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ABSTRACT OF THE THESIS 

Molecular Phylogenetic Systematics of the plant genus Cryptantha 
(Boraginaceae) 

by 
Kristen E. Hasenstab 

Master’s of Science in Biology 
San Diego State University, 2009 

 
 The genus Cryptantha (Braginaceae) is a group of approximately 200 annual and perennial 
species that exhibit an amphitropic distribution.  No previous phylogenetic studies have sought to 
elucidate the evolutionary relationships within the genus.  This thesis samples approximately 65 
species within the genus Cryptantha and 38 outgroup taxa from the genera Amsinckia, Pectocarya, 
and Plagiobothrys for two gene regions, the Internal Transcribed Spacer Unit (ITS) of the nuclear 
genome, and the non coding region trnLF of the chloroplast genome to assess phylogenetic 
relationships within the genus and among outgroup genera. Both parsimony and Bayesian Inference 
methods are used to reconstruct the evolutionary history of the group.  Additionally, ancestral state 
reconstructions of morphological characters traditionally used to circumscribe taxonomic ranks 
within the genus are optimized on the phylogeny to assess broad evolutionary trends within the group.  
The genus Cryptantha was found to be paraphyletic, with several well- supported clade emerging in 
the phylogenetic analyses.  These group warrent changed in classification and phylogeny, with the 
resurrection of four previously named genera, and the recognition of a novel genus.   
 



 

 

vi 

TABLE OF CONTENTS 

PAGE 

ABSTRACT ................................................................................................................................................. v 

LIST OF TABLES ..................................................................................................................................... vii 

LIST OF FIGURES ..................................................................................................................................viii 

CHAPTER 

1 INTRODUCTION.....................................................................................................1 
Taxonomic History of the Boraginaceae……………………………………………...3 

Taxonomic History of the genus………………………………...……………………6 

Goals and Objectives of the Study…………………………………………………..18 

2 MOLECULAR SYSTEMATICS OF CRYPTANTA…………………….……………….......19 

  Parsimony Inference…………………………………….............………………...…19 

  Bayesian Inference…………….............…………………………………………….20 

Materials and Methods of the Phylogenetic Study………………………………….20 

   Outgroup Selection………………………………………………………….21 

   Nucleic Acid Extraction, Amplification, and Sequencing………………….21 

   Parsimony Inference………………………………………………………...22 

   Bayesian Inference……………………………………………………….....22 

  Results of the Parsimony Inference.....................…………………………………...23 

  Results of the Bayesian Inference…………………..……………………………….29 

  Discussion…………………………………………………………………………...35 

3 CHARACTER EVOLUTION AND TAXONOMIC REVISION...........................................39 

Materials and Methods.........................................…………………………………...39 

Results and Discussion………………………………………....................................41 

4 CONCLUSIONS AND FUTURE STUDIES..........................................................................59 

ACKNOWLEGEMENTS…………………………………………………………………………….63 

REFERENCES......................................................................................................................................64 

 

 



 

 

vii 

LIST OF TABLES 

 PAGE 

Table 1. Taxonomic treatments of Borgaginaceae in the last 100 years………….…………………....5 

Table 2. Taxonomic treatments of tribes within subfamily Boraginoideae............................................7 

Table 3. New and resurrected genera recognized by Greene in 1887.....................................................9 

Table 4. Greene's 1887 treatment of Cryptantha………….…..........……………………..…………..10 

Table 5. Reiche's 1915 Treatment of South American Cryptantha ………..........................…………11 

Table 6. Johnston's 1925 Treatment of Cryptantha ....………………..……………………………....12 

Table 7. Sections of Cryptantha, presented in Johnston, 1927…………………………..…………...14 

Table 8.  Sections of Cryptantha, presented in Payson, 1927………………………………………...15 

Table 9. Series of section Oreocarya presented in Payson, 1927  ………………………..………….16 

Table 10. Higgin’s 1971 revision of subgenus Oreocarya....................................................................17 

 

 

 

 

 

 



 

 

viii 

LIST OF FIGURES 

 PAGE 

Figure 1. Distribution Map of the genus Cryptantha................................................................................. 2 

Figure 2. Photographs of Cryptantha . ....................................................................................................... 4 

Figure 3. Parsimony phylogenetic inference of ITS region...................................................................24  

Figure 4. Parsimony phylogenetic inference of TrnL-F region ............................................................26 

Figure 5. Parsimony phylogenetic inference of concatenated dataset...................................................27  

Figure 6. Bayesian phylogenetic inference of ITS region ....................................................................30  

Figure 7. Bayesian phylogenetic inference of TrnL-F region...............................................................32  

Figure 8. Bayesian phylogenetic inference of concatenated dataset.....................................................33  

Figure 9. Bayesian phylogenetic inference of concatenated dataset, all taxa 

       missing data eliminated…………………………………………………………………………..36 

Figure 10. Morphological characters used in ancestral state reconstructions.......................................40 

Figure 11. Maximum likelihood ancestral state reconstruction: plant duration....................................42 

Figure 12. Parsimony ancestral state reconstruction: plant duration.....................................................43 

Figure 13 Maximum likelihood ancestral state reconstruction: nutlet number per fruit.......................44 

Figure 14. Parsimony ancestral state reconstruction: nutlet number per fruit.......................................45 

Figure 15. Maximum likelihood ancestral state reconstruction: nutlet heteromorphism......................46 

Figure 16. Parsimony ancestral state reconstruction: nutlet heteromorphism.......................................47 

Figure 17. Maximum likelihood ancestral state reconstruction: nutlet margin winged........................49 

Figure 18. Parsimony ancestral state reconstruction: nutlet margin winged.........................................50 

Figure 19. Photographs of nutlet wings.................................................................................................51 

Figure 20. Maimum likelihood ancestral state reconstruction: nutlet sculpturing................................52 

Figure 21. Parsimony ancestral state reconstruction: nutlet sculpturing...............................................53 

Figure 22. Maximum likelihood ancestral state reconstruction: ventral groove morphology………..54 

Figure 23. Parsimony ancestral state reconstruction: ventral groove morphology...............................55 

Figure 24. Nomenclatural changes presented on Bayesian phylogenetic tree......................................57 

 

 



 

 

1 

CHAPTER 1 

INTRODUCTION 

 The genus Cryptantha Lehmann ex. Don is an amphitropically distributed vascular plant 

genus in the family Boraginaceae, composed of approximately two hundred species (Johnston 1925; 

Payson 1927; Johnston 1927; Higgins 1971; Grau 1983; Schwarzer 2007). The highest levels of taxa 

diversity occurs in western North America with approximately 136 species, distributed from Alaska 

to southern Mexico and as far east as Texas (Johnston 1925; Payson 1927; Higgins 1971).  

Approximately 69 species occur in western South America, in Peru, Chile, Bolivia, and east to 

Argentina (Reiche 1915; Johnston 1927; Grau 1982, 1983; Schwarzer 2007).  Three species, C. 

albida, C. circumscissa, and C. maritima, are distributed in both North and South America. See 

Figure 1 for distribution map of the genus. 

Members of the genus are annual, biennial, or perennial herbs. Stems are simple to highly 

branched, generally ascending to erect, and densely covered in trichomes (Johnston 1925; Payson 

1927; Munz 1973; Higgins 1971; Kelley and Wilken 1993, Mabberly 2008; R. Kelley in prep.)  In 

perennial taxa, a basal rosette of robust leaves is present before and during inflorescence growth.  

Annual species may have a rosette of leaves initially in growth, which often disappears as internodes 

elongate during development.   Cauline leaves range from opposite to alternate in arrangement.  Leaf 

shape is spatulate, lanceolate, oblanceolate, but most often linear. Leaves have acute to obtuse bases, 

with a strigose, rough hairy, or bristled vestiture.  The largest trichomes are often described as bristles 

with bulbous bases, or as pustulated, giving a tessellate appearance to the leaf surface.  These pustules 

are composed of epidermal cells arranged in a ring or in circles around the trichome.  The epidermal 

cells are elevated, opaque, and silicified; these cells are thought to be cystolith in origin (Johnston 

1925.)  The trichomes themselves are single celled and siliceous.  Generally, trichomes are smooth 

and transparent, but can become roughened and opaque.  The inflorescence is characteristic of 

subfamily Boraginoideae, being a circinnate, scorpioid cyme unit; however, this is often obscured by 

the shortened or compact internodes and lack of floral bracts in many taxa.  Corollas are rotate to 

salverform and almost universally white, with a few species having yellow corollas (such as C. 

confertiflora.)  Flowers may be cleistogamous and modified into lenticular structures, or 

chasmogamous measuring up to 2 cm broad.  The corolla tube is generally equal to the calyx lobes 

and bears five epipetalous stamens.  At the throat of the corolla, tissue is invaginated, resulting in five  
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Figure 1. Amphitropic distribution of the genus Cryptantha.  
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yellow structures often referred to as fornices.  The fornices can vary in size and shape, but often 

enclose the throat.  Corolla lobes are ovate-oblong or suborbicular, ranging from widely spreading to 

ascending.  The calyx, becoming part of the fruiting unit, is accrescent, and continues to grow as the 

nutlets mature.  The shape and fusion of the calyx, as well as calyx vestiture and orientation in fruit, 

varies and is often used to distinguish species from one other.  The fruits of annual taxa are generally 

deciduous, and the whole unit encased by the calyx may easily detach from the inflorescence.   In 

perennial taxa the calyx remains firmly attached to the plant throughout maturation.  Within the calyx 

1-4 nutlets develop from a deeply four-lobed ovary.  The style is gynobasic, arising from the base and 

center of the four-lobed ovary.  The central tissue, which can be interpreted as either receptacular 

tissue or the base of the style, continues to elongate and develop during maturation of the fruits.  This 

tissue is often called the gynobase and is where the nutlets are attached at maturity.  The gynobase is 

narrowly pyramidal in form, elongating during fruit maturation.  The nutlets are attached laterally to 

the gynobase, and are generally ovate or triangular to lanceolate in shape.  Some annual species in 

North America have fruits comprised of heteromorphic nutlets, often with three smaller, easily 

detached nutlets and one larger nutlet strongly adherent to the gynobase.  The pericarp wall is variable 

in sculpturing, being smooth and shiny, papillate, tubercled, and/or muricate.  Additionally, pericarp 

color varies from light gray or white to dark brown, or even mottled.  The ventral groove that forms 

above the attachment scar is a result of non-fusion of the pericarp layer during development.  The 

attachment scar is generally a shallow, triangular areole, which appears to be continuous with the 

ventral groove.  The attachment scar is generally not rimmed or elevated. When describing the ventral 

groove, morphologists with generally consider the groove and attachment scar as one feature on the 

nutlet, thus the ventral groove is often described as being forked at the base. Figure 2 presents a 

comparison of Cryptantha nutlets the      

 

Taxonomic History of the Boraginaceae 

 Cryptantha has been placed in the family Boraginaceae since the name first appeared in 

1833.  The Boraginaceae, commonly referred to as the “Borage” or “Forget-me-not” family, consists 

of 2,450 species and 142 genera, with a world-wide distribution (Mabberly 2008; APGII 2003).  The 

highest levels of species diversity in this family are in areas with a Mediterranean climate, including 

western North and western South America and the Mediterranean basin in the Old World (Mabberly 

2008).  The circumscription of the family consists of annual and perennial herbs, shrubs, trees, and 

rarely lianas (Mabberly 2008; Langstrom and Chase 2002).  Boraginaceae has varied in treatments 

throughout the last hundred years (Table 1).   

 



 4

Figure 2. Light micrographs of nutlets of Cryptantha species, showing variation in size, shape, and heteromorphism, 
and sculpturing. A. C. albida.  B. C. affinis.  C. C. angustifolia, nutlets heteromorphic by size.  D. C. bakeri.  E. C. 
bargibera var. b.  F. C. circumscissa.  G. C. clevelandii.  H. C. crinita.  I. C. costata.  J. C. dumetorum.  K. C. holop-
tera.  L. C. intermedia.  M. C. longiflora.  N. C. muricata var. denticulata.  O. C. micromeres, nutlets heteromorphic 
by size and sculpturing.  P. C. nevadensis.  Q. C. pterocarya.  R. C. rugulosa.  S. C. simulans.  T. C. utahensis.  U. C. 
virginensis.  V. C. wetherillii.  Scale bars = 1 mm.
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Table 1. Taxonomic Treatments of Boraginaceae in the last 100 years. 

Engler & Prantl 

1897 

 

 

Heywood 1993 

 

 

 

Mabberly 1997 Gottschling et al. 

2001 

Stevens 2001 

onwards;  

Mabberly 2008 

 

Boraginaceae 

   Boraginoideae 

   Cordioideae 

   Ehretioideae 

   Heliotropiodeae 

 

Boraginaceae 

   Boraginoideae 

   Heliotropoideae 

Cordiaceae 

Ehretiaceae 

Wellstediaceae 

Boraginaceae 

   Boraginiodeae 

   Cordioideae 

   Ehretioideae 

   Heliotropiodeae 

   Wellstedioideae 

Boraginaceae 

Cordiaceae 

Ehretiaceae 

Heliotropaceae 

Hydrophyllaceae 

Lennoaceae 

Boraginaceae s.l. 

    Boraginoideae 

    Cordioideae 

    Ehretioideae 

    Heliotropioideae 

    Hydrophyllaceae 

 

Engler and Prantl (1897) circumscribed a Boraginaceae consisting of 2000 species, divided into four 

subfamilies: Cordioideae, Ehretioideae, Heliotropoideae, and Boraginoideae.  Heywood (1993) 

recognized only two of these subfamilies, Boraginoideae and Heliotropoideae, and elevated three 

taxonomic units to the family level, including Cordiaceae, Ehretiaceae, and Wellstediaceae.  

Mabberly (1997) followed Engler and Prantl’s treatment, but recognized an additional subfamily 

Wellstediaceae.   

Gottschling et al. (2001) recognized an order, Boraginales, which consisted of six families, 

Boraginaceae s.s., Hydrophyllaceae, Heliotropiaceae, Cordiaceae, Ehretiaceae, and Lennoaceae.  This 

study was based on the basis of the secondary structure of the ITS1 subunit and demonstrated that the 

traditionally recognized Boraginaceae s.s. is paraphyletic.  Their phylogeny placed Hydrophyllaceae 

as a monophyletic unit amongst the subfamilies of Boraginaceae s.s., hence the recognition of new 

families, from the traditional subfamilies in their taxonomic treatment.  Langstrom and Chase (2002) 

found strong support for a Boraginaceae s.l., inclusive of the Hydrophyllaceae.  The APG II (2003) 

study concurred with the findings of a paraphyletic Boraginaceae s.s., and lumped all the units of 

Gottschling et al. into a large Boraginaceae s.l.  Currently, Stevens (2001 and onwards) recognize five 

subfamilies within Boraginaceae s.l., and included Boraginoideae, Cordioideae, Ehretioideae, 

Heliotropioideae, and Hydrophylloideae.    

Despite all the familial revisions, Cryptantha has consistently been placed in subfamily 

Boraginoideae.  This group is a well supported clade (Langstrom and Chase 2002), distinguished by 

several consistent morphological characters including a gynobasic style, an inflorescence of circinate, 

scorpoid cymes, and a fruit consisting of a schizocarp of nutlets.   
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Within this monophyletic group, taxonomists have placed genera into several distinct tribes.  

Engler and Prantl (1897) recognized four tribes, Boragineae, Lithospermeae, Eritrichieae, and 

Cynoglosseae.   Eritrichieae and Cynoglosseae were both described as generally having a pyramidal 

or columnar gynobase, with a single capitate stigma.  These two tribes were distinguished from each 

other based on placement of the areole on the nutlet, being more lateral to basal in Eritrichieae or 

more lateral to apical in Cynoglosseae.  Cryptantha was placed into Eritrichieae. See Table 2 for 

tribes within subfamily Boraginoideae.   

The 2002 Langstrom and Chase study revised the tribes within subfamily Boraginoideae on 

the basis of atpB plastid gene and parsimony analyis.  Langstrom and Chase (2002) recognized four 

tribes, the first of which, Boragineae, was well supported with a bootstrap of 100.  This tribe was 

characterized morphologically by a simple style with one or two stigmas, four nutlets with a basal 

attachment scar, often with a rim forming around the scar, and a flattened gynobase. Lithospermeae, 

supported with a bootstrap of 85, was delineated by a style divided at the apex into two or four 

stigmas.  Additionally, nutlets in Lithospermeae were described as having a broad basal attachment 

scar and a flattened gynobase.  Eritrichieae and Cynoglosseae were found to form a moderately well-

supported clade with bootstrap support of 70, with genera from both tribes paraphyletic with respect 

to each other.  Langstom and Chase circumscribed this larger Cynoglosseae as inclusive of the genera 

from tribes recognized by Engler and Prantl (1897) as Eritrichieae and Cyngolosseae.  Langstrom and 

Chase (2002) used the occurrence of heterocolpate pollen and single style with an undivided stigma to 

distinguish the tribe from others within subfamily Boraginoideae.  Finally, a novel clade, 

Echiochileae, was recognized at the tribal level.  Echiochileae was distinguished by square or 

spherical pollen, a bifid style with two stigmas, nutlets with a basal or submedial attachment scar, and 

a flat to pyramidal gynobase.  Cryptantha has consistently been placed in the traditional tribe 

Eritrichieae through many revisions of taxonomic treatments of Boraginoideae, but the Langstrom 

and Chase study placed it in the newly circumscribed Cynoglosseae. In a limited study on the 

Peruvian members of Cryptantha, Amsinckia, Pectocarya, and Plagiobothrys, Schwarzer (2007) 

proposed the tribe Cryptantheae to encompass these genera. 

Taxonomic History of the Genus Cryptantha  
The name Cryptantha was originally used by Lehmann as a name to describe seeds from 

South America in a seed bank in 1833 for the Hamburg Botanical Garden (Johnston 1925).  In 1835 

Fischer and Meyer published a seed catalogue for the Saint-Petersburg gardens, associating the name 

Cryptantha with two Chilean specimens, C. glomerata and C. microcarpa (Fischer and Meyer 1835; 

Johnston 1925.)  These two species names were published, but were not associated with a formal 

species diagnosis.  The formal diagnosis of the genus name Cryptantha was published in 1837  
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Table 2. Taxonomic treatments of tribes within subfamily Boraginoideae 

Engler & Prantl 1897 Langstrom & Chase 2001 

Boraginoideae 

   Boragineae 

   Cynoglosseae 

   Eritrichieae 

   Lithospermeae  

Boraginoideae 

   Boragineae 

   Cynoglosseae (incl Eritrichieae) 

   Echiochileae 

   Lithospermeae 

 

in the work George Don’s General System of Gardening and Botany, iv. 373 (Don 1837; Johnston 

1925), making the validly published name of Cryptantha  Lehmann ex Don.   

In 1841, Fischer and Meyer described the genus Krynitzkia as monotypic, containing only the 

species K. leiocarpa from California, which the authors had originally placed in the genus 

Echinospermum (see Jonston 1925).  The description of the genus Krynitzkia appeared in a seed 

catalogue published by the St. Petersburg gardens (see Johnston 1925).  The influential work, 

Pandromus, by De Candolle (1846) revised many plant genera, including Krynitzkia, Cryptantha, and 

Eritrichium.  The genus name Krynitzkia was maintained in this work, including the original K. 

leiocarpa and a few additional species.  A few taxa now recognized as Cryptantha,, which were 

poorly understood by De Candolle, were placed in Lithospermum and Myosotis.  The majority of 

modern Cryptantha species that were known to science in 1846 were placed into the genus 

Eritrichium, into sections Cryptantha or Rutidocaryum.   Section Cryptantha consisted of C. 

glomerata and C. microcarpa, the two originally described species of Cryptantha from South 

America.  Most of the species that would be placed in Cryptantha by Johnston, perennial members of 

subgenus Oreocarya, and Plagiobothrys, were placed into section Rutidocaryum (De Candolle 1846; 

Johnston 1925; Payson 1927; Higgins 1971).   

The species C. circumscissa, originally described as Lithospermum circumscissa, has long 

been the source of taxonomic uncertainty.  In 1871 Torrey described the monotypic genus Piptocalyx 

based on this species.  Shortly after Piptocalyx was described, Gray (1875) revised all the Eritrichioid 

Borages in western North America and placed Piptocalyx circumscissa along with all species that 

would later be placed in Cryptantha and Plagiobothrys into the large genus Eritrichium (Gray 1875; 

Johnston 1925; Payson 1927).  South American members of the genus Cryptantha were not 

considered in Gray’s taxonomic treatment.  In the 1876 treatment of Boraginaceae by Bentham and 

Hooker the large, cumbersome Eritrichium of De Candolle and Gray was retained, and even more 

disparate taxa were added to this genus (Johnston 1925).   
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The dismantling of the heterogenous Eritrichium was initiated by Gray in 1885.  Gray 

resurrected the genus Krynitzkia and placed North American species that would later become 

Cryptantha, Antiphytum, subgenus Oreocarya, and Plagiobothrys section Allocarya into Krynitzkia.  

Greene further refined the treatment of American representatives of De Candolle’s Eritrichium in 

1887.  (See Table 3 for new and resurrected genera and species treated by Greene.)  Greene was the 

first to recognize the importance of circumscribing American borage genera based on characters other 

than corolla and petal morphology.  Greene resurrected the genus Piptocalyx, and noted the nutlet 

groove as a distinguishing character from the species with circumscissal calyces in the genus 

Plagiobothrys.   Greene pulls Piptocalyx out of his Cryptantha based on the persistent pedicels of 

Piptocalyx and dichotomous cymes.  Additionally, Greene created two new genera out of the 

Krynitzkia of Gray: Eremocarya and Oreocarya.  Eremocarya was distinguished by dense, biseriate 

racemes, a conspicuously leafy, bracteate inflorescence, open calyces, and an enlarged, persistent 

style.   The two species included in Eremocarya were E. micrantha and E. lepida.   Greene 

circumscribed the genus Oreocarya to include all the perennial taxa included in Gray’s Krynitzkia 

into a more heterogenous unit.  Greene described Oreocarya as easily separated from Krynitzkia by 

its perennial duration and persistent fruiting calyx.  Greene also distinguished Oreocarya from the 

closely associated Allocarya by the “absence of all carination of nutlets, whether dorsal or ventral.”   

The remaining Krynitzkia species as designated by Gray were renamed Cryptantha, as Greene saw no 

difference between the North American taxa named Krynitzkia and South American taxa placed in the 

genus Cryptantha, and the latter name had priority of publication.  Table 4 presents Greene’s 

treatment of Cryptantha, which was the first taxonomic treatment to consider both specimens from 

North and South America.  Greene was able to observe in the herbarium at University of California, 

Berkeley of both North and South American taxa. 

In 1899, the genus name Piptocalyx was found to be a homonym of a perennial shrub from 

Australia, the name used for the Australian plant published a year earlier than Torrey’s Piptocalyx.  

Greeneocharis was published by Guke and Harms in 1899 to take the place of Piptocalyx and to 

honor E. Greene’s botanical work on the western North America flora.  However, the genus name 

was “not pleasing to Greene,” and thus the name was changed again in 1906 to Wheelerella by Grant 

(Johnston 1925.)   However, according the rules laid out by the International Congress of Botanical 

Nomenclature Greeneocharis is the valid genus name, by priority of publication. 

The South American species of the genus Cryptantha were treated by the German Botanist 

Reiche (1915), in the comprehensive treatment of the Flora of Chile, Estudios Criticos de la Flora de 

Chile.  In this work, many new species were recognized.  The species were divided into seven  
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Table 3. New and resurrected genera recognized by Greene in 1887. 

 

groups on the basis of a number of characters, including plant duration, flower size, calyx length at 

maturity, presence of, and placement of cleistogamous flowers on the plant.  See table 5 for the 

sections described by Reiche, and species included within each section.   

In 1925 Brand described a monotypic genus, Johnstonella, based on C. racemosa as the type 

species. This genus name was never widely accepted because the dissertation publication of Johnston, 

also published in 1925, gave a comprehensive treatment of North American species of Cryptantha in 

which the author reduced the genera Piptocalyx and Eremocarya to part of a large Cryptantha genus.  

Johnston also included Brand’s Johnstonella into Cryptantha.  This monograph is largely the basis 

for the current understanding of the genus.  Johnston’s concept of the genus at the time included 

annual, North American species.  Some important observations Johnston provides in this thesis 

include evidence that species described as perennial, C. holoptera and C. racemosa, are annual.  He 

bases this on sections taken by E.C. Jeffrey in which no annual rings were evident, despite the 

presence of what appeared to be a woody root.   A unique aspect of the roots of some of the species 

within Cryptantha, noted by Johnston, was the presence of a purple dye, composed of alkanine 

(Johnston 1925).  This pigmentation was frequently observed in the species C. fendleri, C. grayi, C. 

muricata, and C. maritima by Johnston.  Overall, Cryptantha sensu Johnston (1925) are described as 

having slender, herbaceous stems, narrow, elongate leaves, with dense trichomes on leaves and stems.  

The inflorescence is described as being unilateral cymosely arranged spikes or racemes, corollas 

white with yellow fornices, an accrescent calyx and variable fruit with a tendency towards 

heteromorphic nutlets.  Johnston’s 1925 treatment includes 57 species, thought at the time to be 

approximately half the total number of species in the genus.   Johnston focused on nutlet characters, 

including sculpturing of the pericarp wall, to circumscribe the species into 15 sections.  See Table 6 

for details of the sections and species included within each section in monographic treatment by 

Johnston.   

Genus name Eremocarya 

 

Piptocalyx Oreocarya 

Species list E. micrantha 
E. lepida 
 
 
 
 

P. circumscissa 
P. dichotomus 

O. fulvocanescens  O. sericea 
O. glomerata          O. setosissima 
O. holoptera           O. suffruticosa 
O. leucopheae        O. virgata 
O. palmeri 
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Table 4. Greene's 1887 treatment of Cryptantha. 

 Greene Group Characters designating group Species in group 

A Geographic Distribution is in South America 

C. congesta, C.dimorpha, 
C.  glareosa, C. glomerata, 
C. linearis, C. microcarpa, 

B 

North American species.  Fruiting calyx closed, 
deciduous; segments narrow, hispid. Nutlets 
muriculate, with one larger and slightly less 
roughened than other three. 

C. angustifolia, C. crassisepala, 
C. dumetorum, C. micromeres, 
C. texana 

C 
North American species.  Fruits of four nutlets, 
homomorphic. 

C. ambigua, C. barbigera, 
C. denticulata,C. echinella, 
C.  foliosa,C. jonesii C.intermedia, 
C. muriculata, C. polycarpa, 
C. pusilla, C. Ramosa 

D 

North American species.  Nutlets smooth, light 
grey or mottled dark brown; nutlets solitary or 
rarely two. 

C. clevelandii, C. cedrosensis, 
C. flaccida, C.glomeriflora, 
C. maritima, C. microstachys, 
C.ramosissima, C.  rostellata, 
C. sparsiflora 

E North American species.  Nutlets four.  

C. affinis, C. fendleri, C. geminata, 
C. hipidissima, C. leiocarpa, 
C. nemaclada, C. pattersoni, 
C. torreyana, C. Watsoni 

F 
North American species.  Nutlets broadly 
winged. C. cycloptera, C. pterocarya, 

G No. American species.  Nutlets acutely angled. 
C. mohavensis, C. oxygona, 
C. utahensis 

 

In 1927, Johnston provided a revision of the South American Boraginoideae.  During these 

studies, Johnston began to doubt the recognition of Oreocarya as a separate genus from Cryptantha.  

Later, Johnston strongly rejected the recognition of Oreocarya as a segregate genus, and stated that if 

the group was to be maintained as a genus, then Cryptantha would have to be split into five weak 

genera.  In this publication, Johnston also established three main subgenera of the genus, as 

maintained by all later works on Cryptantha: section Krynitzkia, Eucryptantha, and Geocarya.  Table 

7 details the species placed into each of these sections.  As circumscribed by Johnston (1927) section 

Krynitzkia  included all 56 annual species from North America described in his 1925 treatment.  He 

wrote that in South America, this section included 22 species.  He noted South American species of 

section Krynitzkia had a tendency towards a long style.  Four species of the South American 

Krynitzkia exhibited smooth and reflective nutlets, a trait common in North American members of the 

section.  The main character designated by Johnston as distinctive of section Krynitzkia is the lack of 

cleistogamous flowers anywhere on annual plants.  Section Eucryptantha was circumscribed  
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Table 5. Reiche's 1915 treatment of South American Cryptantha, published in Estudios criticos 
de la Flora de Chile. 

Group  Characters designating group Species in group 

1 

Plants with cleistogamous flowers.  
Cleistogamous flowers arising at the bottom of 
the plant, between base of the stem and top of 
the root. 

C. aprica, C. congesta, 
C. chrysantha, C. fallax, 
C. gracilis, C. kingi, 
C. linearis, C. phaceloides 

2 Majority of the flowers on plant cleistogamous 

C. axillaries, C. carrizalensis, 
C. diplotricha, C. glareosa, 
C. glomerata, C. inconspicua, 
C. microcarpa, C. oligantha, 
C. parviflora, C. Rigida 

3 Plants perennial; All flowers chasmogamous. 

C. alyssoides, 
C. capituliflora, C. gilliesii, 
C. longifolia, 
C. spathulata 

4 

Plants annual; Flowers chasmogamous.  Mature 
calyx noticibly large compared to corollas and 
nutlets. 

C. calycina, C. floribunda, 
C. macrocalyx 

5 

Plants annual.  Flowers chasmogamous; mature 
calyces not noticeably large compared to corolla 
length.    

C. foliosa, C. subampexicaulis, 
C. virens 

6 

Plants annual.  Leaves linear to filiform.  
Corollas small, limbs short.  Mature calyx not 
long. 

C. collina, C.debilis, 
C. divaricata, C. filainea, 
C. filiformis, C. globulifera, 
C. microphylla, C. Mitis 

7 
Plants annual.  Leaves linear to filiform.  
Corollas large, 4-6mm limb to limb. C. hispida, C. involucrate 

 

to include 8 species, united by cleistogamous flowers frequently in leaf axiles, and often at the base of 

the main inflorescence.  Section Geocarya included 10 species, marked by highly specialized 

cleigstogamous flowes, called cleistogenes.  These flowers are described as persistent and ovoid, 

borne at the base of the plant, often below the surface of the ground.  

Paysons’s 1927 monograph of Oreocarya reduced the genus to a section of Cryptantha 

(Payson, 1927).  Payson wrote that both he and Johnston would reduce Oreocarya to a section of 

Cryptantha.  Payson reasoned that after examining South American members of Cryptantha, there is, 

“not a single morphological character that will definitely separate Oreocarya and Cryptantha when 

the South American species are taken into account.  Even in North America the primary character that 

has been used to separate the two groups was the biennial or perennial root in Oreocarya and the 

annual one in Cryptantha.”  Along with subgenus Oreocarya,  Payson maintained three other sections 

of Cryptantha equal in rank to Oreocarya:  Krynitzkia, Eucryptantha, and Geocarya. 
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Table 6. Johnston's 1925 Treatment of Cryptantha. 

Section  Characters designating section Species in Section 

Affinis 

Fruits containing 1-4 nutlets.  Nutlets smooth, ovate; 
sides rounded.  Nutlet groove asymmetrical, with 
irregular areole. Style 1/4-2/3 the length of nutlets. 

C. affinis, 
C. glomeriflora 

Albidae 

Fruit composed of 4 nutlets; nutlets coarsely tuberculate, 
dark, triangular-ovate, thick.  Sides of nutlet broadly 
obtuse to convex.  Nutlets homomorphic, abaxial nutlet 
somewhat persistent. Style much longer than the nutlets C. albida 

Ambiguae 

Fruits with 1-4 nutlets.  Nutlets smooth to papillate or 
tuberculate, ovate.  Dorsal surface convex.  Sides 
rounded or obtuse, sometimes acute.  Nutlets 
homomorphic.  Style 2/3 – equal in length of nutlets.  

C. ambigua, C. crinita, 
C. echinella, C. excavate, 
C. hendersonii, C.mariposae, 
C. simulans, 
C. torreyana C. traskae 

Angustifoliae 

Fruit composed of four nutlets; nutlets muricate or 
tuberculate, dark with roughening pale.  Triangular ovate 
to triangular oblong, with sides acute to knifelike, 
sometimes winged.  Nutlets mostly heteromorphic; odd 
nutlet abaxial, generally larger with less roughenings than 
smaller, three equal nutlets.  Style surpasses all nutlets. 

C. angelica, 
C. angustifolia, 
C. costata, C. grayi, 
C. holoptera, 
C. inequata, C. micrantha, 
C. pusilla, C .racemosa 

Barbigerae 

Fuits with 1-2 nutlets.  Nutlets verrucose or muricate, 
lanceolate to ovate-lanceolate.  Dorsal surface convex, 
lateral surface rounded or obtuse.  Nutlets homomorphic, 
abxial nutlet always developing.  Style reaching only 
one-third the length of nutlets, but sometimes somewhat 
surpassing length of nutlets.   

C. barbigera, 
C. decipiens,C. foliosa, 
C. intermedia, 
C. nevadensis, 
C. patula, C. scoparia 

Circumscissae 

Fruit composed of 4 nutlets; nutlets smooth to finely 
papillate, dark, triangular ovate, acute sides; nutlets 
generally equal, sometimes abaxial nutlet larger.  Style 
equals or barely surpasses nutlets.  Calyx circumscissal at 
maturity. C. circumscissa 

Flaccidae 

Fruits with 1 nutlet.  Nutlet smooth, somewhat ovate; 
sides rounded or obscurely angled.  Nutlet always 
abaxial.  Style1/4-2/3 the length of nutlet.  Calyx lobes 
covered with pallid encrusted arcuate or urcinate 
trichomes. 

C. flaccida, 
C. rostellata, 
C. sparsiflora 

Graciles 

Fruits contain 1-2 nutlets.  Nutlets smooth, lanceolate, 
with sides rounded or obtuse.  Axial nutlet always 
developing, sometimes slightly larger than second nutlet.  
Style 2/3-3/4 length  of nutlets. C. gracilis 

Leiocarpae 

Fruits with 1-4 nutlets.  Nutlets smooth, ovate to 
lanceolate; sides rounded or obtuse.  Nutlet 
homomorphic, with abaxial nutlet always developing.  
Style 1/4 the height of the nutlets, sometimes barely 
surpassing them in length.  Calyx lobes hirsute, with 
straight trichomes. 

C. abramsii, C. brandegei, 
C. clevelandii, 
C. hispidissima, 
C. leiocarpa, 
C. microstachys, 
C. nemaclada 

Maritimae 

Fruits contain 1-4 nutlets; nutlets tuberculate or muricate, 
dark with pale roughenings, lanceolate to triangular 
ovate; nutlet sides rounded or obtuse.  Nutlets 
heteromorphic; odd nutlet (or solitary nutlet) axial and 
larger and less roughened than others.  Style generally  

C. echinosepala, 
C. dumetorum, 
C. maritime, 
C. micromeres, 
C. recurvata 
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Table 6. Johnston's 1925 Treatment of Cryptantha (continued). 

Mohavensis 

Fruits with 4 nutlets.  Nutlets smooth, oblong-ovate, 
lanceolate-ovate, or lanceolate, sides angled.  Nutlets 
homomorphic; style equal or shorter than nutlet length C. mohavensis, C. watsoni 

Muricatae 

Fuits contain 4 nutlets.  Nutlets verrucose or coarsely 
tuberculate, triangular-ovate.  Dorsal surface obtuse, 
often bearing medial ridge.  Sides of nutlets angled and 
roughened.  Nutlets homomorphic.  Style generally 
longer than nutlets, rarely equal to length in nutlets. C. muricata 

Pterocaryae 

Fruits with 1-4 nutlets; Nutlets roughened with tubercles 
or papillae, sometimes verrucose, laceolate.  Nutlet sides 
knife-like or conspicuously winged.  Homomorphic or 
decidedly heteromorphic, with odd nutlet axial and 
lacking thin margin.  Style at least as long as nutlets, or 
beyond. 

C. oxygona, C. pterocarya,  
C. utahensis 

Ramulosissimae 

Fruits containing 4 nutlets.  Nutlets smooth, lanceolate, 
with rounded sides (sometimes acutely angled.)  Nutlets 
appear homomorphic, but one is minutely larger than the 
others.  Larger nutlet always develops.  Style equal to or 
slightly longer in length to nutlets. C. fendleri 

Texanae 

Fruits composed of 1-4 nutlets.  Nutlets roughened, with 
tubercles or papillae, ovate to lanceolate or oblong.  Sides 
of nutlets obtuse or rounded.  Nutlets heteromorphic, with 
odd nutlet axial, larger than and roughened differently than 
others in fruit.  Style surpasses  largest nutlet. 

C. crassisepala,  
C. kelseyana, C. minima,  
C. pattersoni, C. texana 

 

Section Krynitzkia was delineated as an annual group, with only chasmogamous flowers.  Sections 

Eucryptantha and Geocarya were both thought to have chasmogamous and cleistogamous flowers 

and were distributed throughout South America.  The cleistogamous flowers of Eucryptantha were 

found to grow throughout the plant, whereas the cleistogamous flowers in section Geocarya were said 

to be highly specialized structures located at the base of the plants.  See Table 8 for details of the 

characters maintaining these sections, as proposed by Payson (1927) based on Johnston’s (1927) 

classification.  The main monographic work of Payson focused on the individual species within 

subgenus Oreocarya, and not on the sections described above. Many of these species were novel to 

science, because Payson was the first to conduct a detailed study of Oreocarya while studying the 

botany of Utah.  Payson generally used nutlet sculpturing, both on the dorsal and ventral surface, as 

his basis for his classification.  He also relied heavily on nutlet attachment scar morphology.  In all, 

Payson places the 46 recognized species of section Oreocarya into series.  See table 9 for details of 

Payson’s (1927) classification of section Oreocarya.   
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  Table 7. Sections of Cryptantha, presented in Johnston, 1927. 

Section Characters delineating section Species in Section 

Eucryptantha 

Plants with cleistogamous flowers.  
Cleistogamous flowers similar to 
chasmogamic flowers, except for 
closed corolla. Cleistogamous 
flowers located in axiles of leaves 
and often throughout the 
inflorescence. 

C. alfalfalis, C. calycotricha, 
C.  capituliflora, C. glomerata, 
C. glomulifera,C.haplostachya, 
C.  longifolia, C. spathulata 

Geocarya 

Plants with cleistogamous flowers.  
Cleistogamous flowers highly 
specialized into lenticular flowers.  
Cleistogamous flowers located at the 
base of the stem. 

C. alyssoides, C. aprica, 
C. cynoglossoides, C.dolichophylla, 
C. dimorpha, C. gayi, C.  involucrata, 
C. kingii  C. linearis, C.  volckmanni 

Krynitzkia 

Annual plants having only 
chasmogamous flowers.  Distributed 
in North and South America. 

C. albida, C. argentea, C.calycina, 
C.  chaetocalyx, C. debilis, C. diffusa, 
C. diplotricha, C. dichita, C. filaginea, 
C. filiformis, C.  globulifera, 
C. gnaphalioides, C.granulosa, 
C.  hispida,C. limensis, C. parviflora, 
C. patagonica, C. peruviana, 
C. phaceloides,C. romanii, 
C. subamplexicaulis, C. taltalensis 

 

Also in 1927, Brand proposed the genus Hemisphaerocarya to encompass C. jamesii and four 

closely associated species because of the very distinct, globular nutlets present in these taxa.  

However, Hemisphaerocarya was never widely used.  This was the first but not last challenge to the 

inclusion of perennial Oreocarya species into the large genus Cryptantha, especially by taxonomists 

working solely on North American members of Cryptantha.  In 1951, Abrams recognized Oreocarya 

as a separate genus from Cryptantha in his Illustrated Flora of the Pacific States: Washington, 

Oregon and California.  In 1987, Weber also recognized Oreocarya at the genus level, giving no 

specific reason for recognizing Oreocarya, but he argued that genera should consist only of species 

easily recognizable by a suite of characters.  It must be noted that Weber only observed the flora of 

Colorado, and not considered the South American species, the which were the basis of the inclusion 

of Oreocarya into the large Cryptantha by earlier monographers of the group, Johnston, Payson, and 

Higgins.  The most recent, detailed classification of North American Cryptantha was Higgin’s 1971 

revised monograph of Oreocarya.  In this study, Higgins maintains the four divisions described by 

Payson (1927) and Johnston (1925).  However, he ranks Oreocarya, Geocarya, Krynitzkia, and 

Eucryptantha as subgenera.  Higgins wrote that Oreocarya formed a well-defined  
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 Table 8. Sections of Cryptantha, presented in Payson, 1927. 

Subgenus Characters delineating subgenus 

Eucryptantha 

Plants with cleistogamous flowers.  Cleistogamous flowers similar to chasmogamic 
flowers, except for closed corolla. Cleistogamous flowers located in axiles of leaves 
and often throughout the inflorescence. Distributed in South America. 

Geocarya 

Plants with cleistogamous flowers.  Cleistogamous flowers highly specialized into 
lenticular flowers.  Cleistogamous flowers located at the base of the stem. 
Distributed in South America. 

Krynitzkia 
Annual plants having only chasmogamous flowers.  Distributed in North and South 
America. 

Oreocarya 
Perennial or biennial herbs, producing only chasmogamous flowers.  Restricted to 
North America.   

 

monophyletic group, and expanded the circumscription of Oreocarya from an exclusively North 

American clade to include the South American species C. gnaphalioides.  Crypantha argentea and 

Cryptantha amplexicaulis are two Chilean, perennial taxa that Higgins would tentatively include in 

Oreocarya as well.  A revision of the “phylogenetic” relationships in Oreocarya was presented by 

Higgins, as a basis for a new classification within the subgenus.  In this classification, Oreocarya was 

divided into eleven groups, with a total of fifty-six species.  The groups circumscribed by Higgins are 

equivalent in rank to the sections presented in Johnston, 1925.  Higgins used many detailed 

morphological characters including morphology of the nutlet pericarp, width and shape of the 

attachment scar and ventral groove, margin of the nutlet shape and width, some distinct stem types, 

and corolla and calyx lengths.  See Table 10 for details of Higgin’s revised classification of 

Oreocarya.  

 In the early 1980’s, Grau published a series of revised the classification of the South 

American members of Cryptantha section Cryptantha (Grau et al. 1982, Grau et al. 1983). In these 

publications, the four large divisions, Oreocarya, Cryptantha, Krynitzkia, and Geocarya, are 

maintained and refined.  Grau considered Oreocarya the most primitive section because of its 

perennial habit and unspecialized flowers, and stated that this subgenus is almost exclusively North 

American in distribution.  He did not elaborate which species he would possibly include within 

section Oreocarya from South America.  Krynitzkia is maintained as an annual group that again 

seems to be a catch- all for annual species without any specific traits except that it lacks specialized 

flowers.  Krynitzkia was considered by Grau to be the only section in the genus that definitively had 

an amphitropic distribution, with three individual species within Krynitzkia displaying amphitropic 

distributions.  Both section Cryptantha and section Geocarya were described as having centers of 

biodiversity in Chile, Grau hypothesizes that a member of Krynizkia underwent a long distance 
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Table 9. Series of section Oreocarya presented in Payson 1927.   

 

dispersal from North America to South America, and because specialized into section Cryptantha in 

the region of Chile, which then gave rise to the more specialized section Geocarya.  Sections 

Geocarya and Cryptantha were circumscribed to have both cleistogamous and chasmogamous 

flowers.  Grau elaborated on the observations of previous authors, describing the highly modified 

cleistogamous flowers of Geocarya located at the base of the plant as having nutlets that differ in size 

and sculpturing from those on the inflorescence.   

 In a recent phylogenetic work by Schwarzer (2007) on Peruvian members of Cryptantha, that 

sampled one chloroplast marker, two species each of the subgenera Geocarya and Cryptantha were 

included, five species of subgenus Krynitzkia, and one species of Oreocarya.  The two subgenera 

Geocarya and Cryptantha were resolved as monphyletic and sister clades.  This clade was placed in a 

polytomy with many samples of subgenera Krynitzkia, Oreocarya, and the genera Amsinckia and 

Plagiobothrys.  This study had limited taxon sampling, and used parsimony inference. 

Section  Characters designating section Species in Section 

Bradburiana 

Nutlet dorsal surface rugose or tuberculate.  
Ventral surface smooth or roughened.  Nutlet 
scar straight, closed or nearly so, scar margins 
not elevated.  Corolla tube never longer than 
calyx lodes. 

C. aperta, C. bradburiana, 
C. celosioides, C. elata, 
C. interrupta, C. macounii, 
C. rugulosa, C. sericea, C. sheldonii,  
C. sobolifera, 
C.  spiculifera, C. thyrsiflora, 

Flavoculatae 

Nutlets deeply rugose and tuberculate, 
sometimes muricate and flaveolate.  Nutlet scar 
open, but constricted above base, margin of scar 
usually elevated. 

C. bakeri, C. flavoculata, 
C.  longiflora, C. mensana, 
C. osterhoutii, C. paradoxa, 
C. tenuis, C. wetherillii 

Humilae 

Nutlets distinctly and variously roughened on all 
surfaces.  Nutlet scar open and triangular, scar 
margins sometimes elevated.  Corolla tube never 
longer than calyx lobes. 

C. caespitosa, C. humilis, C. insolita,  
C. modesta, C. tumulosa, 
C. virginensis 

Jamesianae 

Nutlets smooth on all surfaces or rugose or 
tuberculate, but not at all muricate on the dorsal 
surface.  Nutlet margins often winged.  Scar 
narrow, straight, and closed; margins of scar not 
elevated.  

C. clemensae,  C. confertiflora, 
C. flava, C. jamesii, 
C. leucophaea, C. nubigena, C. oblate, 
C. palmeri,  C. pustulosa, 
C. salmonensis, C. stricta 

Nanae 
Nutlets muricate, sometimes rugose.  Nutlet scar 
somewhat open, triangular at base. 

C. breviflora, C. Cana, 
C. echinoides,  fulvocanescens, 
C. jonesiana, C. nana, 
C. propria 

Virgatae 

Plants stout, erect biennials or perennials with 
unbranched stems.  Nutlets smooth on ventral 
surface, variously roughened on dorsal surface.    

C. setosissima, C. virgata 
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Table 10. Higgin’s 1971 revision of subgenus Oreocarya.  Groups are equivalent in rank to the 
sections presented in Johnston 1925.  

Group Characters designating group Species in group 

Abata 

Nutlets rugose or tuberculate.  Attachment 
scar open and triangular, with an elevated 
margin.   

C. abata, C. hoffmannii, C. insolita, 
C. tumulosa, C. virginensis 

Caespitosa 
Plants grow in a low, mound-shaped 
manner.  Nutlets roughened.   C. caespitosa, C. ochroleuca 

Elata 

Nutlets always dorsally roughened, rugose 
and or tuberculate, often muricate.  Ventral 
surface smooth to rough.  Attachment scar 
straight, closed; scar margins not raised.  
Corolla tube never longer than calyx lobes 
(except C. rollinsii) 

C. aperta, C. celosioides, C. elata, 
C. grahamii, C. interrupta, 
C. rollinsii,  C. rugulosa, 
C. shackletteana,  C. sobolifera, 
C. spiculifera, C. thompsonii, 
C. thyrsiflora, C. weberi 

Flava 
Nutlets compressed, smooth on all surfaces.  
Corolla exceeds the length of calyx lobes.   

C. capitata, C. Comfertiflora, 
C. flava, C. johnstonii, 
C. leucophaea, C. salmonensis, 
C. semiglabra 

Flavoculata 

Nutlets deeply roughened, rugose and 
tuberculate, sometimes muricate or 
foveolate.  Attachment scar slightly open, 
but apically constricted; margin of scar 
usually elevated.    

C. bakeri, C. flavoculata, 
C. longiflora, C. mensana, 
C. osterhoutii, C. paradoxa, 
C. tenuis, wetherillii 

Humilis 
Nutlets muricate; attachment scar open and 
triangular at base.   

C. breviflora, C. cana, 
C. compacta, C. fulvocanescens, 
C. humilis, C. jonesiana, 
C. propria, C. roosiorum 

Jamesii 

Nutlets hemispherical in shape. All nutlet 
surfaces generally smooth, or rugose and 
tuberculate.  Attachment scar narrow, 
straight and closed, without an elevated 
margin.   

C. crassipes, C. jamesii, 
C. oblata, C. palmeri, 
C. paysonii 

Nubigena 
Nutlets lanceolate, smooth on ventral 
surface, roughened dorsally.   

C. crymophila, C. hysophila, 
C. nubigena, C. subretusa 

Setosissima 
Simple, erect stems.  Calyx segments ovate.  
Nutlets broadly winged. C. setosissima 

Stricta 

Stems stout, with setose and hispid 
indumenta.  Nutlets smooth on ventral 
surface.   C. barnebyi, C. stricta 

Virgata 
Stout, strict, simple, fistulose stems; spicate 
inflorescence, with elongated, foliar bracts.  C. virgata 
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GOALS AND OBJECTIVES 
The primary objective of this study is to assess the infrageneric evolutionary relationships of 

members of the genus Cryptantha using molecular sequence data from both the chloroplast and 

nuclear gene regions. Additionally, intergeneric relationships will be evaluated amongst genera 

closely allied with Cryptantha based on morphology.  The monophyly of Cryptantha will be tested 

using a wide sampling within  Cryptantha and amongst outgroups.  The phylogeny will be used to 

revise the classification and taxonomy of the group, with an emphasis on relationships within the 

genus. A phylogeny will resolve the relationships of these variously defined subgeneric groupings, 

and will give evidence of whether these are artificial groups or natural entities.  Additionally, this 

phylogeny will be used to assess character evolution within the genus, with concentration on 

characters that have traditionally been used for taxonomic grouping. Finally, the SDSU Cryptantha 

website, <http://www.sci.sdsu.edu/plants/cryptantha>, will be updated and supplemented with new 

data and photographs to allow for easier keying and to encourage enthusiasm for this widely-spread, 

interesting genus. 
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CHAPTER 2

MOLECULAR SYSTEMATICS OF CRYPTANTHA

Phylogenetic systematics is the field of evolutionary biology which concentrates on inferring 
the evolutionary history of organisms using evidence from a variety of sources (Nei and Kumar 
2000; Hillis et at 1996; Hennig 1966).  Morphological, molecular, and behavioral traits can be used 
as characters for building phylogenies.  Shared, derived character states among taxa of interest 
are called apomorphies and constitute evidence of recent shared common ancestry.  The advent of 
computers, which can analyze vast amount of data rapidly, coupled with molecular methods that 
allow the generation of large amounts of data, have greatly changed and enhanced our understanding 
of evolution of life on earth, including land plants.  This study utilizes molecular data from both 
the chloroplast and nuclear genomes to evaluate evolutionary history within the genus Cryptantha.  
Collecting data from both genomes allows an assessment of evolutionary history from two completely 
different sources, which often evolve independently from each other, but within one lineage or 
group of organisms.  The data will be evaluated using a variety of methods.  Congruence of the 
same phylogeny using data from multiple sources using different methods is evidence of the true 
evolutionary history of a group of organisms. 

In addition to understanding the evolutionary history of organisms, phylogenetic systematics 
seeks to devise classification and nomenclatural systems that reflect natural groupings.  Classification 
based on phylogeny has become increasingly important to biologists (Simpson 2006, APGII 
2003).  Often, names and rank of traditional taxa are given to monophyletic groups resulting from 
phylogenetic studies.  Designating morphological apomorphies as characters for identifying these 
groups is important for general utility of the nomenclature when novel clades are found in molecular 
studies.

    
PARSIMONY ANALYSIS

The basis for parsimony analysis is Ockham’s razor, which states that the best hypothesis 
is the one with the simplest explanation.  This type of analysis minimizes the number of ad-hoc 
hypothesis that are needed to understand the data (Hillis et al. 1996).  In phylogenetic analysis, 
this means the optimal tree is considered the one with the fewest evolutionary changes.  When two 
or more parsimonious trees are of equal “steps” or evolutionary changes, the topologies are often 
combined to generate strict consenses tree that is in agreement with all equally most parsimonious 
trees.  

Assessing confidence in the clades found in parsimony analysis can be done using a variety 
of methods.  The most commonly used assessment is non-parametric bootstrapping. Bootstrapping is 
a method in which the data used to generate the original cladogram is evaluated by selecting random 
characters from within the matrix, with cladograms reconstructed using those randomly selected 
characters (Felsenstein 1985).  Characters may be resampled during this process; thus, some of the 
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characters may be used multiple times while building these cladograms, while some characters may 
not be used at all.  Repeating a bootstrap analysis many times generates bootstrap percentage values 
for clades.  This number demonstrates how many times during these sequential runs a particular clade 
was generated.  A bootstrap value of 70 or greater is considered strong support for a clade (Hillis and 
Bull 1993). 

 One of the strengths of parsimony analysis is that it does not rely on models of evolution 
to explain data gathered by a researcher.  However, parsimony is time intensive, especially when it 
comes to assessing confidence of clades using the bootstrap method.  

BAYESIAN INFERENCE

Bayesian inference is another method of phylogenetic inference that can be used to assess 
the evolutionary history of organisms.  This type of analysis relies on calculation of posterior 
probabilities based on a variety of parameters to explain the data collected, including branch 
lengths, tree topology, and evolution of the nucleotides.  Baysian phylogenetic analysis is currently 
implemented using the Metropolis-coupled Markov chain Monte Carlo (MCMCMC).   Once all 
parameters reach a point of stationarity, in which no change made in the MCMCMC significantly 
alters the findings of the Bayesian trees being retained the analysis may be terminated.  The trees 
retained after the “burn-in” period, in which parameters have reached stationarity, are compiled into a 
consensus tree.  Clades with a posterior probability greater than 95 (in which a clade is found in 95% 
of the trees) is considered well-supported (Nei and Kumar 2000).

The strengths of Bayesian analysis is that it can incorporate models of evolution, giving 
a more realistic assessment of how molecular data evolves.  This method is relatively fast in 
comparison to other methods available such as parsimony and likelihood analysis.  Additionally, 
because posterior probabilities are calculated during the analysis, confidence in the clades is estimated 
simultaneously with assessment of the phylogeny (Huelsenbeck and Ronquist 2001).          

MATERIALS AND METHODS OF THE PHYLOGENETIC STUDY

Specimens were obtained from dried herbarium material on loan from the Jepson Herbarium 
(UC-JEPS), Rancho-Santa Ana Botanical Garden (RSA-POM), San Diego Natural History Museum 
(SD), San Diego State University Herbarium (SDSU), Arizona State University Herbarium (ASU), 
Colorado State University at Boulder Herbarium (COLO), and La Universidad de Concepcion in 
Chile (CONC); (herbarium acronyms as recognized in Index Herbariorum Holmgren and Holmgren 
1998).  Field collections were used to supplement herbarium vouchers that were not recently 
collected. This study focused on North American species of the genus Cryptantha.  I sampled at 
least one representative of each currently recognized subgenus: Oreocarya, Krinitzkia, Cryptantha 
and Geocarya.  Additionally, 1-2 members of the majority of the recognized sections within the four 
subgenera named by Johnston (1925) and Higgins (1971) were obtained for extraction.  A broad 
sampling from available material was made in addition to the sampling mentioned above.
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Outgroup Selection
Outgroup selection was complicated because the sister taxon to Cryptantha is unknown.  

Three to ten species from each of three morphologically similar genera, Amsinckia, Pectocarya, and 
Plagiobothrys, were included.  Throughout the Cryptantha literature, Oreocarya has been postulated 
as the group that is the most early diverging in the alliance (Payson 1927; Higgins 1971).  Of these 
three genera, Plagiobothrys has the highest species diversity.  This genus has a similar distribution to 
Cryptantha and has been distinguished from Cryptantha by having a nutlet with a ventral keel above 
the attachment scar (Johnston 1925; Higgins 1971) thus, Plagiobothrys was most heavily sampled 
among the outgroups.   To date, there has been no formal assessment of the relationships among these 
genera using multiloci molecular data.  In addition, species from Lappula, Hackelia, Cynoglossum, 
and Echium were sampled as representatives of members of tribe Cynoglosseae sensu Langstrom and 
Chase (2002).  Borago officinalis was initially used to root the tree because it has consistently been 
placed in the tribe Boraginoideae, whereas all the other taxa in the study from the genera Cryptantha, 
Hackelia, Lappula, Cynoglossum, Amsinckia, Pectocarya, and Plagiobothrys have been placed in the 
tribe Cynoglosseae since the Langstrom and Chase (2002) study on the tribes of the Boraginaceae.  
For more details on tribal relationships, see the taxonomic history of the Boraginaceae discussed 
in chapter 1.  In later analyses, a species of Echium was used to root the phylogeny because of the 
excessively long branch exhibited by Borago officinalis.

   
DNA Extraction, Amplification and Sequencing

DNA was extracted using a three day, modified version of the CTAB (cetyl trimethyl 
ammonium bromide) protocol (Doyle and Doyle 1990; Friar 2005). Amplifications were performed 
in 25µl volume reaction containing: 2.5 μl of 10x standard Mg free Buffer, 1.25μl  of 1.5 μM MgCl2 

, 0.125μl of 5,000 U/ml TAQ polymerase, 1.2μl of 10μM forward and reverse primers, 1.25μl of 
200µM dNTP’s, 16.375μl H2O, and 1.0μl of total 1-10 μg/ml genomic DNA from extraction products.  
Amplifications were carried out on an Applied Biosystems 2720 thermal cycler at the San Diego State 
University Microchemical Core Facility.   

The Internal Transcribed Spacer (ITS) region was used as one of the gene regions to infer 
the phylogeny of Cryptantha, both because it was technically easy to amplify and was found to be 
highly variable and yielded strong phylogenetic signal for the group.  This was similar to other studies 
seeking to infer genus level relationships (Baldwin et al. 1995; Moore et al 2006).  The ITS region 
consists of nuclear transcribed spacer region one and two, as well as the intervening ribosomal 5.8s 
rRNA region (Baldwin et al. 1995).  Of this roughly 700bp region, only the 5.8s region is coding, 
with the rest of the region being non-coding (Baldwin et al 1995).  This entire region will be referred 
to as (ITS) for the duration of the thesis.  The primers used to amplify this region worked well across 
a wide variety of plant taxa, including those closely related to the Boraginaceae.  The primer used 
here is ITS5a (TTA TCA TTT AGA GGA AGG AGA AGT CG) and ITS 4 (TCC TCC GCT TAT TGA 
TAT GC) (Moore et al. 2006). ITS was amplified using the following Polymerase Chain Reaction 
(PCR) conditions: 1) 94˚C 5 minutes 2) 35 replicates of 94˚C for 1min; 51˚C for 1 minute; 72˚C for 1 
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minute 3) a final extension of 72˚C for 7 minutes.   
In addition to ITS, one variable, non-coding chloroplast region was used.  The trnL-F region 

(Shaw et al. 2005) was amplified using primers trnL5’ (GCA AAT CGG TAG ACG CTA CG) and 
trnFGAA (ATT TGA ACT GGT GAC ACG AG), under the following PCR conditions: 1) 80˚C, 5min; 
35 repetitions of  94˚C 1min; 50˚C 1min; and 72˚C 2min; with a final extension time of 72˚C, 5min 
(Shaw et al. 2005). 

Successful amplifications were visualized using agarose gel electrophoresis.  PCR products 
were purified using QIAquick PCR purification kits  (Qiagen, Valencia, CA, USA).  Manufacturer 
protocol for the Qiagen kit was used, with the exception that the final elution of the product was 
completed with 30μl instead of the recommended 50μl of elution buffer.  Also, product was allowed 
to stand for 2 minutes instead of 30 seconds in the microcentrifuge column in order to recover a 
higher concentration of PCR product.  Purified PCR amplicons were cycle-sequenced on an ABI 377 
automated sequencer (Applied Biosystems) at the San Diego State Microchemical Core Facility. 

Sequences were edited using 4peaks version 1.7 (Griekspoor and Groothius 2004) with 
chromatographs checked for polymorphisms, especially within ITS sequences.  Sequences were 
aligned using ClustalW (Thompson et al. 1997); two alignments were preformed, with a gap-opening 
cost of 2 and 15 with no ambiguous alignment.  Because of similarity between most sequences, a final 
alignment was done manually in MacClade 4.08 (Maddison and Maddison 2005). 

Maximum Parsimony Inference
 Phylogenetic analyses were performed using PAUP* 4.0b6 (Swofford 2003) utilizing a 

parsimony search criterion.  Parsimony analyses were conducted with the following parameters: 
10,000 replicates of random taxon addition with tree bisection-reconnection (TBR) branch swapping 
on all the best trees at each step.  Characters were treated as unordered and equally weighted. Gaps 
were treated as missing data.  Parsimony analyses were performed on the ITS sequence data and 
chloroplast marker independently.  Toplogical congruence of the datasets was assessed using an K-
H test. The two gene datasets were then concatenated and analyzed together. A strict consensus tree 
was generated from the most parsimonious trees inferred from each analysis.  Branch support in the 
parsimony analyses was assessed using 1000 non-parametric bootstrap pseudo-replicates with 10 
random-additions per replicate. All clades with a bootstrap (abbreviated “bs” throughout this chapter) 
value of 70 or greater were considered well-supported. 

Bayesian Phylogenetic Inference
A Bayesian analysis was performed using MRBAYES version 3.1.2 (Huelsenbeck and 

Ronquist 2001).  Models were determined using the Akaike Information Criterion (AIC) in 
Mr.ModelTest (Nylander 2004).   Congruence for the separate genomic regions was assessed at each 
clade before any combined analyses could be preformed.  Topologies were considered incongruent 
if a clade supported by posterior probabilities above 0.95 was different from another well-supported 
clade from the other dataset.   Genes were found to be combinable and congruent, and thus all 
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molecular data was combined into a single data matrix.  Separate analyses were run for the combined 
data matrix under the following conditions:  1) all molecular data with no partitions; 2) two partitions, 
with all nuclear data as one partition, and all chloroplast data as a second partition; 3) the nuclear 
ITS region placed in three separate partitions, non-coding ITS 1, coding region 5.8s, and non-coding 
region ITS2, and with the chloroplast marker trnLF  as the fourth and final partition.  In the final 
Bayesian analysis, the same four partitions used in analysis 3 were included, but all taxa with missing 
data were eliminated because approximately 25 taxa were missing either the nuclear or chloroplast 
marker.  Only the results from concatenated analyses 3 and 4 will be discussed in this thesis.  For 
all Bayesian analyses, MCMC ran for 5,000,000-8,000,000 generations, with sampling every one-
hundred generations.  Consensus trees of the type “all compat” were created from the saved trees, 
with a “burn-in” of all trees estimated before parameters have reached stationarity.  

RESULTS OF THE PARSIMONY INFERENCE

Figure 3 is the strict consensus tree of 10,000 equally most parsimonious trees generated 
using the nuclear ITS region alone, with a tree length of 1388.  There are a total of 71 clades in the 
strict consensus tree.  The aligned ITS matrix consisted of 91 taxa and was 765 nucleotides in length. 
There were a total of 194 parsimoniously informative characters.  This analysis revealed many 
well-supported clades, including the genera sampled as close allies of Cryptantha.  Amsinckia was 
supported as monophyletic, with a bootstrap value of 100.  Within Amsinckia, the two samples of A. 
menziesii were placed sister to each other (bs=100), with that taxon placed sister to A. lunaris with 
strong support (bs=74).  The final species from Amsinckia sampled, A. tesselata, was found to be the 
most early diverging taxon in the genus.  Pectocarya was also strongly supported as a clade in this 
analysis (bs=90), with several strongly supported relationships within the genus.  Pectocarya. linearis 
was placed sister to P. penicillata (bs=99), and Pectocarya anomola was sister to P. lateriflora 
(bs=97). Pectocarya setosa was found to be sister to all the Pectocarya taxa sampled.  The final genus 
sampled that was traditionally thought to be a close relative of Cryptantha was Plagiobothrys.  This 
genus was supported as monophyletic with a bootstrap value of 72.  

In this analysis, the genus Cryptantha and subgenus Krynitzkia were found to be paraphyletic.  
In Figure 3 several distinct groups emerged from Cryptantha as unique clades.  The first is subgenus 
Oreocarya, in which thirteen terminals were sampled, all of which were placed in a well-supported 
monophyletic group (bs=94).  Oreocarya was found to be sister to Pectocarya (bs=66).  Within 
subgenus Krynizkia, one clade consisted of the perennial C. holoptera and C. racemosa, and the 
annual C. inaequata, C. costata, and C. parviflora (bs=100).  Within this clade C. costata and C. 
holoptera were placed sister to each other (bs=98), as were C. racemosa and C. inaequata (bs=69). 
Cryptantha parviflora was found to be most closely related to the latter clade (bs=85).  Another 
clade of Cryptantha species included C. angustiflolia, C. gracilis, C. granulosa, and C. micromeres 
(bs=97). Cryptantha lepida was found to share a more recent common ancestor with the genus 
Amsinckia than any other species sampled, and this relationship was well-supported with a bootstrap 
of 79.  Cryptantha circumscissa and C. similis formed a clade, supported with a bootstrap of 100.  
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Amsi lunaris 2185
Amsi menziesii SDSU17575
Amsi menziesii SDSU13033
Amsi tesselata 0276
C lepida SDSU17572
C circumscissa SD134493
C similis RSA6609414
Plag arizonicus 1914
Plag fulvus 1915
Plag congestus 2177
Plag humilis 2178
Plag kunthii 2181
Plag linifolius 2180
Plag mollis 0481
Plag plurisepalus 0877
Plag jonesii SD161404
Plag nothofulvus SDSU18336
Plag collinis SDSU12499
C angustifolia SDSU13031
C gracilis SDSU05393
C granulosa 1912
C micromeres SDSU16695
C caespitosa COLO521882
C cana COLO497961
C flava COLO499734
C confertiflora SD140881
C cinerea SD137256
C cinerea SDSU52219
C humilis 2178
C roosiorum RSA346621
C thyrsiflora COLO51709
C weberi COLO467583
C nubigena JEPS90327
C flavoculataSD171173
C stricta COLO475416
Pect anomala 1678
Pect lateriflora 1920
Pect linearis KEH17
Pect penicillata SD144478
Pect peninsularis SDSU18681
Pect setosa 1919
C affinis SDSU12421
C mariposae JEPS100628
C flaccida JEPS104062
C simulans SDSU17121
C echinella RSA682890
C calycina CONC140152a
C calycina CONC140152b
C fendleri SD132303
C minima COLO503599
C glomeriflora RSA625075
C hispidula JEPS102077
C torreyana JEPS102382
C nemaclada RSA614189
C nevadensis SD172713
C scoparia RSA626035
C leiocarpa RSA710334
C mohavensis RSA712528
C pterocarya SDSU14135
C oxygona RSA709140
C patagonica 1061
C barbigera SDSU175474
C sparsiflora JEPS104880
C intermedia SDSU18348
C clevelandii SDSU14059
C corollata RSA716873
C decipiens SD171652
C decipiens SDSU16365
C foliosa SD155048
C traskiae SD171991
C ganderi SD16936
C microstachys SD177865
C microstachys SDSU17042
C dumetorum SD125659
C linearis CONC13475
C alyssoides CONC156553
C capitulaflora CONC166914
C costata SD124729
C holoptera SD144002
C inequata RSA457775
C racemosa SDSU15452
C parviflora 1914
Hack floribunda SD103849
Hack nervosa SDSU02660
Lapp redowskii SDSU17553
Hack micrantha SDSU02653
Cyno occidentale SDSU02648
Echi fastuosum SDSU15673
Borr officinalis SD115375

Strict

Figure 3. Strict consenses tree of 10000 most parsimonious tree for the nuclear region ITS, with max trees set to 10,000. 
Tree length= 1388.  Numbers above branches represent parsimony bootstrap values; only bootstrap values above 50 are 
shown.  Genus abbreviations: Amsi= Amsinckia; Bora= Borago; C= Cryptantha; Cyno=Cynoglossum; Echi=Echium; 
Hack= Hackelia; Lapp= Lappula; Pect= Pectocarya; Plag= Plagiobothrys.  Out= outgroup taxa.  Subgenus abbreviations: 
Cr=Cryptantha; Ge= Geocarya; Kr= Krynitzkia; Or= Oreocarya.  Taxa in shaded region belong to genus Cryptantha.  
Herbarium acronyms and accession numbers follow taxon names.
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The remaining species of Cryptantha  formed a monophyletic group (bs=80) and included species 
from subgenera  Krynitzkia, Geocarya, and subgenus Cryptantha.  The representatives from South 
American subgenera Geocarya, (C. linearis and C. alyssoides) and Crypantha, (C. capituliflora) 
formed a clade (bs=77) with the two Geocarya species placed sister to each other (bs=91).  The 
remaining Cryptantha species revealed more well-supported relationships.  See Figure 3 for details of 
these relationships.             

Figure 4 shows the strict consensus tree for the parsimony analysis of the chloroplast region 
trnLF, with a total tree length of 340 steps.  There are 21 clades in the strict consensus tree.  In this 
analysis, there were fewer parsimonious informative characters than in ITS.  The aligned matrix 
was 681 nucleotides in length, with 105 parsimony informative characters.  There were also fewer 
well-supported clades recovered in this analysis.  The clade inclusive of all sampled Pectocarya, 
Plagiobothrys, Amsinckia, and Cryptantha, was well-supported with a bootstrap of 96.  The genus 
Pectocarya was also recovered as monophyletic (bs=96).  The taxa from the genus Amsinckia were 
found to form a well-supported monophyletic group, with a bootstrap of 98.  Plagiobothrys was not 
recovered as monophyletic.  However, within Plagiobothrys, a grouping of four species, P. congestus, 
P. humilis, P. linifolius, and P. plursipalus, all from section Allocarya, form a well-supported clade 
(bs=94). 

Within the genus Cryptantha there were several well-supported relationships.  This included 
the clade consisting of the species C. costata, C. racemosa, C. inaequata, and C. holoptera, supported 
with a bootstrap of 95.  The exclusively South American taxa from sub-genera Geocarya (C. linearis 
and C. alyssoides), and Cryptantha (C. glomerulifera and C. capituliflora) were well-supported and 
monophyletic (bs=88), forming a clade as each other’s closest relatives.  The two species sampled 
from subgenus Geocarya, C. linearis and C. alyssoides, also formed a clade, but it was not well 
supported by this chloroplast region (bs=59) Cryptantha angustifolia was placed sister to the South 
American C. granulosa (bs=100).  Within taxa retained in subgenus Krynitzkia, C. intermedia was 
placed sister to C. barbigera (bs=65), with the more rare taxon C. ganderi sister to these two species 
(bs=88).  A clade comprised of C. decipiens, plus the island taxa C. foliosa and C. traskiae, had a 
bootstrap of 98, and was recovered as sister to the C. intermedia, C. barbigera, and C. ganderi group, 
bs=78.   Subgenus Oreocarya was not resolved as monophyletic in this analysis.

Figure 5 shows the results of the strict consensus tree of 10,000 equally parsimonious trees 
from the concatenated dataset, with a total of 1740 steps.  There are a total of 81 clades in this 
strict consensus tree.  The combined dataset contained 1326 characters with 310 parsimoniously 
informative characters. In the concatenated analysis, no clade was found consisting of Cryptantha, 
Amsinckia, Pectocarya, and Plagiobothrys. Similar to figures 3 and 4, figure 5 shows that Amsinckia 
was again found to form a well-supported monophyletic group (bs=79), with A. tesselata sister to 
the remaining species.  Within Amsinckia the two A. menziesii taxa sampled were sister to each other 
(bs=80), and A. hispida was recovered as sister to A. menziesii and A. lunaris (bs=71). Cryptantha 
lepida was found to be more closely allied with the species of Amsinckia than any other species of 
Cryptantha (bs=59). Cryptantha circumscissa and C. similis  again formed a well-supported group 
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Amsi hispida 0592
Amsi menziesii SDSU13033
Amsi tesselata 0276
C affinis SDSU12421
C fendleri COLO457666
C leiocarpa RSA710334
C glomeriflora RSA625075
C nemaclada RSA614189
C alyssoides CONC156553
C linearis CONC163475
C capitulaflora CONC166914
C glomuerulifera CONC166867
C minima COLO503599
C angustifolia SDSU13030
C granulosa 1912
C barbigera SDSU175474
C ganderi SD169361
C intermedia SDSU18348
C decipiens SD171652
C foliosa SD155048
C traskiae SD171991
C mohavensis RSA712528
C oxygona RSA709140
C pterocarya SD173647
C nevadensis SD172713
C patagonica 1061
C scoparia RSA626035
C caespitosa COLO521882
C cana COLO497961
C cinera SD137256
C circumscissaSD134493
C clevelandii SDSU14059
C confertiflora SD137257
C costata SD124729
C echinella RSA682890
C inequata RSA457775
C holoptera SD144002
C dumetorum SD125659
C flava COLO499734
C flavoculata SD131173
C humilis RSA682210
C lepida SDSU17572
C micromeres SDSU16695
C roosiorum RSA346621
C stricta COLO475416
C thyrsiflora COLO521709
C weberi COLO467583
Plag arizonicus 1914
Plag congestus 2177
Plag humilis 2178
Plag linifolius 2180
Plag plurisepalus 0877
Plag jonesii SD151404
Plag kingii 2197
Plag nothofulvus SDSU18336
Pect anomala 1679
Pect lateriflora 1920
Pect linearis KEH17
Pect penicillata SDSU16855
Pect peninsularis 169347
Hack floribunda SD103849
Lapp redowskii SDSU17553
Echi fastuosum SDSU15673

Strict

Figure 4. Strict consensus trees of 10,000 equally parsimonious trees from non-coding chloroplast region trnLF 
dataset with max trees set to 10,000.  Tree length =340 steps.  Numbers above branches represent parsimony boot-
strap values.  Abbreviations of genera and taxon reference data same as in Figure 3.
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Amsi hispida 0592
Amsi menziesii SDSU17575Amsi menziesii SDSU13033
Amsi lunaris 2185Amsi tesselata 0276
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Pect anomala 1679Pect lateriflora 1920
Pect peninsularis SDSU169347Pect linearis KEH17
Pect penicillata SDSU16855Pect setosa 1919
C affinis SDSU12421
C mariposae JEPS100628C glomeriflora RSA625075
C hispidula JEPS102077C torreyana JEPS102382
C nemaclada RSA614189C glomerulifera CONC166867
C minima COLO503599C echinella RSA682890
C flaccida JEPS104062
C simulans SDSU17121C mohavensis RSA712528
C pterocarya SD173647C oxygona RSA709140
C patagonica 1061C nevadensis SD172713
C scoparia RSA626035
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C racemosa SDSU15452
C parviflora 1911Hack floribunda SD103849
Lapp redowskii SDSU17553Hack nervosa SDSU02660
Hack micrantha SDSU02653Cyno occidentale SDSU02648
Echi fastuosum SDSU15673

Majority rule

Figure 5. Strict consenses tree of 10,000 equally parsimonious trees from the concatenated dataset with max trees set 
to 10,000.  Tree length=1740 steps.  Numbers above branches represent parsimony bootstrap values; only bootstrap 
values above 50 are shown.  Abbreviations of genera and taxon reference data same as in Figure 3.
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(bs=78), sister to all Plagiobothrys species.  The genus Plagiobothrys formed a clade, but it was 
not well-supported as monophyletic in this analysis.  Within Plagiobothrys, section Allocarya was 
monophyletic (bs=80), except for the species P. nothofulvus.  Pectocarya was also well-supported 
and monophyletic (bs=85).  The two South American taxa within Pectocarya were placed sister to 
each other (bs=96), while P. linearis from North America was sister to P. penicillata (bs=95). The 
heteromorphic P. peninsularis, was placed sister to P. linearis and P. penicillata, but this was not well 
supported.  P. setosa was found to be the most early diverging taxa in the genus, and was placed sister 
to all the other Pectocarya species sampled.  The clade inclusive of all the other taxa in Pectocarya 
was supported with a bootstrap of 91.

Cryptantha was again found to be paraphyletic in this analysis (Figure 5).  Subgenus 
Oreocarya was well-supported as monophyletic (bs=74).  Within subgenus Oreocarya, C. humilis 
was found to be sister to C. roosiorum (bs=99), and C. thyrsiflora was the sister taxon of C. weberi 
(bs=84).  Sugenus Oreocarya was placed sister to genus Pectocarya, but with bootstrap support 
below 50.  Within subgenus Krynitzkia several major groupings were again recovered.  The clade 
consisting of C. holoptera, C. racemosa, C. costata, C. inaequata, and C. parviflora was found to be 
well-supported and monophyletic (bs=94).  This clade was placed in a polytoy with species sampled 
from Amsinckia, Pectocarya, Plagiobothrys, and Cryptantha, but with no bootstrap support.  Within 
this clade, C. costata was sister to C. holoptera (bs=99) and C. racemosa sister to C. inaequata 
(bs=68).  The South American C. parviflora was sister to C. racemosa + C. inaequata (bs=88), with 
this clade sister to C. costata + C. holoptera.  Another segregate clade recovered from taxa currently 
placed in subgenus Krynitzkia was the monophyletic group composed of C. angustifolia, C. gracilis, 
C. granulosa, and C. micromeres (bs=93), and is placed sister to the clade composed of  Pectocarya 
and subgenus Oreocarya.

Among the taxa retained in Cryptantha, the exclusively South American subgenera Geocarya, 
(C. alyssoides and C. linearis) and Cryptantha (C. capituliflora) formed a monophyletic group 
(bs=67).  Subgenus Geocarya was found to by monophyletic (bs=76), with the two taxa sampled from 
this subgenus C. linearis and C. alyssoides placed sister to each other.   Subgenus Krynitzkia was 
paraphyletic as previously discussed, but several clades were recovered among the large group of taxa 
remaining in Krynitzkia. The two samples of C. decipiens were placed sister to each other (bs=99), 
forming a weakly supported clade (bs=50) with a clade consisting of the two island taxa C. traskiae 
and C. foliosa (bs=70). Cryptantha ganderi was sister to C. microstachys (bs=72). Cryptantha 
barbigera was sister to C. sparsiflora, and with C. intermedia formed a clade (bs=94). Cryptantha 
barbigera, C. sparsiflora, C. intermedia, C. ganderi, and C. microstachys formed a clade (bs=71).  
Elsewhere within the Krynitzkia clade, C. scoparia was placed sister to C. leiocarpa (bs=71), with 
C. nevadensis sister to these two species, all three comprising a well-supported clade (bs=97). 
Cryptantha mohavensis was sister to C. pterocarya (bs=68), with these two species forming a well-
supported monophyletic group with C. oxygona (bs=92), and the South American C. patagonica 
(bs=82). Another well-supported relationship recovered within Krynitzkia was C. glomeriflora, C. 
hispidula,and C. torreyana, forming a clade, supported with a bootstrap of 86.                   
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BAYESIAN ANALYSIS

Figure 6 shows the Bayesian phylogenetic consensus tree generated from the partitioned 
analyses of the nuclear ITS gene region.  Once aligned, the entire region was 765 base pairs in length.  
The model of evolution selected with Mr. Modeltest under the AIC criterion was GTR+I+G for all 
partitions.  The nuclear marker ITS was partitioned into three parts: 1) nucleotides 1-264 were found 
to be the non-coding ITS region; 2)  nucleotides  265-465 were found to be the coding region for 
5.8 subunit of the ribosome; 3) non-coding region ITS2 was found to be nucleotides 465-765.  The 
analysis ran for 5,000,000 generations, with a burn-in of 25,000 bayesian trees.  

This analysis, similar to the parsimony analyses, demonstrated that the currently 
circumscribed Cryptantha genus is paraphyletic.  There are 35 total clades shared between the 
parsimony and bayesian analyses on the nuclear dataset.  Hackelia species sampled were all placed 
well outside the ingroup.  Cynoglossum occidentale was found to be sister to Amsinckia, Cryptantha. 
Pectocarya, and Plagiobothrys (pp=96).  The genera Amsinckia, Plagiobothrys, Cryptantha, and 
Pectocarya were found to form a well-supported clade (pp=0.98). The most early diverging clade 
within the ingroup was composed of the North American species C. costata, C. holoptera, C. 
inaequata, C. racemosa, and the South American C. parviflora.  This clade was supported with a 
Bayesian posterior probability of 1.00.  The next clade to diverge within the was a monophyletic 
Plagiobothrys (0.90) placed sister to C. circumscissa and C. similis (pp=1.00).   

Another well-supported clade (pp=1.00) within the ITS Bayesian analysis in figure 6 was 
composed primarily of annual Cryptantha taxa, consisting of species from subgenera Cryptantha, 
Geocarya, and the majority of species from subgenus Krynitzkia.  Within this clade, a monophyletic 
group of South American taxa was recovered as sister to the large clade of Krynitzkia species.  These 
South American species included samples from the highly specialized subgenera Cryptantha and 
Geocarya, which are characterized by their cleistogamous flowers.  These two subgenera together 
form a clade with posterior probability 1.00.  Subgenus Geocarya forms a monophyletic group, with 
the two species C. linearis and C. alyssoides sister to each other (pp=0.86).  The remaining species 
within this clade of annual Cryptantha were from subgenus Krynitzkia.   The species from Krynitzkia 
sampled included specimens from North and South America.  The North and South American taxa 
were not monophyletic with respect to each other, but formed a monophyletic group all together 
(pp=0.95). Cryptantha dumetorum was found to be sister to all remaining species, which themselves 
form a well-supported monophyletic group (pp=1.00).  This clade is divided into two major, well-
supported groupings.  The first group is composed of C. affinis, C. mariposeae, C. flaccida, C. 
simulans, C. echinella, C. calycina, C. mohavensis, C. pterocarya, C. oxygona, C. patagonica, C. 
nevadensis, C. scoparia, C. leiocarpa, C. glomeriflora, C. hispidula, C. torreyana, C. minima, and 
C. nemaclada and is supported with a posterior probability of 0.97.  Within this group, C. calycina, 
C. mohavensis, C. pterocarya, C. oxygona, C. patagonica, C. nevadensis, C. scoparia, C. leiocarpa 
form a well-supported monophyletic group (pp=0.99).  The second large clade of annual Krynitzkia 
taxa  were found to include C. barbigera, C. microstachys, C. intermedia, C. clevelandii, C. corollata, 
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Figure 6. Bayesian analysis of nuclear region ITS dataset.  Analysis ran for 5,000,000 generations.  Burnin-in at 
2,000,000 generations. Models: ITS1, 5.8s, ITS2: GTR+I+G.  Numbers above lines represent posterior probabilities.  
Posterior probabilities above 0.50 shown.  * indicate clades shared with ITS parsimony strict consensus tree (Figure 3).  
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C. foliosa, C. traskiae, C. decipiens, C. microstachys, and C. sparsiflora and is supported with a 
posterior probability of 1.00. There were many well-supported relationships within this clade, see 
Figure 4 for details of the interspecies relationships.

Outside of this large Cryptantha clade of the annual Cryptantha species, there was a well 
supported (pp=0.99) clade composed of perennial subgenus Oreocarya the genera Pectocarya, 
Amsinckia, and a some remaining annual Cryptantha species from subgenus Krynitzkia.  The 
majority of these remaining annual Cryptantha species come from the section Angustifoliae named 
by Johnston (1925).  This clade is composed of C. angustifolia, C. gracilis, C. micromeres, and the 
South American C. granulosa. This clade is sister to a well-supported clade (pp=1.00) composed 
of perennial Cryptantha  species from subgenus Oreocarya, taxa from the genera Pectocarya, 
Amsinckia, and C. lepida.   A monophyletic Oreocarya (pp=1.00) was sister to a monophyletic 
Pectocarya.(pp=1.00), which together form a well-supported clade (pp=1.00).  This clade was sister 
to monophyletic group that places Amsinckia sister to C. lepida (pp=1.00). Amsinckia was also 
supported as monophyletic (pp=0.99) in the ITS analysis.    

Figure 7 shows the analysis using the chloroplast marker trnLF.  It ran for ran for 5,000,000 
generations as well, but implemented no partitions because the entire region is non-coding.  Once 
aligned, the entire region was 876 base pairs in length.  The model of evolution selected with Mr. 
Modeltest under the AIC criterion was GTR+I+G. The backbone of relationships in this analysis 
was slightly different than the one found in the ITS analysis, but the well-supported clades were the 
same.  Figure 5 shows the Bayesian consensus tree obtained from the trnLF dataset.  The 16 clades 
recovered in the trnLF parsimony consensus tree, were also presented in the Bayesian inference.  
Similar to the 4 previous analyses presented, Cryptantha was found to be paraphyletic.  Within 
the ingroup, Pectocarya was found to be sister to the remaining taxa sampled.  All species from 
Pectocarya were found to form a well-supported monophyletic group with posterior probability 
of 1.00.  Second, the perennial Cryptantha species from subgenus Oreocarya was found to be 
monophyletic, but was only supported with a posterior probability of 0.40.   Next, the clade of annual 
Cryptantha species, consisting of C. angustifolia, C. granulosa, C. micromeres, and C. fendleri was 
recovered, but was not well-supported. This demonstrated, as do the sequences of the taxa, that these 
species were different on a molecular level, than the majority of annual Cryptantha species.  The next 
clade to diverge within the ingroup consisted of the remaining annual Cryptantha species, however 
there was no support for this relationship.  Within this clade, several well supported monophyletic 
clades were of note.  The first is the clade consisting of C. costata, C. holoptera, C. inaequata, and C. 
racemosa (pp=1.00).  The South American taxa from the subgenera Cryptantha and Geocarya again 
form a monophyletic group with a posterior probability of 1.00.  Geocarya forms a well supported 
clade (pp=99).  Other clades found in this analysis included the genera Amsinckia (pp=1.00) and 
Plagiobothrys (pp=1.00), which were placed sister to each other (pp=0.58)  These relationships do not 
strongly conflict with those found in the ITS analysis.

Figure 8 shows the analysis of all molecular data collected.  The concatenated analysis ran 
for 8,000,000 generations to allow parameters to reach stationarity, with a burn-in of the first 40,000 
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Figure 7. Bayesian analysis of non-coding chloroplast region TrnLF dataset.  Analysis ran for 5,000,000 generations.  
Burn-in at 2,000,000 generations. Model: GTR+I+G.  Numbers above lines represent posterior probabilities.  Poste-
rior probabilities above 0.50 shown.  * indicate clades shared withstrict consensus tree of trnLF parsimony analysis 
(Figure 4) .  Abbreviations of genera and taxon reference data, and shading same as in Figure 3.
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trees.  There are 51 clades recovered in this analysis, shared with the strict consensus tree recovered 
from the concatenated dataset.  This analysis was rooted with Echium fastuosum.  In this analysis, the 
ingroup clade consisting of all taxa from Cryptantha, Amsinckia, Pectocarya, and Plagiobothrys was 
recovered, but was not well-supported (pp=0.59).  The first well-supported (pp=0.96) clade to diverge 
within the ingroup was found to include C. holoptera, C. racemosa, C. costata, C. inaequata, and 
C.parviflora.  This clade had several well-supported clades within the group. Cryptantha holoptera 
was placed sister to C. costata (pp=0.99), C. inaequata was sister to C. racemosa (pp=0.80), and the 
latter two form a clade with C. parviflora (pp=0.97).  

The next clade to diverge within the ingroup consisted of the bulk of the annual species 
from the genus Cryptantha. This clade was not well-supported as a monophyletic group (pp=0.55).  
Within this clade, the first group to diverge was composed of the South American subgenera 
Geocarya, with species C. linearis and C. alyssoides, and Cryptantha, with the taxon C. capituliflora 
(pp=0.96).  Within this clade, similar to the results in the parsimony analysis, Geocarya was found 
to be monophyletic (pp=89). Cryptantha dumetorum was sister to the remaining taxa in Cryptantha.  
Among these annual species, there were two major clades of annual Krynitzkia taxa.  The first was 
moderately supported (pp=0.89) and was composed of C. barbigera, C. intermedia, C. sparsiflora, 
C. ganderi, C. microstachys, C. corollata, C. decipiens, C. foliosa, C. traskiae, C. clevelandii, and 
C. dumetorum, was placed sister to all other species within this clade.  See Figure 8 for details and 
relationships within this clade.  The second major clade within Krynitzkia was not well-supported 
(0.49).  Well supported groups within this clade included C. glomerulifera placed sister to C. minima 
(pp=0.98).  Both these taxa are missing data for the ITS region, which makes this relationship 
doubtful.   Also within the second major Krynitzkia clade, a well supported clade (pp=0.99) 
comprised of C. nevadensis, C. scoparia, and C. leiocarpa was recovered.  The final, well-supported 
set of relationships within this monophyletic group was comprised of C. hispidula, C. torreyana, and 
C. glomeriflora (pp=0.96).  

Among the more shallow relationships within the ingroup, a well-supported clade (pp=0.95), 
comprised of C. angustifolia, C . gracilis, C. granulosa, and C. micromeres was recovered.  Within 
the clade, C. anguslifolia was sister to C. gracilis, with both of these taxa sister to the South American 
species C. granulosa, supported with a posterior probability of 0.98.  Cryptantha micromeres was 
found to be the first species to diverge within this clade. This unique clade was placed sister to the 
remaining taxa in the study.

The remaining taxa form a poorly supported clade (pp=0.74).  Among these remaining taxa, 
C. circumscissa was placed sister to C. similis (pp=0.99) and this clade forms a monophyletic group 
with Plagiobothrys (pp=0.64).  The genus Plagiobothrys is found to be monophyletic, but not well 
supported (pp=0.69).  Within Plagiobothrys, species from section Allocarya formed a well-supported 
clade (pp=0.94), exclusive of C. nothofulvus.  The Plagiobothrys clade plus the C. circumscissa-C. 
similis clade was sister to Amsinckia, Pectocarya, subgenus Oreocarya, and C. lepida. the last well-
supported clade with a posterior probability of 0.97. Within this clade, subgenus Oreocarya was 
monophyletic (pp=0.84).  Oreocarya was placed sister to genus Pectocarya, but with poor support.  
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Pectocarya was monophyletic (pp=0.96), and several well supported relationships were recovered 
within the genus.  Pectocarya setosa was the most early diverging taxon, with the rest of the 
Pectocarya species forming a well-supported clade (pp=0.98).  Pectocarya anomola and Pectocarya 
lateriflora were sister taxa (pp=1.00), and Pectocarya linearis was sister to Pectocarya penicillata 
(0.86).  Finally, the genus Amsinckia formseda well-supported monophyletic group with C. lepida 
(pp=1.00).  The species from Amsinckia formed a monophyletic clade (pp=0.97).  Within Amsinckia, 
the two specimens from A. menziesii were sister to each other (0.97).

The final analysis can be seen in Figure 9.  The Bayesian analysis ran for 5,000,000 
generations with a burn-in of 20,000 trees.  In this analysis, all taxa that did not have data for both 
gene regions were eliminated.  The matrix for this analysis consisted of a total of 60 samples, 
with an aligned matrix of 1300 nucleotides in length.  This analysis recovered many of the same 
relationships as the concatenated Bayesian analysis (Fig 8), but had much higher support values, 
especially in the backbone of the tree.  There was much higher, though still not strong support, for 
a clade composed of Pectocarya, Amsinckia, Cryptantha, and Plagiobothrys, which was found to 
have a posterior probability of 0.82.  The genus Cryptantha, as currently circumscribed, was  again 
found to be paraphyletic, consistent with all the other analyses discussed previously.  Within this 
clade,  Plagiobothrys was strongly supported as monophyletic (pp=1.00), and was placed sister to the 
C. circumscissa + C. similis clade with strong support (pp=1.00). Cryptantha circumscissa and C. 
similis were found to be sister taxa, and formed a strongly supported monophyletic group (pp=1.00).  
The clade consisting of C. holoptera, C. costata, and C. inaequata was again recovered, with strong 
support (pp=1.00).  These taxa were placed sister to the group consisting of Plagiobothrys, C. similis, 
and C. circumscissa, but not with strong support.    

The remaining taxa sampled formed a well-supported monophyletic group (pp=0.99) and 
included taxa from the genus Amsinckia, Pectocarya, and four subgenera of Cryptantha.  A clade 
consisting of the majority of the annual taxa from subgenus Krynitzkia was supported with a Bayesian 
posterior probability of 1.00.  Within this Cryptantha clade, the specialized subgenera from South 
American Geocarya and Cryptantha formed a monophyletic group (pp=1.00), and was sister to the 
species from the large Krynitzkia clade.  The relationships between the subgenera Geocarya and 
Cryptantha were not clearly supported.  Within the large clade of Krynitzkia species pp=0.87) that 
were placed in the clade sister to Geocarya +Cryptantha, C. dumetorum was the earliest diverging 
taxon.  The remaining species of form a well-supported clade (pp=1.00).  Within this clade, there is 
a major split, in which roughly half the taxa were placed in one of two well supported monophyletic 
groups (pp=0.99 and pp=1.00).  See Figure 7 for relationships within these two clades.  

Similar to other analyses, a clade consisting of C. anguslifolia, C. granulosa, and C. 
micromeres was recovered as well-supported and monophyletic group (pp=1.00).  These three taxa 
are currently placed in subgenus Krynitzkia.  This clade was found to form a well-supported clade 
(pp=1.00) with the genera Pectocarya and Amsinckia, subgenus Oreocarya, and C. lepida.  Subgenus 
Oreocarya formed a well-supported clade (1.00) with few well-supported relationships within the 
group.  Oreocarya was placed sister to the monophyletic Pectocarya (pp=1.00).  Finally, C. lepida 
and the sampled taxa of Amsinckia formed a well-supported clade (pp=1.00).   
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DISCUSSION

These many analyses, using different gene regions from the nuclear and chloroplast genomes 
and different analytical methods, produced certain unique relationships that demonstrate the need 
for taxonomic revision shared between the parsimony and Bayesian analyses, although the Bayesian 
inference is the preferred analysis.   The clade composed of the genera Cryptantha, Amsinckia, 
Plagiobothrys, and Pectocarya consistently formed a monophyletic group, even though it was not 
always well-supported.  Pectocarya and Amsinckia were recovered as monophyletic and well-
supported in every analysis.  Plagiobothrys was recovered as monophyletic as well, but was often not 
well-supported (see above.)  This genus should be sampled further, because with more taxon sampling 
phylogenetic relationships within the genus may be clarified.

 One of the primary goals of this thesis was to assess phylogenetic relationships within the 
genus Cryptantha.  None of the sections described in Johnston (1925) were found to be monophyletic.  
Additionally, the genus Cryptantha, as currently circumscribed, was found to be paraphyletic in every 
analysis.  Several distinct, well-supported clades from taxa currently placed in Cryptantha, mostly 
in from subgenus Krynitzkia were recovered in all of the analyses.  This includes the well-defined 
subgenera of genus Cryptantha: Geocarya and Oreocarya.  The first, most prominent and well-
sampled of these was the North American perennial subgenus Oreocarya.  Oreocarya has long been 
the source of taxonomic controversy, and was recovered as monophyletic in every analysis; although 
it was not always well-supported with confidence assessments. This group was the only perennial 
clade among taxa in the study.  The remaining annual taxa mostly have much quicker generation 
times than these long-lived perennials.  The two other subgenera Cryptantha and Geocarya are 
exclusively South American and form a monophyletic group with each other.  Geocarya was found 
to be monophyletic in all the analyses.  The taxa sampled from subgenus Cryptantha were not found 
to be monophyletic, but did form a monophyletic clade with subgenus Geocarya, with the exception 
of the concatenated Bayesian analysis (see Fig 8).  In the concatenated Bayesian analysis, C. 
glomerulifera was placed among the Krynitzkia taxa. This result is suspect because ITS data was not 
obtained for C. glomerulifera. In the concatenated parsimony analyses, and both analyses using the 
trnLF dataset, this taxon was placed in a clade with the other Geocarya and Cryptantha species.  This 
result may be refined in future studies.  

Krynitzkia was the subgenus of Cryptantha that was used as the catch-all for the annual and 
some perennial taxa, and it has long been recognized as a heterogenous grouping by authors (Johnston 
1925; Payson 1927; Higgins 1971).  This studied clearly demonstrated that subgenus Krynitzkia is 
not monophyletic, and several disparate clades emerged from taxa placed within this subgenus.  One 
of the clades of Cryptantha of note found in these analyses was the one comprised of only two taxa, 
C. circumscissa and C. similes, and was found to be well-supported and monophyletic in all of the 
analyses.  Similarly, the species Cryptantha lepida was consistently placed as more closely allied 
with the genus Amsinckia than with and other annual Cryptantha species. The clade composed of C. 
racemosa, C. costata, C. holoptera, C. inaequata, and C. parviflora was consistently found to form 
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a monophyletic group, not closely associated with other Cryptantha species. and corresponds to a 
previously named genus, which will be discussed more fully in chapter 3.  A final clade recovered in 
these analyses that does not correspond to a previously recognized genus consisted of C. angustifolia, 
C . micromeres, C. gracilis, and C. granulosa.  These four species, shared a more recent common 
ancestor with the clade that includes subgenus Oreocarya, Pectocarya, Plagiobothrys, and Amsinckia 
than any other annual Krynitzkia species in many of the analyses.  These natural groupings, when 
removed from the genus Cryptantha, leave the remaining species a more homogenous unit. Also, 
each one of the clades found constitute much more distinct units.   These groups will be discussed 
further, with taxonomic and systematic revisions based on the findings of these phylogenetic analyses, 
in Chapter 3.           
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CHAPTER 3

CHARACTER EVOLUTION IN THE GENUS 
CRYPTANTHA

One of the most common applications of cladograms is assessment of character evolution, 
or ancestral state reconstructions.  Ancestral state reconstructions can be used to test evolutionary 
hypotheses for groups of organisms (Cunningham et al 1998).  Parsimony optimizations, similar to 
phylogenetic inference methods that use parsimony criteria, minimize the number of evolutionary 
changes, given a tree topology and distribution of characters of interest (Schluter et al. 1997).  
Parsimony methods most often fully resolve each node and assign unambiguously the character 
state of the ancestral taxa (Schluter et al. 1997).  However, parsimony methods do not assess the 
probability of a given ancestral state at a particular node, not can they take branch lengths into 
account when optimizing character states.  

Likelihood methods may also be used to test for character evolution patterns in a group of 
organisms.  These types of ancestral state reconstructions maximize the probability that the character 
state of interest would evolve in a certain way under a stochastic model of evolution (Schluter et al. 
1997, Pagel 1999).  Likelihood methods assess each ancestral node.  Given the observed character 
states of terminal taxa, the model of evolution, the tree topology, and branch lengths, character 
states with the highest probability at a given node while allowing all other ancestral nodes to vary 
(Pagel 1999; Maddison and Maddison 2008).  Likelihood methods will show the uncertainty of each 
character state that is possible at that node.  

In addition to ancestral state reconstructions, phylogenies are used to revise nomenclature 
and classification for organismal groups.  This has become especially common with the advent of 
molecular data.  When revising nomenclature, it is ideal to clearly circumscribe new groups with clear 
morphological characters in order to accurately identify those groups.  This will be done in this thesis 
for the paraphyletic genus Cryptantha, which must be revised given the inferences made in chapter 2.  

MATERIALS AND METHODS 
The concatenated Bayesian phylogenetic tree topology (Figure 8) was used as the basis for 

assessing character evolution in Cryptantha.  Characters examined were morphological states, used 
to circumscribe groups within the genus Cryptantha.  These characters include vegetative characters 
like plant duration, in which a plant will either be a perennial, living more than one year, or annual, 
living one year.  However, most of the characters examined are fruit characters, like the number 
of nutlets developing per fruit or nutlet heteromorphism, in which one nutlet is different from the 
others developing in the same fruit.  The remaining three characters focus on the nutlet morphology, 
and include nutlets winged, nutlet sculpturing, and the nutlet groove appearance.   See Figure 10 for 
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Figure 10. Morphological characters used in ancestral state reconstruction.  A,B. Plant duration. A. C. confertiflora 
showing perennial duration. Photo courtesy of Gary A. Monroe.  B. C. maritima, annual. C,D .Number of nutlets per 
fruit. C,D. Number of nutlets per fruit.  C. C. barbigera,  4 nutlets per fruit. D. C. flaccida, 1 nutlet per fruit.  E,F. 
Nutlet heteromorphism. E. C. scoparia, homomorphic. F. C. micromeres, heteromorphic.  G,H. Pericarp sculptur-
ing. G. C. mohavensis, smooth. H. C. nevadensis, rough. I,J. Nutlet margin winged. I. C. pterocarya, winged. J. C. 
traskiae, unwinged. K,L. Nutlet groove morphology.  K. C. flaccida, nutlet groove apical. L. C. hoffmanii, nutlet 
groove sub-apical.  White scale bars =1mm.
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pictures of these characters and chaacter states.  Character states for each taxon were obtained from 
the taxonomic literature cited in chapter 1, and personal observation. Parsimony optimizations were 
implemented in Mesquite (Maddison and Maddison 2008), using the unordered states assumption.  
Likelihood reconstructions were assessed in Mesquite.  The nodes in likelihood diagrams indicated 
relative probabilities of each character state for that particular ancestral taxon.  Likelihood methods 
used the markov state 1 parameter model (MK1) of evolution.  This model has a single parameter rate 
of change, in which any change from any given state to another was calculated as equally probable 
(Maddison and Maddison 2008.)

RESULTS AND DISCUSSION 
Figures 11-18, 20-23 present the ancestral state reconstructions for all morphological 

characters investigated.  In most cases, likelihood and parisimony and likelihood analyses show the 
same trends.

 The maximum likelihood reconstruction of plant duration (Figure 11) shows that the taxa 
within the genera Amsinckia, Cryptantha, Plagiobothrys, and Pectocarya are almost all annual.  
Perennial plant duration arises in several clades among these genera, most prominently by all 
representatives of subgenus Oreocarya.  The likelihood and parsimony reconstructions resolve 
the ancestral state of the common ancestor of the Oreocarya clade as perennial.  This character 
state can be used as an apomorphy to characterize the clade.  Previous taxonomists hypothesized 
(as dicussed in chapter 1) that the perennial habit of Oreocarya was likely the ancestral state from 
which the annual Cryptantha, Plagiobothrys, Amsinckia, and Pectocarya derived.  This thesis clearly 
demonstrates the perennial habit of Oreocarya is derived within the group. Perenniality has also 
evolved within the clade consisting of C. costata, C. holoptera, C. racemosa, and C. parviflora and is 
exhibited by two of the terminals within the clade: C. racemosa and C. holoptera.  Both the likelihood 
reconstruction and the parsimony reconstruction (Figure 12) did not recover this as the ancestral state 
for the group. however, it seems that within this clade, there is a tendency to develop a perennial 
plant habit, as it has occurred two times independently.  C. glomerulifera represents an independent 
evolution of the perennial plant habit.  Finally, the perennial plant habit is seen in two species of the 
clade consisting of the South American taxa C. alyssoides, C. linearis, and C. capituliflora.  These 
species are members of the subgenera Cryptantha or Geocarya.  In the likelihood reconstruction 
the most recent common ancestor is recovered as annual, but the parsimony reconstruction is 
equivocal.  A possible significance of perennial duration is that it allows these plants to colonize 
higher elevations.  Almost all taxa found to be perennial, especially subgenus Oreocarya, is linked to 
specific ecological conditions.  Future study is needed confirm this hypothesis. 

Figures 13 and 14 present the reconstructions of number of nutlets per fruit developing to 
maturity.  As was discussed in chapter 1, taxa within subfamily Boraginoideae have a gynobasic 
style, with a deeply four-lobed ovary.  Generally, each of the four lobes will develop into a nutlet 
containing one seed.  However, within the genus Cryptantha, there are many taxa which consistently 
exhibit a reduction in nutlet number, and this has been used in the past to circumscribe species.  
There are several clades within Cryptantha that show nutlet number reduction.  Within large clade of 
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Figure 11.  Likelihood reconstruction of plant duration (black= perennial, white= annual) from the Bayesian tree of 
Figure 8.  Values at interior nodes estimated using maximum likelihood, reflected in the partial shading at interior 
circles. 
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Figure 13.  Likelihood reconstruction of  Nutlet number per fruit (black= 4 nutlets/ fruit, gray= 2 nutlets/ fruit 
white= 1 nutlet/ fruit)  from the Bayesian tree of Figure 8.  Values at interior nodes estimated using maximum likeli-
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Figure 15.  Likelihood reconstruction of  nutlet heteromorphism (black=nutlets heteromorphic, white= nutlets 
homomorphic) from the Bayesian tree of Figure 8.  Values at interior nodes estimated using maximum likelihood, 
reflected in the partial shading at interior circles. 
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Krynitzkia species, the clade consisting of C. barbigera, C. intermedia, C. sparsiflora, C. ganderi, 
C. microstachys, C. corollata, C. decipiens, C. foliosa, and C. traskiae has many species that usually 
have one nutlet developing in each fruit.  The common ancestor of this clade is recovered as only 
having one nutlet per fruit in both the likelihood and parsimony analysis.  Within this clade, there 
was a return to four nutlets per fruit in C. intermedia and in both of the island taxa, C. ganderi and 
C. traskiae.  The species C. barbigera can develop 1-4 nutlets per fruit.  The return to four nutlets 
produced per fruit was recovered as the character state for the most recent common ancestor in both 
the likelihood and parsimony reconstruction for C. traskiae and C. foliosa, both island endemics taxa.  
The increased number probably was beneficial to the ancestor as it diversified on the islands, because 
increased numbers of offspring could be produced by each individual.  A study of whether there is 
an increased number of fruits per plant, and increased nutlets per plant in comparison to sister taxa 
would elucidate this.  A reduction to one nutlet per fruit was also recovered in subgenus Krynitzkia, 
in the clade consisting of C. glomeriflora, C. hispidula, and C. torreyana.  In the likelihood analysis 
one nutlet per fruit was recovered as the most likely state of the ancestor, whereas in the parsimony 
analysis the node was equivocal.  Two other species within subgenus Kryntizkia had a reduction 
to one nutlet per fruit, C. flaccida and C. gracilis.  However, these are unique occurrences and not 
representative of broader evolutionary trends.  Within clade consisting of C. linearis, C. alyssoides, 
and C. capituliflora, the ancestor was found to have two nutlets, with a reduction to one nutlet per 
fruit in the terminal C. linearis.  The reduction may have occurred as the size of the flowers in these 
taxa reduced, eventually becoming cleistogamous, but increased sampling is necessary to discuss this 
fully.  There are two separate reductions of nutlet number per fruit within subgenus Oreocarya, in the 
species C. cana and C. flava, but these are evolutionary novelties for the species, and do not represent 
trends within the subgenus.  

The remaining characters used in the character evolution analysis focuse on the morphology 
of the nutlets.  The first is whether nutlets within a fruit are heteromorphic, meaning that nutlets 
develop differentially in size or in pericarp wall sculpturing.  This is a trait that was often made of 
great importance when classifying groups within the genus Cryptantha because it is a morphological 
trait found within the genus.  The likelihood reconstruction (Figure 15) and parsimony reconstruction 
(Figure 16) revealed clades that have a tendency towards heteromorphism.  Some of the 
heteromorphic taxa occur within the novel clades revealed by the molecular phylogenetic inference in 
chapter 2.  The clade composed of C. racemosa, C. parviflora, and C. granulosa was shown to have 
a common ancestor with heteromorphic nutlets.  These three taxa were sister to the clade composed 
of C. holoptera and C. costata.  The ancestor of all of these taxa was found to have homomorphic 
nutlets by the likelihood analysis, but the parsimony analysis found the ancestor to be equivocal.  The 
clade composed of C. angustifolia, C. gracilis, C. ganulosa, and C. micromeres exhibited a strong 
tendency towards heteromorphism.  All terminals in the clade except C. gracilis had heteromorphic 
nutlets.  C. gracilis also had a reduction in nutlet number to one per fruit.  The common ancestor of 
this clade most likely had heteromorphic nutlets from the likelihood and parsimony analysis. Nutlet 
heteromorphism is a trait that can be used as an apomorphy to distinguish this monophyletic group.  
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Figure 17.  Likelihood reconstruction of  nutlets winged (black= nutlets winged, white= nutlets not winged) from the 
Bayesian tree of Figure 8.  Values at interior nodes estimated using maximum likelihood, reflected in the partial shading at 
interior circles.  
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Figure 18. Parsimony optimization of nutlets winged (black= nutlets winged, white= nutlets not winged) for the 
concatenated Bayesian tree of Figure 8.  
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Figure 19.  Different morphologies of nutlet wings. A-C. Pectocarya nutlet wings.  Wings are denticulate, with apical 
appendages.  A. Pectocarya heterocarpa. B. Pectocarya penicillata C. Pectocarya peninsularis.  D-F. Wings of the 
Johnstonella group.  Note all wings are thin, and consistent in width.  Note also, tubercles are similar in size and 
shape on the three species. D. Cryptantha inaequata. E. Cryptantha holoptera. F. Cryptantha racemosa. G,H. Wings 
of species in the large clade of subgenus Krynitzkia taxa.  Note lobing and inconsistent width.  G. Cryptantha ptero-
carya. H. Cryptantha oxygona.  White scale bars=1mm.
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Figure 20.  Likelihood reconstruction of nutlets sculpturing (black= nutlets smooth, white= nutlets roughened) from the 
Bayesian tree of Figure 8.  Values at interior nodes estimated using maximum likelihood, reflected in the partial shading at 
interior circles.  
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Figure 22.  Likelihood reconstruction of nutlets groove morphology (black= nutlet groove sub-apical, white=nutlet 
groove not sub-apical) from the Bayesian tree of Figure 8.  Values at interior nodes estimated using maximum likeli-
hood, reflected in the partial shading at interior circles.  
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Figure 23.  Parsimony optimization of nutlet groove morphology (black= nutlet groove sub-apical, white=nutlet groove not 
sub-apical) for the concatenated Bayesian tree of Figure 8. 
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For the remaining taxa, nutlet heteromorphism does not seem to be a broad evolutionary trend, but 
has evolved six more times among separate taxa within the genus Cryptantha.  

The next character used for the ancestral state reconstruction analysis was for marginal 
wings on nutlets (Fig 17 and Fig 18).  Figure 19 illustrates the different types of wings seen within 
the clade.  Several outgroup taxa had nutlet pericarp walls that formed a wing around the main 
body of the nutlet. Winged nutlets have been postulated to make these nutlets more suitable to wind 
and water dispersal, especially in desert environments.  All members of the genus Pectocarya had 
winged nutlets.  However, the wings on Pectocarya taxa are very different in appearance than the 
wings seen on Cryptantha nutlets, and all Pectocarya nutlets have very characteristic teeth with 
apical appendages. These wings are not likely to be homologous with the wings of Cryptantha 
species.  Within Cryptantha species, the clade consisting of C. costata, C. holoptera, C. racemosa, C. 
inaequata, and C. parviflora exhibits wings that were consistent from taxon to taxon.  The wings in 
this clade are all thin, having an almost rimmed appearance surrounding the entire nutlet.  This wing 
is a broad evolutionary trend in the group, and constitutes an apomorphy for the clade.  In both the 
parsimony and likelihood analyses, the ancestor is recovered as having winged nutlets.  Among the 
species retained in subgenus Krynitzkia, C. pterocarya, C. mohavensis, and C. oxygona form a clade.  
Both C. pterocarya and C. oxygona have winged nutlets, very different in appearance from the clade 
just previously described.  These wings are large and irregularly lobed.  The common ancestor of this 
clade is not resolved in either analysis.  Within subgenus Oreocarya, winged nutlets arise four times.  
The common ancestor of Oreocarya is unwinged in the likelihood analysis, but is equivocal in the 
parsimony optimization.  

Another character of interest is nutlet pericarp wall sculpturing (Figure 20 and Figure 21).  
Smooth nutlets do not occur outside of the genus Cryptantha.  Roughened nutlets are thought to be 
more suitably adapted to animal dispersal.  The adaptive significance of smooth nutlets is unknown.  
Within the large clade of Krynitzkia species, a group was found to exhibit smooth nutlets.  This 
clade consists of C. affinis, C. mariposae, C. flaccida, C. simulans, C. glomeriflora, C. hispidula, 
C. torreyana, and C. nemaclada has six specis with smooth nutlets.  The common ancestor of the 
clade was found to be equivocal in the parsimony and likelihood reconstructions.  Smooth nutlets are 
also found in the clade consisting of C. ganderi, and C. microstachys, and the ancestor was found to 
have smooth nutlets.   Smooth nutlets were also seen in subgenus Oreocarya, evolving three times 
independently.

The final character assessed was nutlet groove morphology (Figure 22 and Figure 23).  The 
general character state for species within Cryptantha is a nutlet groove that extends to the apex of the 
nutlet.  However, some taxa have an apical groove that terminated below the apex of the nutlet.  The 
sub-apical nutlet groove was only seen in terminals placed in subgenus Oreocarya.  This character 
state represents a good apomorphy to distinguishing Oreocarya as morphologically distinct from the 
other clades.
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      TAXONOMIC AND SYSTEMATIC CHANGES

Discussed previously, nomenclature and classification should be based on monophyletic 
groups because then named groups represent the evolutionary history of organisms.  This often 
allows for better assessment of unique morphological traits that distinguish groups of organisms.  
As seen from the variety of analyses presented in chapter 2, the genus Cryptantha, as currently 
circumscribed, is paraphyletic.  Figure 24 presents the topology seen in Figure 8, with the taxonomic 
revisions discussed below mapped on the phylogenetic reconstruction.  A number of genera that 
were previously named (as reviewed in chapter 1) correspond to clades revealed in the phylogenetic 
analyses.  These clades include the monotypic C. lepida, which was found to be more closely 
related to Amsinckia than to other Cryptantha species.  Cryptantha lepida corresponds to the genus 
Eremocarya, as named and described by E.L. Greene (1887).  Likely, Eremocarya would also include 
the species C. micrantha when formally resurrected, as was recognized by Greene.  The characters 
used to distinguish the genus Eremocarya include height that it equal to or less than width of the 
plant, flowers with bracts, gynobase that is greater in height than mature nutlets, and a persistent style.    

Similarly, the two species C. circumscissa and C. similis were found to form a clade sharing 
a more recent common ancestor with Plagiobothrys than other Cryptantha species.  The validly 
published genus name that should be applied to these species is Greeneocharis.  The characters used 
to distinguish this genus, similar to those presented by Greene (1887) are calyces that are basally 
tubular, and circumscissal at maturity.  The flowers are bracteate, and the plant width is greater than 
the height.  In addition, the pedicel is persistent, and will not detach at maturity. 

The subgenus Oreocarya was also found to form a well-supported monophyletic group, and 
should be recognized at the genus level.  This agrees with the work of some taxonomists that currently 
recognize this group as a genus.  Some vegetative characters that can be used to circumscribe this 
genus include the perennial plant duration, a persistent basal rosette of leaves, flowers that tend to be 
larger in diameter, calyces that are persistent at maturity.  The nutlet characters that differentiate this 
group include having a ventral groove that terminates before the apex of the nutlet; and sculpturing on 
the dorsal and ventral surfaces, that tends towards rugose roughenings.  

Another clade recovered includes the species C. costata, C. holoptera, C. parviflora, C. 
inaequata, and C. racemosa.  In 1925 C. racemosa and C. inaequata were placed in the genus 
Johnstonella by Brand.  This genus name can be applied to this clade, and expanded to include the 
taxa placed in the clade with C. racemosa and C. inaequata.  Morphological characters that were 
found in the ancestral state reconstruction to unite all the taxa in the clade include nutlets with a thin, 
regular wing surrounding the entire nutlet, and widely spaced, regularly distributed tubercles on the 
dorsal surfaced of the nutlet.  

The final clade that merits taxonomic revision is the group consisting of C. angustifolia, 
C. micromeres, C. gracilis, and C. granulosa. This is the only group that does not correspond to 
a previously named genus.  This group is the most ambiguous, and may be expanded with more 
taxon sampling.  Based on the ancestral state reconstructions, although heteromorphism evolved 



 58

Figure 24. Bayesian concatenated analysis with generic taxonomic revisions.
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Genus nov.



 59

independently in several other clades, it is an apomorphy for this clade, with a reduction to one nutlet 
per fruit in the taxon C. gracilis.  

The taxa found remaining in Cryptantha s.s. fall into three former subgenera Cryptantha, 
Geocarya, and Krynitzkia.  Geocarya was found to be monophyletic, but there was limited taxon 
sampling, which must be expanded to refine this classification. The morphological characters 
originally proposed by Johnston (1927), including highly specialized lenticular cleistogamous 
flowers at the base of the plant can be used to characterize this group. Subgenus Cryptantha was 
not found to be monophyletic, and warrents further investigation because of the small sample size.  
Subgenus Krynitzkia s.s., with the species excluded by the taxonomic revisions discussed above, 
would be monophyletic.  This subgenus would also have an amphitropic distribution, including three 
amphitropically distributed species. Characters that distinguish this subgenus include plants with an 
annual habit, and fruits that detach easily as a unit at maturity.  The fruits are composed of the calyx 
and all 1-4 nutlets that develop within the calyx.  Within subgenus Krynitzkia, none of the sections 
designated by Johnston (1925) were not found to be natural groupings.  They should no longer be 
recognized as valid taxonomic units.  There were two main clades recovered within Krynitzkia, 
with C. dumetorum sister to the clades.  A formal recognition of three sections within Krynitzkia 
could be made.  However, further study is necessary to fully circumscribe these groups, both for 
proper placement of all species within the correct group, as well as to clearly define morphological 
characters to diagnose the sections. Cryptantha s.s. should be recognized, with the subgenera 
Cryptantha, Geocarya, and Krynitzkia s.s. 
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CHAPTER 4

CONCLUSIONS AND FUTURE STUDIES

 The following conclusions are summarized with reference to the original objectives 
(italicized) as stated in chapter 1.  

The primary objective of this study is to assess the infrageneric evolutionary relationships 
of members of the genus Cryptantha using molecular sequence data from both the chloroplast and 
nuclear gene regions. 

No previous study has ever formally assessed the evolutionary history of the group using 
modern inference techniques.  Two gene regions, from both the chloroplast and nuclear genomes 
were sampled for as many as 92 taxa.  All four subgenera, Krynitzkia, Cryptantha, Geocarya, and 
Oreocarya, were sampled, as well as all the sections of the North American members of subgenus 
Krynitzkia, as circumscribed by Johnston (1925) and most of the sections of subgenus Oreocarya, 
as outlined by Higgins (1971).  The phylogenetic inference using multiple analysis methods has 
consistently shown that Cryptantha, as currently recognized, is paraphyletic.  This thesis has also 
demonstrated the need for revising sectional level relationships, as they do not form monophyletic 
groups.  
 Additionally, intergeneric relationships will be evaluated among genera closely allied with 
Cryptantha based on morphology.  The monophyly of Cryptantha will be tested using a wide sampling 
within Cryptantha and among outgroups.

The extensive sampling of outgroup taxa from the Amsinckia, Pectocarya, and Plagiobothrys 
allowed for testing to the phylogenetic relationships among the genera.  As discussed earlier, 
Cryptantha was not found to be monophyletic with respect to the closest relatives.  This study 
demonstrated that these genera, along with Cryptantha, do form a monophyletic clade, that was 
often well-supported with confidence assessments, agreeing with the findings of Schwarzer (2007).  
I concur with the taxonomic suggestions in Schwarzer’s dissertation that the group be referred to as 
the tribe Cryptantheae. and should include Amsinckia, Cryptantha s.s., Ereomocarya, Greeneocharis, 
Johnstonella, Pectocarya, Plagiobothrys, Oreocarya, and genus nov.

The phylogeny will be used to revise the classification and taxonomy of the group, with 
an emphasis on relationships within the genus. A phylogeny will resolve the relationships of these 
variously defined subgeneric groupings, and will give evidence of whether these are artificial groups 
or natural entities.   
 Once the phylogeny was inferred it became evident that there is a need to revise 
nomenclature and classification and nomenclature of the genus, in order to avoid the recognition of 
a paraphyletic genus.  There are two options, two lump all the taxa into one very large heterogenous 
genus, or to split the group into segregate genera based on the analysis.  The groups found correspond 
to previously named genera, with the exception of one.  These genera names include: Oreocarya, 
Eremocarya, Greeneocharis, and Johnstonella.  Oreocarya has already been recognized by some 
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recent workers, and Eremocarya and Greeneocharis  contain only two species each.  This study 
expands the generic concept of Johnstonella, and this genus should be examined in a more detailed 
assessment to fully expand the genus.  This study also identified a novel clade that should be 
recognized at the genus level, consisting of C. angustifolia, C. micromeres, C. ganulosa, and C. 
gracilis.  This clade needs to be studied in greater detail to formerly recognize the clade as a genus.   
Morphological characters were suggested to identify these genera. Groupings within the genus 
require further study in order to identify fully groupings within Cryptantha s.s.  However, the three 
subgenera Cryptantha, Geocarya, and Krynitzkia s.s. should be maintained until future studies 
elucidate these phylogenetic relationships.  

Additionally, this phylogeny will be used to assess character evolution within the genus, with 
concentration on characters that have traditionally been used for taxonomic grouping.  
 A final application of the phylogeny inferred in chapter 2 was to assess morphological 
character evolution in the group using ancestral state reconstructions.  This study found several 
trends, which may provide characters that can be used to circumscribe the genera discussed above.  
It was found that, although perennial plant duration has evolved multiple times in Cryptantheae, 
it is a good apomorphy for the Oreocarya clade.  Additionally, the sub-apical nutlet groove is an 
apomorphy for Oreocarya. The character reconstructions identified that the Johnstonella group had 
an ancestor with wings, and that the novel genus of C. angustifolia, C. micromeres, C. ganulosa, and 
C. gracilis has a tendency towards nutlet heteromorphism.  Smooth nutlet taxa were all found to be in 
the taxa retained in subgenus Krynitzkia. The genus Greeneocharis is distinguished by circumscissal 
calyces, and Ereomocarya by its bracteate flowers and its enlarged style with a gynobase larger than 
the mature nutlets, although these characters were not used in ancestral state reconstructions. 
 Finally, the SDSU Cryptantha website, <http://www.sci.sdsu.edu/plants/cryptantha>, will 
be updated and supplemented with new data and photographs to allow for easier keying and to 
encourage enthusiasm for this widely-spread, interesting genus.

Finally, a goal of this thesis was to expand the website < http://www.sci.sdsu.edu/plants/
cryptantha> A multi-entry key was developed for the Cryptantha species within San Diego County.  
Photographs were added under the direction Dr. Michael G. Simpson, as well as photographs of the 
genera from Amsinckia and Pectocarya.  This website has been recognized by prefessionals in the 
field to be an invaluable resource for the taxonomy of the complex,
 Although many of the relationships within the genus Cryptantha were elucidated by this 
study, this remains a preliminary analysis of the genus, focused on the higher level relationships 
within the genus, and among the genera Amsinckia, Cryptantha, Pectocarya, and Plagiobothrys.  
Future studies should include more extensive sampling from the subgenera Cryptantha and 
Geocarya, in order to clarify whether these subgenera are monophyletic.  Additionally, studies should 
focus on the genera inferred in this study, in particular Oreocarya,  Johnstonella,  and the novel genus 
to fully understand the interspecific relationships within the genera and the morphology associated 
with the genera.  Also, a focused study on the subgenus Krynitzkia would elucidate relationships 
within the subgenus.  Future work should also focus on the biogeography of the entire Cryptantheae.  
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Most of the genera, including Johnstonella and the novel genus, display an amphitropic distribution.  
This creates many interesting biogeographic questions that can be addressed once the phylogenetic 
relationships of these genera are fully resolved.     
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