the Porophyllum species sampled 

have C3 carbon isotope ratio values. The results suggest that the switch between C3 and 

C4 photosynthesis happened some time after the two genera diverged. The leaf 

anatomical analysis of four Pectis species shows atriplicoid Kranz anatomy, whereas the 

leaf anatomical analysis of two Porophyllum species shows C3 anatomy with some 

structural characteristics of C3-C4 intermediate species. 

Chapter 3 is a taxonomic treatment, and proposes a new section of Pectis based 

on the relationships inferred from the molecular data presented in Chapter 2. The section 

comprises seven species that are distributed in northern Mexico from Sonora and 

Chihuahua to Sinaloa, and in the US in southern Arizona, New Mexico and Texas. They 
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occur in rock outcrops and gravelly open areas from the cliffs of Mazatlan to the pine-oak 

woodlands of the Sierra Madre Occidental.  

Chapter 4 also builds on the phylogeny inferred in chapter 2, and addresses the 

patterns of geographic distribution in Pectis. Biogeographical analaysis and molecular 

dating were combined to infer the timing and location of the divergence between Pectis 

and Porophyllum, the timing of the diversification of the major Pectis lineages, and of the 

evolution of C4 photosynthesis in the group. The data suggest that Pectis and 

Porophyllum diverged in the late Miocene, and the five major clades diverged in the late 

Miocene and the Pliocene.  Pleistocene refugia may have been a catalyst of 

diversification in the more recent lineages, but long-distance dispersal rather than 

vicariance was the probable mode of range expansion and initial diversification for the 

major clades. Dispersal to the Caribbean Islands has occurred independently several 

times, both from the Mexican Gulf area and from South America.  
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Chapter 2.  The molecular phylogeny of Pectis L. (Tageteae, 
Asteraceae), with implications for the origin of C4 photosynthesis  

 

ABSTRACT 

Pectis L. is morphologically distinct from other genera in the Tageteae, and has 

been considered a monophyletic group. The only comprehensive taxonomic treatment of 

Pectis, done over 100 years ago, was confined to the North American species and 

included fewer than half the species recognized today. The two molecular phylogenetic 

studies that have included Pectis showed that Pectis and Porophyllum are very closely 

related. One included some species of Porophyllum nested within Pectis. We used 

molecular data from 78 Pectis and 22 Porophyllum species to test the relationships of the 

genera, the monophyly of Pectis, and the monophyly of previously described sections of 

Pectis. Molecular phylogenetic analysis of nuclear ribosomal DNA (ITS) and chloroplast 

DNA (matK, 3’ ndhF, rpl16 intron, trnL-rpl32 spacer, 3’ trnV-ndhC spacer, 5’ trnY-rpoB 

spacer) supports the monophyly of Pectis. The ITS dataset supports a monophyletic 

Porophyllum as the sister group to Pectis, and the chloroplast dataset suggests that two 

Porophyllum species are sister to a combined Pectis+Porophyllum clade. Five well-

supported lineages are recovered in Pectis, two of which correspond to sections Pectis 

and Heteropectis. Porophyllum sections Porophyllum and Hunteria are not 

monophyletic. We obtained carbon isotope data to infer the photosynthetic pathway of 80 

species in the study, and combined the results with the inferred phylogenies to determine 

the evolution of the C4 pathway in the two genera. The carbon isotope analysis suggests 

that C4 photosynthesis evolved once, and that the switch to the full C4 pathway happened 
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after the split between Pectis and Porophyllum; all Pectis sampled have ∂13C values 

consistent with C4 photosynthesis, and all Porophyllum species sampled have ∂13C values 

consistent with C3 photosynthesis. The analysis of leaf anatomy of four Pectis species 

shows atriplicoid Kranz anatomy, whereas the analysis of leaf anatomy of two 

Porophyllum species shows C3 anatomy with some structural characteristics of C3-C4 

intermediate species.  

 

Keywords: Asteraceae, C4 photosynthesis, Pectis, phylogeny, Porophyllum, 

Tageteae. 

 

 

INTRODUCTION 

Pectis L. is the largest genus in the Tageteae (the marigold tribe), and comprises 

~90 annual and perennial species adapted to the warm, arid regions of the New World 

(e.g., desert, thornscrub, coastal plains, savanna, and openings in seasonally-dry tropical 

forests and oak-pine woodlands). Pectis is most diverse in Mexico and the Caribbean, but 

its species range from Wyoming and Nebraska in the U.S. to southern Brazil and northern 

Argentina. Two species are endemic to the Galapagos, one is introduced in Hawaii, and 

one has recently been naturalized in Taiwan (Jung et al., 2011). Pectis is distinguished 

from the other Tageteae by its combination of simple, opposite leaves with pairs of 

bristles at their bases, phyllaries that are each adnate to and subtend the base of a ray 

floret (often falling as a single unit at maturity), and very short and often densely 

pappilose style branches. Most Pectis species have noticeable oil glands on their 

phyllaries and on the margins or undersides of their leaves, a character they share with 
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other genera in subtribe Pectidinae. The oil of Pectis species often has a strong medicinal, 

spicy, or lemony scent, and various Pectis species have traditional culinary or medicinal 

uses. A few species have a distasteful odor likened to that of stinkbugs, and the common 

name “cinchweed” is from this memorable scent. Pectis is noteworthy because those 

species previously surveyed were shown to use C4 photosynthesis, a photosynthetic 

pathway that confers enhanced efficiency in conditions of high heat and high light 

intensity (Sage, Wedlin, and Li, 1999). C4 photosynthesis is uncommon in eudicots, and 

especially rare in the Asteraceae, in which just 0.3% of the genera use the C4 pathway 

(Kellogg, 1999). 

Linnaeus included two species of Caribbean Pectis (P. ciliaris L. and P. linifolia 

L.) when describing the genus in 1759. Pectis was included in the original 

circumscription of tribe Tageteae (Cassini, 1819), along with other former Heliantheae 

genera with glandular leaves and phyllaries. Strother (1977) saw Pectis as distinct from 

the rest of Tageteae, placing it alone in subtribe Pectidinae, and the 15 other Tageteae 

genera into subtribe Tagetinae. Robinson (1981) did not consider the distinction 

warranted. He placed Pectidinae in synonymy with Tagetinae, and returned the subtribe 

to Heliantheae. Molecular evidence (Baldwin, Wessa, and Panero, 2002; Loockerman, 

Turner, and Jansen, 2003) supported the view of Pectis being well-nested among other 

genera in Tageteae. Based on molecular and morphological similarities, Panero (2007) 

included Tageteae in his Heliantheae Alliance. He expanded Tageteae to include several 

eglandular genera, and included six subtribes. He placed the traditional Tageteae genera, 

including Pectis and Porophyllum Guett., into subtribe Pectidinae.  

The most extensive taxonomic treatments of Pectis are by Gray (1849, 1852, 

1884, 1888), Fernald (1897), and Keil (1975, 1977a, 1978). Gray described six 

subgeneric divisions within Pectis based largely on differences in pappus elements (1849, 
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1852). In 1849 he reduced the genus Pectidopsis DC. to a subgenus of Pectis, and 

described subgenera Heteropectis and Pectothrix. In 1852 he proposed sinking the genera 

Lorentea Less, and Pectidium Less. into subgeneric divisions of Pectis. Noting the 

diversity of pappus elements within species (even within capitula), he reduced the 

subgenera to sections. In the same publication he also designated a sect. Eupectis. In 

describing these sections, he outlined the defining pappus characteristics of each, but he 

did not note which species were to be included in each section; presumably Lorentea and 

Pectidium would comprise the same taxa as the genera of their namesakes, and sect. 

Eupectis would include P. ciliaris. By 1883 Gray recognized just three sections, merging 

sect. Pectidopsis into sect. Eupectis, sect. Lorentea into sect. Pectothrix, and sect. 

Heteropectis into sect. Pectidium. In 1897 Fernald elevated the sections to subgenera, and 

used pappus characters to assign 34 North American species to five groups: subgenera 

Eupectis, Heteropectis, Pectothrix, Pectidopsis (resurrected from Gray 1852) and 

Pectidium. This remained the most complete revision to date of the genus.  

In the mid-70s, Keil revised four Pectis subgenera. For subgenus Pectidium 

(=sect. Pectis), (1975) and Heteropectis (1975) he followed Fernald’s treatment of the 

species therein (two each), but reduced the subgenera to sections. Although various 

workers used pappus characters to segregate Pectis into different genera (Lessing, 1830; 

de Candolle, 1836) or divide it into sections or subgenera (Gray, 1849, 1884; Fernald, 

1897), these characters are sometimes variable within populations. In 1977, Keil 

dismantled subgenera Pectothrix and Pectidopsis, using some species from each (as well 

as a few previously-unassigned taxa) to form a redefined sect. Pectothrix. Instead of 

relying on pappus characters alone, Keil included species in sect. Pectothrix based on a 

combination of characters–the position of foliar glands, the shape of capitula, the number 

of ray and disc florets, and the corolla pubescence. In spite of these significant revisions, 
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fewer than half of Pectis species have been assigned to sectional rank, and no treatment 

has covered the full geographic range of the genus. 

Porophyllum is a genus of annual herbs and perennial shrubs (or subshrubs) found 

from the southwest United States to southern Brazil, including the Caribbean islands. 

Some are arid-adapted, but unlike Pectis, many species of Porophyllum occur in mesic 

areas. Like Pectis, they have prominent oil glands on their leaves and phyllaries, but in 

Porophyllum the scent is usually described as strong and unpleasant. The genus differs 

from others in the Tageteae by its combination of well-developed leaves (as opposed to 

the scale-like leaves of Lescaillea Griseb.), discoid heads, and a pappus entirely of 

bristles. In the most recent treatment of the genus, Johnson (1969) placed Porophyllum 

species into sections Huntaria Moc. & Sessé (DC.) and Porophyllum based primarily on 

leaf character and habitat. Species of sect. Huntaria have thick leaves that are sessile to 

short-petioled, with narrow blades, and the plants are of arid or semi-arid Mexico and 

southwestern U.S. Species of sect. Porophyllum have thin, petioled leaves which are 

filiform to broad, and the plants are found in South and Central America, and in more 

mesic regions of North America. 

Two molecular studies have included various Pectis and Porophyllum among 

other Tageteae. Baldwin et al. (2002) analyzed the helenioid Heliantheae using ITS data, 

and included one species each of Pectis and Porophyllum. Loockerman et. al (2003) used 

ITS and ndhF sequences to infer relationships within Tageteae, and included  six Pectis 

and four Porophyllum. Both studies suggested a close relationship between Pectis and 

Porophyllum; Loockerman et al. (2003) found three Porophyllum species nested within 

Pectis, calling into question the monophyly of both genera. However, both analyses had 

very small sample sizes, and did not provide strong support for these relationships.  
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Chromosome numbers in Pectis and Porophyllum 

The base chromosome number for Pectis is x=12. Of the 54 Pectis species and 

varieties for which chromosomes have been counted, 39 (72%) are diploid and 15 are 

polyploid (Table 1.1). Eight species are tetraploid, two of which have been reported as 

having diploid individuals as well (P. longipes and P. repens). Six Pectis are hexaploid, 

among them P. saturejoides, which also has been reported as diploid. Pectis ericifolia is 

the only octoploid reported in the genus. Most Porophyllum species have a base number 

of x=12, but five species (P. lanceolatum, P. macrocephalum, P. punctatum, P. ruderale 

and P. viridiflorum) have been counted as x=11, or 2n=22. Of these, P. punctatum and P. 

ruderale have also been reported with x=12 counts. Of the 14 Porophyllum species for 

which the ploidy level is known, ten are diploids. Four are tetraploid—P. ruderale has 

been reported with diploid, triploid, and tetraploid counts.  Porophyllum greggii is the 

only known hexaploid in the genus.  

Photosynthetic pathway 

Pectis glaucescens (Cass.) D.J. Keil was the first member of the Asteraceae 

shown to use C4 photosynthesis (Schöch, 1971; Schöch and Kramer, 1971). Subsequently 

Smith and Turner (1975) used anatomy and carbon isotope analysis to determine the 

photosynthetic pathway of many other Asteraceae species, among them 20 Pectis species. 

C4 photosynthesis appears in two tribes of the Asteraceae tree—in Coreopsidae (in 

Chrysanthellum Pers., Glossogyne Cass., and Isostigma Less. of subtribe 

Chrysanthellinae) and in Tageteae (in Flaveria Juss. of subtribe Flaveriinae and in Pectis 

of subtribe Pectidinae). The C4 genera in Chrysanthellinae form a monophyletic group 

and thus are thought to represent a single acquisition of the syndrome (Kimball and 

Crawford, 2004). However, based on phylogenetic analysis, C4 photosynthsis is thought 

to have multiple origins in the genus Flaveria (McKown, Moncalvo, and Dengler, 2005). 
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Muhaidat et al. (2007) included Pectis glaucescens in their survey of C4 eudicots, and 

reported its chemical subtype as NADP-ME, and its Kranz type as atriplicoid.  

C4 photosynthesis is a complex trait in which anatomical, chemical, and 

regulatory modifications reorganize the first steps of carbon assimilation found in the C3 

pathway. At its core, the C4 syndrome involves using phosphoenolpyruvate-carboxylase 

(PEPC) instead of 1,5-bisphosphate carboxylase oxygenase (Rubisco) as the primary 

carbon fixation enzyme. PEPC does not fix O2, whereas under certain conditions, 

Rubisco will fix oxygen instead of carbon, increasing photorespiration and decreasing the 

rate of photosynthesis. In C4 plants, the carbon fixed by PEPC is subsequently 

concentrated and sequestered around Rubisco (in a different part of the cell or in a 

different cell altogether), at which point the standard C3 cycle continues (Edwards and 

Walker, 1983; Kanai and Edwards, 1999). This carbon-concentrating mechanism 

prevents the excess photorespiration that can occur when Rubisco is exposed to O2. Thus, 

C4 photosynthesis is an adaptation that confers an advantage in environments that would 

lead to increased photorespiration in C3 plants. The decrease in atmospheric carbon in the 

late Oligocene (30 Mya) is thought to have set the stage for the evolution of the C4 

pathway (Ehleringer, Cerling, and Helliker, 1997; Cerling, 1999; Sage, 2001; Pagani et 

al., 2005; Edwards et al., 2010), with other environmental factors providing additional 

influence. Among them, warm temperatures and high light intensity are the prime drivers 

in the success and distribution of C4 plants (Sage, Wedlin, and Li, 1999). 

C4 photosynthesis has evolved independently in at least 62 lineages across the 

angiosperms (Sage, Christin, and Edwards, 2011). Along with a myriad of chemical 

changes from the C3 condition, C4 photosynthesis requires many anatomical 

modifications, including specialization of mesophyll (M) and bundle sheath (BS) cells, 

spatial configuration of those cells, increased numbers of organelles in the BS cells, 
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higher vein density, and a lower ratio of M to BS cells (Dengler and Nelson, 1999). The 

basic plan of C4 photosynthesis is the same in all plant lineages, but there is a variety of 

mechanisms by which the plan is executed. Three different biochemical C4 subtypes are 

recognized, according to which of three 4-carbon decarboxylating enzymes they use 

(Kanai and Edwards, 1999). Several Kranz anatomy subtypes can be (but are not always) 

correlated with the biochemical subtype (Muhaidat, Sage, and Dengler, 2007). There can 

also be differences on the molecular level, for example, the copy of PEP-carboxylase (a 

3-5 member multigene family) recruited for C4 photosynthesis in Flaveria is different 

from that of maize (Kellogg, 1999; Monson, 2003). 

With such a suite of changes involved, it is impressive that C4 photosynthesis has 

evolved independently so many times in both monocot and eudicot lineages. However, 

after decades of research, the picture emerging is that the switch does not include new 

genes per se. Instead, gene or genome duplications may have allowed C3 gene copies to 

take on new tasks in the C4 pathway (Monson, 2003). Preexisting C3 enzymes and 

regulatory networks have been co-opted repeatedly, and yet differently, in various C4 

lineages (Sheen 1999; Aubry, Brown and Hibberd, 2011; reviewed in Gowik and 

Westhoff, 2011). Brown et al. (2011) found that genes encoding the location of the end-

user cell of C4 proteins are the same in monocots and eudicots, suggesting that the 

mechanism of recruitment of multigene pathways might begin with trans-factor 

modification and that this has happened in parallel across lineages. Such findings do not 

diminish the magnitude of the switch from C3 to C4, but they do help us understand how 

the switch might be repeated independently, given the right environment.  

Although C4 photosynthesis arose independently in many lineages and takes many 

different forms, it does not occur randomly throughout angiosperms; there is a 

phylogenetic component to its distribution. The 62 C4 lineages occur in just 19 families 
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(Sage, Christin, and Edwards, 2011). In the Asteraceae, one of the largest family of 

flowering plants, the five C4 lineages occur in just two tribes. This clustered distribution 

suggests an underlying predisposition toward C4 photosynthesis in certain clades. An 

evolutionary change in a common C3 ancestor might facilitate additional modifications 

down the line, and could explain multiple origins of C4 among close relatives.  

The chemistry, physiology, and evolution of C4 photosynthesis are fields of 

increasingly active research. Some C4 plants are economically important as food crops 

and animal forage (Brown, 1999), while others constitute 14 of the 18 worst global weeds 

(Holm et al., 1977). In light of recent and continuing global climate and atmospheric 

changes, it is important to anticipate how C4 plants – both beneficial and malign – will 

respond to changes in temperature, precipitation and atmospheric CO2. There are research 

efforts underway to help meet the significant nutritional demands of our growing 

population by engineering C3 crops to be more efficient in warm climates by 

incorporating C4 mechanisms (Sheehy et al., 2007; Hibberd, Sheehy, and Langdale, 2008; 

Sage and Zhu, 2011), an effort that has received international attention (IRRI, 2011). 

Such ambitious projects depend on a continued research effort to build on our current 

understanding of all aspects of C4 biology.  

Much of our knowledge of the evolution of C4 photosynthesis is from Flaveria 

(Engelmann et al., 2003; Westhoff and Gowik, 2004; McKown, Moncalvo, and Dengler, 

2005; McKown and Dengler, 2007) which has both C3 and C4 species, as well as C3-C4 

intermediates. Biochemical characteristics of C3-C4 intermediates include an increased 

abundance of one of the decarboxylating enzymes and increased abundance and activity 

of PEPC. C3-C4 intermediates often have a lower CO2 compensation point, and can have 

carbon isotope ratios (∂13C) that are between those of C3 and C4, or on the high end of the 

C3 range. Anatomical traits of C3-C4 intermediates include increased vascular density 
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(vein length/leaf area) and decreased vein spacing, enlargement of BS cells, more 

chloroplasts in BS cells, fewer chloroplasts in M cells, and the propensity of chloroplasts 

to be clustered toward the innermost cell wall of the BS cell (Monson and Moore, 1989; 

Ku et al., 1991). C3-C4 intermediates use a Gly shuttle that pumps CO2 into the BS cells, 

increasing Rubisco carboxylase activity and decreasing photorespiration (Bauwe, 2011).  

The modifications in C3-C4 intermediates are thought to confer evolutionary 

benefits in their own right. As such, these adaptations may leave C3-C4 intermediates in a 

more or less stable state of photosynthetic efficiency appropriate to their environment, 

with no momentum toward another state. However, the development of fully functional 

C4 photosynthesis happens as a series of modifications, from changes in leaf anatomy to 

up-regulation and cell-specificity of C4 chemicals. C3-C4 intermediates also represent 

snapshots of the process of evolution toward full C4 photosynthesis, with each state a 

precursor to full C4 functionality. Studies of C3-C4 intermediate species have been crucial 

in our understanding of the evolution of C4 photosynthesis. However, we can infer 

evolutionary direction only by viewing the adaptive changes within a phylogenetic 

framework. With the benefit of a phylogeny to determine ancestral vs. derived states, we 

can see anatomical and biochemical alterations that may predispose plants with 

intermediate traits to develop the full C4 pathway. This analysis has been done in 

Flaveria (Engelmann et al., 2003; Westhoff and Gowik, 2004; McKown, Moncalvo, and 

Dengler, 2005; McKown and Dengler, 2007), and the resulting acquisition path is 

outlined in Sage (2003) and Gowik and Westhoff (2011). 

By expanding the focus to other C4 eudicots, we may see anatomical and 

physiological commonalities in the evolution of the C4 syndrome. Such studies are 

underway in Amaranthaceae (Kadereit et al., 2003; Sage et al., 2007), Cleome (Brown, 

Parsley, and Hibberd, 2005; Marshall et al., 2007), Heliotropium (Vogan, Frohlich, and 
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Sage, 2007), and Molluginaceae (Christin et al., 2010). Each lineage examined will offer 

insights into C4 biology and evolution.  

The goals of the present study were to clarify the relationship between Pectis and 

Porophyllum, test the monophyly of previously described generic subdivisions, and 

determine the origin and extent of the evolution of C4 photosynthesis in Pectis. We were 

primarily focused on the phylogeny of Pectis, but sampled deeply in Porophyllum to 

better infer the relationship between the two genera. Using a greatly expanded sample of 

78 Pectis and 22 Porophyllum species and varieties, we provide the first molecular 

evidence for relationships within the genera, and suggest direction regarding sectional 

organization for both Pectis and Porophyllum. We also present carbon isotope values for 

62 Pectis and 18 Porophyllum species and varieties, the first comprehensive survey of 

photosynthetic pathway for both genera. We further examine the photosynthetic pathway 

with leaf anatomy for four Pectis and two Porophyllum species.  

 

MATERIALS AND METHODS 

Taxon and marker selection.  Our goal was to sample as widely as possible in 

both Pectis and Porophyllum, with primary focus on Pectis. Roughly 230 names have 

been applied to various taxa in Pectis. Conservatively speaking, at least two thirds of 

these are considered synonyms. We relied on recent treatments and floras when deciding 

which species to include and which to treat as synonyms. In some cases, we encountered 

synominized taxa from different regions. When possible, we included accessions from 

each region to assess whether the taxa formerly recognized as distinct species showed 

differentiation in the molecular data. Since no single treatment covers Pectis throughout 

its range, we sampled Pectis species recognized by Aristeguieta (1964), Bautista (1987), 
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Cabrera (1978), Jørgensen and León-Yánez (1999), Keil (1975, 1977a, 1978, 1996), and 

Liogier (1962, 1996, 2000). We sampled Porophyllum species recognized by Johnson 

(1969) and Turner (1996). We did not include Porophyllum tridentatum Benth., 

(=Bajacalia tridentatum (Benth.) Loockerman, B. L. Turner & R. K. Jansen in our 

analysis of Porophyllum, as the molecular analysis of Loockerman et al. (2003) and 

cytological data (x=15) of Moran (1977) suggest it is not closely related to the rest of 

Porophyllum.  

 Not all species were available, due either to rarity in the field, paucity of 

herbarium collections, or both. The final sampling includes 78 species and varieties of 

Pectis, 22 of Porophyllum, and one species each of Chrysactinia A. Gray, Nicolletia A. 

Gray and Tagetes L. as outgroups. Thus, we included 75% of Pectis species and 80% of 

Porophyllum species. Outgroups were chosen based on relationships indicated in 

Loockerman et al. 2003. Sampled taxa and voucher information are listed in Appendix 1; 

sequence data will be deposited in public-access databases prior to publication of each 

chapter in scientific journals, therefore GenBank numbers are not included in this 

dissertation.). 

We sought loci that were 400-2,000 bases long that would provide sufficient 

variability to suggest relationships at the species level. We selected nrDNA (ITS) because 

of its prior use in elucidation of sub-generic Asteraceae relationships (Baldwin, 1993; 

Baldwin, Wessa, and Panero, 2002) and ease of amplification from herbarium material. 

We selected potentially informative chloroplast (CP) loci based on length and p-distance 

between species (Shaw et al., 2007; Timme et al., 2007; Hansen, 2009; Hansen, Spicer, 

and Patterson, 2009). The loci used in this study were ITS, the CP coding areas matK and 

3’ ndhF, and the CP non-coding areas rpl16 intron, trnL-rpl32 spacer, 3’ trnV-ndhC 

spacer, 5’ trnY-rpoB spacer). Primer and locus information are summarized in Table 1.2. 
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DNA isolation, PCR amplication and sequencing.  Total genomic DNA was 

extracted from ± 20 mg of dried leaves using Qiagen DNeasy Plant Mini Kits (Qiagen, 

Valencia, California). Dilution of the genomic DNA to 1:10 provided the best 

amplification of both nuclear and chloroplast loci. To amplify the loci, we used PCR 

methods outlined in Loockerman et al. (2003). PCR products were visualized under UV 

light in a 1.5% agarose gel containing SYBR safe DNA gel stain (Invitrogen, Carlsbad, 

CA, USA). Successful amplifications were cleaned by adding 4.0% Shrimp Alkaline 

Phosphatase and 1.0% Exonuclease I to the PCR tube and heating to 37º C for 30 min 

followed by 80º for 15 min (Werle et al., 1994), and sequenced using BigDye (v.3.1) 

Terminator Cycle Sequencing (Applied Biosystems, Foster City, Ca, USA) at the 

Institute for Cell and Molecular Biology Core Facility at The University of Texas at 

Austin.  

Phylogenetic analysis.  All individual sequences were trimmed and edited using 

Sequencher (Gene Codes Corp., Ann Arbor, Michigan), and contigs aligned with 

MacClade 4.08 OSX (Maddison and Maddison, 2005). If a particular accession would 

not amplify for a certain locus, that region of the combined dataset was coded as “missing 

data.” All sequences are deposited in GenBank (http://www.ncbi.nlm.nih.gov/genbank/), 

see Appendix 1 for accession numbers).  

With the understanding that ITS sequences can present polymorphisms through 

hybridization, introgression, and incomplete lineage sorting (Alvarez and Wendel, 2003), 

we preferred to clone each accession, to see fully the scope of sequence variation, 

between as well as within species. However, cloning all accessions was not financially or 

temporally feasible. As a compromise, we chose to clone those samples for which direct 

sequencing showed evidence of polymorphisms (13 accessions). Successful 

amplifications were visualized on an agarose gel and cloned using the TOPO-TA cloning 
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kit (Invitrogen, Carlsbad, CA, USA). Ten colonies were chosen from each plate and 

amplified using the M13 plasmid primers provided in the cloning kit. We screened all 

5.8S motifs to identify pseudogenes (Harpke and Peterson, 2008), and this resulted in the 

elimination of a total of 5 clones over all copies amplified.  

Clone copies from the same accession almost never appeared in separate well-

supported clades. For accessions in which we found different clone copies, the clones 

either formed a monophyletic group or appeared with other related species in polytomies 

(tree not shown). Because the support for such clades is so low, we did not believe any 

particular copy to be any more representative of the species than any another copy, and so 

chose the clone from the first of ten colonies selected from each plate to include in the 

final analyses. An exception, P. multiflosculosa, had two clone copies split between two 

distinct clades. We included a copy of each type in the analysis, and, in the combined 

CP+ITS analysis, we duplicated the P. multiflosculosa CP sequence and added it to the 

ITS sequence for each clone type, naming them P. muliflosculosa clones 1 and 2. 

To assess the character incongruence between the CP and the ITS datasets we 

used the incongruence length difference (ILD) test (Farris et al., 1995) implemented in 

PAUP* version 4.10  (Swofford, 2003) on the combined CP+ITS dataset, using 100 

partition replicates. All parsimony-uninformative sites were excluded prior to conducting 

the partition homogeneity test (Cunningham, 1997; Hipp, Hall, and Sytsma, 2004).  

We analyzed the ITS dataset and the CP dataset (all CP loci combined) separately 

and together, using maximum likelihood (ML) with RAxML (Stamatakis, 2006) and 

Bayesian inference (BI) with MrBayes 3.1.1 (Huelsenbeck and Ronquist, 2001). All 

characters were weighted equally, character state transitions were treated as unordered, 

and gaps were treated as missing data.  
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RAxML allows for individual partitions of a dataset to be run with their own 

model of molecular evolution, including partitioning by codon position. We partitioned 

the CP and CP+ITS datasets as follows: chloroplast non-coding, chloroplast coding (by 

codon position), and ITS. The combined partitions were run together under the same 

GTR model, but estimating the parameters separately for each partition. We performed 

each analysis ten times from a random starting tree, with 500 bootstrap replicates. As the 

final likelihood values of each run were very similar (within 0.003% of final score), 

bootstrap replicates from each run were combined to estimate support for the tree with 

the best ML score. Clades with bootstrap values above 70% are considered well-

supported (Hillis and Bull, 1993). 

Prior to conducting Bayesian analysis, we used Akaike information criterion 

(AIC) via Modeltest 3.7 (Posada and Crandall, 1998) to determine the most appropriate 

model of DNA sequence evolution for each of the seven loci. The results were 

incorporated into the three analyses: ITS, CP, and CP+ITS combined. We performed 

Baysesian analyses using default priors, with two simultaneous runs with four Markov 

chains with heating values of 0.15, 0.2 (default) or 0.3, sampling every 100 generations. 

Each chain was run for at least 10 million generations and up to 20 million generations, 

depending on how long it took to reach stationarity (the average standard deviation of 

split frequencies between runs ≤0.01), and convergence was confirmed by using AWTY 

graphical analysis (Wilgenbusch, Warren, and Swofford, 2004). Burn-in trees (30%) 

were discarded, and the remaining trees and their parameters saved. We used the 

frequency of inferred relationships to represent estimated posterior probabilities (PP). 

Clades with PP ≥ 0.95 are considered strongly supported (Wilcox et al., 2002). 

Hypothesis testing.  Conflicting topologies between analyses of CP and ITS  

datasets led us to test the results of each analysis against the topology of the other. We 
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tested hypotheses of alternate topologies using the approximately unbiased (AU) test 

(Shimodaira, 2002) implemented in CONSEL (Shimodaira and Hasegawa, 2001), 

comparing constrained vs. best trees from 500 RAxML bootstrap replicates. Specifically, 

we addressed conflicts between the ITS and the CP datasets regarding the placement of 

three taxa: Porophyllum amplexicaule + P. scoparium, Pectis linifolia + P. coulteri, and 

Pectis papposa var. papposa. We did this by analyzing the ITS dataset with RAxML 

under a constraint of the CP topology and comparing the best topology under the 

constraint with the best unconstrained topology recovered from the ITS dataset. We then 

conducted a reciprocal test using the CP dataset, comparing the best topologies recovered 

from the CP dataset, both unconstrained and under the constraint of the ITS topology.  

Carbon Isotope Ratios.  Plants discriminate between carbon isotopes during 

photosynthesis, and use less C13 than C12. Rubisco discriminates more against C13 than 

PEP-C does, and as a result, C4 plants have a higher proportion of C13 than C3 plants. The 

proportion of C13 in a tissue is expressed as delta (∂) in parts per thousand (‰). ∂C13‰ is 

the difference between the tissue sample reading and a reference reading. The reference 

used for C13 is Pee Dee Belemnite (PDB), a Cretaceous marine fossil (Belemnitella 

americana) from the Pee Dee formation of South Carolina. PDB has a C13/C12 ratio that is 

higher than other natural samples. By convention, this standard is set to zero, so the 

amount of carbon measured in plants and animals is expressed as a negative number 

(Petersen and Fry, 1987). As C4 plants have more C13 than C3 plants, their ∂C13‰ 

signature (-15‰ to -10‰) is higher than that of C3 (-21‰ to -30‰) plants (Cerling, 

1999; Marchese et al., 2005), so ∂C13‰ provides an indirect method for inferring C4 

photosynthesis.  

To infer the photosynthetic pathway for each sample, we assayed 2 mg of plant 

tissue (stem or leaves) for carbon isotope ratio using an Integramass spectrometer with a 
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PDB standard. Carbon isotope ratios were determined by the University of California 

stable isotope facility (http://stableisotopefacility.ucdavis.edu). 

Anatomical analysis.  Herbarium leaf samples approximately 2 mm wide were 

rehydrated in 2 mL ddH2O + 1 drop Triton X-100 surfactant for 24-48 hrs. Samples were 

then fixed in 1.5% glutaraldehyde buffered with 0.05 M sodium cacodylate buffer (pH 

6.9) for 24 hrs. Fixed samples were rinsed twice (1 hr each) in cacadylate buffer, 

dehydrated in 10% ethanol increments, and embedded in Spurr’s resin (Spurr, 1969). The 

embedded leaf samples were sectioned at 1.5 μm, placed on slides and stained with 

toluidine blue-O. Sections were imaged using a Zeiss Axioplan microscope (Carl Zeiss, 

Göttingen, Germany) with an Olympus DP71 digital camera and imaging system 

(Olympus Canada, Markham Ontario). 

 

RESULTS 

Before analysis, we eliminated the duplicate samples of taxa for which the 

sequences were identical across all loci. Sequence length of each locus and percentage of 

missing and parsimony-informative (P.I.) characters are shown in Table 2.2.   

CP dataset.  The final CP dataset comprising all CP loci contained 157 accessions 

(we included one accession, P. elongata var. elongata, in the CP dataset even though we 

were not able to amplify the ITS sequence for that accession, as we felt it was important 

to represent this taxon). The models indicated by Modeltest were GTR+G+I for the rpl16 

intron, GTR+G for the 5’ trnY-rpoB spacer, and TVM+G for the remaining four CP loci. 

As MrBayes does not allow for the TVM submodel, GTR+G was substituted for the 

Bayesian analysis. Prior to combining the CP loci, areas of ambiguous alignment were 

excluded from each CP locus, with a total of 1,321 bases excluded. The aligned dataset 
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comprised 6,201 bp, and ten RaxML runs resulted in a best tree of -ln= 18,348.32 (fig. 

2.1-A). Table 1.3 provides a summary of loci and dataset statistics.  

ITS dataset.  The final ITS dataset was reduced to those accessions for which we 

obtained sequences for the chloroplast loci. Because of uncertainty of the alignment, 154 

bases were excluded prior to analysis. The final aligned dataset comprised 156 accessions 

of 684 bp. Ten RaxML runs resulted in a best tree with a likelihood score of -Ln= 

7,478.80 (fig. 2.1-B). Table 1.3 shows a summary of results statistics for the datasets. 

CP+ITS dataset.  An incongruence length difference (ILD) test indicated a 

significant conflict between the ITS and CP datasets (p=0.02). However, visual 

inspection of the majority rule trees from ML bootstrap and Bayesian analyses showed 

that most of the conflicts were not well supported. The ILD test is thought to be very 

conservative, falsely rejecting congruence (Darlu and Lecointre, 2002), and Cunningham 

(1997) showed that when the ILD test resulted in a p-value of greater than 0.01, 

combining the datasets improved or did not diminish phylogenetic accuracy. Therefore, 

we combined the CP and ITS datasets. The final CP+ITS dataset contained 157 

accessions, with 6,885 aligned bp. Ten RaxML runs of this dataset resulted in a best tree 

of -ln= 27,363.46 (Figs. 2.2 and 2.3). 

 Phylogenetic analyses.  Pectis. Analyses of the CP, ITS, and CP+ITS datasets 

provide strong support for the monophyly of Pectis. Figure 2.1 shows a comparison of 

the CP and ITS topologies, and the topology recovered from the combined CP+ITS 

dataset is shown in fig. 2.2 (Pectis) and fig. 2.3 (Porophyllum). All datasets recover five 

well-supported clades within Pectis (clades A-E, fig. 2.2). The CP and ITS differ in their 

placement of either clade A (ITS) or clade B (CP) as sister to the rest of the genus. In all 

analyses, the remainder of the genus is split between two well-supported Sonoran and 
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Chihuahuan Desert clades (C and D in fig. 2.2) and a large clade (E) with species that 

occur from central Mexico to San Luis, Argentina. 

Porophyllum. Although our sampling efforts were concentrated on Pectis, we did 

sample a high percentage of Porophyllum species, allowing us to draw some conclusions 

regarding the relationships within the genus. Our results suggest that Porophyllum 

amplexicaule and P. scoparium do not belong to Porophyllum (sensu Johnson 1969). 

They form a strongly-supported clade that is the sister-group to the combined 

Pectis+Porophyllum. Porophyllum filiform and P. greggii form a well-supported clade 

sister to the rest of Porophyllum, which appears as a grade of clades (Fig 2.3). Sections 

Hunteria and Porophyllum are not recovered as monophyletic.  

Hypothesis testing.  The CP and ITS datasets provided incongruent results in 

three groups of note: Porophyllum amplexicaule + P. scoparium, Pectis imberbis + P. 

linifolia (clade A), and Pectis papposa var. papposa. We performed reciprocal AU tests 

to assess whether, given a dataset, there was a significant difference in likelihoods 

between the best tree obtained from that dataset, and the alternative topology (the 

constraint) obtained from the other dataset.  

The CP dataset recovered a clade of Porophyllum amplexicaule + P. scoparium at 

the base of Pectis+Porophyllum (fig. 2.1-A), whereas the ITS dataset showed this clade 

to be sister to the rest of Porophyllum (Fig 2.1-B). Given the ITS dataset, the CP 

topology cannot be rejected (the ITS topology is not significantly better), but given the 

CP dataset, the ITS topology can be rejected. In the combined CP+ITS dataset, P. 

amplexicaule and P. scoparium are well-supported as sister to the combined 

Pectis+Porophyllum.  

The ITS topology shows clade A (P. imberbis + P. linifolia) appearing as a group 

that is sister to the rest of the genus, followed by clade B (Pectis coulteri + P. multiseta). 
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These relationships are swapped in the CP dataset, which recovers clade B sister to the 

rest of Pectis, and clade A appearing next in the grade. The latter relationship is not 

strongly supported (59% ML bootstrap and 0.67 Bayesian PP support), and the AU test 

shows that, when using the CP dataset, the best CP topology is not significantly better 

than the best ITS topology. The CP+ITS dataset strongly supports the position of clade A 

as sister to the rest of the genus.  

Pectis papposa var. papposa groups with P. vollmeri (in Clade C from fig. 2.2-A) 

in the topology suggested by the CP dataset. However, the ITS topology shows P. 

papposa var. papposa grouped in Clade D with P. filipes var. subnuda and P. barberi. 

Given the ITS dataset, the CP topology can be rejected; likewise, given the CP dataset, 

the ITS topology can be rejected. The CP+ITS dataset strongly supports the position of P. 

papposa var. papposa in clade C with P. vollmeri. The constraint topologies and results 

are shown in fig. 2.4. 

Phylogenetic distribution of polyploids.  In Pectis, most of the known polyploids 

occur in the more terminal clades (fig. 2.5). Clade E4 contains five polyploid species, 

clade E1 has three, and clades D and E3 both have one. Two of the four E2 species 

(tetraploid P. repens and hexaploid P. saturejoides) have reports of both diploid and 

polyploid counts. In two cases (P. latisquama and P. multiflosculosa), the polyploid 

species appears sister to a diploid species, but most polyploids in the genus are sister to 

taxa for which the chromosome number is unknown. The four known polyploid 

Porophyllum species included in this study occur in separate clades throughout the genus. 

The combined CP+ITS dataset places the hexaploid P. greggii with P. filiforme 

(chromosome number unknown), which together are sister to the rest of Porophyllum. 

The tetraploid P. pygmaeum was not included in this study, but it is thought to be closely 

related to the hexaploid P. greggii.  
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One internal Porophyllum clade comprises all the x=11 taxa, together with one 

x=12 (P. coloratum) and several for which the chromosome numbers are not known.  

Carbon isotope analysis.  We obtained ∂13C‰ values for 80 Pectis and 

Porophyllum species, as well as Tagetes erecta. All Pectis accessions have ∂13C‰ values 

consistent with C4 photosynthesis (average = -13.14‰), and all Porophyllum accessions 

have values consistent with C3 photosynthesis (average = -27.64‰). Tagetes erecta has a 

∂13C value of -30.37‰. The frequency distribution of the ∂13C values is presented in 

Figure 2.6, and the average ∂13C value for each species, including previously-reported 

data from species not surveyed by us, is shown in Table 2.4. Voucher information is 

given in Appendix 1. 

Anatomy.  The four Pectis species examined exhibit leaf cellular arrangement 

typical of atriplicoid C4 anatomy (fig. 2.7, a-d). Porophyllum amplexicaule and P. 

scoparium have leaf anatomy largely consistent with C3 photosynthesis (fig. 2.7e, f). 

Porophyllum amplexicaule diverges from typical C3 anatomy, with enlarged bundle 

sheath (BS) cells concentric around the veins, close vein spacing, and BS cells rich in 

chloroplasts (fig. 2.7-e). Porophyllum scoparium (fig. 2.7-f) has closer vein spacing than 

the C3 species shown in Muhaidat et al (2007), including Tagetes erecta. 

 

DISCUSSION 

Evolutionary relationships in Pectis and Porophyllum 

Pectis species have traditionally been considered a natural, distinctive group 

(Strother, 1977). However, molecular analysis of the Tageteae (Loockerman, Turner, and 

Jansen, 2003) showed Pectis linifolia as sister to the combined Pectis+Porophyllum, 

based on a combined ITS+ndhF dataset. We recover the same results (weakly-supported) 
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when analyzing only the ndhF data, even with expanded taxon sampling (tree not 

shown). However, by expanding our dataset to 6,201 bases of CP loci, we find a well-

supported and monophyletic Pectis recovered as sister to Porophyllum. Our combined 

dataset suggests that two Porophyllum species, P. amplexicaule and P. scoparium, fall 

outside of the genus, and are sister to the combined Pectis + Porophyllum. Porophyllum 

amplexicaule is restricted to southwestern Coahuilla, and P. scoparium can be found in 

desert scrub from southern New Mexico, southeast into southwest Texas, and into 

Mexico from Coahuilla to Nuevo Leon. Johnson (1969) suggested that P. amplexicaule 

and P. scoparium hybridize where they co-occur. Both are suffruticose perennials up to 

60 cm high and have yellow corollas (vs. the green, purple or off-white corollas of most 

of the genus).  

Clades A through E (fig. 2.2) generally correspond to geogrphic distribution; 

however, a few members are widespread. Clades A and B are both associated with the 

Sonoran desert. However, Pectis linifolia var. linifolia of clade A has the largest natural 

range of the genus. Some of its distribution (the Galapagos and Hawaiian Islands) is 

probably due to recent introductions (Wiggins and Porter, 1971; Wagner, Herbst, and 

Sohmer, 1990), but its natural range spans Arizona to Bolivia, with a large disjunct 

region between Guatemala and Colombia. It is also found throughout the Caribbean 

islands. Keil (1978) suggested that P. linifolia var. linifolia is autogamous, and that this 

breeding system, combined with its stiff, recurved awns suited for animal dispersal, 

contribute to its success as a colonizer. However, Pectis linifolia var. hirtella has a very 

small range, and is endemic to the Mexican states of Guerrero and Michoacan.  

The taxa of clade A are taller than most Pectis species, and are often erect, with 

long internodes and sparse, linear leaves. Pectis coulteri and P. multiseta of clade B are 

both low growing annuals of the Sonoran desert with distinctive antrorsely-barbed 
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pappus awns. Clade C is composed of low-growing annuals that are mostly associated 

with the Sonoran and Chihuahuan deserts, but the range of P. angustifolia extends from 

southeast Wyoming to Chihuahua, Mexico, and P. papposa extends into central Sinaloa. 

Clade D species are annuals and perennials associated with several different habitats, 

from the Sonoran desert, foothills of the Sierra Madre Occidental, and the thornscrub and 

coastal savannahs of Sonora and Sinaloa. Clade E is large and diverse. Its species cover a 

broad geographic area, essentially mirroring the geographic and morphological range of 

the whole genus. Aside from P. linifolia, all the Caribbean and South American species 

of Pectis are in this clade. The CP dataset provides support for four clades within E, and 

suggests several species-pairs. The ITS dataset does not show support for the large clades 

of the CP topology, but does suggest several smaller clades within E, as well as species-

pair affinities in common with the CP topology. The combined CP+ITS dataset recovers 

several clades and species-pairs with strong support fig 2.2, E1-E4).  

Sectional relationships within Pectis 

Six subgeneric divisions have been recognized in Pectis, variously treated as 

subgenera or as sections. Figure 2.8 shows the CP+ITS cladogram with these divisions 

mapped onto the tree according to the revisions of Gray (1852), Fernald (1897) and Keil 

(1975, 1977a, 1978). We prefer to use the designation “section” when referring to these 

recognized divisions within Pectis.  

Section Eupectis A. Gray (1852) was proposed to include species having 

uniseriate, paleate, or broad-based and chaffy awns. Asside from P. ciliaris, presumed to 

be the type of the genus, and P. prostrata, which he described in the same publication, 

Gray did not detail which species were to be included in section Eupectis, and species in 

column 1 of fig. 2.8 are the species of Pectis recognized by de Candolle at the time. After 
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the designation of P. linifolia (of former sect. Pectidium) as the type of Pectis (Britton 

and Millspaugh, 1920), sect. Pectidium defacto became section Pectis. The species 

variously recognized within section Eupectis by Gray and Fernald have not been treated 

since, and do not form a monophyletic group in any of our analyses.  

Section Heteropectis, comprising Pectis coulteri and P. multiseta (sensu Gray 

1852, Fernald, and Keil), is recovered as a well-supported clade (clade B of fig 2.2).  

In 1797, the genus Lorentea was described by Ortega, and referred to a plant that 

was later identified as a member of the genus Sanvitalia. In 1816, Lagasca published the 

name Lorentea for species that he considered separate from Pectis. The type of Lorentea 

Lag. was based on Pectis prostrata Cav. but was actually a specimen from Cuba later 

identified as P. humifusa. In 1830, Lessing segretated a group of Pectis species into a 

new genus, for which he also used the name Lorentea. Lorentea Lag. and Lorentea Less. 

were both superfluous, but in practice, both names were used. Gray (1852) described 

section Lorentea A. Gray for species with a biseriate pappus and a ray pappus sometimes 

greatly diminished or absent. He did not specify which species would be included. 

Schultz Bipontinus (Seemann et al., 1852) followed Gray’s suggestion that Lorentea 

sensu Lessing was best included with Pectis, and transferred the Lorentea of de Candolle 

(1836) and Gardner (1846) into Pectis (Seemann et al., 1852). Although Keil (1977b) 

mentions several species as members of sect. Lorentea, to our knowledge, no one has 

treated the section with a listing of the species to be included. Those noted as “Lorentea” 

in fig. 2.8 are the known Lorentea species at the time that Gray described Pectis section 

Lorentea.  

Section Pectis (=sect Pectidium Less. sensu Fernald, and later, Keil), is well-

supported and monophyletic (Clade A, fig 2.2). Section Pectis has two species, P. 
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imberbis and P. linifolia (the type of Pectis). Both are tall, erect plants with sparse, 

cylindrical leaves and elongated internodes.  

The sole member of Gray’s subgenus Pectidopsis was P. angustifolia (1849). 

Gray later expanded the group to include P. filipes and P. uniaristata. Fernald followed 

Gray’s definition of Pectidopsis as those Pectis species with a pappus that is coroniform 

or has a few slender but rigid, scabid awns. Fernald expanded his subgenus to include 12 

taxa, which do not form a monophyletic group in our analyses.  

Fernald followed Gray’s 1883 expanded definition of section Pectothrix as those 

species with a pappus (of the disc florets, if not the ray florets) of many equal or unequal 

bristles which are often broad at the base, but not true scales. Neither Gray’s nor 

Fernald’s concept of section Pectothrix forms a monophyletic clade in our analyses. On 

the contrary, their species appear scattered throughout the tree. However, all members of 

Clade C correspond to section Pectothrix sensu Keil (1977a), and additional members of 

Keil’s sect. Pectothrix are found in clade D (fig. 2.2).  

Relationships within Porophylum 

 Results from our analyses suggest that the primary characters used to designate 

the sections of Johnson (1969), i.e., leaf morphology and habitat, do not define clades in 

Porophyllum. The species relationships show that the genus is not grouped into two 

clades representing each section (fig 2.3). In contrast, the CP+ITS cladogram illustrates a 

grade of clades, some of which contain members of each section. Geography correlates 

better with relationship, with Sonoran and Chihuahuan species at the base of the tree and 

southern Mexico-Central American and South American species forming the derived 

clades. We included five of the roughly eight South American Porophyllum species. Four 

out of the five form a well-supported clade. The fifth is an Ecuadorian specimen of P. 
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ruderale, a variable species of tropical North and South America. Our accession of P. 

ruderale appears sister to the Honduran accession of P. macrocephalum, nested wihin the 

P. macrocephalum clade. Johnson (1969) included over 20 described species and 

varieties into the single, wide-spread and variable P. ruderale, with two subspecies – 

subsp. macrocelphalum and subsp. ruderale. He used subsp. macrocephalum to refer to 

what he called the “northern” taxa (SW U.S. to northern Brazil, southern Peru, and 

Bolivia), and subsp. ruderale to refer to the “southern” taxa (Costa Rica and the West 

Indies south to southern Peru, through Brazil into northern Argentina). He noted that in 

northern South America, intermediate forms were common where the two taxa were 

sympatric. Porophyllum leiocarpum, endemic to Puerto Rico, was originally described by 

Urban as a variety of P. macrocephalum but was elevated to specific status by Rydberg 

and has been treated as such by subsequent authors (Rydberg, 1916; Johnson, 1969; 

McVaugh, 1984). In our analyses, we have followed Turner (1996) in designating the 

Mexican and Central American taxa as P. macrocephalum, and the South American 

accession as P. ruderale. Although interemediate forms surely exist, Turner noted that P. 

macrocephalum has larger heads on more stout peduncles and is diploid, whereas P. 

ruderale has smaller heads on slender peduncles, and is tetraploid. Ecuadorian and 

Brazilian P. ruderale have been reported as n=22, 23, 24, 34, 35 and 36 (Turner et al., 

1979; Robinson et al., 1981; Carr et al., 1999) but Dillon et al. (1982) reported n=12 for a 

Peruvian accession. Therefore, although only diploid (n=11) specimens of P. 

macrocephalum have been found in Chiapas (Strother, 1983) and Arizona (Keil and 

Pinkava, 1976), P. ruderale of South America has diploid and tetraploid (and possibly 

hexaploid) members. We have observed the North and Central American accessions (P. 

macrocephalum) to have distinctly more ovate-oblong leaves, whereas the South 

American accessions (P. ruderale) have leaves that are linear-lanceolate. In our analyses, 
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the accessions of P. macrocephalum, P. ruderale and P. leiocarpum form a well-

supported clade, with the Central American accession of P. macrocephalum sister to the 

P. ruderale from Ecuador. One accession from Brazil keys to P. ruderale but in all our 

analyses it appears in a clade with P. angustissimum, P. lanceolatum, and P. linifolium. 

Hind (2002) has noted that Porophyllum of Brazil and Argentina may be undercollected, 

and that there may be diversity in the genus that has, in these areas, been overlooked.  

Polyploidy in Pectis 

Roughly 40% of the known polyploids in Pectis occur in islands. Just nine of the 

± 20 Pectis species that grow in the Caribbean or the Galapagos Islands have been 

examined in cytological studies, and of these, three are diploids, and six are polyploids. 

Thus while polyploids comprise 18% of the total Pectis species, they comprise 77% of 

the island species. This pattern is also seen in Hawaii, where 80% of the native plants are 

polyploid (Carr, 1988). While these ratios could change if more Pectis species were 

sampled, there is no reason to think that the current sampling of cytological data is 

skewed toward diploid or polyploid taxa.   

Two mechanisms are often proposed to explain why islands may be rich in 

polyploid species. The first is that there is a general trend toward self-fertilization in 

polyploids (Barringer, 2007) and autogamy is often proposed as one of the catalysts for a 

widespread distribution or successful colonization (Baker, 1955). However, the trend is 

not clear for the Asteraceae, which has sporophytic self-incompatibility (SSI). 

Polyploidization does not break down SSI as readily as it does in plants with 

gametophytic self-incompatibility (GSI) (de Nettancourt, 2001)—indeed, Barringer 

(2007) did not find that asterid polyploids were significantly more likely to be self-

compatible than self-incompatible. Sporophytic self-incompatibility is a complex system 
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that only allows fertilization if none of the parent plants’ four alleles of the self-

incompatibility locus (S) overlap. In such a system, it seems unlikely that, in the rare 

event that a seed or propagule germinates successfully on an island, it would find suitable 

mates with which to establish a population. However, the family is notoriously adept at 

successful colonization, and is often well-represented on islands. Studies have shown that 

the SSI system in the Asteraceae can be pseudo-self compatible (SSC), in that sometimes 

plants that are self-incompatible anomalously set seed (Hiscock, 2000). This is, in part, 

due to modifiers on the S locus, which can increase self-compatibility (Brennan et al., 

2011). This weakening of the SSI system is thought to be an important component in the 

rapid spread of Senecio squalidus in the UK (Abbott et al., 2009). The breeding systems 

of most Pectis species are unknown, but Keil (1978) reported that both P. cylindrica, a 

tetraploid, and P. prostrata, a diploid, are autogamous.  

Another explanation of the high occurrence of polyploidy on islands is that 

successful establishment favors plants with high genetic diversity (Carr, 1988). 

Polyploids would be at a selective advantage because they might carry the genetic 

variation necessary to avoid the bottleneck effect of a founder event. Furthermore, this 

diversity might allow a polyploid to survive in a wider range of conditions than a diploid. 

It is possible that many species in the Asteraceae have SSI systems that allow 

occasional self-fertilization, and that this “leakiness” of self-incompatibility increases the 

odds of colonizing events. If, after colonization, a polyploid species has a selective 

advantage over diploids due to higher genetic diversity, this could contribute to the higher 

percentage of polyploids on islands. 
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Origin and extent of C4 photosynthesis 

After Smith and Turner (1975) surveyed 20 Pectis and one Porophyllum spp., it 

was assumed that all Pectis spp. were C4, and all Porophyllum (and, in fact, the remainder 

of the Tageteae) were C3. However, the closely related Flaveria has just 21 species yet 

shows great variation in photosynthetic pathway, suggesting that similar variability might 

exist in Porophyllum (25-30 spp.) or Pectis (~90 spp). The ∂13C‰ values reported here 

confirm that C4 photosynthesis does not occur in Porophyllum. Furthermore, the switch 

from C3 to C4 appears to have happened after the generic split between Pectis and 

Porophyllum, as all Pectis have ∂13C‰ values indicative of C4 photosynthesis. The Kranz 

anatomy of the four Pectis surveyed corroborates the ∂13C‰ values (fig. 2.7). They show 

atriplicoid Kranz arrangement, in which a single layer of enlarged BS cells surrounds the 

leaf vein, with additional layers of MS usually arranged concentrically around the BS 

cells, and chloroplasts are usually arranged toward the inner wall of the BS cells (Carolin, 

Jacobs, and Vesk, 1975; Edwards and Voznesenskaya, 2011). Although the Pectis 

surveyed to date have this anatomy, that may not be the case for the entire genus, as some 

C4 genera demonstrate multiple Kranz types (Peter and Katinas, 2003; Marshall et al., 

2007; Koteyeva et al., 2011). 

The two Porophyllum species chosen for anatomical studies (Porophyllum 

scoparium and P. amplexicaule) are phylogenetically at the base of the Porophyllum tree 

or are sister to Pectis+Porophyllum (fig. 2.3). They have ∂13C‰ values of -24.8 and -22.9 

respectively. They both grow in warm, arid habitats (in the Chihuahuan desert) and have 

xeric-adapted features such as thick, glaucous leaves. Cross-sections of P. amplexicaule 

show some structural traits that may be precursors to C3-C4 or C4 photosynthesis: closely-

spaced veins, enlarged BS cells concentric to the veins and chloroplasts located in the BS 

cells. Porophyllum scoparium does not have enlarged BS cells and the chloroplasts are 
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scattered in the palisade parenchyma, but the vein spacing is very close, often with just 

one M cell between BS cell. C3-C4 intermediates are often identified through their 

relatively high ∂13C values, but many plants with intermediate anatomical traits have 

values that are at the high-to-normal end of the C3 range (Marshall et al., 2007; Christin 

et al., 2010). Thus it is possible, especially given the modified C3 anatomy shown in P. 

amplexicaule and P. scorparium, that the photosynthetic pathway in Porophyllum is more 

complex than indicated by ∂13C‰ value alone.  

The presence of such structural traits in species that are closely related to C4 

species in the Tageteae (Flaveria and Pectis) suggests that it may be a trend across the 

whole tribe. The origins of C4 photosynthesis in the Tageteae needs to be further explored 

through anatomical and biochemical analyses of a broad selection of species across the 

tribe. 

CONCLUSION 

Past authors have relied upon pappus characteristics to infer relationships in 

Pectis, at the same time bemoaning their variablility within species. Our analyses confirm 

that pappus characteristics are labile, and if used alone are not reliable indicators of 

evolutionary relationships in Pectis (except for the distinct retrosely-barbed pappi of sect. 

Heteropectis). Well-supported clades recovered from our analyses show a breadth of 

diversity in habit, leaf, and floral morphology. Although most clades have at least one 

very widespread species, geography is more strongly correlated with relationship than the 

morphological characters used by Gray (1849, 1852, 1884) and Fernald (1897). Keil’s 

use of several character states together proved useful in predicting closely-related species 

of sect. Pectothrix. However, the section remains paraphyletic and requires additional 

taxonomic revision.   
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Two issues have confounded systematic organization (and species identification 

in groups such as P. angustifolia/papposa and P. elongata/exilis/linearis/uniaristata) in 

Pectis. One is that a single species, even within one population, can present a variety of 

pappus character states. This has, in some cases, led authors to describe species based on 

characters that are not necessarily fixed for the species, and which also overlap with other 

species. This variability, in turn, makes it difficult to define key characters for use in 

identification, and thus leads to inconsistent identification of taxa. It is not surprising, 

then, that the sectional circumscriptions based on variable characters (usually pappus) are 

not confirmed by our molecular analyses. The second issue, which no doubt influences 

the first, is that many species of Pectis are thought to hybridize with one another, further 

blurring the line of demarcation between species, both in a morphological and molecular 

sense. Hybridization has been suggested in at least 15 Pectis species (1977b; Keil, 

Luckow, and Pinkava, 1988; Keil, 1996), based on meiotic abnormalities concomitant 

with field observations of putative hybrids having traits intermediate between two 

sympatric species. A closer examination of additional closely related Pectis species 

would no doubt increase this number. Several species in our analyses (P. angustifolia, P. 

filipes, P. papposa, P. pringlei, P. prostrata, P. saturejoides, and P. uniaristata var. 

holostemma) show signs of “cryptic diversity,” i.e., genetic diversity underlying 

morphological similarity. Hybridization has been reported in the first five of these (Keil 

and Pinkava, 1976; Reveal and Spellenberg, 1976; Keil, 1977a). Whether the non-

monophyly is due to incomplete lineage sorting, hybridization, or convergent 

morphology, is difficult to determine from our analyses.  

More detailed studies in some groups (i.e., sampling more accessions throughout 

the range, possibly using population genetics methods) are needed to clarify relationships 

in some areas of the tree. Pectis elongata, P. saturejoides, P. papposa, P. prostrata, and 
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the Porophyllum ruderale complex need a more thorough examination to understand the 

relationships between populations throughout their range to clarify their species limits. 

Further genetic and morphological study of Porophyllum amplexicaule and P. scoparium 

is also necessary, as they may warrant recognition as a new genus. Inclusion of P. 

pygmaeum in such a study would be prudent, as it shares the character of yellow florets. 

As an alternative to treating P. amplexicaule and P. scoparium separately, an expanded 

Pectis could be defined to include Porophyllum amplexicaule, P. scoparium, and the 

remainder of Porophyllum. This solution seems less ideal, since the morphology, 

physiology, and biochemistry of Pectis clearly distinguishes it from Porophyllum.  

The comparison of Pectis and Porophyllum leaf anatomy is interesting because 

they are C3 and C4 sister genera that often coexist in the same environment. They are also 

in the same tribe as Flaveria, and as such may share ancestral attributes that facilitated 

the acquisition of C4 photosynthesis in both Flaveria and Pectis. Expanded anatomical 

studies across Porophyllum are suggested by the preliminary results of this study. To 

explore the evolution of C4 photosynthesis in the Tageteae further, additional genera such 

as Boeberastrum, Harnackia and Lescaillea should be included. These three genera 

comprised a clade sister to Pectis and Porophyllum in some analyses of Loockerman et 

al. (2005), and to our knowledge, the photosynthetic pathway of these genera has not 

been investigated. 
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Tables 

Table 2.1. Ploidy levels reported from 54 Pectis and 14 Porophyllum species.  
Polyploids are noted in bold. Species with an asterisk (*) have reports of 
both diploid and polyploid members. 

 
Species Ploidy 2n Reference 

 Pectis (x=12)    

1. Pectis angustifolia Torr. var. angustifolia  Diploid 24 Powell and Turner, 1963; Powell and 
Sikes, 1970; Reveal and Spellenberg, 1976 

2. Pectis angustifolia var. fastigiata (A. Gray) D.J. Keil Diploid 24 Keil, 1977b 
3. Pectis angustifolia var. tenella (DC.) D.J. Keil Diploid 24 Powell and Sikes, 1970; Reveal and 

Spellengerg, 1976 
4. Pectis berlandieri DC. Diploid 24 Keil, 1977b 
5. Pectis bonplandiana Kunth Tetraploid 48 Keil, 1977b; Strother, 1983 
6. Pectis canescens Kunth Diploid 24 Keil, Luckow, and Pinkava, 1988 
7. Pectis capillipes (Benth.) Hemsl. Diploid 24 Keil, 1977b 
8. Pectis carthusianorum Less. Tetraploid 48 Keil, Luckow, and Pinkava, 1988 
9. Pectis coulteri Harv. & A. Gray Diploid 24 Keil, 1975 
10. Pectis cylindrica (Fernald) Rydb. Tetraploid 48 Keil, 1977b; Keil, Luckow, and Pinkava, 

1988 
11. Pectis decemcarinata McVaugh Diploid 24 Keil, Luckow, and Pinkava, 1988 
12. Pectis depressa Fernald Diploid 24 Powell and Turner, 1963; Keil, Luckow, 

and Pinkava, 1988 
13. Pectis diffusa Hook. & Arn. Diploid 24 Keil, Luckow, and Pinkava, 1988 
14. Pectis elongata var. floribunda (A. Rich.) D.J. Keil Diploid 24 Keil, Luckow, and Pinkava, 1988 
15. Pectis elongata var. oerstediana (Rydb.) D.J. Keil Diploid 24 Keil, 1977b 
16. Pectis ericifolia D.J. Keil Octoploid 96 Keil, 1984 
17. Pectis exserta McVaugh Diploid 24 Keil, Luckow, and Pinkava, 1988 
18. Pectis filipes Harv. & A. Gray var. filipes  Diploid 24 Keil, 1977b 
19. Pectis filipes var. subnuda Fernald Diploid 24 Powell and Sikes, 1970; Keil, 1977b; Keil, 

Luckow, and Pinkava, 1988 
20. Pectis floridana (x floridana) D.J. Keil Triploid 36 Keil, Luckow, and Pinkava, 1988 
21. Pectis glaucescens (Cass.) D.J. Keil Tetraploid 48 Keil, Luckow, and Pinkava, 1988 
22. Pectis haenkeana (DC.) Sch. Bip Diploid 24 Keil, 1977b 
23. Pectis humifusa Sw. Hexaploid 72 Keil, Luckow, and Pinkava, 1988 
24. Pectis imberbis A. Gray Diploid 24 Keil, Luckow, and Pinkava, 1988 
25. Pectis incisifolia I.M. Johnst. Diploid 24 Keil, 1977b 
26. Pectis latisquama Sch. Bip. Ex Grenm.  Hexaploid 72 Keil, Luckow, and Pinkava, 1988) 
27. Pectis leavenworthii Standl. Diploid 24 Keil, 1977; Keil, Luckow, and Pinkava, 

1988 
28. Pectis linearifolia Urb.  Tetrapoid 48 Keil, Luckow, and Pinkava, 1988 
29. Pectis linearis La Llave Diploid 24 Keil, Luckow, and Pinkava, 1988 
30. Pectis linifolia var. linifolia L. Diploid 24 Keil, Luckow, and Pinkava, 1988 
31. Pectis linifolia var. hirtella S.F. Blake Diploid 24 Pinkava and Keil, 1977; Keil, Luckow, 

and Pinkava, 1988 
32. Pectis longipes* A. Gray  Diploid 

Tetraploid 
24 
48 

Keil and Pinkava, 1976; Keil, 1977b 
Keil and Pinkava, 1976 

33. Pectis luckoviae D.J. Keil Diploid 24 Keil, 1984 
34. Pectis multiflosculosa (DC.) Sch. Bip. Hexaploid 72 Keil, 1977; Keil, Luckow, and Pinkava, 

1988 
35. Pectis multiseta Benth. var. multiseta  Diploid 24 Keil, 1975 
36. Pectis multiseta var. ambigua (Fernald) D.J. Keil Diploid 24 Keil, 1975 
37. Pectis papposa var. grandis D.J. Keil Diploid 24 Keil, 1974; Keil and Stuessy, 1975; Keil, 

1977b 
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Table 2.1  continued 
 

38. Pectis papposa Harv. & A. Gray var. papposa  Diploid 24 Raven and Kyhos, 1961; Strother, 1983; 
Keil, Luckow, and Pinkava, 1988 

39. Pectis pringlei Fernald. Diploid 24 Löve, 1974; Keil, 1977b 
40. Pectis prostrata Cav. Diploid 24 Keil, 1977b; Keil, Luckow, and Pinkava, 

1988 
41. Pectis pumila D.J. Keil Hexaploid 72 Keil, 2002 
42. Pectis purpurea var. sonorae D.J. Keil  Diploid 24 Keil, Luckow, and Pinkava, 1988 
43. Pectis repens Brandegee * Diploid 

Tetraploid 
24 
48 

Keil, 1977b 
Keil, 1977b 

44. Pectis rusbyi Greene ex A. Gray Diploid 24 Keil, 1977b; Turner and Flyr, 1966 
45. Pectis saturejoides (Mill.) Sch. Bip. * Diploid 

Hexaploid 
24 
72 

Powell and Turner, 1963; Keil, 1977b 
Strother, 1983 

46. Pectis schaffneri Sch.Bip ex Fernald Diploid 24 Keil, Luckow, and Pinkava, 1988 
47. Pectis sessiliflora (Less.) Sch. Bip. Tetraploid 48 Keil, Luckow, and Pinkava, 1988 
48. Pectis sinaloensis Fernald Diploid 24 Turner and Flyr, 1966; Keil, 1977 
49. Pectis stenophylla var. biaristata (Rydb.) D.J. Keil Diploid 24 Keil, 1977b 
50. Pectis subsquarrosa (Hook f.) Sch. Bip. Hexaploid 72 Wiggins and Porter, 1971; Keil, 1977b 
51. Pectis tenuicaulis Urb. Diploid 24 Keil, Luckow, and Pinkava, 1988 
52. Pectis uniaristata DC. var. uniaristata  Diploid 24 Keil, Luckow, and Pinkava, 1988 
43. Pectis uniaristata var. jangadensis (S. Moore) D.J. Keil Diploid 24 Keil, 1977b; Keil, Luckow, and Pinkava, 

1988 
54. Pectis vollmeri Wiggins Diploid 24 Keil, Luckow, and Pinkava, 1988 
 

Porophyllum (x=11†,12)    
1. Por. amplexicaule Engelm. ex A.Gray Diploid 24 Turner, Beaman and Rock 1961 
2. Por. calcicola B.L. Rob. & Greenm. Diploid 24 Ralston, Nesom, and Turner, 1989 
3. Por. coloratum (Kunth) DC. var. coloratum  Diploid 24 Keil and Stuessy, 1975 
4. Por. gracile Benth  Tetraploid 48 Raven and Kyhos, 1961 
5. Por. greggii A. Gray  Hexaploid 72 Powell and Sikes, 1970 
6. Por. lanceolatum DC. † Tetraploid 44 Turner et al., 1979 
7. Por. linaria  (Cav.) DC. Diploid 24 Ralston, Nesom, and Turner, 1989 
8. Por. macrocephalum DC.† Diploid 22 Keil and Stuessy, 1975 
9. Por. punctatum (Mill.) S.F. Blake† Diploid 22, 

24 
Strother and Panero, 2001 
Keil and Stuessy, 1975 

10. Por. pygmaeum Keil & Morefield Tetraploid 24 Keil and Morefield, 1989 
11. Por. ruderale (Jacq.) Cass. †* Diploid  

 
Triploid 
Tetraploid 

22-
24 
24 
34-
36     
44 

Turner et al., 1979; Robinson et al., 1981 
Dillon and Turner, 1982 
Robinson et al., 1981 
Molero et al., 2002 

12. Por. scoparium A. Gray Diploid 24 Raven and Kyhos, 1961 
13. Por. viridiflorum (Kunth) DC. Diploid 22 Strother and Panero, 2001 
14. Por. zimapanum B.L. Turner Diploid 24 Zhao and Turner, 1993 
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Table 2.2.  Loci used to infer phylogenetic relationships.  

Region Primer (or, if novel, sequences 5’ – 3’)  
Primer  

reference 
Aligned 
length 

 

Percent 
missing 

% P.I. (w/o 
outgroups) 

nuclear ribosomal      

ITS 1 and  2 ITS p1a, ITS p2, ITS p3, ITS p4 White et al. 
1990 

684 5% 44.44% 

chloroplast           6088 17% 7.00% 

matK gene / 
3’ trnK–matK spacer   

1,515 / 
185 

 
 8.71% 

matK primer pair 1 F: ACT GTA TCG CAC TAT GTA TCA     

 R: GGT TAC GGA GAA AGA GGA AGC     

matK primer pair 2 F: TGG TTC AGG CTC TTC GCT AT     

 R: TCG CCT TAC CAA TAG GAT GC     

matK primer pair 3 F: TTG GGG CAT CCT ATT GGT AA     

 R: AAC TAG TCG GAT GGA GTA G     

ndhF gene (3’ end) F: AGG TAT ATC CGC GCG TTA AG  655  8.09% 

 R: GTT TCG ATG CAA CAG CAA GA     
F: GTC AGA TGT AAG AGA ATG TTT AGG 
AA 

 706  5.17% trnV- ndhC spacer  (3’ 
portion)  R: ACG GTT CGA GTC CGT ATA GC     

rpl16 intron F: rpl16-F Hansen et al. 
2009 

1,301  8.75% 

 R: L16 exon2  Downie et al. 
2000 

   

 internal F: AAG AGC TTC GAG CCA ACA AA     

trnL–rpl32 spacer F: TAC CGA TTT CAC CAT AGC G  749  13.70% 

 R: rpl32retR Timme et al. 
2007 

   

F: trnYretF Timme et al. 
2007 

747  6.22% trnY-rpoB spacer  (5’ 
portion) R: CTT AAC GCG CGG ATA TAC CT     
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Table 2.3.  Statistics for datasets used including results from ML searches. 

 5’ trnK-matK matK  matK-3’ trnK 3’ ndhF ndhF-ycf1 rpl16 trnL-rpl32 3’ trnV-ndhC 5’ trnY-rpoB CP ITS CP+ITS 
No. accessions sequenced 156 156 156 152 152 130 164 149 153 157 156 157 
Aligned dataset (bp) 70 1,488 347 822 228 1,742 1,147 821 858 6,201 838 6,885 
bp included in final analysis 47 1,488 234 594 61 1,371 865 754 788 6,201 684  6,885 
# P.I. chars. (no outgps) 4 64 15 45 5 120 127 39 49 457 308 762 
Missing data (incl gaps) n/a n/a n/a n/a n/a n/a n/a n/a n/a 17.69% 5.53% 16.6% 
ML model selected (AIC) n/a TVM+G n/a TVM+G n/a GTR+G+I TVM+G TVM+G GTR+G n/a GTR+G+I n/a 
Likelihood CI  n/a  n/a  n/a  n/a   n/a  n/a  n/a  n/a 0.697 0.540 0.521 
Likelihood RI n/a  n/a  n/a  n/a   n/a  n/a  n/a  n/a  0.905 0.908 0.854 
Likelihood score (-Ln) n/a  n/a  n/a  n/a   n/a  n/a  n/a  n/a  18,348.32 7,478.80 27,363.46 
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Table 2.4.  Photosynthetic pathways in Pectis and Porophyllum.  
 Data are the average ∂13C value for each species (sample size if N >1). 

Average ∂13C value for Pectis = -13.14‰; Average ∂13C value for 
Porophyllum = -27.64‰. All values are newly reported here unless 
indicated with an asterisk (*). See Appendix 1 for voucher information. 

 Species ∂13C ‰   Species ∂13C ‰  

1. Nicolletia edwardsii * -26.50  50. Pectis oligocephala -13.24 (2) 

2. Pectis amplifolia -15.00  51. Pectis papposa var. papposa* -11.5 

3. Pectis angustifolia var. angustifolia -14.10 (2)  62. Pectis peruviana -13.65 (2) 

4. Pectis arida -13.70  53. Pectis portoricensis -14.15 (2) 

5. Pectis barberi -13.41 (4)  54. Pectis pringlei -13.45 (2) 

6. Pectis berlandieri * -11.2  55. Pectis propetes -13.70 (2) 

7. Pectis bonplandiana -15.30  56. Pectis prostrata* -10.7 (3) 

8. Pectis brachycephala -14.40 (2)  57. Pectis pumila -13.97 (3) 

9. Pectis brevipedunculata -13.00  58. Pectis purpurea -15.39 (5) 

10. Pectis cajamarcana -14.40 (2)  59. Pectis pusilla -13.50 (2) 

11. Pectis canescens * -11.4  60. Pectis pygmaea -11.90 

12. Pectis ciliaris -11.79 (2)  61. Pectis repens* -12.1 

13. Pectis coulteri -13.51  62. Pectis rusbyi -14.35 (2) 

14. Pectis cubensis -13.25 (4)  63. Pectis saturejoides -12.65 (3) 

15. Pectis cylindrica -15.60 (2)  64. Pectis sessiliflora -13.80 

16. Pectis decemcarinata -14.47 (4)  65. Pectis sinaloensis -13.10 (2) 

17. Pectis depressa* -11.7  66. Pectis stella -13.45 (2) 

18. Pectis diffusa -12.15 (2)  67. Pectis cf. stenophylla var. rosei -14.11 

19. Pectis elongata var. floribunda -13.03  68. Pectis stenophylla var. stenophylla -13.71 

20. Pectis elongata var. fasciduliflora -13.10 (2)  69. Pectis subsquarrosa -12.50 (2) 

21. Pectis elongata var. oerstediana -12.80 (2)  70. Pectis substriata -13.85 (2) 

22. Pectis ericifolia -12.00 (2)  71. Pectis tenuicaulis -11.90 (2) 

23. Pectis exilis -13.93 (4)  72. Pectis tenuifolia -14.10 

24. Pectis exserta -12.96 (2)  73. Pectis uniaristata var. holostemma* -11.3 

25. Pectis filipes* -11.4  74. Pectis uniaristata var. uniaristata -12.91 (2) 

26. Pectis gardneri -12.80  75. Pectis vandevenderi -15.15 (2) 

27. Pectis glaucescens -12.85 (2)  76. Pectis vollmeri -14.95 (2) 

29. Pectis graveolens -13.90 (2)  77. Porophyllum amplexicaule -24.85 (2) 

30. Pectis haenkeana -15.10 (2)  78. Porophyllum angustissimum -28.05 (2) 

31. Pectis holochaeta var. cana -12.55 (2)  79. Porophyllum calcicola -28.90 (2) 

32. Pectis holochaeta var. holochaeta* -11.0  80. Porophyllum coloratum var. coloratum -25.50 

33. Pectis humifusa* -11.3  81. Porophyllum coloratum var. obtusifolium -29.00 

34. Pectis imberbis -14.25 (2)  82. Porophyllum filiforme -25.95 (2) 
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Table 2.4 continued 
 
35. Pectis incisifolia* -12.6  83. Porophyllum gracile* -27.01 

36. Pectis latisquama* -12.5  84. Porophyllum greggii -27.80 (2) 

37. Pectis leavenworthii -13.43 (4)  85. Porophyllum lanceolatum -29.50 (2) 

38. Pectis leonis -12.05 (2)  86. Porophyllum leiocarpum -28.43 (2) 

39. Pectis liebmannii -15.98 (2)  87. Porophyllum linaria -28.75 (2) 

40. Pectis linearifolia -12.63 (2)  88. Porophyllum lindenii -29.15 (2) 

41. Pectis linearis -11.66 (2)  89. Porophyllum linifolium -29.30 

42. Pectis linifolia var. linifolia -11.60  90. Porophyllum macrocephalum -30.65 (4) 

43. Pectis longipes -12.85 (2)  91. Porophyllum maritimum -27.20 (2) 

44. Pectis luckoviae -14.24 (2)  92. Porophyllum pausodynum -25.60 (2) 

45. Pectis monocephala -11.30 (2)  93. Porophyllum punctatum -29.48 (4) 

46. Pectis multiceps -13.40 (2)  94. Porophyllum cf. ruderale -30.6 

47. Pectis multiflosculosa -11.90  95. Porophyllum scoparium* -22.9 

48. Pectis multiseta var. ambigua * -13.05 (2)  96. Porophyllum viridiflorum -27.10 (2) 

49. Pectis odorata -13.00  97. Porophyllum zimapanum -26.75 (2) 

     Tagetes erecta -30.37 (2) 
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Figures 
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Figure 2.1 
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Figure 2.1  Comparison of CP and ITS topologies. A: ML cladogram from CP dataset, 
Ln=-18348.3266.  B: ML cladogram from ITS dataset, Ln. = -7478. 8052. 
Branches in bold are well-supported (≥ 70 bootstrap or ≥ 0.95 PP). Colors 
refer to Pectis clades A-E, PH=Porophyllum sect. Hunteria, 
PP=Porophyllum sect. Porophyllum.  
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Figure 2.2.  ML cladogram from CP+ITS analysis, showing Pectis. ML bootstrap support 
is shown above branches, and Bayesian PP support is shown below. An asterisk indicates 
support below 50% bootstrap or 0.95 PP. Thick-lined branches lead to well-supported 
clades (≥ 70 bootstrap, ≥0.95 P). Ln= -27363.4645. Phylogram of same analysis appears 
in upper left. 
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Figure 2.3.  ML cladogram from CP+ITS analysis, showing Porophyllum. ML bootstrap 
support is shown above branches, and Bayesian PP support is shown below. 
An asterisk indicates support below 50% bootstrap or 0.95 PP. Thick-lined 
branches lead to well-supported clades (≥ 70 bootstrap, ≥ 0.95 PP). Ln= -
27363.4645.  
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Figure 2.4.  Reciprocal tests of alternate topologies. Figures on the left (1A, 1B, 1C) 
show the topologies recovered with the CP dataset, and figures on the right 
(2A, 2B, 2C) show the topologies recovered with the ITS dataset. * p-values 
of ≥ 0.05 indicate that the topology shown has a significantly lower 
likelihood than the best tree recovered using that dataset.  
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Figure 2.5 
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Figure 2.5.  Ploidy in Pectis and Porophyllum. Known chromosome numbers mapped 
onto the ML cladogram from fig. 2.2. Thick-lined branches lead to well-
supported clades (≥ 70 bootstrap, ≥0.95 PP). 
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Figure 2.6.  The frequency distribution of carbon isotope ratios for the species listed in 
Table 2.4. 
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Figure 2.7.  Light micrographs of leaf cross sections of four Pectis and two Porophyllum 
species. a. Pectis linifolia var. linifolia; b. P. purpurea var. sonorae; c. P. 
sinaloensis; d. P. leibmannii; e. Porophyllum amplexicaule; f. P. scoparium. 
M=mesophyll cells, B=bundle sheath cells, arrows point to chloroplasts in 
bundle sheath cells. Bar=100µm. 
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Figure 2.8 
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Figure 2.8.  Taxonomic classifications in Pectis. Cladogram from fig. 2.2 with 
classifications mapped onto the tree. Taxa that share two colors were placed 
into two separate categories under different names but are now considered 
synonyms. Column 1 shows the genera of Lorentea, Pectidium, Pectidopsis 
and Pectis at the time that Gray described the former three as sections of 
Pectis. Thick-lined branches lead to well-supported clades (≥ 70 bootstrap, 
≥0.95 PP). 
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Chapter 3.  A new section of Pectis L. (Tageteae, Asteraceae)  
based on molecular data 

ABSTRACT 

The arid area encompassing the American Southwest and northwestern Mexico is 

a center of diversity for Pectis, with 22 of the ~90 recognized species occurring in the 

Mexican states of Sonora and Chihuahua alone (Turner, 1996). Of these, eight 

traditionally belong to sect. Pectothrix (A. Gray) A. Gray (Keil, 1977a). Recent 

molecular studies suggest species from the southern U.S. and northwestern Mexico form 

two well-supported clades, one largely corresponds to sect. Pectothrix sensu Keil, and the 

other comprises four species from sect. Pectothrix plus three other species. Here I treat 

this second clade as a new section containing P. barberi Greenm., P. filipes Harv. & A. 

Gray, P. longipes A. Gray, P. purpurea Brandegee, P. sinaloensis Fern., P. stenphylla A. 

Gray, and P. vandevenderi B.L. Turner.  

 

INTRODUCTION 

Pectis is the largest and most widely-distributed genus in Tageteae (Turner, 

1996). It comprises ~90 annual and perennial herbs, all found in warm, arid regions of the 

New World (eg., desert, thornscrub, coastal plains, savanna, and openings in seasonally-

dry tropical forests and oak-pine woodlands). Pectis is most diverse in Mexico and the 

Caribbean, but species range from the southwestern U.S. to southern Brazil and northern 

Argentina, and two species are endemic to the Galapagos. 

Pectis species have dichotomously-branched stems with opposite, narrow leaves. 

The genus is named for the pairs of slender bristles on the leaf margins (pecto Lat. = 

comb). The leaves and phyllaries are typically dotted with conspicuous oil glands. Heads 

are radiate and epaleate, and borne singularly or in condensed to open cymes. The 



 

 56 

phyllaries (usually 5 or 8, but occasionally 3, 13 or 21) are in one series with each 

phyllary subtending one ray floret. Ray florets are pistillate, fertile, and equal in number 

to the phyllaries. Disc florets are bisexual and either radial or bilabiate. Bilabiate florets 

have 4 fused lobes creating the abaxial lip, and one larger lobe at the adaxial position. 

The style is pubescent below the very short, paddle-shaped branches, which are usually 

less than 0.1 mm long. Ray and disc florets are a pale to deep, intense yellow, sometimes 

streaked with maroon. The cypselae are carbonified, and are brown to black when 

ripened. Pappus elements vary from none to aristate to plumose. The chromosome base 

number is x = 12 (Keil, 1977b). 

Pectis has been used traditionally in teas, for spicing food, and medicinally 

(Asprey and Thornton, 1953; Bye, 1996). Species can have a scent of lemon, curry, 

tarragon, or fennel, and many are described as having a medicinal smell. A few species 

have a distasteful odor likened to that of stinkbugs, and the common name “cinchweed” 

comes from this memorable scent. 

Pectis is noteworthy because it has C4 photosynthesis (Smith and Turner, 1975), a 

photosynthetic pathway that confers enhanced efficiency in conditions of high heat and 

light, and low water and/or low nutrients. C4 photosynthesis is uncommon in eudicots, 

and especially rare in the Asteraceae, where 99.5% of the genera are C3 plants (Kellogg, 

1999). 

Although significant revisions were made in the 1970s (Keil, 1975, 1977a, 1978), 

fewer than half of the species have been assigned to sectional rank and relationships 

within Pectis have yet to be closely examined using molecular tools. Loockerman et al. 

(2003) included six Pectis species in their study of the Tageteae, but with such few taxa, 

their conclusions were limited to relationships at the tribal level. As part of a larger study 

of the evolutionary relationships of Pectis, I have used molecular data from 78 species 
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and varieties to infer the relationships within the genus. In my analyses, species from the 

southern U.S. and northwestern Mexico form two well-supported clades. Here I revise 

the circumscription of one clade, sect. Pectothrix (A. Gray) A. Gray, erect a new section, 

Saxicaule D.R. Hansen, for the second clade, and provide a key to, and descriptions of, 

its members. 

Taxonomic history of subgeneric groups 

Since Linneaus (1759) published Pectis based on a description and illustrative 

plate of a plant collected in Jamaica by Sloan (1707), roughly 90 species of Pectis have 

been described and catalogued into various sections, subgenera, and even separate 

genera, mostly based on pappus morphology (Lessing, 1830; de Candolle, 1836; Gray, 

1849, 1852, 1884, 1888). As more material became available to compare, Gray and 

subsequent workers (Fernald, 1897; Keil, 1977a) saw that pappus characters varied 

greatly within species (sometimes even within the same plant). They recognized that 

relational affinities based on pappus similarities alone were likely to be misleading, and 

the resulting categorical boundaries difficult to maintain. In 1849, Asa Gray commented 

on the issue, noting that the variations and gradations in pappus characters would 

necessitate either the addition of several new genera or an expanded description of Pectis 

to include the breadth of pappus types. Thirty-four years later, he further remarked that, 

“the genus is natural…but seems incapable of division even into well-marked 

subgenera.” Nevertheless, Gray arranged the 26 species into three sections, based, for 

lack of any better-unifying character, on pappus elements.  

The most comprehensive treatment of the genus, by Fernald (1897), treated 34 

Mexican and American species. He adopted Gray’s 1883 names (Eupectis A. Gray, 

Pectidium Less., and Pectothrix A. Gray), and resurrected two taxa Gray had sunk into 
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other sections (Pectidopsis D.C. and Heteropectis A. Gray). Fernald treated the groups as 

subgenera, and, as before, based them on pappus characters, though he admitted that the 

groups were not constant in their characters. Rydberg (1916) included 51 North 

American Pectis species, but did not comment on subgeneric divisions.  

In 1973 Keil began a re-examination of the subgeneric classification of Pectis, 

using the rank of section rather than subgenus. He retained the circunscription of two 

small groups, section Heteropectis (P. coulteri and P. multiseta), and section Pectidium 

(P. linifolia and P. imberbis). At the time of the section Pectidium revision (1978), Keil 

believed that the type species for Pectis was P. ciliaris (of section Eupectis). Britton and 

Brown (1913) had designated P. ciliaris as the lectotype, although the types of that 

publication were later rejected as having been chosen mechanically. However, Britton 

and Millspaugh (1920) effectively published P. linifolia as the lectotype. Accordingly, 

because the former section Pectidium now included the type, its name automatically 

became section Pectis (Article 22 of the International Rules of Botanical Nomenclature, 

McNeill, 2006).  

In 1977, Keil reevaluated Fernald’s conscription of the species in subgenus 

Pectidopsis and Pectothrix, with the justification that pappus characters vary widely in 

Pectis and do not accurately reflect shared evolutionary history. He included some 

species from both sections in a newly circumscribed sect. Pectothrix, which was based on 

a combination of geographic proximity, morphological similarities, and his observation 

of putative hybrids between species in the field.  

Keil’s 1977 criteria for sect. Pectothrix were as follows: 
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Character Pectothrix 

Members of Fernald’s subgenera 
Pectidopsis and subg. Pectothrix 

not included in Keil’s sect. 
Pectothrix 

apex of immature capitula rounded or truncate narrowly conical, acute 

number of ray florets 5 or 8 5 

pubescence of corollas glandular-pubescent glabrous 

 

Pectis filipes had been in Gray’s sect. Eupectis, based on its pappus of few 

elements (Gray, 1888), and Keil (1977) included it in his new Pectothrix. He also 

included several other species which had not been assigned to section, among them P. 

purpurea and P. sinaloensis. Pectis longipes and P. barberi were both placed in sect. 

Pectothrix when they were described, the former by Gray (1883) when he created the 

section, and the latter by Greenman (1904). Keil did not include either in his section 

Pectothrix. In the description of Pectis vandevenderi, Turner (1996) discussed the taxon’s 

affinity to P. barberi, but did not assign it to a section.  

Section Pectothrix sensu Keil (1977) was defined within the subset of species that 

Fernald had included in either subgenus Pectidopsis or subgenus Pectothrix. But when 

one considers the genus as a whole, the combination of character states of sect. Pectothrix 

do not adequately distinguish species of that section from several species excluded from 

the section. Additionally, some of the species of section Pectothrix have character states 

outside the scope of the criteria for that section. Without P. filipes, P. purpurea, P. 

sinaloensis and P. stenophylla, section Pectothrix becomes a bit more easily defined: 

most of the disc corollas are radial and the foliar oil glands are always truely marginal.   
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MATERIALS AND  METHODS 

Molecular data.  Phylogenetic relationships were inferred for 78 species and 

varieties of Pectis and 22 of Porophyllum, using one species each of Chrysactinia, 

Nicolletia, and Tagetes as outgroups (sampled taxa and voucher information are listed in 

Appendix 1). Outgroups were chosen based on relationships indicated in Loockerman et 

al. (2003). I sampled one nuclear and six chloroplast regions, and analyzed the ITS 

dataset and the CP dataset (all CP loci combined) separately and together, using 

maximum likelihood (ML) with RAxML (Stamatakis, 2006) and Bayesian inference (BI) 

with MrBayes 3.1.1 (Huelsenbeck and Ronquist, 2001). All characters were weighted 

equally, character state transitions were treated as unordered, and gaps were treated as 

missing data. For more detailed information regarding all methods, see Chapter 2. 

Hypothesis testing.  A conflict between analyses of CP and ITS datasets 

regarding the placement of P. papposa var. papposa led me to test the results of each 

analysis against the topology of the other. I tested hypotheses of alternate topologies 

using the approximately unbiased (AU) test (Shimodaira, 2002) implemented in 

CONSEL (Shimodaira and Hasegawa, 2001), comparing constrained vs. best trees from 

500 RAxML bootstrap replicates. I did this by analyzing the ITS dataset with RAxML 

under a constraint of the CP topology and comparing the best topology under the 

constraint with the best unconstrained topology recovered from the ITS dataset. I then 

conducted a reciprocal test using the CP dataset, comparing the best topologies recovered 

from the CP dataset, both unconstrained and under the constraint of the ITS topology.  

Morphological data.  Morphological characters were assessed from type 

specimens, when available, and from available non-type specimens from several herbaria 

(ARIZ, CAL, GH, NY, TEX, US). Measurements were made at The University of Texas 

at Austin Herbarium, using an Olympus STZ1 light microscope with a metric ruler (for 
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measurements greater than 6.0 cm) and UPM IP65 digital calipers (for measurements less 

than 6.0 cm). For several taxa, the number of specimens examined was limited by a 

paucity of collections. For the taxa that are widely collected, I sampled ± 20 specimens 

from throughout the geographic range to capture the breadth of morphological diversity. 

For cases in which personal observations differed from that of the type descriptions or 

treatments, I erred on the side of giving species the broader of the two descriptions, thus 

allowing for more variation.  

 

RESULTS 

The aligned CP dataset comprised 6,201 bp, the ITS dataset comprised 684 bp, 

and the final CP+ITS dataset contained 157 accessions, comprised 6,885 bp. Ten RaxML 

runs of the CP_ITS dataset resulted in a best tree of -Ln= 27,363.46. See Chapter 2 for 

detailed phylogenetic results of all datasets. ML and Bayesian analyses of the CP+ITS 

dataset produced identical topologies, although with differing support for various clades. 

Both the CP and ITS datasets resulted in trees that recovered two well-supported clades 

of southern U.S./ northern Mexican species (clades A and B of fig. 3.1). A discrepancy is 

that P. papposa groups with P. vollmeri in clade A of the CP analysis, and with P. 

barberi and P. filipes var. subuda in clade B of the ITS analysis. Both sections are well 

supported in each case, and the hypothesis tests of each topology show that the alternate 

topologies are significantly worse for each dataset than the one recovered by that 

particular dataset. The constraint topologies and results of the relevant parts of the 

analysis are shown in fig. 3.2. The CP+ITS dataset strongly supports the position of P. 

papposa var. papposa in clade A with P. vollmeri. Figure 3.3 shows a 95% consensus 
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tree from the Bayesian runs of the combined CP+ITS dataset, with only the taxa in 

question shown in detail.  

 

DISCUSSION 

Results from the molecular analysis support the monophyly of a reduced section 

Pectothrix as one of two clades of southwestern U.S./northwestern Mexican species. 

There is one major discrepancy between the results of the CP and ITS analyses. The ITS 

analysis places Pectis papposa var. papposa accessions in a polytomy with P. barberi 

and P. filipes var. subnuda, whereas the CP analysis shows P. papposa var. papposa 

sister to P. volmeri, and together sister to the rest of section Pectothrix. Often, 

discrepancy between ITS trees and CP trees is attributed to insufficient lineage sorting in 

the ITS (Alvarez and Wendel, 2003). That may be a cause in this instance, but if so, P. 

papposa would be more likely to share sequences with more closely-related species 

instead of species from a different clade. Another possible explanation is that the 

accessions I used, determined as P. papposa var. papposa, may be the result of 

hybridization between species from each clade. The P. papposa var. papposa accessions 

are from Arizona and California, and the P. filipes var. subnuda accessions are from New 

Mexico and Texas. Incomplete lineage sorting and hybridization present similar patterns 

of incongruence between phylogenies inferred from different genomes, and it is difficult 

to assess critically which is more likely (although see Pelser et al., 2010). According to 

Keil (1977), P. filipes var. subnuda hybridizes with P. papposa var. grandis in New 

Mexico, and with P. papposa var. papposa in Arizona. Given the morphological 

similarities between P. papposa var. papposa and the rest of sect. Pectothrix, I believe 

that the CP topology is a more reliable estimate of its evolutionary affinities. Although 
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hybridization may occur between some species in these two clades, and morphological 

boundaries between species can be fuzzy where species co-occur, there is sufficient 

differentiation at the molecular level to recognize both Pectothrix and its sister clade.  

While section Saxicaule and the reduced section Pectothrix are well-supported, 

accessions from several species within the sections (P. angustifolia, P. fillipes, P. 

papposa, P. longipes, and P. stenophylla) are polyphyletic. For example, in both the CP 

and the ITS analyses, accession 1 of P. papposa var. grandis is sister to accession 1 of P. 

angustifolia var. angustifolia. The two accessions are morphologically distinct, but were 

collected close to where their ranges overlap. The accessions of P. angustifolia var. 

fastigata and P. angustifolia var. tenella are placed differently within clade A in each 

analysis. This could be due to a lack of a reproductive barrier between the species, such 

that species that look cohesive morphologically might carry genetic information from 

other species. Pectis angustifolia, P. filipes, and P. papposa are thought to hybridize 

where their ranges overlap (Keil and Pinkava, 1976; Reveal and Spellenberg, 1976; Keil, 

1977a), giving rise to intermediate forms. However, no specific hybridization studies 

have been done.  

Two accessions of Pectis filipes var. subnuda are recovered as sister taxa in all 

analyses, but they do not form a clade with P. filipes var. filipes, and are also separated 

from the third accession of P. filipes var. subnuda. For most of their ranges, the two P. 

filipes varieties are separated by the Sierra Madre Occidental; var. filipes, to the west, is 

in and adjacent to the Sonoran Desert, and var. subnuda, to the east, in and adjacent to the 

Chihuahuan desert. In southern Arizona, their ranges overlap.  

There are no reports of hybridization in Pectis longipes and P. stenophylla var. 

stenophylla. Both taxa are perennials, and are morphologically quite distinct from the 

other Pectis species. The ITS analysis places P. stenophylla var. stenophylla as sister to 
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P. stenophylla var. puberula, while the placement of P. stenophylla var. biaristata is 

uncertain. The CP analysis recovers Pectis stenophylla var. stenophylla sister to P. 

sinaloensis, but the two other varieties of P. stenophylla (var. biaristata and var. 

puberula) are not recovered in the same clade. When Keil treated P. biaristata Rydb. and 

P. puberula Greenm. as varieties of P. stenophylla, he noted that after the two species 

had been described, additional collections had been made of taxa with characters 

intermediate between those of the original types, so he treated them as one variable 

species (Keil, 1977a). Although the P. stenophylla complex holds together 

morphologically, the molecular data suggest it is not monophyletic. 

Pectis barberi, P. longipes, and P. vandevenderi share the character of basal 

leaves with heads born on long scapes. The three taxa are easily distinguished from other 

Pectis species. The placement of P. longipes is uncertain, but the CP analysis groups 

accession 2 of P. longipes with accession 3 of P. filipes var. subnuda. The ITS data show 

a close relationship between P. barberi and P. filipes var. subnuda, but morphologically 

P. barberi is much more similar to P. vandevenderi. These relationships are unresolved in 

the CP analysis.  

Hybridization is often suggested as the underlying cause when characters of two 

species occur in the same taxon, and many studies in the Asteraceae have shown 

hybridization within genera (Timme, Simpson, and Linder, 2007; Mráz, Chrtek, and 

Fehrer, 2011; Schilling, 2011; Yu, Kuroda, and Gong, 2011; Weiss-Schneeweiss et al., 

2012), although the genetic affects of hybridization are not necessarily additive, either on 

a morphological or molecular level (Hegarty et al., 2011). However, certain characters in 

Pectis are variable within populations, and it is possible that the observed intergradation 

in character states is a part of the variation within each species, and not due to present-

day gene flow between species. Closely-related species can share ancestral 
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polymorphisms even in the absence of hybridization (Whittemore, 2005), leading to 

conflicting gene trees and species trees. In this way, it is possible that the non-

monophyletic accessions are from species that are actually coherent, but the accessions 

are presenting genetic information that does not represent the whole species genome. 

Another possibility is that several accessions collected and identified as the same species 

are actually cryptic species, convergent in morphology but with unique evolutionary 

histories. While the latter possibility cannot be ruled out, I feel a deeper taxon sampling is 

required before suggesting new species. Based on the data presented here, there is 

justification to raise the varieties of P. papposa and P. filipes to species stature. The same 

might be said for varieties in the P. stenophylla complex as well, but the sampling is too 

low in this group to make predictions regarding their relationships. To understand fully 

the relationships between the species in these clades, many more populations should be 

sampled from across the range of each taxon. Principal components analyses could be 

performed using morphological characters to determine if the named species form 

cohesive, recognizable groups. Crossing studies could show the extent of potential 

hybridization between these species, and how characters assort in hybrids and back-

crosses. Genome-wide molecular studies, either with AFLPs or whole genomes, could 

counter the effects of inadvertent over-sampling of ancestral polymorphisms which can 

occur when using just a small fraction of the genome. 

The results of my analyses confirm that most Pectis characters traditionally 

emphasized are not taxonomically useful at the subgeneric level, as many character states 

are either the same across the genus, or variable within clades or species. Very few clades 

in my analyses are characterized by morphological autapamorphies. Several clades 

recovered in my analyses are allied geographically, although there are exceptions, and 

many clades have significant geographical overlap. Section Saxicaule, based on 
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molecular data, shares the same variability within its characters as section Pectothrix. 

However, the following generalizations can be made: most species in the group have 

marginal foliar glands, peduncles greater than 20 mm, 8 ray florets, bilabiate disc florets, 

and a habitat of rocky substrates. Here I propose recognition of this clade as Pectis 

section Saxicaule D.R. Hansen, and include P. barberi, P. filipes, P. longipes, P. 

purpurea, P. sinaloensis, P. stenophylla, and P. vandevenderi.  

The following key to sections is given with the caveat that half of Pectis species 

are, as yet, unassigned to section. Many of these species fall into well-supported clades in 

our molecular analysis, but more resolution is needed to infer sectional affinities for the 

entire genus.   
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TAXONOMIC TREATMENT 

Key to Pectis sections 

 

1. Ray pappus of stiff, retrorsely-barbed awns .......................................  sect. Heteropectis 

1’. Ray pappus of a crown of low scales, of awns, or of bristles, pappus elements smooth 

 or antroresly-barbed ..................................................................................................... 2. 

 2. Plants erect, internodes much longer than most leaves; disc corollas always 

radial, each corolla lobe bearing an oil gland........................................sect. Pectis 

  2’. Plants of various growth forms; disc corollas radial and without an oil gland  

   on each lobe, or disc corolla obviously bilabiate if lobes are bearing an  

   oil gland ................................................................................................................3. 

  3. Foliar glands marginal; leaves occurring throughout height of plant; disc 

corollas mostly radial - if bilabiate, then either with 8 phyllaries and  

   peduncles mostly less than 2 cm, or 5 phyllaries and plants of Baja  

   California ........................................................................................sect. Pectothrix 

  3’. Foliar glands marginal, submarginal, or scattered, disc corollas mostly bi-labiate 

- if radial, then plants leafy at base only; heads with 8 phyllaries or 5 phyllaries, 

peduncles various, plants not of Baja California.............................sect. Saxicaule 
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Pectis L. sect. Saxicaule D.R. Hansen, sect. nov. 

Type species: Pectis longipes A. Gray. 

 

The name Saxicaule refers to the tendency of most species in this group to grow 

on open rock faces or in rocky soil.  

 

Annuals or perennials, 5–25 cm tall, often strongly-scented, glabrous to 

pubescent. Stems erect, one to many from the base. Leaves linear to elliptic, with several 

pairs of ciliate bristles toward the base and several to many pairs of oil glands along 

margins or on abaxial surface. Heads singular or in open dichasia. Peduncles 8–150 mm. 

Phyllaries (5)–8–(21), free, obovate, keeled with a center ridge, hyaline-margined, with 

1–several terminal or subterminal oil glands. Ray florets equal in number to, and 

subtended by, phyllaries, yellow, often streaked with maroon on adaxial side. Disc florets 

5–50, yellow, 5–toothed, radial or bilabiate, adaxial surface often glandular puberulent 

below throat. Cypselae cylindrical or clavate, longitudinally-ribbed, black, sparsely 

strigose to sericeous; pappus of low scales, or of bristles, stiff awns or a combination 

thereof, ray and disc florets often differing in nature of pappus elements. x = 12. 

Habitat and Distribution in coarse soil or rocky outcrops of grasslands or pine-

oak woodlands, in or adjacent to Sonoran or Chihuahuan desert, or open desert thorn 

scrub and rocky bluffs of the coastal plains, 0–2300 m, from southern United States 

(Arizona to Texas), south into Mexico (Sonora to Chihuahua) to northern Nayarit (fig. 

3.4). 
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Key to the taxa of Pectis sect. Saxicaule 

1. Ray florets 5.................................................................................................  2. P. filipes 

1’. Ray florets ≥8............................................................................................................... 2. 

2. Leaves mostly basal, inflorescences born singularly on long scapes, peduncles 

  accounting for 1/3 or more of the plant height .........................................................3 

  3. Stems arising from branching rhizome, plants perennial, .............. 3. P. longipes 

  3’. Stems arising from slender taproot, plants annual .............................................4. 

    4. Foliar glands 3–6 pairs, peduncles mostly < 55 mm........ 7. P. vandevenderi 

    4’. Foliar glands 10–14 pairs, peduncles mostly > 55 mm.............  1. P. barberi  

 2’. Leaves occurring throughout height of plant, peduncles generally accounting for 

  less than 1/3 of the plant height .............................................................................. 5. 

  5. Ray pappus a low crown of flattened, fimbricate scales <0.5 mm long, or 

    biaristate with 2 stiff awns >2.0 mm and 1-several much shorter scales .......... 6. 

    6.  Leaves mostly 6–12 mm wide, length ≤ 4x width,  

     peduncles 2–6 cm ...............................................................  5. P. sinaloensis 

    6’.  Leaves mostly 1–4 mm wide, length > 4x width,  

     peduncles 4–13 cm .................................................................  4. P. purpurea 
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1. Pectis barberi Greenm.  

Proc. Amer. Acad. Arts 40:48. 1904. Type: Mexico. Chihuahua: near Colonia 

Garcia in the Sierra Madres, Townsend & Barber 269 [Lectotype (here designated), GH; 

Isolectotypes BM, E, F, GH, K, MEXU, MO, NY, P (2), U, US (2)!, Z]. 

 

Pectis multiflora M.E. Jones. Contr. W. Bot. 12:45. 1908. Type: Mexico. 

Chihuahua: Soldier Canyon. Sierra Madre Mts., M.E. Jones 31382 (Lectotype, 

chosen by S. F. Blake, Contrib. U.S. Natl. Herb. 29:145. 1945, RSA; Isolectotype, 

RSA).  

Annual, 11–19 cm tall with slender taproot; herbage foul or spicy-scented. Stems 

simple to several-branched from base, rarely branching dichotomously above, glabrous. 

Leaves mostly crowded in 1-3 basal nodes, oblanceolate to obovate, 8.5–30 mm x 2.5–

8.5 mm, adaxial surface  glabrous, apices obtuse to mucronate, margins with 2–4 basal 

setae, and 12–14 pairs of oil glands. Heads borne singularly. Peduncles 50–140 mm. 

Involucres campanulate. Phyllaries free, obtuse, 4.5–5 mm x ± 1 mm, with 0–2 

subterminal glands. Ray florets 8–21,  corollas 6–8 mm. Disc florets 35–40, 3–4 mm,  

radial. Cypselae 2.5–3.5 mm, sparsely strigose,  trichome tips blunt; ray pappus of 2 

antrorsely–barbed awns, 3–3.5 mm; disc pappus of 5 stiff bristles, 2.5–3 mm long, and 15 

shorter, unequal bristles. Chromosome number unknown.  

Flowering Aug–Sep. Roadsides, rocky slopes and open areas in pine-oak forest or 

woodland. 1800–2300 m. Chihuahua; restricted to small areas in the northeast Sierra 

Madre Occidental. 
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Representative specimens: MEXICO. Chihuahua: Southern part of Colonia 

Pacheco, pastures of Marion Wilson Ranch, 1–2 Aug 1972, E. Wilson, A. Vermeeren, 

L.A. Johnston & M.C. Johnston 8545 (LL); Sierra La Breña, 1 mile south of Cueva de la 

Hoya on road to Pacheco, 13 Aug 1999, J. Spencer 1474 (TEX); Mpio. Temosachic, 

Cañon Huahuatán, 23 Sep 1939, C.H. Muller 3449 (TEX); Mpio. Madera, ca. 0.5 miles 

west of the edge of Madera, 22 Sep 1884, S. Sundberg & M. Lavin 2773 (TEX). 

 

2. Pectis filipes Harv. & A. Gray (Five-bract cinchweed) 

Mem. Amer. Acad. Arts n.s. 4:62. 1849. Type: Mexico. Label reads “California,” 

but probably collected in Sonora near Guaymas or Hermosillo: T. Coulter 329 [Holotype, 

TCD; Isotype GH! (fragment), K]. 

Annual, 12–27 cm tall with slender taproot; herbage strongly-scented. Stems 

simple to few-branched from base, branching dichotomously above, glabrous to 

puberulent. Leaves occurring throughout height of plant, linear, revolute, 10–60 mm x 

0.5–3 mm, adaxial surface glabrous to pubescent, apices mucronate, margins with 2–4 

basal setae and 5–15 pairs of oil glands. Heads borne singularly or in diffuse, open 

dichasia. Peduncles 8–50 mm. Involucres funnelform. Phyllaries free, obtuse, 5–6 mm 

x ± 1 mm, with 0–2 subterminal glands. Ray florets 5, corollas 5–9 mm. Disc florets 5–

10, 3–4 mm,  bilabiate, with glandular trichomes at base of tube. Cypselae 1–4 mm, 

sparsely sericeous, trichome tips blunt; ray pappus of a short, uneven crown and 2 stiff 

awns (1–2 mm) which separate to become perpendicular at maturity; disc pappus of 

short, uneven crown with 0–3 awns, 2–4 mm.  
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Two morphological varieties are recognized, largely along elevational/geographic 

lines. Their morphological features overlap in the northern part of their ranges. 

 

1. Upper leaf nodes with small leaves in the axils of the larger, primary leaves;  

 plants lemon- or spice-scented; plants in and adjacent to the Sonoran Desert of  

 central and southern Sonora, west side of the Sierra Madre Occidental, Mexico,  

 0–800 m .........................................................................................................var. filipes  

1’. Pairs of leaves of upper nodes without additional, smaller leaves in the axils;  

 plants spice-scented; plants in the U.S. and Mexican Chihuahuan Desert,  

 500–2000 m ...............................................................................................var. subnuda 

 

Pectis filipes var. filipes 

Annual, 15–27 cm tall; herbage lemon- or spice-scented. Stems with upper nodes 

of branches with 1 pair of leaves, often with additional, smaller leaves in the axils. 

Leaves 10–45 mm x 0.5–2 mm, margins with 6–15 pairs of oil glands. Peduncles 8–30 

mm. Phyllaries 5–6 mm x ± 1 mm. Disc florets 5–10. Cypselae 3–4 mm, sparsely 

sericeous, trichome tips blunt; ray pappus 1–2 mm; disc pappus of short, uneven crown 

with 0–2 awns (3–4 mm). Chromosome number n=12 (Keil, 1977b). 

Flowering Aug–Nov. Grassy hillsides or open areas, often adjacent to desert thorn 

scrub. 0–800 m. Mexico: Sonora; Sonoran desert and adjacent areas on western slope of 

the Sierra Madre Occidental. 
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Representative specimens: MEXICO. Sonora: 7.2 miles southest of Navojoa 

along Mexico Federal Rte 15, 10 Sep 1971, D.J. Keil & J. Canne 8725 (TEX); 21.4 km 

south-southeast of Moctezuma on SON 117 to Tepache, 19 Oct 2003, T.R. Van Devender 

2003–1224 (TEX); steep hill above bay at San Carlos 15 miles by road from Guaymas, 

14 Oct 1970, G.L. Webster & G.J. Breckon 15599 (TEX). 

 

Pectis filipes Harv. & A. Gray var. subnuda Fern. Proc. Amer. Acad. Arts 33:76. 

1897. Type: Mexico. Chihuahua: Janos, A. Schott sn (Lectotype, GH!). 

Annual, 12–21 cm tall; herbage spice-scented. Stems with upper nodes of 

branches with 1 pair of leaves, but without additional, smaller leaves in the axils. Leaves 

10–60 mm x 1–3 mm, margins with several pairs of oil glands. Peduncles 15–50 mm. 

Phyllaries 4.5–6 mm x ± 1 mm. Disc florets 6–22. Cypselae 1–4 mm, ray pappus 3–4 

mm; disc pappus of short, uneven crown with (0)–1–(3) awns, 2–4 mm. Chromosome 

number n=12 (Powell and Sikes, 1970; Keil, 1977a; Keil, Luckow, and Pinkava, 1988). 

Flowering Jul–Nov. Grasslands and open, grassy areas of pine-oak forests. 500–

2000 m. U.S.: Arizona, New Mexico, Texas; Mexico: Chihuahua, Durango; Chihuahuan 

desert and adjacent areas. 

Representative specimens: MEXICO. Chihuahua: Mountains on east side of 

Chihuahua city, 30 Aug 1961, A. M. Powell & J. Edmondson 1017 (TEX); 24 miles north 

of Nuevo Casas Grandes 13 miles south of Janos, 28 Aug 1971, D.J. Keil & L. A. McGill 

8406 (LL); Sierra La Breña, 11 Aug 1999, J. Spencer 1400 (TEX). UNITED STATES. 

Arizona: Cochise Co, San Pedro Riparian National Conservation Area, 23 Oct 2006, D.R. 
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Hansen & L. Makings 85 (ASU, TEX); Cochise Co., Chiricahua Mountains 0.5 mi. south 

of Paradise, 1 Sep 1971, D.J. Keil & L. A. McGill 8512 (LL); Pima Co., Santa Catalina 

Mts. northeast of Tucson, 4 Sep 1980, K. R. Adams 296 (LL); New Mexico: Hidalgo Co., 

Little Hatchet Mts west of Granite Pass, 18 Oct 1997, R. D. Worthington 27323 (TEX).  

 

3. Pectis longipes A. Gray   (Long-stalk cinchweed) 

Smithson. Contr. Knowledge (Plantae Wrightianae Texano-Neo-Mexicanae, Part 

II) 5(6):69–70. 1853. Type: United States. Arizona: Cochise County. “Sonora. Mountain 

valleys, between the San Pedro and Santa Cruz,” C. Wright 1127 (Holotype, GH; 

Isotypes, BM, MO, NY, PH, US!).  

Perennial, 8–22 cm tall with branching rhizome; herbage lemon- or spice-

scented. Stems many-branched from base, prostrate to ascending, glabrous. Leaves linear 

to linear-oblanceolate, revolute, 6.5–45 mm x 1.5–2.5 mm, adaxial surface glabrous, 

apices acuminate to apiculate, margins with 1–3 basal setae and 10–20 pairs of oil glands. 

Heads borne singularly. Peduncles 40–150 mm. Involucres campanulate. Phyllaries 

free, obtuse, 5.5–8 mm x ± 1 mm, with 1–3 subterminal glands. Ray florets (8)–13–(15), 

corollas 8–10 mm. Disc florets 20–50, 4–5 mm,  radial. Cypselae 2.5–4 mm, sparsely 

strigose, trichome tips blunt; ray pappus of 1–2 antrorsely-barbed awns, 3–4 mm; disc 

pappus of ± 20 unequal bristles, 3.5–5 mm. Chromosome number n=12, 24 (Keil and 

Pinkava, 1976; Keil, 1977b). 

Flowering Apr–Sep. Roadcuts, rocky hillsides and grasslands. 1400–1700 m. 

U.S.: Arizona, New Mexico; Mexico: Sonora, Chihuahua, Durango.  



 

 75 

Representative specimens: MEXICO. Chihuahua: 4 miles south of Guerrero, 7 

May 1959, D.S. Correll & I.M. Johnston 21615 (LL). Sonora: 17 miles northeast of 

Bacoachic on road to Esqueda, 9 May 1948, I.L. Wiggins 11719 (TEX); Mpio Santa 

Cruz, 3 km north of Santa Cruz on road to Nogales, 16 Aug 2001, T.R. Van Devender 

2001-700 (TEX); Mpio. Agua Prieta, 13.4 km southeast of Agua Prieta on road to 

Colonia Morelos, 23 May 2008, T.R. Van Devender 2008-249 (TEX). UNITED STATES. 

Arizona: Pima Co., Santa Rita foothills, 3 miles north of Greaterville, 17 Aug 1967, B.L. 

Turner 5734 (TEX); Pima Co., 1.3 miles west of the west gate of Fort Huachuca, 23 Aug 

1983, S. Sundberg 2114 (TEX). New Mexico: Hidalgo Co., southeast of former site of 

Cloverdale, 25 Apr 1947, R. McVaugh 8068 (TEX).  

 

4. Pectis purpurea Brandegee  

Zoe 5:225. 1905. Type: Mexico. Sinaloa: Cofradia. Brandegee s.n.  (Holotype, 

UC; Isotypes  GH!, US!). 

Annual, 9–50 cm tall with slender or woody taproot; herbage unscented to 

strongly-scented. Stems simple to several-branched from base, branching dichotomously 

above, erect or ascending, often maroon, glabrous to puberulent. Leaves linear to 

lanceolate to oblanceolate, approaching elliptic, 10–65 mm x 1–8 mm, apices acute to 

apiculate, adaxial surface glabrous to pubescent, margins with 3–6 basal setae, undersides 

punctate with oil glands. Heads borne singularly. Peduncles 2–12 cm. Involucres 

campanulate. Phyllaries free, oblanceolate, 4–8 mm x 1–2.5 mm, with hyaline margins, 

keeled below, punctate with several pairs of elongated subterminal glands. Ray florets 8 
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(9), corollas 5–13 mm,  undersides sometimes maroon, veins becoming maroon with age, 

glandular puberulent below. Disc florets 20–50, 3.5–5 mm,  bilabiate, glandular 

puberulent tube and throat. Cypselae 3–4.5 mm, cylindrical to claveate; ray cypselae 

villous on abaxial side, seemingly glabrous on adaxial side (where appressed to 

subtending phyllary); disc cypselae sparsely sericeous; ray pappus uniseriate with a 

crown of fimbirate scales or a short, flattened scale on adaxial side, flanked by 2 

barbellate awns, 0.5–4 mm; disc pappus uni- or biseriate, coroniform or multi-aristate, 

0.5–4.5 mm. Chromosome number n = 12 (known from var. sonorae only).  

 

Three varieties are recognized, based on pappus differences and geography. 

 

1.  Pappus of both ray and disc florets coroniform, of short, flattened fimbriate scales;  

 disc florets 20–40 ......................................................................................var. purpurea 

1’. Pappus of ray florets biaristate with 1-several short, fimbriate scales between awns, 

 pappus of disc florets composed at least partially of bristles; disc florets >50 ............2 

 2. Disc pappus ± 5 stiff bristles ≥3 mm long, with a 2nd level of much shorter,  

  flattened, fimbriate scales interspersed between or to the exteriour of the awns;  

  Nayarit ................................................................................................ var. lancifolia 

 2’. Disc pappus of 15-30 unequal, barbellate bristles, the 5-10 longest bristles (4-5 mm)  

  stiffer than the rest; southern Sonora and northern Sinaloa ................. var. sonorae 

 

Pectis purpurea var. purpurea 
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Annual, 30–50 cm tall; herbage spice-scented, reminiscent of cumin. Stems erect, 

minutely puberulent. Leaves 17–47 mm x 1.5–4 mm, apices mucronate, margins with 1–

3 pairs of basal setae, undersides with 5–10 pairs of round submarginal oil glands. 

Peduncles 5–9 cm. Phyllaries 4–6 mm x 1–1.6 mm. Ray florets ± 7mm,  ligules often 

maroon adaxially. Disc florets 20–40, 3.5–4 mm. Cypselae ± 3 mm, ray and disc pappus 

coroniform, of short, flattened fimbriate scales. 

Flowering Nov–Feb. ± 200 m. Known only from type locality near Cofradia, 

Sinaloa, Mexico. 

Representative specimens: MEXICO. Sinaloa: Cofradia: H.S. Gentry 5044 

(ARIZ), H.S. Gentry 5496 (ARIZ).  

 

Pectis purpurea Brandegee var. lancifolia (Greenm.) Keil, Brittonia 26:36. 1974.  

Pectis sinaloensis Fern. var. lancifolia Greenm., Proc. Am. Acad. Arts 40:50. 

1904. Type: Mexico. Nayarit: between Concepción and Acaponeta, J.N. Rose 1893 

(Lectotype, chosen by D.J. Keil, Brittonia 26: 36. 1974, GH!; Isolectotypes, GH!, US!) 

Pectis lancifolia (Greenm.) Rydb., N. Am. Fl. 34:203. 1916.  

Annual, 15–26 cm tall; herbage unscented. Stems decumbent to erect, hirtellous 

on angles. Leaves linear to lanceolate, 12–27 mm x 2–6 mm, purple-maroon tinged 

distally, adaxial surface puberulent, apices narrowly acute to acuminate, margins 

minutely revolute with 4–6 pairs of basal setae, undersides with hirtellous midrib and 10–

20 pairs of small, submarginal and several scattered oil glands. Peduncles 4.5–12 cm, 

puberulent with several short bracteoles. Phyllaries 4–6 mm x ± 2 mm, midrib maroon. 
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Ray florets ± 8–13 mm. Disc florets ± 40, 3.5–5 mm. Cypselae 3.5–4 mm, ray pappus 

bi-aristate with short, fimbriate scales on adaxial side between two stiff, barbellate awns 

3–4 mm; disc pappus bi-seriate, outer series of short, flattened fimbriate scales, inner 

series of 5 barbellate bristles ± 3.5 mm. 

Known only from several collections made in April and July, near Acaponeta, 

Nayarit, Mexico. <100 m.  

Representative specimen: MEXICO. Nayarit: In the vicinity of Acaponeta, Tepic, 

10 Apr 1910, J.N. Rose 14340 (US).  

 

Pectis purpurea Brandeg. var. sonorae Keil, Brittonia 26:36. 1974.  

Type: Mexico. Sonora: 66 mi. southeast of Guymas, D.J. Keil & J.M. Canne 

8644 (Holotype, US!; Isotypes, ARIZ!, ASU, DES, DS, ENCB, LL!, GH, MICH, MO, 

NY, OS, RSA, SD, SMU, TEX!, UC). 

Annual, 9–50 cm tall; strongly scented, scent reminiscent of spice (coriander) or 

pentatomid beetles. Stems erect, glabrous to puberulent. Leaves linear to lanceolate, 10–

65 mm x 2–8 mm, adaxial surface glabrous to puberulent, apices acute to apiculate, 

margins revolute with 2–3 pairs of basal setae, undersides with glabrous or hirtellous 

midrib and 10–20 pairs of small, submarginal oil glands. Peduncles 2–11 cm, glabrous to 

puberulent with several short bracteoles. Phyllaries 5–8 mm x 1.5–2.5 mm. Ray florets 

± 5–12 mm. Disc florets 40–50, 4–5 mm. Cypselae 3–5 mm, ray pappus bi-aristate with 

short, fimbriate scales on adaxial side between two stiff, barbellate awns ± 3 mm; disc 
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pappus elements of two size classes, 5 barbellate bristles ± 4 mm plus ≥5 smaller bristles 

± 1 mm. Chromosome number n = 12 (Keil, Luckow, and Pinkava, 1988). 

Flowering Aug–Jan. Open areas of coastal plain and thorn scrub, often in moist 

soil or flood flats. <100 m. Mexico: southern Sinaloa, northern Sonora. 

Representative specimens: MEXICO. Sinaloa: 14.5 miles south of the Sonora-

Sinaloa boundary on Mexico Fed. Rte. 15, 10 Sep 1971, J.M. Canne & D.J. Keil 8737 

(TEX); 10 miles northwest of toll bridge crossing Río Sinaloa at Guasave on Mexico Fed. 

Rte 15, 11 Sep 1971, J.M. Canne & D.J. Keil 8777 (GH); 57 mi. south of Los Mochis, 28 

Jan 1964, D. Flyr 107 (TEX). Sonora: Oroz, near Rio Yaqui, 7–8 Sep 1935, F.W. Pennell 

20220 (US, LL); 28 miles southeast of Guaymas, 18 Aug 1956, U.T. Waterfall 12828 

(GH); Ca. 1 mile south of Mesa Masiaca, east side of Mexico 15, 7 Oct 1992, T.R. Van 

Devender & A. Sanders 92-1061 (TEX); Agiabampo, 1890, E. Palmer 765 (GH). 

 

5. Pectis sinaloensis Fern. (known locally as Margarita) 

Proc. Amer. Acad. Arts 33:69. 1897. Type: Mexico. Sinaloa: Mazatlán, on dry 

hills, Jan 1888, W.G. Wright 1204 (Lectotype, GH!, designated D.J. Keil, Rhodora 77:69. 

1977); Isolectotypes F, MO, MSC, US!). 

Annual, 6–30+ cm tall with slender taproot; herbage scented, scent reminescent 

of anise or cough syrup. Stems simple to branched from base, branching dichotomously 

above, mostly decumbent, puberulent. Leaves lanceolate to elliptic to obovate, 6–35 mm 

x 2–10 mm, adaxial surface glabrous, apices acute to apiculate, margins with 2–3 basal 

setae, undersides punctate with many small, scattered oil glands. Heads borne singularly. 
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Peduncles 1–7 cm, glabrous with several small bracteoles. Involucres campanulate. 

Phyllaries free, oblanceolate, 4–5 mm x 1–2 mm, with hyaline margins, keeled below, 

punctate with several pairs of elongated subterminal glands. Ray florets 8 (9), corollas 

5–8 mm. Disc florets 25–60, 3–5 mm,  bilabiate, with glandular trichomes at base of 

tube. Cypselae 2–3.5 mm, claveate, ray cypselae villous on abaxial side, seemingly 

glabrous on adaxial side (where appressed to subtending phyllary); disc cypselae sparsely 

sericeous; ray pappus with short, fimbriate scales on adaxial side, usually flanked by two 

stiff, barbellate awns ± 3 mm; disc pappus variable, of short, uneven crown of fimbriate 

scales surrounding inner series of (0–)5 barbellate bristles, 2–4 mm. Chromosome 

numbers n = 12 (Turner and Flyr, 1966; Keil, 1977b).  

Flowering Sep–Apr. Open areas of coastal scrub, sand dunes, dry slopes and 

coastal bluffs. <50 m. Mexico: coastal Sinaloa. 

Representative specimens: MEXICO. Sinaloa: Mazatlán, slope at base of igneous 

cliffs, 29 Jan 1964, D. Flyr 135 (TEX); Along top of rocky sea cliffs in soil ca. 6 miles 

north of Mazatlán, 4 Mar 1967, S.W. Sikes & C. Babcock 201 (TEX); Estero El Yugo, 

northern part of Mazatlán, 23 Sep 2005, A.L. Reina G. 2005-1606 (ARIZ, TEX); At 

Mazatlán on cliffs above the harbor, 13 Sep 1971, J.M. Canne & D.J. Keil 8810 (US); In 

the vicinity of Altata, 18 Apr 1910, Rose 14820 (US). 

 

6. Pectis stenophylla A. Gray  

Proc. Amer. Acad. Arts 21:393. 1886. Type: Mexico. Chihuahua: Hacienda San 

Miguel, near Batopilas, E. Palmer 81 (Holotype, GH!; Isotypes, K, PH, NY!). 
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Annual or perennial, 10–35 cm tall with slender or woody taproot, or woody 

caudex; herbage scented. Stems several-branched from base, erect or ascending, glabrous 

to densely tomentulous. Leaves filiform to oblong, 4–45 mm x 0.3–4.5 mm, revolute, 

adaxial surface glabrous to pubescent, margins with 2–4 basal setae, with foliar oil glands 

on margin or on abaxial surface just interior to the margin (submarginal). Peduncles 1–7 

cm, with 0-several alternate, small, scale-like bracteoles, these sometimes minutely 

glandular. Involucres funnelform to campanulate. Phyllaries free, linear to oblanceolate, 

3–5 mm x 0.5–1.5 mm, with hyaline margins, punctate with oil glands. Ray florets 8, 

corollas 3–7 mm,  traces sometimes maroon, especially with age. Disc florets 8–26, 2–4 

mm,  often partially maroon, bilabiate, tube glandular-puberulent. Cypselae 1–4 mm, 

cylindrical to clavate, sparsely strigose to moderately hirsutulous; ray pappus 2 

antrorsely-barbellate awns, 1–3 mm; disc pappus variable, a crown of low flattened scales 

with 0-4 awns or 3-10 unequal bristles (1.5–3 mm), or of 15–25 unequal, antrorsely-

barbellate bristles (1.5–3.5 mm). Chromosome number n = 12 (known only for var. 

biaritstata).  

Five varieties are recognized. 

1. Plants perennial, stems arising from a woody taproot or caudex ................................ 2. 

 2. Stems mostly glabrous, becoming hispidous toward the apex, leaves filiform  

  to linear ...........................................................................................  var. stenophylla 

 2’. Stems densely hispidulous throughout, leaves ensiform ....................................... 3. 

  3. Perennial from stiff, woody base; ray corollas 4-5 mm; Distribution in 

   Sinaloa; Sierra Surutato ...................................................................  var. gentryi 
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  3’. Short-lived perennial from slender woody taproot; ray corollas 2-3 mm; 

   western Durango and Sinaloa ......................................................  var. puberula 

1’. Plants annual, stems arising from slender taproot ....................................................... 4. 

 4. Disc florets 17-26 ...............................................................................var. biaristata   

 4’. Disc florets 8-17......................................................................................................5. 

  5. Leaves glabrous, filiform to linear, foliar glands marginal, conspicuous, often  

   spanning the entire space between the margin and midrib of leaf  ....  var. rosei 

  5’. Leaves hispidulous, ensiform, foliar glands either submarginal in 1-2 rows, or, 

   if marginal, the glands small enough such that there is obvious space between 

   the marginal gland and the midrib ................................................  var. puberula 

 

Pectis stenophylla var. stenophylla 

Perennial, 17–30 cm tall with woody caudex; herbage with strong medicinal or 

lemon scent. Stems erect, glabrous, sometimes becoming hispidous towards apex. 

Leaves mostly glabrous, occasionally minutely hispidulous, filiform to linear, strongly 

revolute, 5–45 mm x 0.5–2.5 mm, apices acuminate to mucronate, margins with 2–3 pairs 

of basal setae and conspicuous, round to oval, reddish or golden brown oil glands. 

Peduncles 8–70 mm. Involucres cylindric. Phyllaries 3.5–5 mm x 1 mm, with 1-2 large, 

elliptic, apical glands, and 1-2 pairs of inconspicuous, elongated submarginal glands. Ray 

florets 4–7 mm,  ligules occasionally streaked with maroon. Disc florets 8–26, 3–4 mm. 

Cypselae 2–4 mm, ray pappus 1.5–3 mm; disc pappus of 15–25 unequal, antroresly-

barbellate bristles 1.5–3.25 mm. Chromosome number unknown. 
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Flowering Jul–Apr. 450–1900 m. Sonora and western Chihuahua; on rocky 

outcrops or gravelly slopes in openings of xeric shrub, low tropical deciduous forest, and 

oak-conifer forests of the Sierra Madre Occidental.  

Many sheets of this species mention the local custom of brewing the plant for use 

as a general medicinal tea or inhalant. Referred to as “Limoncillo” (R. Bye 3205 and 

2865), “Té limón” (R. Bye 9265) and “Cominillo” (H.S. Gentry 1025).  

Representative specimens: MEXICO. Chihuahua: Mpio Batopilas, between La 

Bufa and Quirare, 26 Mar 1979, R. Bye 9265 (NY); Mpio Guachochi, Barranca de 

Sinforosa, South side of Rio Verde at Vado approx 1 km downstream from base of burro 

trail from Rancho San Rafael, 7 Jan 1996, G.F. Hrusa 12594 (ARIZ); Mpio Guagueybo 

(Guagueyvo), 2 Apr 1955, C. Pennington 42 (TEX). Sonora: Rio Mayo, 12 Oct 1934, 

H.S. Gentry 1025 (ARIZ).  

 

Pectis stenophylla A. Gray var. biaristata (Rydb.) D.J. Keil, Rhodora 79:45. 

1977.  

Pectis biaristata Rydb., N. Amer. Fl. 34:211, 1916. Type: Mexico. Sinaloa: 

Fuerte, J.N. Rose, P.C. Standley & P.G. Russell 13537 (Holotype, NY!; Isotype UC). 

Annual, 7–15 cm tall with slender, woody taproot; scent unknown. Stems erect, 

dichotomously branched from base, hispidulous. Leaves hispidulous, ensiform to oblong, 

revolute, 7–40 mm x 0.7–3.7 mm, apices mucronate to apiculate, margins with 2–3 pairs 

of basal setae, abaxial surface with 1-2 rows of small, round to oval, maroon to black oil 

glands, set just interior to the margin. Peduncles glabrous to hispidulous, 15–40 mm. 
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Involucres broadly campanulate. Phyllaries 4–5 mm x 1.0–1.5 mm, with 1-2 small, 

ovate, apical glands, and several elongated, scattered or marginal glands. Ray florets 

4.5–7 mm,  often with maroon traces. Disc florets 17–26, 3.5–4 mm. Cypselae 3–3.5 

mm, ray pappus 2–2.5 mm; disc pappus of two types, either biaristate with two 

antrorsely-barbed awns (3 mm), or ± 25 unequal minutely barbellate bristles (3 mm). 

Chromosome number n=12 (Keil, 1977b). 

Flowering Feb–Mar. 100–200 m. Grassy hillsides or openings of coastal plains 

and low thorn tropical forest. Sinaloa; Known from few collections, flowering time and 

distribution may expand with the benefit of additional specimens.  

Representative specimens: MEXICO. Sinaloa: Cerro Tecomate, West of Pericos, 

H.S. Gentry 5751 (ARIZ! GH!, NY!).  

 

Pectis stenophylla A. Gray var. gentryi D.J. Keil, Rhodora 79:42. 1977. Type: 

Mexico. 

Sinaloa: Varomena (Baromena) and vicinity, H.S. Gentry 7323 (Holotype, GH!; 

Isotypes, ARIZ!, F, MICH, NY!) 

Perennial, 18–32 cm tall with thick, woody taproot; herbage strong scented, scent 

type unknown. Stems erect, branched from base, densely hispidulous. Leaves 

hispidulous, ensiform to oblong, revolute, 5–24 mm x 0.7–2.5 mm, apices mucronate to 

apiculate, margins dotted with 2–3 pairs of basal setae and small, round oil glands. 

Peduncles glabrous to hispidulous, 25–60 mm. Involucres narrowly campanulate, 

widening with age. Phyllaries linear, strongly keeled, hyaline margined, midrib 
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hispidulous, apex mucronate and fringed, 4 mm x 1 mm, with 1 conspicuous, oval, 

golden apical oil gland and 2-3 pairs of elliptical submarginal oil glands. Ray florets 4–5 

mm,  often with maroon traces. Disc florets 8-13, 2.5–3.5 mm. Cypselae 2.5–3 mm, ray 

pappus 2–3 mm; disc pappus of two types, either a low crown of flattened scales or awn-

tipped squamellae and 3-10 unequal bristles (2-3 mm), or ± 20 unequal bristles (3mm). 

Chromosome number unknown. 

Flowering Feb–Mar. 300–700 m. Rocky slopes and openings in low tropical 

deciduous forest. Sinaloa; Sierra Surutato. Known from few collections, flowering time 

and distribution may expand with the benefit of additional specimens.  

Representative specimens: MEXICO. Sinaloa: Mpio. Sinaloa, Sierra Surutato, at 

the mouth of the Cañon de Tarahumares near Corral de Piedra, 27 Feb 1968, D.E. 

Breedlove 15915 (NY).  

 

Pectis stenophylla A. Gray var. puberula (Greenm.) D.J. Keil, Rhodora 79:44. 

1977.  

Pectis puberula Greenm., Proc. Amer. Acad. Arts 40:49. 1904. Type: Mexico. 

Sinaloa: Lodiego, E. Palmer 1605 (Lectotype, designated D.J. Keil, Rhodora 79:44, GH!; 

Isolectotypes, F, GH, NY!, P, US!) 

Pectis scabra Brandegee, Zoë 5:226, 1905. Type: Mexico. Sinaloa: Vicinity of 

Culiacan, T.S. Brandegee sn, (Holotype, UC; Isotypes, E, GH!, RSA). 

Annual or short-lived perennial, 12–30 cm tall with woody taproot; herbage 

with spicy or anise scent. Stems erect, branched from base, sparesely hispidulous to 
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densely tomentose, trichomes often retrorse. Leaves sparesely hirsutulous to densely 

tomentose, ensiform to oblong, revolute, 4–40 mm x 0.8–4.5 mm, apices mucronate to 

acuminate, margins with 2–4 pairs of basal setae, foliar glands small, round to ovate, 

occasionally truly on the margin, more often submarginal in 1 row. Peduncles glabrous 

or sparsely hispidulous at base and becoming glabrous toward apex, 14–70 mm. 

Involucres funnelform to narrowly campanulate. Phyllaries hyaline margined, glabrous 

to hispidulous, apex fringed, 3-5 mm x 1 mm, with several oil glands which are ovate at 

apex, elongated below. Ray florets 3–6.5 mm, with maroon traces. Disc florets 8-17, 2–

3.5 mm, strongly bilabiate, mostly  abaxial lip often maroon. Cypselae 1.5–3 mm, ray 

pappus 1–2.5 mm; disc pappus variable, of two main types, a base of low, flattened scales 

with 0-4 weak antrorsely-barbellate awns (1.5–2.5 mm), or of 15–20 unequal bristles 

(1.5–2.5 mm). Chromosome number unknown. 

Flowering Oct–Mar. 50–900 m. Open flats and slopes of xeric shrub, low thorn 

tropical deciduous forest, and oak forest. Northeast Sinaloa and western Durango; 

Western edge of the Sierra Madre Occidental. 

Representative specimens: MEXICO. Durango: Sierra Tres Picos, 19 Dec 1939, 

H.S. Gentry 5282 (GH); Sinaloa: Badiraguato, Mar 2 1940, H.S. Gentry 5781 (GH), Las 

Milpas, 19 Jan 1940, H.S. Gentry 5361 (GH, NY); On hwy 32, 3.0 mi. north of Sibirijoa, 

30.6 mi. northeast of hwy 15 at Los Mochis, 17 Mar 1983, A.T. Whittemore 83-035 

(TEX). This later collection has narrower leaves and more robust heads than do the 

collections of H.S. Gentry, and slightly expands the description of this highly variable 

taxon.  
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Pectis stenophylla A. Gray var. rosei (Fern.) D.J. Keil, Rhodora 79: 44. 1977.  

Pectis rosei Fern., Proc. Amer. Acad. Arts 33:77. 1897. Type: Mexico. Sonora: 

Alamos, E. Palmer 730 (Holotype, GH!; Isotypes, K, NY!). 

Annual, 20–25 cm tall with slender taproot; herbage with strong, sweet or anise 

scent. Stems erect, branched from base, glabrous to minutely hispidulous. Leaves mostly 

glabrous, abaxial midrib occasionally sparsely hispidulous, filiform to linear, strongly 

revolute, 5–36 mm x 0.3–1.8 mm, apices acuminate to mucronate, margins with 2–3 pairs 

of basal setae, foliar glands conspicuous, ovate, spanning the space between the margin 

and midrib, often arranged alternately instead of in opposite pairs. Peduncles glabrous or 

sparsely hispidulous at base and becoming glabrous toward apex, 15–58 mm, with 

several alternate, scale-like bracteoles. Involucres funnelform. Phyllaries glabrous, 

linear, strongly-keeled, 3-5 mm x 1 mm, with 1–2 golden or black, ovate, apical oil 

glands and several pairs of very elongated submarginal glands. Ray florets 4–6.5 mm,  

often with maroon traces. Disc florets 10-12, 2.5–3.5 mm, strongly bilabiate, abaxial lip 

often maroon. Cypselae 2–2.5 mm, ray pappus 2–3 mm; disc pappus variable, of two 

main types, a base of low, flattened scales with 1-3 weak, antrorsely-barbellate awns (± 2 

mm), or of 15–20 unequal bristles (2.5 mm). Chromosome number unknown. 

Flowering Sep–Mar. 200–400 m. Open areas of tropical deciduous forest. 

Southeastern Sonora; known primarily from the type locality near Alamos.  

Additional specimens: MEXICO. Sonora: Mpio Alamos, between rancho la Junta 

on Rio Mayo and Guajaray on Arroyo Guajaray, 18 Mar 1993, T.R. Van Devender 93-
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420 (ARIZ, TEX). This collection, taken from ± 60 km north of the type locality, shows 

more diversity in the disc pappus than does the type, but matches the type in other 

aspects.  

 

7. Pectis vandevenderi B.L. Turner   (Van Devender’s cinchweed) 

Phytologia 79:133. 1996. Type: Mexico. Sonora: Los Pilares, Arroyo Los Pilares 

(ca. 23 km east of Yécora, 26 km west of Maycoba on Mexico 16), T.R. Van 

Devender 95-919 (Holotype, TEX!; Isotypes ARIZ, MEXU). 

Annual, 5–10 cm tall with slender taproot; herbage unscented. Stems many-

branched from base, glabrous. Leaves mostly basal, obovate to elliptic, 3.5–32 mm x 

1.3–7 mm, adaxial surface glabrous, apices rounded to apiculate, margins with 3–5 basal 

setae and 3–6 pairs of oil glands. Heads borne singularly. Peduncles 13–55 mm. 

Involucres capanulate. Phyllaries free, obtuse, 3.5–6 mm x 0.5–2 mm, with 2–5 

subterminal glands. Ray florets 8, corollas 5.5–9.5 mm. Disc florets 10–30, 3.5–5 mm,  

radial. Cypselae 2.5–3.5 mm, sparsely strigose, trichome tips blunt; ray pappus of 20–30 

unequal bristles, 2–4 mm; disc pappus of 20–30 unequal bristles, 2.5–4.5 mm. 

Chromosome number unknown.  

Flowering Aug–Sep. Open areas in pine-oak forest, often in rocky, volcanic 

outcrops. 1450–1650 m. Mexico: Sonora; Known only from areas surrounding Yécora.   

Representative specimens: MEXICO. Sonora: Ca. 1 km west of Yécora along dirt 

road to La Trinidad & Santa Rosa, 5 Sep 1996, J.M. Porter 11164 (TEX); 3.4 km north 

of Yécora on road to Agua Blanca, 23 Sep 1997, A.L. Reina G. 97-1217 (TEX); 8 km 
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northwest of Yécora along road to Suarahipo, 27 Aug 1984, D.E. Breedlove 61155 

(TEX); Yécora, vicinity of cabañas on old road to Maycoba, 0.5 mi east of Arroyo 

Yécora, 7 Sep 1995, M. Fishbein 2474 (TEX); Yécora, 3.4 km south-southwest of Las 

Viboras on Mex. 16 on road to Trigo Moreno, 17 Aug 1998, T.R. Van Devender 98-987 

(TEX). 
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Figures 

 

 

Figure 3.1.  Comparison of CP and ITS toplogies. Cladograms from Bayesian analysis 
with PP shown above the branches, ML support shown below. Clades with 
<0.95 posterior probability are collapsed.  
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Figure 3.2  Reciprocal tests of alternate topologies.  Constraint trees used in hypothesis 
tests: a., the topology recovered with the CP dataset; b., the topology 
recovered with the ITS dataset. * p-values of ≥ 0.05 indicate that the 
constraint topology shown has a significantly lower likelihood than the best 
tree recovered using the dataset.  
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Figure 3.3.  Cladogram from Bayesian analysis of the combined ITS+CP datasets. 
Bayesian PP is shown above the branches, ML support shown below. Clades 
with <0.95 posterior probability are collapsed.  
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Fig 3.4.  Distribution of Pectis sect. Saxicaule. 
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Chapter 4.  The age and origin of the neotropical C4 plant genus  
Pectis L. (Asteraceae, Tageteae), inferred from molecular data 

 

ABSTRACT 

The New World deserts, savannas, and seasonally dry tropical forest (SDTF) are 

widespread throughout the neotropics but occur in patchy distributions. Species with 

patchy distributions often have a phylogenetic structure in which closely-related taxa 

occupy the same geographical area, rather than being sister species distributed into 

separate areas (Lavin, 2006). This pattern of phylogenetic niche conservatism suggests a 

significant degree of separation between habitats, with limited recruitment such that gene 

flow does not impede local speciation (Pennington, Lavin, and Oliveira-Filho, 2009). It 

also suggests that areas between these patches are inhospitable to recruits. Both 

Pleistocene refugia scenarios and long-distance dispersal have been proposed to explain 

how plants common to these patchy environments arrived at their present distribution. 

The nature of such distributions is thought to restrict gene flow between patches, thereby 

impacting the phylogenetic structure of taxa confined these areas. Pectis is a genus of 

arid-adapted herbaceous plants distributed in the deserts, thornscrub, savannas, and 

openings in SDTF and woodlands of the neotropics. Pectis uses C4 photosynthesis, a 

carbon-concentrating strategy thought to have evolved in warm, high light environments. 

Porophyllum, the sister lineage to Pectis, does not exhibit C4 photosynthesis. The arid 

area of southwestern US/northern Mexico is a hotspot of the evolution of C4 

photosynthesis. The timing and location of the diversification of Pectis and Porophyllum 

are therefore important to our understanding the history of the neotropical aridlands and 

the evolution of C4 photosynthesis in North America. Our analyses suggest that Pectis 
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and Porophyllum diverged in the late Miocene in the southwest US/northern Mexico 

area. This timframe is after the last uplift of the Sierra Madre Occidental, but well before 

habitat disruption due to glaciation. The ancestors of the five major clades of Pectis had 

diversified by ± 1.0-5.0 MYA. The age of these clades suggests that their disjunct 

distribution is due to long-distance dispersal between arid patches, although speciation 

within these clades may have been influenced by the expansion and contraction of 

suitable habitat during the Pleistocene. The similar timing and location of the evolution of 

Pectis and other C4 eudicot genera suggests that these unrelated lineages were responding 

to a common environmental catalyst. 

 

INTRODUCTION 

Distribution patterns in the arid neotropics   

Although the neotropics are usually associated with rain forests, arid areas such as 

deserts, savannas, and seasonally dry tropical forest (SDTF) make up a significant portion 

of neotropical North and South America, as well as small portions of Central America 

and significant parts of the Caribbean Islands. These warm, arid areas occur in disjunct 

patches from the southwestern United States to central Argentina and southern Brazil. At 

the dry extreme, North American deserts get just 250-500 mm rainfall per year (Shreve, 

1942). Broadly defined, SDTF are tree-dominated systems with a 5-6 month-long dry 

season of <100 mm rain (Mooney, Bullock, and Medina, 1995). Savannas are often 

geographically and floristically connected to SDTFs and to deserts (Furley, Proctor, and 

Ratter, 1992; Pérez-Garcia and Meave, 2006), and the transition between them can be 

gradual (Peinado et al., 2011). They receive similar or slightly higher rainfall than SDTFs 

but are on poorer soils and have a significant grass component and fewer trees 
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(Sarmiento, 1992). Although many arid-adapted neotropical plant lineages have patchy, 

disjunct distributions, those of the SDTF and savanna are not as well studied as classic 

disjuncts, i.e., Southern Hemisphere Temperate disjuncts, North and South American 

Desert disjuncts, etc., (Raven, 1972).  

Deserts, savannas, and SDTFs are high in endemism, each with their own species 

composition (Shreve, 1942; Trejo and Dirzo, 2002; Klink and Machado, 2005). For 

example, Trejo (1998) found 20 genera endemic to Mexican SDTFs, and among 20 

Mexican SDTF sites, Trejo and Dirzo (2002) found that 72% of the 917 species were 

present in one site only, with no species found in all 20 sites. In contrast, many lineages 

are common to one or several arid ecosystems (e.g., Bombacaceae, Capparidaceae, 

Zygophyllaceae, Bursera Jacq. ex L., Cedrela P. Browne, Coursetia DC., Krameria 

Loefling, Leucana Benth., Loxopterygium Hook. f., Pereskia Miller).  

One explanation of a patchy distribution is related to the Quaternary glaciation 

(Prado and Gibbs, 1993; Flores-Villila and Martínez-Salazar, 2009). Under this scenario, 

during the last glacial maximum (LGM) 26,000-19,000 years ago (Clark et al., 2009), a 

drier climate allowed a more continuous expanse of dry-adapted species. A subsequent 

increase in precipitation and temperature created conditions unfavorable to xeric-adapted 

species in many areas, in effect creating disjunct arid islands. The resulting isolation of 

these areas acted as a catalyst for allopatric speciation for the species confined to these 

patches. An alternative to the Pleistocene refugia theories is that species have achieved 

their present-day distribution via long-distance dispersal between patches of suitable 

habitat. Pennington et al. (2004) tested vicariance vs. long-distance dispersal to explain 

the disjunct patterns in South American SDTF genera. They found a mixture of ancient 

and recent diversification (in the late Miocene, the Pliocene and the Quaternary), results 

that do not discount either scenario. However, they could not find patterns of allopatric 
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speciation that would indicate vicariance. Lavin et al. (2006) suggested that South 

American SDTFs have been geographically and floristically stable for at least several 

million years, and Werneck et al. (2011) suggest that if there were a change in the extent 

of SDTFs during the LGM, it was that they were even more fragmented then than at 

present, due to lower temperatures and precipitation.   

Various scenarios have been proposed to explain how plants and animals 

achieved their current Caribbean distributions (Santiago-Valentin and Olmstead, 2004). 

Vicariance theories suggest that taxa originated on a land mass that connected North and 

South America (Proto-Greater Antilles), and that during the late Cretaceous (100-65 

MYA) this land split off and traveled east into the Caribbean area, taking its flora and 

fauna with it (Rosen, 1975). The predominant land bridge theory, called “GAARlandia” 

(Greater Antilles+Aves Ridge), posits that at ~34 mya South America and the Greater 

Antilles were connected briefly due to an uprising over the Aves Ridge, and this 

connectivity facilitated the colonization of the islands (Iturralde-Vincent and MacPhee, 

1999). Many suggest that taxa reached the Caribbean via long-distance dispersal (Fritsch, 

2003; Hedges, 2006; Ali, 2012), either floating on flotsum or through the air (i.e., bird-

dispersed, for plants). Long-distance dispersal scenarios are given support if there is 

unequal directionality in the migration that suggests wind or water currents may play a 

role, ie., “West Wind Drift” (Sanmartín, Wanntorp, and Winkworth, 2006).  

C4 photosynthesis in the neotropics   

C4 photosynthesis is a process involving a complex suite of anatomical and 

chemical modifications that concentrate carbon around Rubisco, thereby avoiding the 

excess photorespiration that can happen in environments of high light and warm 

temperatures. C4 photosynthesis has evolved independently in multiple eudicot lineages, 
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most notably in Chenopodiaceae and Amaranthaceae. The majority of New World C4 

eudicot lineages arose in North America (Sage, Christin, and Edwards, 2011). The 

evolution of C4 lineages has been linked to the Oligocene decline of atmospheric CO2, but 

environmental factors such as heat, drought, and fire regime may have played a role 

(Osborne, 2011). Pollen records show that C4 grasses began to dominate just 8-3 MYA 

(Cerling, 1999) but only recently have molecular studies allowed an estimate of the 

timing of their origin. The rise of C4 photosynthesis in monocots is estimated at 32.0–

25.0 MYA for Chloridoideae (Christin et al., 2008) and 10-20 MYA for Cyperaceae 

(Besnard et al., 2009). Portulaca is the oldest known lineage of C4 eudicots, having 

diverged ± 30 MYA (Ocampo and Columbus, 2010; Christin et al., 2011).  

Pectis is a genus of ~90 arid-adapted, herbaceous, annual and perennial species 

distributed in open areas of the neotropics. The northern limit for the genus is Nebraska 

and Wyoming, and the southern limit is central Argentina. Pectis is most diverse in 

Mexico (50+ species), South America (~30 spp), and the Caribbean (~15 spp). Twelve of 

the ~90 Pectis species grow in North American deserts. Several occur in openings in 

pine-oak woodlands, and on coastal bluffs or sand dunes, but most species are distributed 

in neotropical savannas and openings in seasonally dry forests. Pectis is a good model for 

questions regarding the age and origin of arid lands in Latin America, patterns of 

evolution of species in patchy distributions, and the origin of desert and Caribbean floras. 

In addition, Pectis utilizes C4 photosynthesis, which is rare in the Asteraceae (Kellogg, 

1999). It evolved once in subtribe Chrysanthellinae (Kimball and Crawford, 2004), and 

three times within tribe Tageteae – twice in Flaveria (McKown, Moncalvo, and Dengler, 

2005), and once in Pectis (Hansen, Chapter 2).  

Here we use molecular data to infer the timing and location of the diversification 

of Pectis and its C3 sister genus, Porophyllum, and to examine the diversification of 
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Pectis in the context of the evolution of C4 photosynthesis in North America. We also 

answer questions regarding the history of the flora of North American deserts and the 

Caribbean Islands. We test whether the diversification of Pectis is consistent with a 

scenario of vacariance during interglacial pluvial periods. Diversification within Pectis 

occurring only prior to the Pleistocene negates Pleistocene climatic events as 

explanations for diversification. Similarly, we consider whether the diversification of 

desert Pectis species coincided with the modern desert configurations. If this were the 

case, then we would expect the ancestral node of the desert species to be after the late 

Quaternary. We also test therories of Caribbean biogeography. If Carribbean Pectis 

species are younger than the Proto-Greater Antilles land mass, then we cannot invoke 

vicariance as the source of Caribbean Pectis. If Caribbean Pectis species are older than 

the GAARLandia land bridge, then it cannot have facilitated dispersal of Caribbean 

Pectis. We cannot prove or disprove long-distance dispersal, but we can assess whether 

dispersal has been uni- or multi-directional. A an over-water dispersal in one 

predominant direction could lend support to current-facilitated long distance dispersal 

seen in other studies (Sanmartín, Wanntorp, and Winkworth, 2006).  

 

MATERIALS AND METHODS 

Reconstruction of ancestral areas  

To infer the historical biogeography of Pectis, we compiled a reduced dataset 

from that used to infer phylogenetic relationships in Pectis and Porophyllum (see Chapter 

2 for dataset statistics). Loci used were nuclear ribosomal DNA (ITS) and chloroplast 

DNA (matK, 3’ ndhF, rpl16 intron, trnL-rpl32 spacer, 3’ trnV-ndhC spacer, 5’ trnY-rpoB 

spacer). We removed duplicate accessions of species or varieties, resulting in a 109-taxon 
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dataset of 77 Pectis and 22 Porophyllum species and varieties. For cases in which 

accessions of the same species were in well-supported yet non-monophyletic positions, 

we did not remove the duplicate accessions (P. leibmannii, P. papposa var. grandis, P. 

saturejoides, P. uniaristata var. holostemma). We performed two analyses, one with all 

of the original species, and one without P. linifolia var. linifolia, a weedy species found 

throughout the range of Pectis. Voucher information with GenBank numbers is compiled 

in Appendix 1. 

We used Modeltest 3.06 (Posada and Buckley, 2004) with Akaike information 

criterion to determine the most appropriate model of sequence evolution for the dataset. 

We performed tree searches with the dataset using BEAST 1.7.0 (Drummond and 

Rambaut, 2007) to obtain an ultrametric tree for the biogeographic reconstructions. The 

BEAST analysis ran for 50,000,000 generations under the substitution model of 

GTR+G+I with base frequencies estimated. We used an uncorrelated lognormal relaxed 

clock with a rate of 1, and a Yule speciation model. Operators were set to auto-optimize 

except for upDownOperator, uniformOperator on internalNodeHeights, 

narrowExchangeOperator, subtreeSlideOperator, which were set for 54 (half the number 

of taxa), as per the BEAST user’s manual (Drummond et al., 2007). 

We used the ultrametric input tree along with a matrix representing the 

geographical ranges of the species in the analysis to infer ancestral geographic areas with 

the program Lagrange (Ree et al., 2005; Ree and Smith, 2008). To constrain 

computational time, we limited the number of discrete areas to six: Area 1, southwestern 

US and northern Mexico West of the Continental Divide, south through Nayarit 

(“Sonoran”); Area 2, southwestern US and northern Mexico east of the Continental 

Divide but excluding the Mexican Gulf (“Chihuahuan”); Area 3, western Mexico from 

Jalisco through Oaxaca and adjacent inland states (“Pacific Slope”); Area 4, the Mexican 
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Gulf south through the Yucatan Peninsula, Chiapas and Central America (“Central 

American”); Area 5, Peninsular Florida and all the Caribbean Islands (“Caribbean”); 

Area 6, South American countries, including The Galapagos Islands (“South American”). 

Area names are for ease of discussion and do not reflect the nature of the entire area. 

Areas were defined using natural geographical boundaries with a consideration of 

floristic affinities (Lott, Bullock, and Solis-Magallanes, 1987; Marshall and Liebherr, 

2000; Lott and Atkinson, 2006; Morrone, 2006; Rzedowski, 2006) balanced with the 

need to constrain the total number of natural areas artificially to minimize computational 

complexity. In dissecting a distribution into discrete areas for biogeographical analysis, it 

is important to distinguish geographic regions from bioregions within them. For the 

purposes of this study, we were interested in answering questions regarding the timing 

and nature of dispersal between specific geographical areas. These geographical areas 

contain within them different ecoregions. For example, the Caribbean Islands contain 

many different habitat types (e.g., moist tropical forest, pine forest, SDTF, savannas, and 

desert scrub), but was treated as one area. Conversely, habitat types such as savanna, 

coastal plain, and SDTF are widespread throughout the range of Pectis, and occur in most 

of our geographic areas. Areas 1 and 2 are exceptions, in that Area 1 contains all of the 

Sonoran Desert, and area 2 contains all of the Chihuahuan Desert. In the analysis 

including the weedy species, a species could occupy all six areas, in the analysis without 

the weedy species, all species were limited to a maximum of two areas. Dispersal was 

equally weighted between all areas and was not constrained by direction or by time. 

Molecular dating   

To infer divergence times, we combined our data with sequences from GenBank 

to create a dataset of matK and 3’ ndhF sequences. We included 21 sequences from the 



 

 102 

five major Pectis clades recovered from the phylogenetic analysis of our full dataset (see 

results of Chapter 1), as well as several Porophyllum and other species of tribe Tageteae. 

We included data from six of the twelve major Asteraceae clades recovered in Panero and 

Funk (2008), for a total of 46 taxa. We rooted the phylogeny on the branch leading to 

Barnadesia and Doniophyton, members of subfamily Barnadesioideae which is well-

supported as sister to the rest of Asteraceae (Kim, Choi, and Jansen, 2005; Panero and 

Funk, 2008). Voucher information with GenBank numbers is compiled in Appendix 2. 

We used Modeltest 3.06 (Posada and Buckley, 2004) with Akaike information 

criterion to determine the most appropriate model of sequence evolution for the dataset. 

We used the likelihood ratio test (LRT) to determine whether the data satisfied the 

assumptions of a molecular clock, with the formula of LR = 2*(lnL1-lnL2), where lnL1 

is the likelihood of the tree with a molecular clock enforced, and lnL2 is the likelihood of 

the tree without the clock constraint, and degrees of freedom of n-2, where n is the 

number of taxa (Felsenstein, 1988). The LRT resulted in a significant difference between 

the trees, so we used a Bayesian relaxed uncorrelated lognormal molecular clock to 

account for rate heterogeneity across lineages.  

Not all lineages evolve at the same rate, and when using molecular data to infer 

dates for lineages, it is best to use multiple fossils to constrain various nodes throughout 

the tree to lessen the margin of error associated with rate smoothing. Fossils provide only 

approximate dates, can be difficult to associate accurately with extant taxa, and are 

necessarily younger than the lineage they represent. Most paleological evidence of the 

Asteraceae is from fossil pollen, but a recent macrofossil from Patagonia of 47.5 MY was 

allied with the Mutisioideae (Barreda et al., 2011). Although constraining a tree at 

multiple nodes is best, due to the uncertainty of the relationships between some 
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Asteraceae subfamilies (Panero and Funk, 2008), we constrained only the node between 

the Barnadesioideae and the remainder of the Asteraceae.  

The aligned data matrix was analyzed in BEAST 1.7.0 (Drummond and Rambaut, 

2007) from an input file created in BEAUti 1.7.0 (packaged with BEAST). We conducted 

two independent runs of 10,000,000. Settings were as follows: a substitution model of 

GTR+G+I (based on Modeltest results), with base frequencies estimated; relaxed 

uncorrelated lognormal clock with rates estimated; a Yule process speciation tree prior 

with the starting tree randomly generated; prior distributions were set at default except 

for the ingroup. We calibrated the node separating Barnadesioideae from the rest of the 

Asteraceae based on the Mutisiodeae fossil date of 47.5 MY (Barreda et al., 2010). 

Assuming the fossil date is a minimum age of the split, we applied a lognormal prior 

distribution with a mean of 2.0, standard deviation of 0.5, and offset of 44.5 MY. These 

settings provide a 5% probability of 47.75 MY, set the median probability at 51.89 MY 

and a 95% probability of 61.32 MY for the most recent common ancestor (MRCA) of 

Barnadesioideae and the rest of the Asteraceae. We used Tracer v1.5 (Rambaut and 

Drummond, 2007) to assess convergence of the runs, confirm an appropriate estimated 

sample size, and to determine the appropriate number of burnin trees. Tree information 

from each run was combined with LogCombiner (packaged with BEAST), with the first 

20% (2,000 trees) of each run discarded. We constructed a maximum clade credibility 

tree with TreeAnnotator (packaged with BEAST), and used FigTree v1.3.1 (Rambaut, 

2008) to visualize the estimations of divergence dates on the tree.  
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RESULTS 

The aligned CP+ITS dataset comprised 6,885 (684 nuclear and 6,201 CP) bp, and 

contained 77 Pectis and 22 Porophyllum species and varieties, for a total of 106 

accessions (some species were represented by more than one accession). See Chapter 2 

for statistics from individual loci and for more detailed phylogenetic results.  

The maximum clade credibility tree from BEAST recovers five well-supported 

clades in Pectis (clades A-E of fig. 4.1). Clades A and B correspond to sections Pectis 

and Heteropectis, respectively. Section Pectis includes P. imberbis, a rare species of 

southern Arizona and northern Sonora region, and P. linifolia. Pectis linifolia is divided 

into two varieties. Pectis linifolia var. hirtella is a narrow endemic of Guerrero and 

Michoacan, Mexico, and P. linifolia var. linifolia is a weedy species widely distributed 

throughout Pectis’ range. Section Heteropectis is restricted to the Sonoran Desert of Baja 

California and mainland Mexico. Most species of clades C and D occur in or adjacent to 

the Sonoran and Chihuahuan Deserts, and clade E contains many species of the Pacific 

Slope of Mexico, as well as those of South America and the Caribbean. Although our 

focus is on Pectis, our analysis recovered a clade of Porophyllum amplexicaule and P. 

scoparium sister to Pectis + Porophyllum, and we refer to Porophyllum sensu strictu (SS) 

as a clade separate from that of P. amplexicaule and P. scoparium.  

Reconstruction of ancestral areas   

Our results are equivocal regarding the ancestral area of the MCRA of Pectis and 

Porophyllum, as well as the major clades of Pectis. The analysis including the weedy P. 

linifolia var. linifolia recovers the entire range of Pectis as the most probable area of 

diversification (data not shown). From hereon, we will refer to only the analysis that 

excludes the weedy P. linifolia var. linifolia.  
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Pectis and Porophyllum may have diverged in the Sonoran or Chihuahuan areas 

(node 209), although the Pacific Slope area is almost as probable. Figure 4.1 shows the 

ancestral areas reconstructed with ≥50% probability as colors mapped on the maximum 

clade credibility tree, and nodes for which the most likely ancestral areas have less than 

50% probability are not colored; Table 4.1 lists the relative probability of ancestral areas 

for all the nodes. The results are equivocal for the ancestral areas of the deeper nodes 

within Pectis.  

Molecular dating   

The dataset of matK (1,902 bp) and 3’ ndhF (603 bp) sequences comprised 2,505 

characters and 46 taxa. The maximum clade credibility tree recovered most clades with 

greater than 0.95 PP. As in our previous 157-taxa analyses, Porophyllum amplexicaule is 

well-supported as sister to the combined Pectis + Porophyllum. Contrary to our larger 

analysis (fig. 2.2 of chapter 2), Pectis sects. Pectis (P. imberbis and P. linifolia) and 

Heteropectis (P. coulteri and P. multiseta) are recovered as sister clades, but this 

relationships is not well supported. Tageteae and Helianthus diverged 26.55 (19.23-

33.73) MYA (fig. 4.2. The MRCA of Tageteae is 24.34 MYA, but this node has just 0.92 

PP support. Porophyllum amplexicaule diverged from Pectis + Porophyllum at 15.92 

MYA (11.03-21.53). The divergence of Pectis and Porophyllum (SS) is estimated at 

11.27 (7.56-15.58) MYA, and divergence within Pectis began 9.12 (5.75-12.61) MYA 

but most of the nodes split within the last 5 MY. Figure 4.2 shows the maximum clade 

credibility tree with the estimated divergence dates. For purposes of discussion, we will 

refer to the mean divergence date for each clade, with the understanding that there is a 

probability that the clade appeared during a length of time before or after the mean age 

recovered for the clade.  
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DISCUSSION 

Many historical geological events have shaped the area encompassing the 

southwestern U.S and western Mexico. The Laramide uplift formed the western 

American Cordillera, i.e., the Rocky Mountains, the Coastal mountain ranges, the Sierra 

Madre Ranges (Dickinson, 2004), during the late Cretaceous (English and Johnston, 

2004). Although various dates are proposed (for a detailed account, see Wilson and Pitts, 

2010), there is a general consensus that major mountain building events in the Neogene 

changed the topology in western North America, creating rain shadows that significantly 

influenced the modern-day desert areas. The last uplift of the Sierra Madre Occidental 

was 34-15 MYA and the Transvolcanic Belt formed in a west-east direction in several 

stages as recently as 23.0-2.5 MYA (Moran-Zenteno, 1994). The separation and 

northward movement of the Baja Peninsula ~6 MYA (Orskin and Stock, 2003) further 

complicates the biogeographical history of the area (for a review of geologic events 

affecting Northern Mexico, see Ferrusquía-Villafranca and González-Guzman, 2005). 

Fossil evidence shows that the general drying trend since the late Miocene led to a flora 

of increasing tolerance to aridity, with an altidudinal fluctuation during the pluvial stages 

of the Pleistocene (Axelrod, 1979; Spaulding, Leopold, and van Devender, 1983). The 

uplift of the Sierra Madre Occidental and Transvolcanic Belt further increased aridity by 

providing rain shadows. Becerra (2005) suggests these ranges were also a barrier to the 

northern cold fronts, thereby allowing the development of cold-intolerant taxa 10-20 

MYA. 

Our analyses suggest a phylogenetic geographic structure in Pectis in which 

closely-related species are distributed near one another. Although we did not test for 
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niche conservatism per se, our results in Pectis mirror those of other groups with patchy 

distributions in that the great majority of Pectis sister species are restricted to the same 

geographical area. Of the 77 Pectis species represented in our analysis, 59 (77%) are 

restricted to one area, and 18 are restricted to two areas. Just six of 27 species pairs in 

Pectis are not from the same area. Having restricted the analysis to six areas may bias the 

results toward sympatry, and it does not address possible movements between different 

habitats in the same broad geographical area. To fully explore habitat shifts, the 

distribution of Pectis could be divided into more descrete habitat patches, including 

distinguishing deserts, coastal plains, savannas, openings of SDTF or Pine-Oak forest. A 

more fine-tuned analysis would look at gene flow between a broad area of disjunct 

patches all within the same ecological element.  

The ancestral area of the MRCA of Pectis and Porophyllum is recovered as the 

southwestern US or northern Mexico. The area west of the Continental Divide (Sonoran) 

is recovered with 22% probability, and the area east of the Continental Divide 

(Chihuahuan) with 18% probability. These results are equivocal, with the relative 

probability of the Pacific Slope area at 14%, and various combinations of the three areas 

receiving ≤4% each. If we assume a southwest US/northwest Mexico origin of Pectis, 

then the genus has expanded south and east to reach its current distribution. Studies in 

Mexican Bursera suggest that STDF, one of the dry habitat types, was established first in 

western Mexico, and expanded south and east.  

The basal node of Pectis is recovered as having a Sonoran distribution, but with 

very low probability (29%), with the Chihuahuan or Pacific Slope areas each recovered 

with a 19% probablilty. This is unsurprising, as section Pectis, sister to the rest of the 

genus, comprises species from three different areas. Pectis imberbis is restricted to 

southwestern Arizona in the US, and Sonora and Chihuahua in Mexico, and spans an area 
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that includes both Sonoran and Chihuahuan elements. Pectis linifolia var. hirtella is 

endemic to Guerrero and Michoacan, Mexico, in the Pacific Slope area. As mentioned 

previously, we excluded P. linifolia var. linifolia, a weedy species that occurs in all but 

one area (the Chihuahuan) of those defined in our study. Accessions of P. linifolia var. 

linifolia sampled throughout its range are recovered as monophyletic and sister to P. 

linifolia var. hirtella in previous analyses (see fig. 2.2, chapt. 2). Although it is the most 

widespread species of Pectis, P. linifolia var. linifolia also has an interesting disjunction. 

Its northern limit is in Arizona, and it occurs in Baja California and Sonora, and also in 

Oaxaca and Yucatan, but is absent between these northern and southern states in Mexico. 

It occurs in Central and South America, and in the Caribbean and Galapagos Islands.  

Keil (1978) suggested that the ancestors of section Pectis (P. imberbis and P. 

linifolia, clade A of fig. 4.1) diverged in the Mexican Highlands. An area encompassing 

the present-day Mojave, Sonoran and Chihuahuan Deserts (“Mojavia”) is a center of 

biodiversity based on vertebrate fossil records (Webb, 1977), and Morafka (1977) 

contended that it has been stable for the last ~15 MY. Section Heteropectis (P. coulteri 

and P. multiseta) are species of the Sonoran Desert. Axelrod (1979) suggests that xeric-

adapted lineages developed in isolated arid areas over a long drying period since the late 

Cretaceous, and by ± 9 MYA many desert species existed close to the present-day 

Sonoran Desert. Although mesic woodlands existed in the present-day desert regions 

during the pluvial periods of the Pleistocene, evidence from pack-rat middens suggests 

that pockets of arid refugia persisted thoughout these periods (Elias, Van Devender, and 

de Baca, 1995; Van Devender, 2000).  

Early versions of New World dry forests, savannas, and deserts existed 15 MYA 

(Graham, 2011), but the North American deserts as we know them were not present until 

the late Quaternary—modern Chihuahuan Desert conditions were established 9,000-
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12,000 years ago, and modern Sonoran Desert conditions were established 4,000 years 

ago (Metcalfe, 2006). Our analyses suggest that Pectis lineages of both the Sonoran and 

Chihuahuan Deserts diverged in the Miocene, with diversification of most species within 

the desert lineages (clades B, C, and D of fig. 4.1) in the Quaternary but prior to 1.0 

MYA. This pattern indicates xeric conditions were favorable to diversification prior to 

the establishment of modern deserts. Dating analyses and pollen analysis of other desert 

plants also suggest speciation during the Miocene, with lineages of Tiquilia (Moore and 

Jansen, 2006) diverging ~20 MYA, and Agave arising at ~10 MYA, with a spike in 

speciation rates at 8-6 MYA (Good-Avila et al., 2006). Diversification of desert deermice 

(Riddle, Hafner, and Alexander, 2000) and desert ants (Wilson and Pitts, 2010a), also 

began ~7 MYA.  

The Sonoran and Chihuahuan Pectis clades (C and D of fig. 4.1) are sister to a 

large clade of mostly Pacific Slope species (clade E of fig. 4.1). The analysis indicates 

that the Pacific Slope area was favorable to diversification in Pectis; node 161 leads to a 

clade in which 21 of 26 species occur in the Pacific Slope. This is a region of high 

endemism across angiosperms (Rzedowski, 1991; Lott and Atkinson, 2006). Clade E also 

includes the South American and Caribbean Island species. Just four species of Clade E 

are distributed in the Sonoran area: P. cylindrica, P. uniaristata var. uniaristata, P. 

prostrata, and an unidentified taxon, P. cf. stenophylla.  

In North America, Pectis has dispersed south from the Sonoran area and also 

north and south from the Pacific Slope area. There have been four independent dispersals 

to South America. Three of these have come from the Pacific Slope of Mexico (nodes 77, 

85, and 163) and one was from the Caribbean Islands (node 72). Recolonization of the 

mainland from the Caribbean islands is not common, but has been seen in other groups 

(Santiago-Valentin and Olmstead, 2004). The Galapagos Islands endemic, P. tenuifolia, 
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is recovered as sister to P. cubensis of the Caribbean Islands. Our analysis suggests that 

their MRCA was South American. Our analysis recovers six independent dispersals to 

the Caribbean Islands, two from the Gulf of Mexico/Central America area (nodes 119 and 

139), and four from South America (nodes 73, 80, 83, and 98). Pectis is younger than 

both the Proto-Antilles land mass and the GAARLandia land bridge, suggesting that long 

distance dispersal is the mechanism by which Pectis became established on the Caribbean 

islands. Our results indicate that water or wind currents may facilitate over-water 

dispersal in Pectis, as most colonizations of the Caribbean have been from South 

America. However, dispersal has been bidirectional, indicating that it can occur in 

directions counter to the predominate currents. The Florida endemic P. linearifolia is 

sister to P. glaucescens, a relatively weedy species of The Bahamas and the Greater 

Antilles. The node separating Pectis humifusa, a Caribbean species, from the South 

American taxa P. oligocephala and P. elongata var. elongata is at the 

Pliocine/Pleistocene boundary. This indicates that the Caribbean radiation has occurred 

within the Quaternary.  

 

CONCLUSIONS 

Most Pectis species are distributed in deserts, savannas, and openings in SDTF. A 

“Pleistocene refugia” theory has been proposed as the catalyst of such patchy 

distributions. This theory has been refuted for SDTF, which Werneck et al. (2011) 

suggest has been stable for millions of years (Werneck et al., 2011).  

Pectis evolved in the southwestern US/northwest Mexico region approximately 

11 MYA, and the early-diverging Pectis species are distributed in the North American 

Deserts and Pacific Slope of northern Mexico. Diversification in Pectis began in the late 
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Miocene and continued into the Pliocene for three of the five major lineages (C-E of fig. 

4.1). However, most of the Pectis species in our analysis originated in the Pleistocene. 

The timing of divergence within Pectis supports a scenario in which arid-adapted species 

dispersed to, and radiated within, suitable habitats that existed in the Miocene. The 

subsequent Quaternary radiations may have been driven by the fragmentation of suitable 

habitats during the climate fluctuations of the glacial and interglacial cycles. The North 

American deserts reached their present condition as recently as the last 12,000 years 

(Metcalfe, 2006), but many desert lineages arose as much as 20 MYA (Moore and 

Jansen, 2006). The desert species of clade C split off at ~3 MYA, and radiated in the 

Pleistocene. In clade D, the split between P. filipes var. fillipes (of the Sonoran Desert) 

and P. filipes var. subnuda (of the Chihuahuan Desert) is about 2.5 MYA. The expansion 

and contraction of arid areas during glacial and interglacial periods may have contributed 

to the diversification in this group, although prior to the existence of the modern deserts 

themselves. The split between P. multiseta (endemic to the Baja California Peninsula) 

and P. coulteri (endemic to the mainland Sonoran Desert) is ~ 1.0 MYA, too young to 

represent a vicariance event due to the separation of the Baja Peninsula from the 

mainland. It is likely a split promoted by long distance dispersal followed by isolation.  

The age of diversification of several clades in Pectis adds to other lines of 

evidence for the evolution of arid-adapted lineages prior to modern desert configurations 

(Becerra, 2005; Good-Avila et al., 2006; Moore and Jansen, 2006). These diversifications 

may have been influenced by increased aridification following mountain building events 

in the Neogene. The aridification is proposed to have occurred first in isolated pockets 

(Axelrod, 1979; Graham, 1999), which may have provided gene-flow barriers sufficient 

to promote speciation. Pectis broadly mirrors a pattern of biogeographical structure seen 

in species of SDTF in which sister-species occupy the same area. This pattern is 
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consistent with low dispersal rates between areas such that local speciation is not 

swamped by gene flow from immigrants. More detailed biogeographical analysis is 

needed to confirm these findings, including analyses in which individual patches of 

suitable habitat are treated separately.   

C4 photosynthesis in Pectis could have evolved at any time after the divergence 

between Pectis and Porophyllum, 11.27 MYA, (7.56-15.58) and the first divergence 

within Pectis, 9.2 MYA (5.75-12.61). These dates correspond to estimates of a mid-late 

Miocene switch between C3 and C4 in other eudicot lineages such as Allonia, 

Chamaesyce, Portulaca, and Tidestromia (Christin et al., 2011). Flaveria, the other C4 

lineage in the Tageteae, is thought to have evolved in the south-central (Puebla/Oaxaca) 

region of Mexico (McKown, Moncalvo, and Dengler, 2005). Kim et al., (2005) showed 

Flaveria and Tagetes diverging at ± 18 MYA, based on ndhF and matK sequences and 

using Cornus fossils for calibration. Our analysis using the Eocene Mutisioideae fossil 

for calibration shows Flaveria and Tagetes diverging at ± 23 MYA, but the support for 

this relationship is low. In contrast to the other dated eudicot C4 lineages, Christin et al 

.(2011) suggest that the transition toward C4 photosynthesis in Flaveria is comparatively 

recent, and began only in the last 3 MY. 

Pectis and Flaveria are in the same tribe and may share an underlying trait that 

facilitated the switch to C4 photosynthesis. However, the evolution of Pectis in western 

North America in the late Miocene is similar to unrelated C4 eudicot lineages, lending 

further weight to the theory of an environmental catalyst common to the convergent 

development of this complex trait. 
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TABLES 

Table 4.1.  Reconstruction of ancestral areas for internal nodes in fig. 4.2, inferred from 
Lagrange. Each node has two daughter lineages; the area to the left of the 
vertical line (|) corresponds to the “upper” descendant lineage on the tree, 
the area to the right of the line corresponds to the “lower” lineage on the 
tree. The areas shown are those accounting for the top ≥70% likelihood, and 
exclude those with ≤5% likelihood. Area abbreviations are: CA= Central 
America; CB= Caribbean; CH=Chihuahuan; PS=Pacific Slope; 
SN=Sonoran. Areas are defined in Methods and shown in fig. 4.1.  

Node 
Area 
Reconstruction 

Rel. 
Prob. 

2 CH|CH 0.94 
5 CH|CH 0.95 
8 PS|PS 0.75 

 PS|PS+CA 0.24 
10 PS|PS 0.89 

 PS+CA|PS 0.10 
14 SN|SN 0.71 

 SN|SN+CH 0.28 
15 SN|SN 0.84 

 SN|SN+CH 0.15 
16 PS|SN 0.84 

 PS|CH 0.08 
21 CB|CA  0.97 
24 CA|SA  0.95 
26 CA|PS  0.90 

 SA|PS  0.06 
27 CA|PS+CA 0.82 

 CA|PS 0.11 
29 PS|SN 0.69 

 PS+CA|PS 0.11 
 PS|PS 0.10 

32 PS|PS 0.72 
 PS|CH+PS 0.27 

34 PS|PS+CA 0.44 
 PS|PS 0.39 
 CH+PS|PS 0.13 

35 PS|PS 0.62 
 SN+PS|PS 0.18 
 PS|PS+CA 0.07 

38 SA|SA  0.99 
41 SA|SA   0.99 

Node 
Area 
Reconstruction 

Rel. 
Prob. 

42 SA|SA 0.86 
 PS+SA|SA 0.06 
 SA|PS+SA 0.06 

43 PS|PS 0.60 
 PS|SA 0.28 
 PS|PS+SA 0.05 

44 PS|PS 0.81 
 PS|PS+SA 0.11 

45 PS|PS 0.72 
 PS|PS+SA 0.07 
 SN+PS|PS 0.06 

46 PS|PS 0.56 
 SN+PS|PS 0.18 
 SN|PS 0.07 
 SN|SN 0.05 

47 CH|PS 0.26 
 CH+PS|PS 0.17 
 SN|SN+PS 0.10 
 SN|PS 0.08 
 PS|SN+PS 0.07 
 CH|SN 0.06 
 PS|PS 0.05 
 CH|CH+PS 0.05 

50 PS|SN  0.58 
 PS|CH  0.40 

55 SA|SA  1.00 
56 SA|SA  0.99 
60 CB|SA  0.97 
62 CB+SA|SA 0.82 

 SA|SA 0.15 
   

Node 
Area 
Reconstruction 

Rel. 
Prob. 

63 CB|CB+SA 0.73 
 CB|SA 0.17 
 CB|CB 0.09 

64 SA|CB+SA 0.56 
 SA|SA 0.29 
 SA|CB 0.13 

65 CB|CB+SA 0.56 
 CB|SA 0.26 
 CB|CB 0.12 

70 CB|CB 0.61 
 CB+SA|CB 0.38 

71 CB|CB 0.37 
 CB+SA|CB 0.33 
 SA|CB+SA 0.10 
 CB|CB+SA 0.10 
 CB+SA|SA 0.05 

72 CB|CB+SA 0.52 
 CB|CB 0.43 

73 CB+SA|CB 0.40 
 CB|CB+SA 0.12 
 SA|SA 0.11 
 CB+SA|SA 0.11 
 CB|CB 0.09 
 SA|CB+SA 0.07 
 SA|CB 0.06 

77 PS|CH  0.49 
 PS|SN  0.49 

80 CA|SA  0.82 
 CA|CB  0.15 
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Table 4.1 continued 
Node 

Area 
Reconstruction 

Rel. 
Prob. 

83 SA|PS   0.61 
 SA|CA   0.25 
 CB|CA   0.12 

84 SA|PS+SA 0.44 
 SA|SA 0.15 
 CA|CA 0.13 

85 PS|SA 0.26 
 PS|PS+SA 0.22 
 PS|PS 0.22 
 PS|CA 0.18 

88 CA|PS   0.50 
 PS|SN   0.44 

90 PS+CA|PS 0.33 
 PS|PS 0.32 
 SN+PS|PS 0.27 

91 PS|PS 0.53 
 PS+SA|PS 0.30 
 CA|CA 0.05 

92 SA|PS 0.49 
 SA|PS+SA 0.29 
 PS+SA|PS 0.07 
 SA|CA 0.06 

93 SA|PS+SA 0.41 
 CB+SA|SA 0.17 
 SA|SA 0.12 
 SA|PS 0.10 
 CB|SA 0.08 

97 SA|SA   1.00 
98 CB|SA   0.96 

102 PS+CA|PS 0.67 
 PS|PS 0.30 

103 PS|PS+CA 0.62 
 PS|PS 0.34 

106 PS|PS   1.00 
108 PS|PS   0.97 
111 CA|CB   0.98 
114 CB|CH   0.98 
115 CA+CB|CB 0.48 

 CB|CH+CB 0.38 
 CB|CB 0.08 

118 CB|CB   0.99 
   
   

   

Node 
Area 
Reconstruction 

Rel. 
Prob. 

119 CA+CB|CB 0.46 
 CH+CB|CB 0.36 
 CB|CB 0.07 

120 PS|CA 0.45 
 PS|CH 0.36 
 PS+CA|CA 0.05 

124 PS|PS   1.00 
126 PS|PS   0.99 
127 PS|PS   0.96 
128 PS|PS 0.50 

 PS+CA|PS 0.21 
 CH+PS|PS 0.12 

129 PS|PS 0.25 
 PS+CA|PS 0.24 
 PS|PS+CA 0.12 
 PS|CH+PS 0.08 
 CA|PS+CA 0.06 
 CA|PS 0.05 

133 PS|PS 0.75 
 PS+CA|PS 0.24 

135 PS|PS 0.90 
135 PS+CA|PS 0.10 
136 PS|PS 0.92 

 PS|PS+CA 0.07 
139 PS+CA|CA 0.83 

 CA|CA 0.07 
 CA|CA+CB 0.07 

140 PS|PS+CA 0.45 
 PS|PS 0.33 
 PS|CA 0.15 

145 PS|PS   1.00 
146 PS|PS 0.72 

 PS+CA|PS 0.26 
149 PS|PS 0.51 

 PS|PS+CA 0.47 
150 PS|PS 0.80 

 PS|PS+CA 0.08 
 PS+CA|PS 0.05 

151 PS|PS 0.64 
 PS+CA|PS 0.19 

153 PS|PS 0.67 
 PS+CA|PS 0.27 
   

   

Node 
Area 
Reconstruction 

Rel. 
Prob. 

154 PS|PS 0.55 
 PS+CA|PS 0.18 
 CA|CA 0.10 
 PS|PS+CA 0.06 

156 PS+CA|CA 0.26 
 PS|CA 0.26 
 PS|PS 0.19 
 CA|CA 0.14 
 PS|PS+CA 0.08 

159 PS|PS   0.97 
160 PS+CA|PS 0.43 

 PS|PS 0.19 
 CA|PS 0.11 

161 PS|PS 0.45 
 CA|CA 0.11 
 PS|PS+CA 0.06 
 PS+CA|PS 0.05 

162 SA|PS 0.39 
 SA|PS+SA 0.10 
 PS+SA|PS 0.08 
 SA|CA 0.07 
 CB|CA 0.05 

163 SA|PS+SA 0.16 
 PS|PS 0.10 
 PS+SA|SA 0.10 
 PS+SA|PS 0.07 
 SA|PS 0.06 
 PS|PS+SA 0.05 

169 CH|CH 0.80 
 CH|SN+CH 0.19 

171 CH|CH  0.96 
172 CH|CH  0.99 
173 CH|CH  0.99 
175 CH|CH  0.99 
176 CH|CH  0.95 
179 SN|SN  0.99 
180 CH|SN 0.83 

 CH|SN+CH 0.08 
183 CH|PS  0.98 
187 SN|SN  1.00 
188 SN|SN  1.00 
191 PS|SN  0.97 
192 SN|SN 0.71 
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Table 4.1 continued 
Node 

Area 
Reconstruction 

Rel. 
Prob. 

192 SN|SN 0.71 
 SN|SN+PS 0.26 

195 CH|SN   0.97 
197 SN+CH|SN 0.27 

 SN+CH|CH 0.25 
 SN|SN 0.15 
 SN|SN+CH 0.15 
 CH|SN+CH 0.14 

198 SN|SN 0.47 
 SN|SN+CH 0.33 
 SN+PS|SN 0.11 
 SN|CH 0.06 

199 CH|SN 0.58 
 CH|SN+CH 0.25 
 CH|SN+PS 0.06 
   
   
   
   
   
   

   

Node 
Area 
Reconstruction 

Rel. 
Prob. 

200 SN+CH|SN 0.18 
 SN|SN+PS 0.14 
 SN+CH|CH 0.13 
 SN|SN+CH 0.12 
 SN|SN 0.10 
 CH|SN+CH 0.09 
   

201 PS|PS 0.24 
 SN|SN 0.17 
 PS|SN 0.12 
 PS|SN+PS 0.08 
 CH|CH 0.07 

204 SN|SN   0.99 
206 SN|SN   0.95 
207 SN|SN 0.25 

 PS|PS 0.21 
 CH|CH 0.08 
 SN+PS|SN 0.07 
 PS|SN+PS 0.06 
   
   

   

Node 
Area 
Reconstruction 

Rel. 
Prob. 

208 SN|SN 0.12 
 SN|SN+PS 0.08 
 PS|SN+PS 0.08 
 SN+PS|SN 0.07 
 SN+PS|PS 0.06 
 CH+PS|PS 0.06 
 PS|PS 0.05 

209 SN|SN 0.29 
 PS|PS 0.19 
 CH|CH 0.19 

210 SN|SN 0.22 
 CH|CH 0.18 
 PS|PS 0.14 

214 CH|CH  0.99 
215 PS|CH  0.55 

 CA|CH  0.42 
216 SN|SN 0.13 

 CH|CH 0.13 
 PS|PS 0.09 
 SN|CH 0.05 
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Figure 4.1. 
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Figure 4.1  Ancestral areas inferred with Lagrange from the maximum clade credibility 
tree from BEAST. Node numbers without asterisks indicate that the two 
daughter lineages’ ancestral areas were reconstructed with ≥ 50% 
probability (these daughter lineages are colored corresponding to the areas 
on the map). Nodes with asterisks (*) are those for which the reconstruction 
of the two daughter lineages was equivocal (≤ 50% probability). Nodes with 
two colors indicate an ancestral area including two areas. See Table 3.1 for 
the relative probabilities of areas for each node. Colors at branch tips 
indicate the distribution of that species. Black branches lead to clades 
supported with ≥0.95 PP. 



 

 119 

 

Figure 4.2.  Chronogram of the maximum clade credibility tree estimated from 
matK+3’ndhF sequences using BEAST. Horizontal bars are the 95% highest 
probability density (HPD) for the age of that node (green bars are on 
Porophyllum nodes, yellow bars are on Pectis nodes). Nodes with HPD bars 
have PP support of ≥ 0.95. Nodes without HPD bars have <0.95 PP. Mean 
ages are shown for clades mentioned in the text. A partial timescale is 
shown at the bottom, with units in millions of years. Epoch dates follow The 
Geological Society of America (GSA, 2009).  
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 Appendices 

APPENDIX 1. 
List of taxa sampled in Chapter 1, in the order of: Taxon, i.d. number (when more than 

one accession per species): voucher information (herbarium). Herbarium 
acronyms follow Index Herbariorum. 

 
Chrysactinia mexicana A. Gray, Coahuilla, Mexico, Edwin L. Bridges 13067 (TEX).  

Nicolletia edwardsii A. Gray, Coahuilla, Mexico, D.R. Hansen 65 (TEX).  Pectis 

amplifolia D.J. Keil, Oaxaca, Mexico, Misael Elorsa C. 5010 (TEX).   P. angustifolia 

var. angustifolia Torr., No.1: Chihuahua, Mexico, D.R. Hansen 80 (TEX).   No. 2: 

Texas, U.S.A., B.L. Turner 22409 (TEX).  P. angustifolia var. fastigiata (A. Gray) D.J. 

Keil, No. 1: Texas, U.S.A., D.R. Hansen 148 (TEX).  No. 2: Texas, U.S.A., W.R. Carr 

15797 (TEX).  P. angustifolia var. tenella (DC.) D.J. Keil, No. 1: Mexico, D.R. Hansen 

63 (TEX).  No. 2: Coahuilla, Mexico, D.R. Hansen 69 (TEX).  P. arida Keil, Tumbes, 

Peru, Isidoro Sánchez Vega 4192 (MO).  P. barberi Greenm., Chihuahua, Mexico, J. 

Spencer 1454 (TEX).  P. berlandieri DC., Tamaulipas, Mexico, Marshall C. Johnston 

5579 (TEX).  P. bonplandiana Kunth, Belize City, Belize, R.D.Worthington 21255 

(TEX).  P. brevipedunculata Sch. Bip., No. 1: Bahia, Brazil, V.C.Souza 5.391 (LL). No. 

2: Minas Gerais, Brazil, R.M. Harley H 49978 (MO).  P. canescens Kunth, No. 1: 

Nariño, Colombia, B.R. Ramirez P. s.n. (MO). No. 2: Guerrero, Mexico, Arthur 

Cronquist 10842 (TEX). No. 3: Sinaloa, Mexico, M. Ruiz G. 2006-459 (TEX), ITS.  P. 

capillipes (Benth.) Hemsl., , El Salvador, John M. Tucker 456 (LL). P. carthusianorum 

Less., , Dominican Republic, Dr. Alain & Perfa Liogier (NYBG).  P. ciliaris L., No. 1: 

San Cristobal, Dominican Republic, T. Classe 4401 (TEX). No. 2: Monte Plata,  
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Dominican Republic, D.R. Hansen 98 (TEX).  cf. ciliaris L., Guyas, Ecuador, E. Asplund 

5620 (TEX).  P. coulteri Harv. & A. Gray, No. 1: Sonora, Mexico, A. Sanders 13193 

(TEX). No. 2: Sonora, Mexico, A.L. Reina G. 2007-254 (TEX). No. 3: Sonora, Mexico, 

D.R. Hansen 117 (TEX).  P. cubensis (A. Rich.) Griseb., Grand Cayman Island, N. 

Chevalier 149 (NYBG).  P. cylindrica (Fernald) Rydb., No. 1: Sonora, Mexico, A.L. 

Reina G. 2006-507 (TEX).  No. 2: Sonora, Mexico, T.R. Van Devender 2007-865 (TEX).  

P. decemcarinata McVaugh, No. 1: Michoacan, Mexico, D.R. Hansen 139 (TEX).  No. 

2: Michoacan, Mexico, Jose C. Soto Nuñez 3582 (MO).  No. 3: Michoacan, Mexico, 

Melissa Luckow 2937 (TEX).  P. depressa Fernald, No. 1: Guerrero, Mexico, A. M. 

Powell & J. Edmondson 768 (TEX). No. 2: Guerrero, Mexico, Y. Yahara 1353 (TEX).  P. 

diffusa Hook. & Arn., Michoacán, Mexico, D.R. Hansen 135 (TEX).  P. elongata var. 

elongata Kunth, Concepción, Paraguay, Elsa Matilde Sardini 38698 (MO).  P. elongata 

var. fasciculiflora (DC.) D.J. Keil, No. 1: Guerrero, Mexico, Fred R. Barrie 732 (TEX). 

No. 2: Guerrero, Mexico, R. Torres C. 1809 (MO).  P. elongata var. floribunda (A. 

Rich.) D.J. Keil, No. 1: Monte Plata, Dominican Republic, D.R. Hansen 100 (TEX). No. 

2: Veracruz, Mexico, J. Dorantes 5076 (TEX).  P. elongata var. oerstediana (Rydb.) D.J. 

Keil, Guatemala, Elias Contreras 10400 (TEX).  P. ericifolia D.J. Keil, Barbuda, 

Richard S. Cowan 1663 (NYBG).  P. exilis D.J. Keil, No. 1: Guerrero, Mexico, Jorge 

Calónico Soto 17612 (MEXU). No. 2: Michoacán, Mexico, D.R. Hansen 138 (TEX).  P. 

exserta McVaugh, No. 1: Jalisco, Mexico, Rogers McVaugh 26321 (MEXU). No. 2: 

Jalisco, Mexico, A. C. Sanders 11177 (MO).  P. filipes var. filipes Harv. & A. Gray,  
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Sonora, Mexico, A.L. Reina G. 2006-509 (TEX).  P. filipes var. subnuda Fernald, No. 1: 

Texas, U.S.A., Emily J. Lott 5257 (TEX). No. 2: New Mexico, U.S.A., R. D. Worthington 

27323 (TEX). No. 3: Arizona, U.S.A., D.R. Hansen 85 (TEX).  P. glaucescens (Cass.) 

D.J. Keil, No. 1: Bahama Islands, D. S. Correll 49664 (NYBG). No. 2: Florida, U.S.A., 

Ruben P. 8755 (TEX).  No. 3: Districto Nacional, Dominican Republic, D.R. Hansen 111 

(TEX).  P. graveolens Klatt, Colombia, J. E. Ramos 459 (MO). P. haenkeana (DC.) Sch. 

Bip, No. 1: Guerrero, Mexico, M.Luckow 3548 (TEX). No. 2: Oaxaca, Mexico, Jorge 

Calónico Soto 24000 (MEXU ).  P. holochaeta var. cana D.J. Keil, No. 1: Michoacan, 

Mexico, José C. Soto Núñez 4257 (MEXU ). No. 2: Michoacan, Mexico, M.Luckow with 

F.Barrie 3493 (LL). P. holochaeta var. holochaeta (S.F.Blake) D.J. Keil, Guerrero, 

Mexico, Jorge Calónico Soto 11952 (MEXU).  P. humifusa Sw., No. 1: Puerto Rico, 

U.S.A., D.R. Hansen 95 (TEX). No. 2: Puerto Rico, U.S.A., D.R. Hansen 96 (TEX).  P. 

imberbis A. Gray, No. 1: Arizona, U.S.A., Elenor Lehto L20487 (LL).  P. imberbis A. 

Gray, No. 2: Arizona, U.S.A., J.E. Bowers 3702 (ARIZ).  P. imberbis A. Gray, No. 3: 

Arizona, U.S.A., Mark Fishbein #1508 (ARIZ).  P. incisifolia I.M. Johnst., Chihuahua, 

Mexico, D.R. Hansen 72 (TEX).  P. latisquama Sch. Bip. ex Greenm., Puebla, Mexico, 

Robert Merrill King 3557 (LL).  P. leavenworthii Standl., No. 1: Michoacán, Mexico, 

D.R. Hansen 132 (TEX). No. 2: Michoacán, Mexico, B.L. Turner P-70 (TEX).  P. leonis 

Rydb., , Cuba, George R. Proctor 3138 (NYBG).  P. liebmannii Sch. Bip. ex Hemsl., 

No. 1: Oaxaca, Mexico, Misael Elorsa C. 778 (MEXU ). No. 2: Oaxaca, Mexico, Hinton 

et al. 26470 (TEX).  P. linearifolia Urb., Florida, U.S.A., James D. Ray, Jr. 10160  
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 (TEX).  P. linearis La Llave, , Jamaica, M.R. Crosby 141 (LL).  P. linifolia var. hirtella 

S.F. Blake, No. 1: Michoacán, Mexico, D.R.Hansen 123 (TEX). No. 2: Michoacán, 

Mexico, D.R. Hansen 143 (TEX).  P. linifolia L., No. 1: Amazonas, Peru, Henk van der 

Werff 15886 (MO). No. 2: Azua, Dominican Republic, D.R. Hansen 107 (TEX). No. 3: 

Arizona, U.S.A., Elinor Lehto L20273 (LL).  P. longipes A. Gray, No. 1: Arizona, 

U.S.A., Scott Sundberg 2114 (TEX). No. 2: Sonora, Mexico, T.R. Van Devender 2008-

249 (TEX).  P. luckoviae D.J. Keil, No. 1: Michoacán, Mexico, D.R. Hansen 140 (TEX). 

No. 2: Michoacán, Mexico, D.R. Hansen 145 (TEX).  P. multiceps Urb., , Dominican 

Republic, Alain H. Liogier (NYBG).  P. multiflosculosa (DC.) Sch. Bip., , Costa Rica, 

William Haber 9243 (LL).  P. multiseta var. ambigua (Fernald) D.J. Keil, Baja Calif Sur, 

Mexico, Samuel W. Sikes 274 (TEX).  P. multiseta var. multiseta Benth., No. 1: Baja 

Calif Sur, Mexico, Melissa Luckow 2827 (TEX). No. 2: Baja Calif Sur, Mexico, D.R. 

Hansen 149 (TEX).  P. odorata Griseb., No. 1: Beni, Bolivia, S.G. Beck 12815 (LPB). 

No. 2: Central, Paraguay, F. Mereles 3971 (MO).  P. oligocephala var. oligocephala Sch. 

Bip., No. 1: Goiás, Brazil, H.S. Irwin (NYBG). No. 2: Goiás, Brazil, William R. Anderson 

6859 (NYBG).  P. papposa var. grandis D.J. Keil, No. 1: Chihuahua, Mexico, D.R. 

Hansen 78 (TEX). No. 2: Texas, U.S.A., D.R. Hansen 62 (TEX).  P. papposa var. 

papposa Harv. & A. Gray, No. 1: Arizona, U.S.A., D.R. Hansen 83 (TEX). No. 2: 

California, U.S.A., B. Pitzer 4021 (TEX).  P. portoricensis Urb., , Puerto Rico, T. A. 

Zanoni (NYBG).  P. pringlei Fernald, No. 1: Chihuahua, Mexico, D.R. Hansen 74 

(TEX). No. 2: Chihuahua, Mexico, A. Cronquist 10759, (TEX).  P. propetes Greenm.,  
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Zacatecas, Mexico, D.E. Breedlove 61549 (TEX).  P. prostrata Cav., No. 1: Arizona, 

U.S.A., D.R. Hansen 86 (TEX). No. 2: Sinaloa, Mexico, D.R. Hansen 120 (TEX). No. 3: 

Texas, U.S.A., W.R. Carr 19134 (TEX). No. 4: Managua, Nicaragua, Myra Guzman 425 

(MO).  P. purpurea var. sonorae D.J. Keil, Sonora, Mexico, T.R. Van Devender 92-1061 

(TEX).  P. pusilla Urb., , Haiti, E. L. Ekman 8343 (LL).  P. repens Brandegee, No. 1: 

Queretaro, Mexico, J. Rzedowski (TEX). No. 2: Guanajuato, Mexico, R. Galván 2578 

(MO).  P. saturejoides (Mill.) Sch. Bip., No. 1: Oaxaca, Mexico, Alfredo Saynes V. 4246 

(TEX). No. 2: El Progreso, Guatemala, M. Garcia 671 (MO). No. 3: Oaxaca, Mexico, 

Misael Elorsa C. 7760 (TEX).  P. sessiliflora (Less.) Sch. Bip., No. 1: Jujuy, Argentina, 

A. Krapovickas 46652,   (TEX). No. 2: La Paz, Bolivia,  St.G. Beck 7987 (LPB).  P. 

sinaloensis Fernald, No. 1: Sinaloa, Mexico, A.L.Reina G. 2005-1606 (ARIZ). No. 2: 

Sinaloa, Mexico, David Flyr 135 (TEX).  P. stella Malme, Mato Grosso, Brazil, G. 

Hatschbach 62720 (MO).  P. stenophylla var. biaristata (Rydb.) D.J. Keil, Sonora, 

Mexico, Samuel Sikes 1788 (TEX).  P. stenophylla var. puberula (Greenm.) D.J. Keil, 

Sinaloa, Mexico, A.T. Whittemore 83-035 (TEX).  P. stenophylla var. stenophylla 

A.Gray, Chihuahua, Mexico, W.A.Weber & Robert Bye 8382 (TEX).  P. c.f. stenophylla 

A.Gray, Sonora, Mexico, A.L.Reina G. 2007-1034 (TEX).  P. tenuicaulis Urb., No. 1: 

Dominican Republic, Bro. Alain H. Liogier (NYBG). No. 2: Boyaca, Colombia, John 

Olsen and Linda Escobar 590 (LL).  P. tenuifolia (DC.) Sch. Bip., Galápagos Islands, 

Ecuador, Ira L. Wiggins and Duncan M. Porter 210 (NYBG).  P. uniaristata var. 

holostemma A. Gray, No. 1: Valle, Honduras, David Keil 9509 (MO). No. 2: Nueva  
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Segovia, Nicauragua, W.D. Stevens 3069 (MO).  P. uniaristata var. jangadensis (S. 

Moore) D.J. Keil, Sinaloa, Mexico, T.R. Van Devender 2004-1488 (TEX).  P. uniaristata 

var. uniaristata DC., No. 1: Sonora, Mexico, A.L. Reina G. 2006-1311 (TEX).  P. 

vandevenderi B.L. Turner, Sonora, Mexico, A.L. Reina G. 2007-1030 (TEX).  P. 

vollmeri Wiggins, Baja Calif Sur, Mexico, T.L.Burgess 6134 (ARIZ).  Porophyllum 

amplexicaule Engelm. ex A. Gray, Nuevo Leon, Mexico, Hinton 22702 (TEX).  P. 

angustissimum Gardner, Minas Gerais, Brazil, H.S. Irwin (LL).  P. calcicola B.L. Rob. 

& Greenm., Guerrero, Mexico, S.D. Koch 7984 (TEX).  P. coloratum var. coloratum 

(Kunth) DC., Sonora, , T.R. Van Devender 95-447 (TEX).  P. coloratum var. 

obtusifolium (DC.) McVaugh, Aguascalientes, Mexico, Rzedowski y McVaugh 868 

(TEX).  P. filiforme Rydb., Nuevo Leon, Mexico, Hinton 20959 (TEX).  P. gracile 

Benth, California, USA, LeRoy Gross 1276 (RSA).  P. greggii A. Gray, Texas, U.S.A., 

Sam Sikes and Jackie Smith 531 (TEX).  P. lanceolatum DC., Corrientes, Argentina, A. 

Schinini (TEX).  P. leiocarpum (Urb.) Rydb, , Puerto Rico, Alain H. Liogier (NYBG).  P. 

linaria (Cav.) DC., Puebla, Mexico, David Keil 15479 (TEX).  P. lindenii Sch. Bip, 

Jalisco, Mexico, José L. Panero 2872 (TEX).  P. linifolium (Ard.) DC. Central, 

Paraguay, Elsa Matilde Zardini 36323 (MO).  P. macrocephalum DC., No. 1: Honduras, 

T. F. Daniel 9591 (MO). No. 2: Tamaulipas, Mexico, T.F. Patterson 7388 (TEX). No. 3: 

Chiapas, Mexico, A. Reyes-Garcia 5623 (TEX). No. 4: Sonora, Mexico, A.L. Reina G 

2006-1180 (TEX).  P. maritimum Brandegee, No. 1: Baja California Sur, Mexico, 

Melissa Luckow 2866 (TEX). No. 2: Baja California Sur, Mexico, D.R. Hansen 150  
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(TEX).  P. pausodynum B.L. Rob. & Greenm., Sonora, Mexico, Richard S. Felger 85-

1530 (TEX).  P. punctatum (Mill.) S.F. Blake, No. 1: Sinaloa, Mexico, José L. Panero 

6179 (TEX). No. 2: Belize, R. D. Worthington 23852 (TEX).  P. ruderale (Jacq.) Cass., , 

Ecuador, Robert Merrill King 10060 (MO).  P. cf. ruderale (Cass.) A. Gray ex B.L. Rob., 

Goiás, Brazil, H. S. Irwin (TEX).  P. scoparium A. Gray, Chihuahua, Mexico, D.R. 

Hansen 79 (TEX).  P. viridiflorum (Kunth) DC., Guerrero, Mexico, José L. Panero 6187 

(TEX).  P. zimapanum B.L. Turner, Zacatecas, Mexico, Lindsay Woodruff 397 (TEX).  

Tagetes erecta Fernald, Michoacán, Mexico, D.R. Hansen 126 (TEX).   
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Specimens shown in phylogenetic results of Chapter 2.  

Nicolletia edwardsii A. Gray D.R. Hansen 65 Coahuilla, México. TEX;  P. angustifolia 

var. angustifolia Torr. 1: D.R. Hansen 80 Chihuahua, México. TEX; 2: B.L. Turner 

22409 Brewster Co., Texas, US. TEX;  P. angustifolia var. fastigata (A. Gray) D.J. Keil 

1: W.R. Carr 15797, Travis Co., Texas, US. TEX; 2: D.R. Hansen 148, Hays Co., Texas, 

US. TEX; P. angustifolia var. tenella (DC.) D.J. Keil 1: D.R. Hansen 63 Coahuilla, 

México. TEX; 2: D.R. Hansen 69, Coahuilla, Mexico. TEX; P. barberi Greenm. 

J.Spencer 1454 Chihuahua, México. TEX; P. filipes var. filipes Harv. & Gray A.L. Reina 

G. 2006-509, Sonora, México. TEX; P. filipes var. subnuda Fern, 1: D.R. Hansen 85, 

Cochise Co., Arizona, US. TEX; 2. R.D. Worthington 27323, Hidalgo Co., New México, 

US. TEX; 3. E.J. Lott 5257, Presidio Co., Texas, US. TEX; P. incisifolia I. M. Johnst., 1: 

D.R. Hansen 72, Chihuahua, México. TEX; 2: J.Henrickson 6991, Coahuila, México. LL; 

P. longipes A. Gray, 1: S.Sundberg 2114, Pima Co., Arizona, US. TEX; 2: T.R. Van 

Devender 2008-249, Sonora, México. TEX; P. papposa var. grandis D.J. Keil, 1: D.R. 

Hansen 62, Presidio Co., Texas, US. TEX; 2: D.R. Hansen 78, Chihuahua, México. TEX; 

P. papposa var. papposa Harv & A. Gray, 1: D.R. Hansen 83, Maricopa Co., Arizona, 

US. TEX; 2: B. Pitzer 4021, San Bernardino Co., California, US. TEX; P. pringlei Fern.,  

D.R. Hansen 74, Chihuahua, México. TEX; P. purpurea var. sonorae (Brandeg.) D.J. 

Keil, T.R. Van Devender 92-1061, Sonora, México. TEX; P. sinaloensis Fern., 1: D. Flyr 

135, Sinaloa, México, TEX; 2: A.L. Reina G. 2005-1606, Sinaloa, México, TEX; P. 

stenophylla var. biaristata (Rydb.) D.J. Keil, A.T. Whittemore 83-035, Sonora, México, 

TEX; P. stenophylla var. puberula (Greenm.) D.J. Keil, S. Sikes 1788, Sinaloa, México, 

TEX; P. stenophylla var. stenophylla A. Gray, W.A. Weber & R. Bye 8382, Chihuahua,  
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México, TEX; P. vandevenderi B.L. Turner, A.L. Reina G. 2007-1030, Sonora, México. 

TEX; P. vollmeri Wiggins, A. Carter 4591, Baja California Sur, México. TEX. 
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APPENDIX 3.   
List of taxa sampled for biogeographical analysis of Chapter 4, in the order of: Taxon, 

i.d. number (when more than one accession per species): voucher information 
(herbarium). Herbarium acronyms follow Index Herbariorum. 

 
Chrysactinia mexicana A. Gray, Coahuilla, Mexico, Edwin L. Bridges 13067 (TEX).  

Nicolletia edwardsii A. Gray, Coahuilla, Mexico, D.R. Hansen 65 (TEX).  Pectis 

amplifolia D.J. Keil, Oaxaca, Mexico, Misael Elorsa C. 5010 (TEX).  P. angustifolia 

var. angustifolia Torr., Texas, U.S.A., B.L. Turner 22409 (TEX).  P. angustifolia var. 

fastigiata (A. Gray) D.J. Keil, Texas, U.S.A., W.R. Carr 15797 (TEX).  P. angustifolia 

var. tenella (DC.) D.J. Keil, Coahuilla, Mexico, D.R. Hansen 63 (TEX).  P. arida Keil, 

Tumbes, Peru, Isidoro Sánchez Vega 4192 (MO).  P. barberi Greenm., Chihuahua, 

Mexico, J. Spencer 1454 (TEX).  P. berlandieri DC., Tamaulipas, Mexico, Marshall C. 

Johnston 5579 (TEX).  P. bonplandiana Kunth, Belize City, Belize, R.D.Worthington 

21255 (TEX).  P. brevipedunculata Sch. Bip., Minas Gerais, Brazil, R.M. Harley H 

49978 (MO).  P. canescens Kunth, Nariño, Colombia, B.R. Ramirez P. s.n. (MO).  P. 

capillipes (Benth.) Hemsl., , El Salvador, John M. Tucker 456 (LL).  P. carthusianorum 

Less., , Dominican Republic, Dr. Alain & Perfa Liogier (NYBG).  P. ciliaris L., Monte 

Plata, Dominican Republic, D.R. Hansen 98 (TEX).  cf. ciliaris L., Guyas, Ecuador, E. 

Asplund 5620 (TEX).  P. coulteri Harv. & A. Gray, Sonora, Mexico, D.R. Hansen 117 

(TEX).  P. cubensis (A. Rich.) Griseb., , Grand Cayman Island, N. Chevalier 149 

(NYBG).  P. cylindrica (Fernald) Rydb., Sonora, Mexico, A.L. Reina G. 2006-507 

(TEX).  P. decemcarinata McVaugh, Michoacan, Mexico, D.R. Hansen 139 (TEX).  P.  
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depressa Fernald, Guerrero, Mexico, A. M. Powell & J. Edmondson 768 (TEX).  P. 

diffusa Hook. & Arn., Michoacán, Mexico, D.R. Hansen 135 (TEX).  P. elongata var. 

elongata Kunth, Concepción, Paraguay, Elsa Matilde Sardini 38698 (MO.  P. elongata 

var. fasciculiflora (DC.) D.J. Keil, Guerrero, Mexico, R. Torres C. 1809 (MO).  P. 

elongata var. floribunda (A. Rich.) D.J. Keil, Monte Plata, Dominican Republic, D.R. 

Hansen 100 (TEX).  P. elongata var. oerstediana (Rydb.) D.J. Keil, Guatemala, Elias 

Contreras 10400 (TEX).  P. ericifolia D.J. Keil, Barbuda, Richard S. Cowan 1663 

(NYBG).  P. exilis D.J. Keil, Guerrero, Mexico, Jorge Calónico Soto 17612 (MEXU ).  

P. exserta McVaugh, Jalisco, Mexico, Rogers McVaugh 26321 (MEXU).  P. filipes var. 

filipes Harv. & A. Gray, Sonora, Mexico, A.L. Reina G. 2006-509 (TEX).  P. filipes var. 

subnuda Fernald, New Mexico, U.S.A., R. D. Worthington 27323 (TEX).  P. 

glaucescens (Cass.) D.J. Keil, Districto Nacional, Dominican Republic, D.R. Hansen 111 

(TEX).  P. graveolens Klatt, Colombia, J. E. Ramos 459 (MO).  P. haenkeana (DC.) 

Sch. Bip, Guerrero, Mexico, M.Luckow 3548 (TEX).  P. holochaeta var. cana D.J. Keil, 

Michoacan, Mexico, M.Luckow with F.Barrie 3493 (LL).  P. holochaeta var. holochaeta 

(S.F.Blake) D.J. Keil, Guerrero, Mexico, Jorge Calónico Soto 11952 (MEXU ).  P. 

humifusa Sw., Puerto Rico, U.S.A., D.R. Hansen 95 (TEX).  P. imberbis A. Gray, 

Arizona, U.S.A., Mark Fishbein #1508 (ARIZ).  P. incisifolia I.M. Johnst., Chihuahua, 

Mexico, D.R. Hansen 72 (TEX).  P. latisquama Sch. Bip. ex Greenm., Puebla, Mexico, 

Robert Merrill King 3557 (LL).  P. leavenworthii Standl., Michoacán, Mexico, D.R. 

Hansen 132 (TEX).  P. leonis Rydb., , Cuba, George R. Proctor 3138 (NYBG).   
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P. liebmannii Sch. Bip. ex Hemsl., No. 1: Oaxaca, Mexico, Misael Elorsa C. 778 

(MEXU ).  No. 2: Oaxaca, Mexico, Hinton et al. 26470 (TEX).  P. linearifolia Urb., 

Florida, U.S.A., James D. Ray, Jr. 10160 (TEX).  P. linearis La Llave, , Jamaica, M.R. 

Crosby 141 (LL).  P. linifolia var. hirtella S.F. Blake, Michoacán, Mexico, D.R. Hansen 

143 (TEX).  P. longipes A. Gray, Arizona, U.S.A., Scott Sundberg 2114 (TEX).  P. 

luckoviae D.J. Keil, Michoacán, Mexico, D.R. Hansen 145 (TEX).  P. multiceps Urb., , 

Dominican Republic, Alain H. Liogier (NYBG).  P. multiflosculosa (DC.) Sch. Bip., , 

Costa Rica, William Haber 9243 (LL).  P. multiseta var. ambigua (Fernald) D.J. Keil, 

Baja Calif Sur, Mexico, Samuel W. Sikes 274 (TEX).  P. multiseta var. multiseta Benth., 

Baja Calif Sur, Mexico, D.R. Hansen 149 (TEX).  P. odorata Griseb., No. 1: Beni, 

Bolivia, St.G. Beck 12815 (LPB).  No. 2: Central, Paraguay, F. Mereles 3971 (MO).  P. 

oligocephala var. oligocephala Sch. Bip., Goiás, Brazil, William R. Anderson 6859 

(NYBG).  P. papposa var. grandis D.J. Keil, No. 1: Chihuahua, Mexico, D.R. Hansen 78 

(TEX).  No. 2: Texas, U.S.A., D.R. Hansen 62  (TEX).  P. papposa var. papposa Harv. & 

A. Gray, California, U.S.A., B. Pitzer 4021 (TEX).  P. portoricensis Urb., , Puerto Rico, 

T. A. Zanoni (NYBG).  P. pringlei Fernald, No. 1: Chihuahua, Mexico, D.R. Hansen 74 

(TEX).  P. propetes Greenm., Zacatecas, Mexico, D.E. Breedlove 61549 (TEX).  P. 

prostrata Cav., Sinaloa, Mexico, D.R. Hansen 120 (TEX).  P. purpurea var. sonorae D.J. 

Keil, Sonora, Mexico, T.R. Van Devender 92-1061 (TEX).  P. pusilla Urb., , Haiti, E. L. 

Ekman 8343 (LL).  P. repens Brandegee, No. 1: Queretaro, Mexico, J. Rzedowski (TEX).   
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P. saturejoides (Mill.) Sch. Bip., No. 1: Oaxaca, Mexico, Alfredo Saynes V. 4246 (TEX).  

No. 2: El Progreso, Guatemala, M. Garcia 671 (MO).  No. 3: Oaxaca, Mexico, Misael 

Elorsa C. 7760 (TEX).  P. sessiliflora (Less.) Sch. Bip., Jujuy, Argentina, A. 

Krapovickas 46652,   (TEX).  P. sinaloensis Fernald, Sinaloa, Mexico, David Flyr 135 

(TEX).  P. stella Malme, Mato Grosso, Brazil, G. Hatschbach 62720 (MO).  P. 

stenophylla var. biaristata (Rydb.) D.J. Keil, Sonora, Mexico, Samuel Sikes 1788 (TEX).  

P. stenophylla var. puberula (Greenm.) D.J. Keil, Sinaloa, Mexico, A.T. Whittemore 83-

035 (TEX).  P. stenophylla var. stenophylla A.Gray, Chihuahua, Mexico, W.A.Weber & 

Robert Bye 8382 (TEX).  P. c.f. stenophylla A.Gray, Sonora, Mexico, A.L.Reina G. 

2007-1034 (TEX).  P. tenuicaulis Urb. Boyaca, Colombia, John Olsen and Linda 

Escobar 590 (LL).  P. tenuifolia (DC.) Sch. Bip., Galápagos Islands, Ecuador, Ira L. 

Wiggins and Duncan M. Porter 210 (NYBG).  P. uniaristata var. holostemma A. Gray, 

No. 1: Valle, Honduras, David Keil 9509 (MO).  P. uniaristata var. jangadensis (S. 

Moore) D.J. Keil, Sinaloa, Mexico, T.R. Van Devender 2004-1488 (TEX).  P. uniaristata 

var. uniaristata DC., No. 1: Sonora, Mexico, A.L. Reina G. 2006-1311 (TEX).  P. 

vandevenderi B.L. Turner, Sonora, Mexico, A.L. Reina G. 2007-1030 (TEX).  P. 

vollmeri Wiggins, Baja Calif Sur, Mexico, T.L.Burgess 6134 (ARIZ).  Porophyllum 

amplexicaule Engelm. ex A. Gray, Nuevo Leon, Mexico, Hinton 22702 (TEX).  P. 

angustissimum Gardner, Minas Gerais, Brazil, H.S. Irwin (LL).  P. calcicola B.L. Rob. 

& Greenm., Guerrero, Mexico, S.D. Koch 7984 (TEX).  P. coloratum var. coloratum 

(Kunth) DC., Sonora, , T.R. Van Devender 95-447 (TEX).  P. coloratum var.  
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obtusifolium (DC.) McVaugh, Aguascalientes, Mexico, Rzedowski y McVaugh 868 

(TEX).  P. filiforme Rydb., Nuevo Leon, Mexico, Hinton 20959 (TEX).  P. gracile 

Benth, California, USA, LeRoy Gross 1276 (RSA).  P. greggii A. Gray, Texas, U.S.A., 

Sam Sikes and Jackie Smith 531 (TEX).  P. lanceolatum DC., Corrientes, Argentina, A. 

Schinini (TEX).  P. leiocarpum (Urb.) Rydb, Puerto Rico, Alain H. Liogier (NYBG).  P. 

linaria (Cav.) DC., Puebla, Mexico, David Keil 15479 (TEX).  P. lindenii Sch. Bip, 

Jalisco, Mexico, José L. Panero 2872 (TEX).  P. linifolium (Ard.) DC., Central, 

Paraguay, Elsa Matilde Zardini 36323 (MO).  P. macrocephalum DC., No. 1: Honduras, 

T. F. Daniel 9591 (MO).  No. 2: Tamaulipas, Mexico, T.F. Patterson 7388 (TEX).  No. 

3: Chiapas, Mexico, A. Reyes-Garcia 5623 (TEX).  No. 4: Sonora, Mexico, A.L. Reina G 

2006-1180 (TEX).  P. maritimum Brandegee, Baja California Sur, Mexico, D.R. Hansen 

150 (TEX).  P. pausodynum B.L. Rob. & Greenm., Sonora, Mexico, Richard S. Felger 

85-1530 (TEX).  P. punctatum (Mill.) S.F. Blake, Sinaloa, Mexico, José L. Panero 6179 

(TEX).  P. ruderale (Jacq.) Cass., , Ecuador, Robert Merrill King 10060 (MO).  cf. P. 

ruderale (Cass.) A. Gray ex B.L. Rob., Goiás, Brazil, H. S. Irwin (TEX).  P. scoparium 

A. Gray, Chihuahua, Mexico, D.R. Hansen 79 (TEX).  P. viridiflorum (Kunth) DC., 

Guerrero, Mexico, José L. Panero 6187 (TEX).  P. zimapanum B.L. Turner, Zacatecas, 

Mexico, Lindsay Woodruff 397 (TEX).  Tagetes erecta Fernald, Michoacán, Mexico, 

D.R. Hansen 126 (TEX). 
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List of taxa used for molecular dating of Chapter 3, in the order of: Taxon, available 

voucher information (herbarium), available GenBank accession numbers for 
matK, ndhF. Herbarium acronyms follow Index Herbariorum. If the matK and 
ndhF sequences are from different collections, they are listed separately after the 
species name. Sequences representing Barnadesia and Flaveria were taken from 
different species because matK and ndhF were not available from the same 
species.  

 
Arctotis hirsuta (Harv.) P. Beauv., Panero 2002-61, cultivated, seed source: Kirstenboch 

Botanical Garden, South Africa (TEX), EU385224, EU385133.  Artemisia tridentata 

Nutt., matK: AF456776; ndhF: Amy Kornkven 11872 (OKL), AF153630.  Barnadesia 

Mutis ex L. f. matK: B. spinosa L.f., Argentina, Panero and Crozier 8492 (TEX), 

EU385327; ndhF: B. caryophyla (Vell.) S.F. Blake, L39394.  Centaurea melitensis L., 

USA, Panero 2002-48, (TEX), EU385332, EU385140.  Chrysactinia mexicana A. Gray, 

Coahuilla, Mexico, Edwin L. Bridges 13067 (TEX).  Dicoma capensis Less., South 

Africa, Trinder-Smith 349 (US), EU385344, EU385152.  Doniophyton anomalum (D. 

Don) Kurtz, Argentina, Bonifacino 96, (US), EU385348, EU385156.  Flaveria Juss., 

matK: F. australasica Hook., AF456788; ndhF: F. ramosissima Klatt, Keil 15588 

(TEX); AF405266.  Gerera serrata (Thunb.) Druce, South Africa, Koekemoer 2001 

(US), EU385356, EU385164.  Gochnatia hypoleuca (DC.) A. Gray, Mexico, Panero 

MEX-1 (TEX), EU385357, EU385165.  Helianthus annuus L. cultivar line HA383, 

ABD47127.1, ABD47204.  Inula britannica L., Santos and Francisco ACC55-98, 

cultivated at TEX, (ORT), AY215812, AF384737.  Lactuca sativa L. cultivar Salinas, 

ABD47214.1, ABD47291.1.  Mutisia retrorsa Cav., Argentina, Bonifacino 148  
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(US), EU385376, EU385185.  Nicolletia edwardsii A. Gray, Coahuilla, Mexico, D.R. 

Hansen 65 (TEX).  Pectis angustifolia var. angustifolia Torr., Texas, U.S.A., B.L. 

Turner 22409 (TEX).  Pectis barberi Greenm., Chihuahua, Mexico, J. Spencer 1454 

(TEX).  Pectis coulteri Harv. & A. Gray, Sonora, Mexico, D.R. Hansen 117 (TEX).  

Pectis cylindrica (Fernald) Rydb., Sonora, Mexico, A.L. Reina G. 2006-507 (TEX).  

Pectis decemcarinata McVaugh, Michoacan, Mexico, D.R. Hansen 139 (TEX).  Pectis 

elongata var. floribunda (A. Rich.) D.J. Keil, Monte Plata, Dominican Republic, D.R. 

Hansen 100 (TEX).  Pectis filipes var. filipes Harv. & A. Gray, Sonora, Mexico, A.L. 

Reina G. 2006-509 (TEX).  Pectis filipes var. subnuda Fernald, New Mexico, U.S.A., R. 

D. Worthington 27323 (TEX).  Pectis humifusa Sw., Puerto Rico, U.S.A., D.R. Hansen 

95 (TEX).  Pectis imberbis A. Gray, Arizona, U.S.A., Mark Fishbein #1508 (ARIZ).  

Pectis incisifolia I.M. Johnst., Chihuahua, Mexico, D.R. Hansen 72 (TEX).  Pectis 

linifolia L. Arizona, U.S.A., Elinor Lehto L20273 (LL).  Pectis linifolia var. hirtella S.F. 

Blake, Michoacán, Mexico, D.R. Hansen 143 (TEX).  Pectis longipes A. Gray, Arizona, 

U.S.A., Scott Sundberg 2114 (TEX).  Pectis multiseta var. multiseta Benth., Baja Calif 

Sur, Mexico, D.R. Hansen 149 (TEX).  Pectis oligocephala var. oligocephala Sch. Bip., 

Goiás, Brazil, William R. Anderson 6859 (NYBG).  Pectis papposa var. grandis D.J. 

Keil, Texas, U.S.A., D.R. Hansen 62 (TEX).  Pectis papposa var. papposa Harv. & A. 

Gray, California, U.S.A., B. Pitzer 4021 (TEX).  Pectis tenuifolia (DC.) Sch. Bip., 

Galápagos Islands, Ecuador, Ira L. Wiggins and Duncan M. Porter 210 (NYBG).  Pectis 

uniaristata var. uniaristata DC., No. 1: Sonora, Mexico, A.L. Reina G. 2006-1311  
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(TEX).  Pectis vandevenderi B.L. Turner, Sonora, Mexico, A.L. Reina G. 2007-1030 

(TEX).  Perezia purpurata Wedd., Argentina, Simon 594 (US) EU385385, EU385194.  

Porophyllum amplexicaule Engelm. ex A. Gray, Nuevo Leon, Mexico, Hinton 22702 

(TEX).  Porophyllum angustissimum Gardner, Minas Gerais, Brazil, H.S. Irwin (LL).  

Porophyllum coloratum var. coloratum (Kunth) DC., Sonora, , T.R. Van Devender 95-

447 (TEX).  Porophyllum gracile Benth, California, USA, LeRoy Gross 1276 (RSA).  

Porophyllum linaria (Cav.) DC., Puebla, Mexico, David Keil 15479 (TEX).  

Porophyllum macrocephalum DC., Sonora, Mexico, A.L. Reina G 2006-1180 (TEX).  

Porophyllum maritimum Brandegee, Baja California Sur, Mexico, D.R. Hansen 150 

(TEX).  Sonchus oleraceus L., USA, Panero 2002-80, (TEX). EU385397, EU385206.  

Tagetes patula L., matK: Mexico: Commercial source, Bayer s.n. (CANB), AF151515; 

ndhF: AB530942. 
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