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subspecies, within the Limnanthes floccosa complex, endemic to vernal pools in
southern Oregon and northern California. Three seasons of monitoring natural
populations have quantified that L. floccosa ssp. grandiflora is always found growing
sympatrically with L. floccosa ssp. floccosa and that their flowering times overlap
considerably. Despite their close relationship, greenhouse crossing experiments have
confirmed that their F1 hybrids are sterile. An analysis of twelve microsatellite
markers, with unique alleles in each taxon, also shows almost no evidence of gene
flow between populations of the two subspecies. Due to the lack of previous
phylogenetic resolution within the L. floccosa complex, we used Illumina next
generation sequencing to identify single nucleotide polymorphisms from genomic
DNA libraries of L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora. These data
were used to identify single nucleotide polymorphisms in the chloroplast,

mitochondrial, and nuclear genomes. From these variable loci, a total of 2772 bp was
obtained using Sanger sequencing of ten individuals representing all subspecies of the
L. floccosa complex and an outgroup. The resulting phylogenetic reconstruction was
fully resolved. Our results indicate that although L. floccosa ssp. floccosa and L.
floccosa ssp. grandiflora are closely related, they are not sister taxa and therefore
likely did not diverge as a result of a sympatric speciation event.
The results of this phylogenetic portion of this study confirm the monophyly of two
sections within Limnanthes and also suggest that Limnanthaceae may contain as few
as four species of Limnanthes and the monotypic genus Floerkea proserpinacoides.
Additionally, these results do not support taxonomic recognition of an anomalous 4petaled Limnanthes population located in Half Moon Bay, California, U.S.A., rather it
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Lastly, from the results of this study we have determined that L. floccosa ssp.
grandiflora and L. floccosa ssp. pumila are a species complex distinct from L.
floccosa. Therefore, as part of a revision of L. floccosa we designate these taxa L.
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EVOLUTIONARY RELATIONSHIPS AND AN INVESTIGATION OF
SYMPATRIC SPECIATION WITHIN LIMNANTHACEAE

Chapter 1

INTRODUCTION

Allopatric speciation, in which new species arise as a result of geographic isolation,
is an uncontroversial theory with numerous observed and experimental examples
(Coyne and Orr 2004). In contrast, sympatric speciation, the theory that genetic
divergence within an interbreeding population can result in the evolution of new
species, remains an intensely debated issue (Coyne and Orr 2004, Babik et al 2009),
with the notable exception of polyploid speciation in plants.
In recent decades, many evolutionary biologists have challenged this orthodoxy
based on empirical evidence (Bolnick and Fitzpatrick 2007). Additionally, numerous
theoretical models suggest that divergent selection may be able to surmount
recombination in order to establish Hardy-Weinburg disequilibrium, indicating that
sympatric speciation may be more common than traditionally assumed (Coyne and Orr
2004, Bolnick and Fitzpatrick 2007).
As a result of the growing number of putative examples of sympatric speciation, as
well as the widely varying quality and quantity of criteria used to ascertain a
speciation event, Coyne and Orr (2004) have proposed four rigorous criteria which
they feel must be met in order to reject an allopatric speciation null hypothesis. These
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are: 1. The species must be largely or completely sympatric. 2. The species must have
reproductive isolation, preferably based on genetic differences. 3. The sympatric taxa
must be sister groups. 4. The biogeographic and evolutionary history of the groups
must make the existence of an allopatric phase very unlikely.
My hypothesis was that subspecies within Limnanthes floccosa, specifically the
divergence between Limnanthes floccosa ssp. floccosa and L. floccosa ssp.
grandiflora might provide an unequivocal example of sympatric speciation that
satisfies the four criteria of Coyne and Orr.

General Overview of Limnanthes floccosa
Limnanthes floccosa is a highly polymorphic annual herb that inhabits vernal pools
and seasonally wet meadows throughout south-central Oregon and northern
California. Currently, taxonomists and floras recognize five subspecies of L. floccosa
(Arroyo 1973a, Ornduff 1993, OFP 2010): L. f. ssp. floccosa, L. f. ssp. californica
Arroyo, L. f. ssp. bellingeriana (Peck) Arroyo, L. f. ssp. grandiflora Arroyo, and L. f.
ssp. pumila (Howell) Arroyo. Four of these subspecies, all except L. f. ssp. floccosa,
are listed as endangered, threatened or species of concern by federal and or state
agencies (ORNHIC 2010; CDFG 2010).
Limnanthes floccosa, and all members of the genus Limnanthes, are of particular
interest due to the usefulness of the oil produced from their seeds. Unlike most plants,
meadowfoam species produce a very long chain seed oil with novel physical and
chemical characteristics, making it extremely stable at high temperatures and pressures
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(Miller et al.1964, Isbell 1997). Limnanthes alba cultivars are currently grown on a
limited scale in the United States, mainly in the state of Oregon, where they have
potential as a rotation crop in tandem with grass seed production. At present, only beepollinated L. alba cultivars are grown because the seed yield and seed oil
concentration is highest in this species, as opposed to self-pollinating Limnanthes
species, such as L. floccosa, which have low seed yield and oil concentration.
However, research has been pursued attempting to accomplish controlled crosses
between L. alba and several L. floccosa subspecies (Knapp and Crane 1999).

Sympatric speciation
L. f. ssp. floccosa and L. f. ssp. grandiflora were initially chosen as potential
examples of sympatric speciation for the following two reasons: First, all known
populations of L. f. ssp. grandiflora are physically sympatric with populations of L. f.
ssp. floccosa (Arroyo 1973a, Meyers 2008). Arroyo (1973a) also reported that these
subspecies have similar flowering times. In order to confirm this putative spatial and
temporal sympatry, a detailed mapping of individuals of the two subspecies, and their
flowering times, was conducted over a three year period (Chapter 4).
Secondly, the breeding system of L. f. ssp. floccosa is predominatly selfing, while
L. floccosa ssp. grandiflora is partially autogamous (approximately 50% outcrossing
and 50% selfing) (Arroyo 1973b). This suggested that a high or complete level of
reproductive isolation may exist between the two taxa. However, no prior study using
molecular markers had confirmed this reproductive isolation. In order to measure the
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amount of reproductive isolation between L. floccosa ssp. floccosa and L. floccosa ssp.
grandiflora a greenhouse crossing experiment in conjunction with a microsatellite
analysis was conducted (Chapters 4 and 5).
While analyses described above would address Coyne and Orr’s first and second
criteria, a resolved phylogenetic analysis of all L. floccosa subspecies was also
required to satisfy the third criterion. Previous studies have used plant morphology
(Mason 1952), numerical taxonomy (Ornduff and Crovello 1968, Arroyo 1973a),
allozyme variation (McNeill and Jain 1983), DNA (Plotkin 1998) and microsatellite
data (Donnelly et al. 2008) to determine evolutionary relationships within
Limnanthaceae. However, none of these studies included all nineteen taxa of
Limnanthaceae. Additionally, while each study that included all L. floccosa subspecies
found that L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora are closely
related, phylogenetic relationships within L. floccosa were completely unresolved.
In order to resolve the phylogenetic uncertainties within L. floccosa a
phylogenentic analysis was conducted using one nuclear (nrITS) and two chloroplast
(trnL intron and trnS-trnG intergenic spacer) genes. While this study provided some
resolution for other taxa within Limnanthaceae, relationships within L. floccosa
remained unresolved (Chapter 2).
In order to rectify this lack of resolution next generation (Illumina) technology was
used to sequence genomic DNA libraries of L. floccosa ssp. floccosa and L. floccosa
ssp. grandiflora. From the data obtained, SNPs (single nucleotide polymorphisms)
were identified within the nuclear, chloroplast and mitochondria genomes. These, in
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turn, were used to reconstruct a fully resolved phylogeny of L. floccosa (Chapters 3, 4
and 5).

Additional Research
In addition to surveying all currently accepted taxa within Limnanthaceae, an
anomalous population of 4-petalous Limnanthes plants, discovered in 1998 (Buxton
and Ornduff 1999), was also included in the initial phylogenetic analysis. These 4petalous plants are only located in a cultivated Brussels sprout field in Half Moon Bay,
San Mateo County, California. Although the anomalous Limnanthes plants resemble
Limnanthes macounii plants found in British Columbia, debate over the taxonomic
status of this population has been present since its discovery (Eva Buxton and Adolf
Ceska, personal communications). The goal of including this population within the
Limnanthaceae molecular phylogeny was to elucidate its taxonomic status and
biogeographic origin (Chapter 2).
Lastly, as a result of the crossing experiment and microsatellite analyses conducted
in this study, it has been has determined that L. floccosa ssp. grandiflora and L.
floccosa ssp. pumila are distinct from L. floccosa. Therefore, as part of a revision of L.
floccosa these taxa are designated as L. pumila ssp. grandiflora and L. pumila ssp.
pumila.
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Chapter 2

A MOLECULAR PHYLOGENY OF LIMNANTHES (LIMNANTHACEAE) AND
INVESTIGATION OF AN ANOMOLOUS LIMNANTHES POPULATION FROM
CALIFORNIA, USA

Stephen C. Meyers, Aaron Liston and Robert Meinke
Oregon State University, Department of Botany and Plant Pathology, Corvallis,
Oregon 97331, U.S.A.

Systematic Botany In press
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Abstract

In an effort to further resolve relationships within the genus Limnanthes and the
family Limnanthaceae a phylogenetic study was conducted using one nuclear (nrITS)
and two chloroplast (trnL intron and trnS-trnG intergenic spacer) genes. In addition to
surveying all currently accepted taxa within Limnanthaceae, an anomalous population
of 4-petalous plants from Half Moon Bay, San Mateo County, California, was also
included. Further, a series of crossing experiments were performed between Half
Moon Bay plants and two closely related species (Limnanthes bakeri and L.
macounii). The results of this study confirm the monophyly of two sections within
Limnanthes and also suggest that Limnanthaceae may contain as few as four species of
Limnanthes and the monotypic genus Floerkea proserpinacoides. Additionally, the
molecular phylogenetic results and crossing experiments do not support taxonomic
recognition of the Half Moon Bay population; rather it is part of a highly polymorphic
Limnanthes douglasii sensu lato.
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Introduction

Limnanthaceae is a small family of annual herbs and the only vascular plant family
endemic to temperate North America. The phylogenetic position of the family has
long been debated, but it is now confidently placed in the order Brassicales (Rodman
et al. 1998). Taxonomists currently recognize two genera. Floerkea Willd., is a
monotypic genus of 3-petalous plants that inhabits seasonally wet, often forested
microsites in eastern North America, the Great Basin–Intermountain region, and the
Pacific Northwest. The second genus, Limnanthes R. Br., is considered to comprise
eight species, three of which are further divided into 4-5 subspecies. With the
exception of the 4-petaled and Vancouver Island, British Columbia species L.
macounii, all recognized Limnanthes species are 5-petalous and found within the
California Floristic Province, where they occur in vernal pool habitats, or
occasionally, seasonally wet grasslands (Fig. 1). During years of favorable weather,
large populations of some white-flowered Limnanthes species give the appearance of
meadows covered with “foam,” thus the common name of the genus, meadowfoam.
Of the 20 currently recognized taxa within Limnanthaceae, eight are of interest due
to conservation concerns. Limnanthes vinculans, L. floccosa ssp. californica and L.
floccosa ssp. grandiflora are listed as endangered by the U.S. Fish and Wildlife
Service; ssp. grandiflora is also listed by the state of Oregon. Although not federally
listed, L. douglasii ssp. sulphurea and L. alba ssp. parishii are considered endangered
and L. bakeri as rare by the state of California. In addition, in the state of Oregon, both

11

L. floccosa ssp. bellingeriana and L. alba ssp. gracilis are currently candidate species
for listing under state law.
All members of the genus Limnanthes are of particular interest due to the usefulness
of the oil produced from their seeds. Unlike most plants, meadowfoam species
produce a very long chain seed oil with novel physical and chemical characteristics,
making it extremely stable at high temperatures and pressures (Miller et al.1964, Isbell
1997). A few Limnanthes alba cultivars are currently grown on a limited scale in the
United States, mainly in the state of Oregon, where they have potential as a rotation
crop in tandem with grass seed production. Only bee-pollinated L. alba cultivars are
grown because the seed yield and seed oil concentration is highest in this species, as
opposed to self-pollinating Limnanthes species, which have low seed yield and oil
concentration.
Growth of the meadowfoam oil industry has been impeded because L. alba often
exhibits low and erratic seed yields due to its dependence on insect pollination. While
Limnanthes pollination can be disturbed by cool, wet, windy weather (Ricker 2005),
the largest and most recent impediment to successful bee pollination is Colony
Collapse Disorder. This disease, of unknown cause, has affected approximately 30%
of bee colonies in the United States (Watanabe 2008) and greatly increased the
maintenance costs of those bees hives not affected (Oldroyd 2007).
Considering the problems associated with seed crop production based on obligate
outcrossing, the development of self-pollinating Limnanthes cultivars with oil-rich
seeds is an obvious priority. Initial attempts to accomplish this have involved
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controlled crosses between L. alba and the autogamous taxon L. floccosa ssp.
grandiflora. While this cross did result in a fertile hybrid, the cultivar still required bee
pollination (Dole and Sun 1992; Knapp and Crane 1999).
Future attempts to breed a viable, selfing Limnanthes cultivar, with a high seed oil
content, may benefit from a more thorough understanding of the biological and
phylogenetic relationships within Limnanthaceae. Additionally, conservation efforts
may be aided by a more thorough understanding of relationships within and among the
taxa of this family.
Several systematic studies of Limnanthaceae and Limnanthes have been completed
by previous authors. However, these authors have disagreed as to the placement of
many taxa within the family. When Limnanthaceae was described in 1833 by Brown
he separated Floerkea from Limnanthes. He did so with some reluctance, noting that
apart from the 3-petalous morphology of Floerkea (versus the 5-petalous morphology
of all but one Limnanthes species) the two genera are very similar. Later in the 19th
and early 20th centuries some workers (Baillon 1871; Greene 1891; Gray 1897)
merged the two genera, while others (Macoun 1886; Howell 1897; Rydberg 1907)
followed Brown’s original treatment.
A comprehensive biosystematic study of Limnanthaceae was conducted by Mason
(1952) using plant morphology, chromosome morphology, meiotic configurations and
crossing studies. Based on morphology Mason separated Limnanthes from the genus
Floerkea. Mason also subdivided Limnanthes into two sections: Reflexae and Inflexae,
based on petal position during the maturation of the nutlets. Other taxonomic changes
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included the recognition of three varieties within L. floccosa, i.e., vars. pumila,
floccosa and bellingeriana. Additionally, Mason concluded that L. gracilis var.
parishii, formerly named a variety of L. versicolor (currently L. alba ssp. versicolor)
by Jepson (1936), should be considered a variety of L. gracilis. Mason also suggested
that L. gracilis var. gracilis, L. gracilis var. parishii and L. montana may have a close
relationship. Lastly, although Mason observed that most L. alba var. versicolor
populations exhibited some L. alba var. alba characteristics, he chose to recognize the
two varieties as distinct taxa. Two subsequent studies, using phenetic analysis of
floral characters (Ornduff and Crovello 1968) and crossing experiments (Ornduff
1971), respectively, found concordance with the classification of Mason (1952).
It should be noted that according to current nomenclatural priority rules,
established by International Code of Botanical Nomenclature (ICBN 2006), section
Reflexae should be referred to as section Limnanthes.
In 1973 Arroyo, using numerical taxonomy, studied the infraspecific phenetic
relationships within L. floccosa. She elevated the varieties within L. floccosa to
subspecies and described an additional subspecies, i.e., L. f. ssp. grandiflora. The
author also concluded that L. f. ssp. californica is a recent derivative of L. alba and all
other subspecies of L. floccosa represent a progressive evolution from L. f. ssp.
californica. Arroyo also postulated that L. f. ssp. bellingeriana is most likely
polyphyletic, having been derived from L. f. ssp. floccosa on multiple and separate
occasions.
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Next, Parker and Bohm (1979) conducted a study to clarify relationships within
Limnanthaceae using petal and whole-plant flavonoids and plant morphological
characters. While the petal flavonoids supported Mason’s 1952 classification, the
whole-plant flavonoids indicated differently. Citing their whole-plant flavonoid results
and plant morphological characters, the authors concluded that Limnanthes and
Floerkea should be combined into one genus. The authors offered no other
conclusions or suggestions about any other relationships within Limnanthaceae or
Limnanthes.
Using allozyme variation, McNeill and Jain (1983) conducted a study of
Limnanthes section Inflexae. They agreed with Arroyo (1973) that L. f. ssp.
bellingeriana is likely derived from L. f. ssp. floccosa, but disagreed with her
conclusion that L. f. ssp. californica is derived from L. alba, and likewise disputed that
the other subspecies of L. floccosa are derived from L. f. ssp. californica. According to
this study’s results, L. floccosa is not closely related to L. alba, nor to any other
Limnanthes species in section Inflexae. McNeill and Jain hypothesized that L. floccosa
may have originated from an unknown taxon or diverged very rapidly. In addition, the
authors concluded that both L. alba subspecies and the two L. gracilis subspecies are
closely related, while L. montana is only distantly related.
Again using allozyme data, Kesseli and Jain (1984) assessed the phylogeny of
section Limnanthes. These authors found that specimens of subspecies within L.
douglasii, as well as specimens analyzed within L. striata, formed clusters based on
geographic distribution rather than taxonomy.
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Plotkin (1998) conducted the first molecular phylogenetic study using DNA
sequence data, specifically one nuclear (nrITS) and one chloroplast locus (trnL intron).
He sampled one specimen each from all described taxa within Limnanthaceae with the
exception of L. gracilis ssp. parishii. Plotkin concluded that Floerkea and Limnanthes
should be maintained as distinct taxa. Additionally, his data suggested that L. gracilis
ssp. gracilis and L. striata might be treated as subspecies of L. alba and L. douglasii,
respectively. Based on this, Morin (2007) subsequently merged the two L. gracilis
subspecies within L. alba and demoted L. striata to a subspecies within L. douglasii.
Unfortunately, Plotkin’s work is only available as an unpublished thesis and his
sequences are not deposited in GenBank.
Lastly, Donnelly et al. (2008) evaluated 62 Limnanthes accessions, representing
seven species, using 15 simple sequence repeat markers. While the results of their
parsimony analysis separated the accessions into the two sections proposed by Mason
(1952), there was little resolution within either of the groups.
In an effort to further resolve systematic relationships within Limnanthes, and
build upon previous studies, we have reconstructed a molecular phylogeny using one
nuclear gene (nrITS) and two chloroplast loci (the trnL intron and trnS-trnG intergenic
spacer). In addition to sampling all currently accepted taxa of Limnanthaceae, we
included in our analysis an anomalous population of 4-petalous plants, discovered in
1998 (Buxton and Ornduff 1999), which is known only from a cultivated Brussels
sprout field in Half Moon Bay, San Mateo County, California. We will refer to this
population as “Half Moon Bay”. As noted above, the only 4-petalous species of
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Limnanthes is L. macounii, generally considered an endemic of Vancouver Island,
British Columbia. However, 4-petalous individuals have been rarely observed in both
Floerka and other Limnanthes species (Baillon 1871, 1878).
Recently, representatives of the California Native Plant Society and the California
Natural Diversity Database, the latter a program affiliated with the California
Department of Fish and Game, have proposed official recognition of the Half Moon
Bay population (Jensen and Bittman, unpublished report). The proposal suggests that
the population should be recognized as L. macounii or an undescribed taxon.
Furthermore, unless additional studies conclude this population is non-native to
California, it should be placed on the CNPS 1B.1 list and the CNDDB G2/S1 list. The
1B.1 status would designate the population as “rare throughout its range” and
“seriously threatened in California”. The G2/S1 status would indicate that population
is “critically imperiled—at very high risk of extinction due to extreme rarity (often 5
or fewer populations), very steep declines, or other factors” (CDFG 2009).
In addition to its inclusion in the molecular phylogenetic analysis, we also
performed a series of crosses between “Half Moon Bay” individuals and individuals of
L. macounii and L. bakeri, grown from seed, in a greenhouse study. The latter species
was chosen as a representative of section Limnanthes. Resulting seeds were
germinated and F1 individuals were grown to maturity. The morphology and
flowering phenology of the latter were contrasted with the parental species.
The results of this study confirm the monophyly of the two sections within
Limnanthes and also suggest that Limnanthaceae may contain only four species of
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Limnanthes and the monotypic genus Floerkea proserpinacoides. Furthermore, the
molecular phylogenetic and crossing experiments do not support taxonomic
recognition of the “Half Moon Bay” population.

Materials and Methods

With the exception of rare taxa that inhabit a small geographic range (L. alba ssp.
parishii, L. bakeri, L. douglasii ssp. sulphurea, L. macounii, L. vinculans and the
“Half Moon Bay” population) and L. montana, all taxa were sampled at least twice
from locations geographically distant from one another.

To estimate a phylogeny, we used 1863 base pair (bp) of DNA (nrITS, 679 bp; trnL
intron 413 bp; trnS-trnG, 771 bp) sequenced from 31 specimens. DNA was obtained
from fresh plant material and dried herbarium specimens (Appendix 1). The sequence
alignment is deposited in TreeBASE (study number S2570).Germplasm accessions
obtained from the Arid Land Plant Genetic Resources Unit were germinated following
Toy and Willingham (1966). Seedlings were grown in a greenhouse until maturity and
keyed using Ornduff (1993) to confirm their taxonomic identity. Vouchers were
placed in the Oregon State University Herbarium (OSC). Approximately 50 mg of
plant material was used to extract DNA using a DNeasy Plant Mini kit (Qiagen,
Valencia, California).
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All primers were obtained from and amplified following the protocols of Shaw et
al. (2005), Taberlet et al. (1991), and Liston et al. (1996). Following PCR, all
products were purified using QIAquick PCR purification kits (Qiagen). Sequencing
was performed by Northwoods DNA (Solway, Minnesota). Sequences were aligned
“by eye” and analyzed using BioEdit for Windows 95/98 (Hall 1999). Gaps were
scored as missing data.
To test whether individual chloroplast and nrITS trees should be combined, and
whether topologies amongst the trees were significantly different, Kishino-Hasegawa
and Shimodaira-Hasegawa tests (Kishino and Hasegawa, 1989; Shimodaira and
Hasegawa, 1999) using PAUP* were employed.
Phylogenetic analyses were conducted using PAUP* version 4b10 (Swofford
2002), RAxML (Stamatakis et al. 2008) and MrBayes version 3.1.2 (Ronquist and
Huelsenbeck 2003). For individual and combined sequences, most parsimonious trees
were found using branch and bound maximum parsimony (MP) searches within
PAUP*, employing the furthest addition sequence setting and MulTrees on. Gaps were
scored as missing data. Branch support was assessed using 1000 bootstrap replicates.
Modeltest 3.7 (Posada and Crandell 1998) was used to select the model rate that
best fit each dataset. A general-time-reversible model incorporating a gamma
(GTR+gamma) distribution of among site rate variation was selected for the nrITS and
trnS-trnG datasets and an F81 model for the trnL dataset. These models were set for
all Bayesian searches, while a GTR+gamma model was set for the RAxML search.
Bayesian searches were conducted in one run using one cold and three heated Markov
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Chains, over two million generations, sampling every 100 generations. All trees
generated within the burn-in period (2,000) were discarded and posterior probability
confidence values were based only on trees found in the stationary phase. Stationry
was measured using a comparison of log-likelihood values.
Initially, Arabidopsis thaliana served as the outgroup taxon for all phylogenetic
analyses using sequences obtained from GenBank (AP000423; X52320). However,
within the order Brassicales, Limnanthaceae is only distantly related to other families,
including Brassicaceae (Rodman et al. 1998). As a result, A. thaliana was not a
suitable outgroup taxon. In subsequent phylogenetic analyses, Floerkea
proserpinacoides was used as the outgroup taxon.
Twenty individuals of “Half Moon Bay” plants were each crossed with twenty
individuals each of L. bakeri and L. macounii. In one half of the crosses the “Half
Moon Bay” plants served as the maternal parent, with the remaining plants paternal.
Maternal plants were emasculated prior to hand pollination, in an effort to prevent self
pollination. All resulting nutlets were dried at room temperature for a period of 12
weeks before they were germinated as described above. Flowering phenology was
measured as days from germination to initial anthesis.

Results

The Kishino-Hasegawa and Shimodaira-Hasegawa tests found no conflict between
the separate chloroplast and nrITS datasets (p = 0.32 – 1.0). Additionally, the
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combined MP strict consensus, RAxML (neither shown) and Bayesian majority rule
consensus (Fig. 2) trees shared identical topology.
Both taxonomic sections Inflexae and Limnanthes comprise well-supported clades,
with posterior probabilities of 1.0. Within section Inflexae, the accessions of L. alba
form a well-supported monophyletic group, as do those of L. floccosa. Within each of
these species, however, specimens of the same subspecies are either not sister or fall
within a polytomy.
Within section Limnanthes, phylogenetic resolution is poor among the four
recognized species. Furthermore, the polymorphic L. douglasii is not monophyletic
and its subspecies are intermingled with the sampled individuals of L. vinculans and L.
macounii. There is no sequence divergence among four samples of two subspecies (L.
douglasii ssp. nivea and ssp. rosea), while neither of two other subspecies (L.
douglasii ssp. douglasii and ssp. striata) is resolved as monophyletic.
Although morphologically very similar, “Half Moon Bay” and L. macounii are not
sister to one another: the former appears more closely related to some specimens of L.
douglasii, while the position of the latter is not resolved.
Of the 20 crosses between “Half Moon Bay” and L. bakeri, 15 resulted in successful
seed set. Morphologically, the F1 progeny were nearly identical to L. bakeri, although
many plants produced 4-petalous flowers morphologically intermediate to L. bakeri
and “Half Moon Bay”. Among the 20 crosses between “Half Moon Bay” and L.
macounii, 11 resulted in successful seed set. These F1 progeny were morphologically
identical to L. macounii, but flowered, on average, in 31 days (s.d.=2.1). This is nearly
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identical to the flowering time of “Half Moon Bay” individuals (mean-29 days,
s.d.=2.2) but two weeks before L. macounii plants (mean=44 days, s.d.=2.6).

Discussion

Phylogenetic analysis
Based on the distant relationship of Floerkea to Limnanthes, revealed in our
phylogenetic analysis (see comments above), we agree with previous workers
(Macoun 1886; Howell 1897; Rydberg 1910; Mason 1952) that the two genera should
not be merged. As a result of the positions of L. floccosa and L. alba, we agree with
McNeill and Jain (1983) that L. floccosa is not directly derived from L. alba, but our
work does not exclude the possibility that their common ancestor may have exhibited
L. alba morphology. Our findings also agree with McNeill and Jain that L. montana is
distinct from L. alba ssp. gracilis and L. alba ssp. parishii (formerly subspecies of L.
gracilis), contrary to the hypothesis proposed by Mason (1952).
Based on the position of L. alba ssp. gracilis and L. alba ssp. parishii within the
clade that contains the two other L. alba subspecies, we also agree with the
nomenclatural changes proposed by Morin (2007) in which she merges L. gracilis
with L. alba. Additionally, the individuals of L. alba ssp. alba and L. alba ssp.
versicolor sampled are non-monophyletic. This provides support for the view that
these two taxa should be merged, based on morphology, as suggested by Mason
(1952).
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Unfortunately, due to low resolution within the L. floccosa clade, we are unable to
make any inferences concerning the evolutionary history of the L. floccosa subspecies.
However, we are currently seeking to resolve these questions using further
hybridization experiments, nuclear microsatellite markers, and whole chloroplast
sequencing data.
Within section Limnanthes, low support essentially places all species within a
sectional-level polytomy. This differs slightly with findings of Plotkin (1998) who
concluded that L. bakeri and L. vinculans were distinct taxa. Additionally, the L.
douglasii subspecies sampled are either non-monophyletic (subspecies striata and
douglasii) or placed within a polytomy (subspecies nivea and rosea).
Although the two individuals of L. douglasii ssp. striata we sampled are in two
separate clades, each of these clades contains other L. douglasii subspecies.
Conservatively, however, we agree with Morin (2007), that unless and until further
data are presented, providing greater resolution within the section Limnanthes, L.
striata should be treated as a subspecies of L. douglasii.
The lack of resolution among most Limnanthes species and subspecies may be the
result of two factors:
1. The divergence of extant taxa within Limnanthes may have been a recent and
rapid event. The ease with which plants of “Half Moon Bay” were successfully
crossed with L. bakeri and L. macounii in this study, as well as successful
intersectional crosses done by other workers (Mason 1952, Ornduff 1971), supports
this hypothesis. If true, too few mutations have accumulated in the genes we have
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sampled or allelic coalescence has not yet occurred. These scenarios have been
proposed as a source of potential molecular phylogenetic error for two decades
(Pamilo and Nei 1988; Maddison 1997; Nichols 2001; Rosenberg 2002).
2. The current taxonomy of Limnanthes may be a poor reflection of the true
evolutionary history of the genus. It is plausible, particularly within section
Limnanthes, that one or all of the characters currently used to distinguish the various
taxa (leaf shape, petal length, petal number and petal color) are merely polymorphic
characters still segregating within a single species. We hypothesize that there may be
only four species of Limnanthes (L. alba, L. floccosa, L. montana, and L. douglasii),
three of which (all except L. montana) are morphologically polymorphic. Although
numerous subspecies are currently recognized, many of these are either nonmonophyletic or undifferentiated from other subspecies, based on the current
molecular sampling. However, any taxonomic changes are premature, pending the
sampling of complete chloroplast genomes (Cronn et al. 2008) and nuclear loci that
will provide additional sequence data to test this hypothesis.

Conservation status of Limnanthes taxa
As a result of anthropomorphic activities an estimated 60% of vernal pool habitats
have been destroyed in Oregon, while in California estimates range as high as 90%. Of
those pools remaining, less than 20% are considered intact. Additionally, growing
human population numbers and climate change are expected to increase habitat loss in
the future (U.S. Fish and Wildlife Service 2004). Because of the current and likely
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future limits on the range and habitats available for Limnanthes species, any future
work involving the merging of currently accepted Limnanthes taxa should not result in
alterations of their conservation status. As a benefit to conservation work, the potential
merging of Limnanthes taxa may result in a greater amount of genetic diversity
available for restoration and assisted migration efforts within more broadly
circumscribed taxa.

“Half Moon Bay” population
Morphologically, the population of Limnanthes found in Half Moon Bay closely
resembles L. macounii. It was, therefore, a surprising result that the sample of this
population does not have a sister relationship to the L. macounii sample used in our
phylogenetic analysis. As described above, it may be part of a highly polymorphic L.
douglasii sensu lato. Our finding of fertile crosses with L. bakeri and L. macounii
(potentially part of L. douglasii sensu lato) is consistent with this conclusion, as
intraspecific crosses in Limnanthes generally result in fertile progeny, while
interspecific crosses generally fail or result in sterile F1s (Mason 1952; Ornduff 1971).
It is curious that a population of 4-petalous plants has been found only within one
cultivated Brussels sprout field and nowhere else in California. Furthermore, the town
of Half Moon Bay is located in a well botanized area less than 50 kilometers from San
Francisco, leading to previous speculation that the plants are a recent introduction of
L. macounii (Buxton and Ornduff 1999). The closest documented L. douglasii ssp.
douglasii populations occur 20 km to the east and 55 km to the north, respectively, and
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are separated by unsuitable habitat for Limnanthes. Thus this population could be the
result of recent dispersal, but from L. douglasii and not L. macounii.
Considering its close phylogenetic relationship with L. douglasii s.l., we suggest that
the Half Moon Bay population be treated as an ecologically interesting and
morphologically divergent population of this polymorphic species.
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Appendix 1

List of specimens used in this study. Accession information is listed as follows: taxon
name; numerical or alphabetical designation of specimen, if applicable; geographic
origin; collector; collection number; GenBank accession numbers for nrITS, trnL
intron and trnS-trnG sequences. All vouchers have been deposited at the Oregon State
University Herbarium (OSC). * Indicates plants grown from germplasm accessions
obtained from the National Arid Land Plant Genetic Resources Unit in Parlier,
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California. All plants obtained as seed were grown to maturity and their identities
were confirmed from these individuals.

Floerkea proserpinacoides Willd.; Oregon, Multnomah Co., Troutdale, Zika
11461; FJ895968, FJ895999, FJ895937. “Half Moon Bay”; California, San Mateo
Co., Half Moon Bay, Meyers LR-9; FJ895951, FJ895979, FJ895924. Limnanthes alba
Hartw. ex Benth. ssp. alba; (1); California, Butte Co., south of Oroville, Meyers LI-1;
FJ895961, FJ895993, FJ895906. *L. alba Hartw. ex Benth. ssp. alba; (2); California,
Sacramento Co., east of Perkins, Gentry s.n.; FJ895962, FJ895995, FJ895907. L. alba
Hartw. Ex Benth. ssp. gracilis (Howell) Morin; Oregon, Josephine Co., north of
Kirby, Meyers LI-2; FJ895966, FJ895997, FJ895921. L. alba Hartw. Ex Benth. ssp.
parishii (Jeps.) Morin; California, San Diego Co., Laguna Mountains, Rebman 8399;
FJ895967, FJ895998, FJ895922. L. alba Hartw. Ex Benth. ssp. versicolor (Greene)
C.T. Mason; (1); California, Butte Co., east of Oroville, Meyers LI-3; FJ895963,
FJ895992, FJ895908. L. alba Hartw. Ex Benth. ssp. versicolor (Greene) C.T. Mason;
(2); California, Butte Co., Table Mountain, Meyers LI-4; FJ895964, FJ895994,
FJ895909. L. bakeri J.T. Howell; California, Mendocino Co., Willits; Meyers LR-1;
FJ895952, FJ895981, FJ895910. L. douglasii R.Br. ssp. douglasii; (CA); California,
Sonoma Co., southwest of Santa Rosa, Meyers LR-2; FJ895956, FJ895970, FJ895927.
L. douglasii R.Br. ssp. douglasii; (OR); Oregon, Douglas Co., Wilbur, Meyers LR-3;
FJ895960, FJ895969, FJ895929. L. douglasii R.Br. ssp. nivea (C.T. Mason) C.T.
Mason; (1); California, Tehama Co., north of Dales, Meyers LR-4; FJ895954,

31

FJ895974, FJ895926. L. douglasii R.Br. ssp. nivea (C.T. Mason) C.T. Mason; (2);
California, Tehama Co., Hog Lake, Meyers LR-5; FJ895955, FJ895975, FJ895928. L.
douglasii R.Br. ssp. rosea (Hartw. Ex Benth.) C.T. Mason; (1); California, Tehama
Co., south of Red Bluff, Meyers LR-6; FJ895958, FJ895972, FJ895931. *L. douglasii
R.Br. ssp. rosea (Hartw. Ex Benth.) C.T. Mason; (2); California, Butte Co., north of
Chico, Gentry s.n.; FJ895959, FJ895973, FJ895932. L. douglasii R.Br. ssp. striata
(Jeps.) Morin; (1); California, Tehama Co., east of Platina, Meyers LR-7; FJ895945,
FJ895976, FJ895933. *L. douglasii R.Br. ssp. striata (Jeps.) Morin; (2); California,
Tuolumne Co., north of La Grange, Gentry s.n.; FJ895946, FJ895977, FJ895934. L.
douglasii R.Br. ssp. sulphurea (C.T. Mason) C.T. Mason; California, Marin Co., Point
Reyes, Meyers LR-8; FJ895957, FJ895971, FJ895935. L. floccosa Howell ssp.
bellingeriana (M. Peck) Arroyo; (1); Oregon, Jackson Co., Lincoln, Meyers LI-5;
FJ895947, FJ895990, FJ895911. L. floccosa Howell ssp. bellingeriana (M. Peck)
Arroyo; (2); Oregon, Jackson Co., Lakecreek, Meyers LI-6; FJ895948, FJ895991,
FJ895912. L. floccosa Howell ssp. californica Arroyo; California, Butte Co., Chico,
Meyers LI-7; FJ895949, FJ895989, FJ895913. L. floccosa Howell ssp. floccosa; (CA);
California, Tehama Co., Hog Lake, Meyers LI-8; FJ895944, FJ895986, FJ895914. L.
floccosa Howell ssp. floccosa; (OR1); Oregon, Jackson Co., Agate Lake, Meyers LI-9;
FJ895942, FJ895984, FJ895915. L. floccosa Howell ssp. floccosa; (OR2); Oregon,
Jackson Co., north of Medford, Meyers LI-10; FJ895943, FJ895985, FJ895916. L.
floccosa Howell ssp. grandiflora Arroyo; (1); Oregon, Jackson Co., north of Medford,
Meyers LI-11; FJ895940, FJ895982, FJ895917. L. floccosa Howell ssp. grandiflora
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Arroyo; (2); Oregon, Jackson Co., White City, Meyers LI-12; FJ895941, FJ895983,
FJ895918. L. floccosa Howell ssp. pumila (Howell) Arroyo; (1); Oregon, Jackson Co.,
summit of Lower Table Rock, Meyers LI-13; FJ895938, FJ895987, FJ895919. L.
floccosa Howell ssp. pumila (Howell) Arroyo; (2); Oregon, Jackson Co., summit of
Upper Table Rock, Meyers LI-14; FJ895939, FJ895988, FJ895920. L. macounii Trel.;
British Columbia, Victoria, Ceska s.n.; FJ895950, FJ895978, FJ895923. L. montana
Jeps.; California, El Dorado Co., Shingle Springs, Meyers LI-15; FJ895965,
FJ895996, FJ895925. L. vinculans Ornduff; California, Sonoma Co., east of
Sebastopol, Meyers LR-10; FJ895953, FJ895980, FJ895936.
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A.

B.

Figure 1. Collections and observations of Limnanthes (1866-present) based on data
provided by the California Consortium of Herbaria (CCH) and the Oregon Plant Atlas
(OPA) A. Section Inflexae. Dark blue, L. alba ssp. alba; green L. alba ssp. gracilis;
maroon, L. alba ssp. versicolor; red, L. floccosa ssp. bellingeriana; light green, L.
floccosa ssp. californica; yellow; pink, L. floccosa ssp. floccosa; L. floccosa ssp.
grandiflora; light blue, L. floccosa ssp. pumila; orange, L. montana. Not pictured: L.
alba ssp. parishii(near San Diego, CA) and L. macounii (near Victoria, BC). B.
Section Limnanthes: Light blue, L. bakeri; green, L. douglasii ssp. douglasii; pink, L.
douglasii ssp. nivea; red, L. douglasii ssp. rosea; yellow, L. douglasii ssp. striata;
orange, L. douglasii ssp. sulphurea; dark blue, L. vinculans; black, “Half Moon Bay”
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Figure 2. Results of the Bayesian inference of phylogeny of combined nuclear and
plastid sequences, identical in topology to the ML tree and the strict consensus of the
24 trees from the MP analysis. Numbers above branches indicate posterior
probabilities; numbers below indicate ML and MP bootstrap values. For MP analysis
CI = 0.86, RI = 0.95.
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Abstract

Limnanthes (Limnanthaceae), commonly known as meadowfoam, has attracted
attention in recent decades due to the novel physical and chemical characteristics of its
seed oil. Currently, Limnanthes alba cultivars are grown on a limited scale in the
United States where they have potential as a rotation crop in tandem with grass seed
production. In order to characterize genetic variation within Limnanthes floccosa, a
wild relative of Limnanthes alba, we sequenced genomic DNA from two individuals
representing two subspecies. The samples were tagged with a 4 bp barcode, and
duplexed in a single lane of the Illumina GAII and 710-730 Mb (~5 million, 76 bp
paired end reads) were obtained per subspecies. Using a combination of de novo and
reference guided sequence assembly, we obtained a complete 152.3 kbp chloroplast
genome and 36 kbp of the mitochondrial genome from each L. floccosa subspecies.
Using Limnanthes alba EST (12,248) and GSS (3662) sequences, we were able to
compare 8.7 kbp of the nuclear genome. These sequences were used to identify SNPs
in the two subspecies, and demonstrate the ease and cost-effectiveness of obtaining
large amounts of genomic data from wild relatives of cultivated species.
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Introduction

In the late 1950s the USDA launched several research programs to search for
plants that might provide renewable raw materials for a variety of industrial
applications (Bosisio 1989). These and later studies found that meadowfoam species,
members of the genus Limnanthes, produce a very long chain seed oil with novel
physical and chemical characteristics, making it extremely stable at high temperatures
and pressures (Miller et al. 1964; Isbell 1997). These qualities, rare in other plant or
animal species, make meadowfoam oil a viable alternative for stable oils, such as oil
extracted from sperm whales (Gentry and Miller 1965), which has been banned in the
United States in 1972. Commercially, meadowfoam oil has potential as a raw material
for many products including lubricants, cosmetics, waxes, polymers and cattle feed
(Higgins et al. 1971; Meadowfoam 2009).
Research on Limnanthes has concentrated largely on one species, Limnanthes
alba, because of the high seed yield and seed oil concentration within this species.
Only to a lesser extent have self-pollinating Limnanthes species, which have a
markedly lower seed yield and oil concentration, been studied.
Currently, a few Limnanthes alba cultivars are grown in the United States, mainly
in the state of Oregon, where they are grown as a rotation crop in tandem with grass
seed production. On a limited scale, Limnanthes has also been grown in New Zealand
and Virginia (US), and field tests have been conducted in the United Kingdom, the
Netherlands and France (Knapp and Crane 1999).
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Unfortunately, growth of the meadowfoam oil industry has been impeded as L.
alba exhibits erratic seed yields due to its dependence on insect pollination. Although
Limnanthes pollination is subject to interference by meteorological factors such as
heavy rains or high winds (Ricker 2005), the largest current impediment to successful
bee pollination is Colony Collapse Disorder. This disease, of unknown cause, has
resulted in the loss of an estimated 50 - 90% of bee colonies in the United States (CoxFoster et al. 2007; Naug 2009) as well as increasing the maintenance costs of those
bees hives not affected (Oldroyd 2007).
Considering the problems associated with seed crop production based on obligate
outcrossing, the development of self-pollinating Limnanthes cultivars, with oil-rich
seeds, is a priority. Since the only autogamous species within Limnanthes is L.
floccosa, controlled crosses between L. alba and this species have been attempted
previously (Jolliff et al. 1984). Those crossing experiments specifically involved L.
floccosa subspecies bellingeriana, grandiflora and pumila. Puzzlingly, the authors do
not mention why crosses with the remaining L. floccosa subspecies, californica and
floccosa were not attempted. Nevertheless, only the L. alba – L. floccosa ssp.
grandiflora cross resulted in a fertile hybrid, although these plants still required bee
pollination (Dole and Sun 1992; Knapp and Crane 1999). This hybrid was eventually
developed into a cultivar known as Floral.
Low coverage genomic sequencing (< 1X) has the potential to play an integral
role in the development of self pollinating Limnanthes cultivars. A genome survey
sequences (GSS) dataset (Budiman et al. Unpublished), and an expressed sequence tag
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(EST) dataset (Slabaugh et al. Unpublished) are available for L. alba, but no previous
genomic data exists for any other Limnanthes species, including L. floccosa.
Given the relatively high costs of conventional genomic approaches, some
workers recently have experimented with assembling GSS datasets using high
throughput sequencing. For example, Rasmussen and Noor (2009) have constructed a
GSS dataset for the scuttle fly Megaselia scalaris using a 454 (Roche Applied
Sciences) platform. These authors used one forth of a standard 454 run with randomly
sheared genomic DNA. This study resulted in a depth of coverage, across the genome,
of only ~0.1X yet yielded extensive information about functional and repetitive
elements within M. scalaris as well as a complete mitochondrial genome.
Using a similar approach we pooled tagged genomic DNA from Limnanthes
floccosa ssps. floccosa and grandiflora in one lane (1/8) of a standard Solexa run. In
this ongoing study, we obtained a depth of coverage of ~0.5X. From our GSS dataset
we have thus far assembled complete chloroplast genomes for L. floccosa subspecies
floccosa and grandiflora (152.3 kbp), approximately 36 kbp of the mitochondrial
genome and 8.7 kbp of the nuclear genome.
Based on the success of this technique we plan to extend this technique to
additional subspecies of L. floccosa in order to address the phylogenetic relationships
and speciation history of these plants.
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Materials and Methods

DNA was obtained from fresh leaves collected from wild populations of
Limnanthes alba, L. floccosa ssps. bellingeriana, californica, floccosa, grandiflora
and pumila. Voucher specimens were placed in the Oregon State University
Herbarium (OSC). Approximately 50 mg of plant material was used to extract DNA
using a DNeasy Plant Mini kit (Qiagen, Valencia, CA).
Illumina DNA preparation and amplification followed a modified protocol of
Cronn et al. (2008), replacing the 3 bp 5’ tags with the 4 bp tags CACT and GGGT.
Individual libraries of L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora were
pooled into a 2X multiplex sequencing library. Cluster generation used 10 pmol of the
adapter-barcoded libraries and produced approximately 5,000,000 72 bp paired end
microreads per subspecies.
Assembly of the microreads followed a modified protocol of Whittall et al. (In
press). Microreads, after tag removal, were assembled into contigs with the de novo
assembler Velvet v. 0.7 using a hash length of 250 (Zerbino & Birney 2008). These de
novo contigs were aligned to a Carica papaya complete chloroplast genome
(GenBank NC010323) using the alignment program Mulan (Ovcharenko et al. 2005).
The consensus sequence of aligned contigs was next merged with the C. papaya
reference sequence to form a “chimeric pseudo-reference.” The pseudo-reference was
composed of approximately 95% de novo sequence and 5% C. papaya reference
sequence where de novo sequence was missing. The original microreads from each
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subspecies were next re-aligned against the pseudo-reference using the reference
guided assembler RGA (Shen and Mockler In prep.) using a minimum depth of 2X, a
maximum allowable error/mismatch of 0.03 and a 70 percent majority minimum for
SNP acceptance. PCR primers were designed using Primer3 (Rozen and Skaletsky
2000) for remaining gaps, areas with possible long lengths of repetitive DNA and
putative SNPs, and the amplification products were sequenced using Sanger
sequencing.
De novo contigs were also aligned to a C. papaya complete mitochondria genome
(GenBank NC012116), a L. alba GSS dataset (GenBank DX504195-DX507856) and a
L. alba EST dataset (GenBank FD644000-FD656247) using RGA. Additionally,
portions of the L. alba chloroplast were assembled using the L. floccosa ssp.
grandiflora chloroplast genome as a reference template and the sequences from the
GSS dataset using Mulan.

Results

Cluster generation produced approximately 5,000,000 72 bp paired end
microreads per subspecies (Table 1). The de novo assembly of the microreads resulted
in approximately 400 contigs, ranging in size from less than 100 bp to approximatly
48,000 bp, for each subspecies. Alignment of these contigs to the C. papaya complete
chloroplast genome resulted in the assembly of ~95 % of the L. floccosa ssp.
grandiflora chloroplast genome. This alignment was comprised of six contigs ranging
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in size from approximately 48 kbp to 400 bp. Secondary alignments, using the CaricaLimnanthes “chimeric pseudo-reference” generated nearly complete (~99%) L.
floccosa ssp. floccosa and L. floccosa ssp. grandiflora chloroplast genomes. Sanger
sequencing of all remaining gaps, areas with possible long lengths of repetitive DNA
and putative SNPs resulted in the assembly of nearly identical length chloroplast
genomes for L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora (152,355 and
152,357 bp respectively) (Figure 1). Average coverage of these genomes was over
300X (Table 2).
Additionally, approximately 85% of the L. alba chloroplast genome (132,564 bp)
was assembled from the L. alba GSS dataset. In total, the chloroplast genomes of L.
floccosa ssp. floccosa and L. floccosa ssp. grandiflora differed by five nucleotides.
These five SNPs were confirmed by Sanger sequencing. These genomes differed from
the partially assembled L. alba chloroplast genome by 119 nucleotides, although these
differences have not yet been confirmed by additional Sanger sequencing.
Approximately 36 kbp of sequence was aligned successfully between L. floccosa
ssp. floccosa, L. floccosa ssp. grandiflora and the C. papaya complete mitochondrial
genome at an average coverage of over 100X. Within the alignment, L. floccosa ssp.
floccosa and L. floccosa ssp. grandiflora differed by two nucleotides and a one base
pair indel. The two SNPs were confirmed by Sanger sequencing.
Thus far, 8.7 kbp of the nuclear genome have been assembled and aligned from the
L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora datasets, against the L. alba
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GSS and EST datasets. Approximately 95% of this alignment has been derived from
the L. alba GSS dataset with the remaining from the EST dataset.
Based on the genome size of Limnanthes douglasii (1.36 Gb), reported in a
previous study (Bennett and Leitch 2005), we estimate that our sequencing strategy
resulted in ~0.5X coverage of the entire genomes of L. floccosa ssp. floccosa and L.
floccosa ssp. grandiflora (Table 1).

Discussion

Although we made no attempt to separate chloroplast DNA from genomic DNA
prior to sequencing, the high amount of chloroplast DNA within a typical leaf
extraction allowed us to assemble two nearly complete chloroplast genome sequences
with Illumina sequencing. A total of 20 Sanger sequences were sufficient to complete
the two genomes. This suggests that low coverage genome surveys may be an efficient
and cost effective means of obtaining large amounts of chloroplast sequences typically
used in plant phylogenentic studies.
Although we were unable to assemble whole mitochondrial genomes we suspect
this was not due to low amounts of mitochondrial DNA in the initial extractions.
Rather, this was likely due to the lack of an accurate reference genome. Within plants,
peculiarities of mitochondrial evolution, such as horizontal gene transfer and
rearrangements often result in very divergent genomes, even between closely related
taxa (Bergthorsson et al. 2003, 2004; Dombrovska and Qui 2004; Knoop 2004).
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However, in the future, the assembly of mitochondrial genomes from low coverage
genome surveys may be improved by the increasing number of whole mitochondrial
genome sequences available.
Although at present we have assembled only 8.7 kbp of the nuclear genome of L.
floccosa ssp. floccosa and L. floccosa ssp. grandiflora, we anticipate higher coverage
as this study progresses. The current dataset we have relied on most extensively, as a
reference to assembly, is the L. alba GSS dataset. It should be noted, however, that
this dataset is limited in that it contains only 3662 sequences of which 639 are
apparently chloroplast and 65 are mitochondrial in origin.
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Figure 1. The chloroplast genome of Limnanthes floccosa ssp. grandiflora.
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Table 1. Total number of genomic paired-ends reads and base pairs, for each taxon,
generated from the Illumina run. The percent coverage is based on an estimated
genome size of 1.36 gigabases (Bennett and Leitch 2005).

L. floccosa ssp. floccosa
L. floccosa ssp. grandiflora

Paired-end reads

Total base pairs

coverage

5,071,991
4,925,217

703,366,704
709,231,248

0.537
0.521

Table 2. Total number of chloroplast paired-end reads, base pairs, percentage of
chloroplast reads within total genomic dataset and coverage depth.

L. floccosa ssp. floccosa
L. floccosa ssp. grandiflora

Paired-end
reads
698,606
713,779

Total base
pairs
50,299,632
51,392,088

% of total
reads
6.88
7.25

Coverage
depth
335X
343X
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Abstract

Limnanthes floccosa ssp. floccosa and L. floccosa ssp. grandiflora are two of five
subspecies within Limnanthes floccosa endemic to vernal pools in southern Oregon
and northern California. Three seasons of monitoring natural populations have
quantified that L. floccosa ssp. grandiflora is always found growing sympatrically
with L. floccosa ssp. floccosa and that their flowering times overlap considerably.
Despite their close relationship, greenhouse crossing experiments have confirmed that
their F1 hybrids are sterile. An analysis of twelve microsatellite markers, with unique
alleles in each taxon, also shows almost no evidence of gene flow between populations
of the two subspecies. Due to the lack of previous phylogenetic resolution amoung L.
floccosa subspecies, we used Illumina next generation sequencing to identify single
nucleotide polymorphisms from genomic DNA libraries of L. floccosa ssp. floccosa
and L. floccosa ssp. grandiflora. These data were used to identify single nucleotide
polymorphisms in the chloroplast, mitochondrial, and nuclear genomes. From these
variable loci, a total of 2772 bp was obtained using Sanger sequencing of ten
individuals representing all subspecies of L. floccosa and an outgroup. The resulting
phylogenetic reconstruction was fully resolved. Our results indicate that although L.
floccosa ssp. floccosa and L. floccosa ssp. grandiflora are closely related, they are not
sister taxa and therefore likely did not diverge as a result of a sympatric speciation
event.
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Introduction

With the notable exception of polyploid speciation in plants, sympatric speciation,
the theory that genetic divergence within an interbreeding population can result in the
evolution of new species, remains an intensely debated issue (Coyne and Orr 2004,
Babik et al 2009). In contrast, allopatric speciation, in which new species arise as a
result of geographic isolation, is uncontroversial with numerous observed and
experimental examples (Coyne and Orr 2004).
First proposed by Darwin (1859), sympatric speciation held a theoretically
prominent or at least equal role to allopatric speciation until the “neo-Dawinian
synthesis” movement of the mid twentieth century. During that period of time,
prominent evolutionary biologists such as Dobzhansky (1937) and Mayr (1942, 1963)
strongly dismissed sympatric speciation as unlikely or very uncommon. Due in large
part to their work, allopatric speciation has become considered the null hypothesis of
most speciation events. However, with foresight Mayr predicted “The issue will be
raised again at regular intervals. Sympatric speciation is like the Lernaean Hydra
which grew two new heads whenever one of its old heads was cut off “(Mayr 1963 p.
451).
Indeed, in part, as a result of the increased use of molecular phylogenetic
techniques within recent decades, many evolutionary biologists have challenged this
orthodoxy based on empirical evidence (see Bolnick and Fitzpatrick 2007 for an
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extensive review) and one experimental study (Blount et al 2008). Additionally,
numerous theoretical models have posited that divergent selection may be able to
surmount recombination in order to establish Hardy-Weinburg disequilibrium,
therefore sympatric speciation may be more common than traditionally assumed (see
Coyne and Orr 2004, Bolnick and Fitzpatrick 2007 for more extensive reviews).
Due to the growing number of putative examples of sympatric speciation, as well
as the widely varying quality and quantity of criteria used to ascertain a speciation
event, Coyne and Orr (2004) have proposed four rigorous criteria that they conclude
must be met in order to reject an allopatric speciation null hypothesis. These are,
which we modify slightly:
1. The species must be largely or completely sympatric. Here, Coyne and Orr
are stipulating that individuals of the species in question must physically occur
within the dispersal distance (or cruising range) of one another.
2. The species must have substantial reproductive isolation. In other words,
speciation must be complete. Evaluating this criterion can be subjective
because of the numerous and often conflicting species concepts. As a result,
we chose to evaluate this criterion using the least subjective of the species
concepts, namely the biological species concept.
3. The sympatric taxa must be sister groups. Preferably, this criterion should be
evaluated using multiple loci. This is due to the fact that hybridization may
falsely indicate, at a single locus, a sister relationship between two species that
in reality are not closely related. In practice, an evaluation of molecular data
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from organelles and multiple nuclear loci may often be necessary in order to
insure an accurate phylogeny.
4. The biogeographic and evolutionary history of the groups must make the
existence of an allopatric phase very unlikely.” (p. 142, their italics).
Since their publication, two prominent studies have been presented in which the
authors claim to have satisfied all of Coyne and Orr’s criteria (Barluenga et al. 2006,
Savolainen et al. 2006). These studies, however, have been criticized for lack of rigor
in meeting at least one of the four criteria. For example, the Barluenga et al. study
involving cichlid species in a Nicaraguan crater lake, has been criticized for
incomplete taxon sampling (Schliewen et al. 2006).
The second study (Savolainen et al. 2006), which hypothesizes a sympatric
speciation event associated with two palm species on Lord Howe Island, has been
questioned as a result of the authors’ failure to take into account the geological history
of the island. Stuessy (2006) argues that in consideration of the fact that Lord Howe
Island is currently approximately 5% of its original size, an allopatric speciation event
is more parsimonious. Coyne also expresses similar concerns, mentioning that
morphological and empirical evidence suggest that hybridization may have occurred
between both the cichlid and palm species in question, stating "They'd look like sister
species when they're not." (in Blackman 2006). In fact, in a later paper, some of the
original authors of the Lord Howe Island study have suggested that this speciation
event may be more accurately referred to as parapatric (Babik et al. 2009).
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In this study, using Coyne and Orr’s criteria as a guideline, we surveyed the
potential of a sympatric speciation event between two subspecies of Limnanthes
floccosa, which co-occur near vernal pools in southwest Oregon, USA. More strictly,
we chose to study the evolutionary relationship between Limnanthes floccosa ssp.
floccosa and L. floccosa ssp. grandiflora. Because these show complete reproductive
isolation (see below) we refer to them as species in the subsequent text.
This species pair was chosen for its potential to meet Coyne and Orr’s criteria,
based on the following reasons:
1. All known populations of L. floccosa ssp. grandiflora have been described
as occurring within close physical proximity to populations of L. floccosa ssp.
floccosa (Arroyo 1973a, Meyers 2008). Furthermore, within L. floccosa, only
L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora are known to cooccur within the same vernal pools (Figures 1 and 2).
2. L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora have, in previous
studies, been shown to be closely related (Plotkin 1998, Meyers et al. In press).
However, in these studies phylogenetic relationships within L. floccosa were
completely unresolved.
3. The breeding system of L. floccosa ssp. floccosa is predominatly selfing,
while L. floccosa ssp. grandiflora is partially autogamous (approximately 50%
outcrossing and 50% selfing) (Arroyo 1973b). We hypothesized that this
mixture of breeding systems may indicate a high or complete level of
reproductive isolation between the two taxa.
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4. Limnanthes species are annuals and easily grown in a greenhouse
environment. As such, unlike many animal and perennial plant species, they
are amenable to experimentation, such as a crossing study.
Our strategy, in order to further address the potential of a sympatric speciation event
involving this species pair, was to conduct a multi-year spatial and temporal
monitoring assessment of L. floccosa ssp. floccosa and L. ssp. floccosa ssp.
grandiflora populations. Additionally, through a microsatellite study and a greenhouse
hybridization experiment, we investigated the amount of reproductive isolation
between the two taxa. Lastly, we used next generation (Illumina) technology to
sequence genomic DNA libraries of L. floccosa ssp. floccosa and L. floccosa ssp.
grandiflora to identify SNPs (single nucleotide polymorphisms) within the nuclear,
chloroplast and mitochondria genomes. In turn, these data were used to reconstruct a
fully resolved phylogeny of L. floccosa.

Materials and Methods

Spatial and temporal sympatry
Over the course of three flowering seasons (between early March and late May,
2006-2008), eight vernal pools in which both L. floccosa ssp. floccosa and L. floccosa
ssp. grandiflora populations reside were monitored. In total, 183 one meter square
plots and approximately 1000 plants (~ 400 L. floccosa ssp. floccosa and ~ 600 L.
floccosa ssp. grandiflora individuals) were surveyed. At the beginning of each field
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season, the distance of each Limnanthes individual from the edge of the vernal pool
was measured. On a bi-weekly basis, within each plot, the flowering stages of all
Limnanthes individuals were recorded (in bud, flowering, in seed).

Reproductive isolation
From the 389 Limnanthes microsatellite primers designed by Kirshore et al. (2004),
we picked twelve based on allele length and whether those alleles differentiated the
samples of L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora tested in that
study. In total, 120 individuals from each taxon, collected from three vernal pools (40
each vernal pool) were surveyed. Microsatellite forward primers were modified by a
5 concatenation of the 18-mer 5 -TGTAAAACGACGGCCAGT-3 . This permitted
concurrent fluorescence labeling of PCR products by a third primer with an
incorporated fluorophore (Schuelke 2000). Amplicons were obtained following the
polymerase chain reaction (PCR) protocol of Schuelke (2000). PCR products were
resolved in an ABI 3730 capillary DNA sequencer. Electropherograms were analyzed
using ABI GeneMapper software (Applied Biosystems, Foster City, California, USA).
In a greenhouse experiment, 40 individuals of L. floccosa ssp. floccosa were
crossed by hand with 40 individuals of L. floccosa ssp. grandiflora, in both directions
(80 crosses total). Seeds produced from those crosses were germinated following the
protocol of Toy and Willingham (1966). All putative hybrid plants surviving to
maturity were genotyped using the microsatellite primers described above.
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Phylogeny
DNA was obtained from fresh leaves, collected in the wild, from all L. floccosa
subspecies. DNA from L. alba was obtained from a plant gown from a germplasm
accession obtained from the Arid Land Plant Genetic Resources Unit (Parlier,
California, USA). Seeds from this accession were germinated following Toy and
Willingham (1966). Seedlings were grown in a greenhouse until maturity and keyed
using Ornduff (1993) to confirm their taxonomic identity. Voucher specimens have
been placed in the Oregon State University Herbarium (OSC). Approximately 50 mg
of plant material were used to extract DNA using a DNeasy Plant Mini kit (Qiagen,
Valencia, California, USA).
Illumina DNA preparation and amplification followed the protocol of Meyers and
Liston (In press), replacing the 3 bp 5’ tags with the 4 bp tags CACT and GGGT.
Individual libraries of L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora were
pooled into a 2X multiplex sequencing library. A total of 10 pmol was used for 76
cycles of paired-end sequencing in a single lane of an Illumina GAI in the Central
Service Laboratory of the Oregon State University Center for Genome Research and
Biocomputing. Assembly of the microreads followed a modified protocol of Whittall
et al. (2010). Microreads, after tag removal, were assembled into contigs with the de
novo assembler Velvet v. 0.7 (Zerbino & Birney 2008). These de novo contigs were
aligned to a complete Carica papaya chloroplast genome (GenBank NC010323) using
the alignment program Mulan (Ovcharenko et al. 2005). The consensus sequence of

59

aligned contigs was next merged with the C. papaya reference sequence to form a
chimeric pseudo-reference. The pseudo-reference was composed of approximately
95% de novo sequence and 5% C. papaya reference sequence where gaps in the de
novo sequence were initially found. The original microreads from each taxon were
next re-aligned against the pseudo-reference using the reference guided assembler
RGA (http://rga.cgrb.oregonstate.edu/ ) using a minimum depth of 2X, a maximum
allowable error/mismatch of 0.03 and a 70 percent majority minimum for SNP
acceptance. PCR primers were designed using Primer3 (Rozen and Skaletsky 2000)
for remaining gaps, areas with long lengths of repetitive DNA and putative SNPs. The
subsequent amplification products were Sanger sequenced.
De novo contigs were also aligned to a C. papaya complete mitochondrial genome
(GenBank NC012116), a L. alba GSS dataset (GenBank DX504195-DX507856) and a
L. alba EST dataset (GenBank FD644000-FD656247) using RGA. Additionally, large
portions of the L. alba chloroplast were assembled with Mulan, from the GSS dataset
sequences, using the L. floccosa ssp. grandiflora chloroplast genome as a reference
template.
From the resulting alignments, eight sets of PCR primers (five chloroplast, two
mitochondrial and one nuclear) were designed using Primer3 (Rozen and Skaletsky
2000) to amplify regions containing putative SNPs among L. floccosa ssp. floccosa, L.
floccosa ssp. grandiflora and L. alba. In turn, we sequenced those eight regions from
one additional sample of L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora plus
two samples each of all remaining subspecies within L. floccosa.
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Following PCR, all products were purified using QIAquick PCR purification kits
(Qiagen, Valencia, CA). All Sanger sequencing was performed by the HighThroughput Genomic Unit (Seattle, Washington, USA). Sequences were aligned “by
eye” and analyzed using BioEdit for Windows 95/98 (Hall 1999). The resulting
datasets were combined with additional chloroplast and nuclear ribosomal DNA ITS
sequences obtained from the same samples in a previous study (Meyers et al. In press)
(GenBank accessions FJ895938 - FJ895944, FJ895947 - FJ895949, FJ895993 FJ895995, FJ895982 - FJ895991, FJ895912 - FJ895914, FJ895915 - FJ895919,
FJ895906 - FJ895907).
To test whether individual chloroplast, mitochondria and nuclear datasets should be
combined, Kishino-Hasegawa and Shimodaira-Hasegawa tests (Kishino and
Hasegawa, 1989; Shimodaira and Hasegawa, 1999) using PAUP* were employed.
Phylogenetic analyses were conducted using PAUP* version 4b10 (Swofford 2002),
RAxML (Stamatakis et al. 2008) and MrBayes version 3.1.2 (Ronquist and
Huelsenbeck 2003). For individual and combined datasets, most parsimonious trees
were found using branch and bound maximum parsimony (MP) searches within
PAUP*, employing the furthest addition sequence setting and MulTrees on. Gaps were
scored as missing data. Branch support was assessed using 1000 bootstrap replicates.
Modeltest 3.7 (Posada and Crandell 1998) was used to select the model rate that
best fit each dataset. An F81 model was selected for the chloroplast and mitochondria
datasets and a Tamura Nei model incorporating a gamma distribution (TrN+gamma)
for the nuclear data set. These models were set for all Bayesian searches, except
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because a TrN+gamma model is not available in MrBayes, model parameters for the
nuclear dataset were estimated by simplifying the general time reversible (GTR)
model. Likewise, a GTR+gamma model was set for the RAxML (ML) search.
Bayesian searches were conducted in one run using one cold and three heated Markov
Chains, over two million generations, sampling every 100 generations. All trees
generated within the burn-in period (2,000) were discarded and posterior probability
confidence values were based only on trees found in the stationary phase.
A divergence date between the clades containing L. floccosa ssp. floccosa and L.
floccosa ssp. grandiflora was calculated using BEAST v1.5.4 (Drummond and
Rambaut 2007). Analyses were run for ten million generations, with parameters
sampled every 1000 generations, using a GTR model for both the combined
chloroplast and nuclear datasets. Substitution rates used were based on previous
molecular clock calculations for plant chloroplasts (2.2 – 2.8 × 10–9 substitutions per
site per year; Wolfe et al. 1987). Results of this analysis were visualized using Tracer
v1.4 (Drummond and Rambaut 2007).

Results

Spatial and temporal sympatry
Although, on average, L. floccosa ssp. floccosa plants were found at a slightly
further distance from the vernal pools than L. floccosa ssp. grandiflora plants (1.45 m
versus 1.22 m), in general the two species have a largely overlapping habitat
preference (Figure 3). In most instances, L. floccosa ssp. grandiflora plants are found
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less than one meter from L. floccosa ssp. floccosa plants. Equivalently, while the bud,
flower and seed timing of some L. floccosa ssp. grandiflora plants occurs slightly
earlier than those of L. floccosa ssp. floccosa, the two taxa are predominantly
temporally sympatric (Figure 4).

Reproductive isolation
As a result of the 80 L. floccosa ssp. floccosa × L. floccosa ssp. grandiflora crosses
we made 269 seeds were produced. From among those seeds 30 (6%) successfully
germinated. Of the successful germinanta, 21 plants were depauperate in morphology
and died within one to three weeks of germination. All nine plants that survived to
maturity were sterile and produced no seeds (Table 1).
Of the 240 plants of L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora,
collected in the wild from three sites, the microsatellite survey indicated that only one
L. floccosa ssp. grandiflora specimen shared an allele, at one locus, with L. floccosa
ssp. floccosa (Table 2). All remaining specimens showed fixed (or null) alleles.
Among the eight surviving hybrid L. floccosa ssp. floccosa × L. floccosa ssp.
grandiflora plants produced in the greenhouse study all were heterozygous at some
loci, displaying both L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora alleles
at eight of the twelve loci. At the four remaining loci, all plants were homozygous for
the allele of the maternal parent of the cross, indicating uniparental inheritance.
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Phylogeny
Illumina sequencing resulted in approximately 5,000,000 72 bp (after removal of
the 4 bp 5’ tag) paired end microreads per species (Table 3). The de novo assembly of
the microreads resulted in nearly 400 contigs, ranging in size from less than 100 bp to
approximately 48,000 bp for each species. Further alignment of the ~400 contigs to
the C. papaya complete chloroplast genome resulted in the assembly of ~95 % of the
L. floccosa ssp. grandiflora chloroplast genome. This alignment was composed of six
contigs ranging in size from approximately 48 kbp to 400 bp. Secondary alignments,
using the Carica- L. floccosa ssp. grandiflora chimeric pseudo-reference generated
nearly complete (~99%) L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora
chloroplast genomes. Sanger sequencing of all remaining gaps, areas with possible
long lengths of repetitive DNA and putative SNPs resulted in the assembly of similar
length chloroplast genomes for L. floccosa ssp. floccosa and L. floccosa ssp.
grandiflora (152, 357 and 152,355 bp respectively). Average coverage of these
genomes was over 300X (Table 4).
Approximately 85% of the L. alba chloroplast genome (132,564 bp) was
assembled from the L. alba GSS dataset. In total, the chloroplast genomes of L.
floccosa ssp. floccosa and L. floccosa ssp. grandiflora differed by seven nucleotides
(five SNPs and two indels). These five SNPs were confirmed by Sanger sequencing.
Nearly 36 kbp of sequence was aligned successfully between L. floccosa ssp.
floccosa, L. floccosa ssp. grandiflora and the C. papaya complete mitochondrial
genome at an average coverage of over 100X. Within the alignment, L. floccosa ssp.
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floccosa and L. floccosa ssp. grandiflora differed by two nucleotides. The two SNPs
were confirmed by Sanger sequencing.
Approximately 8.7 kbp of the nuclear genome was assembled and aligned from the
L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora datasets, against the L. alba
GSS and EST datasets. Approximately 95% of this alignment was derived from the L.
alba GSS dataset with the remaining from the EST dataset (Meyers unpublished data).
Sanger sequencing of the five chloroplast loci, two mitochondrial loci and one
nuclear locus containing SNPs among the five subspecies of L. floccosa, as well as L.
alba, combined with previously obtained chloroplast and nuclear sequences, resulted
in datasets of the following size: chloroplast, 2643 bp; mitochondrial, 303 bp; nuclear
1640 bp; total alignment, 4586 bp (Table 5).
The Kishino-Hasegawa and Shimodaira-Hasegawa tests found no conflict between
the separate chloroplast, mitochondrial and nuclear datasets (p = 0.12 – 0.52). The
combined MP strict consensus, RAxML (neither shown) and Bayesian majority rule
consensus trees shared identical topology (Figure 5, Supplemental Figure 1). The final
phylogenetic analysis of the combined chloroplast, mitochondria and nuclear datasets
resulted in a fully resolved phylogeny (all posterior probabilities of 1.0) of the L.
floccosa.
Results of the chloroplast molecular clock analysis indicate an estimated
divergence between the clades containing L. floccosa ssp. floccosa and L. floccosa ssp.
grandiflora of 32.7 – 33.5 thousand years ago (95% HPD 32.6, 32.8; 33.4, 33.6).
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Discussion

Criterion 1: Species sympatry
As indicated by the results of the three year field monitoring survey, spatially and
temporally L. floccosa ssp. grandiflora is sympatric with L. floccosa ssp. floccosa
(Figures 3 and 4). This fulfills Coyne and Orr’s (2004) first criterion which requires
that the two taxa in question are largely or completely sympatric.

Criterion 2: Reproductive isolation
With the exception of one specimen, out of the 240 wild collected L. floccosa ssp.
floccosa and L. floccosa ssp. grandiflora specimens analyzed in the microsatellite
analysis, all plants surveyed showed fixed differences and nearly complete
homozygosity at all loci surveyed. In contrast, all artificial L. floccosa ssp. floccosa ×
L. floccosa ssp. grandiflora hybrids we analyzed showed a pattern of allele inheritance
that would be expected if hybridization were occurring in the wild (Table 2). Overall,
these results indicate that, in the wild, there is almost no evidence for gene exchange
between the two taxa. Pragmatically, this is likely due to the breeding systems of L.
floccosa ssp. floccosa and L. floccosa ssp. grandiflora. Although L. floccosa ssp.
grandiflora is partially autogamous, L. floccosa ssp. floccosa is predominantly selfing
(Arroyo 1973b), thus there is a natural prezygotic barrier to reproduction between the
taxa.
The germination rate of the hybrid seeds was 11% (Table 1). This rate of
germination is less than the 15% - 25% germination rate we have typically found from
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field collected seeds of L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora
(unpublished data). This factor, compounded with the result that over two thirds of the
successful hybrid germinates were depauperate and died before maturity indicates a
high level of post zygotic reproductive isolation between the taxa.
Although one specimen of L. floccosa ssp. grandiflora collected in the wild shared
an allele at one locus with L. floccosa ssp. floccosa, indicating possible natural
hybridization between the species, this result conflicts with the consistent
heterozygosity found in most loci of the artificial greenhouse crosses were surveyed.
This result, however, could be a product of introgression (backcrossing) or retention of
an ancestral allele.
Clearly, high levels of both pre and post zygotic reproductive isolation exist
between L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora, as measured in this
analysis. Therefore we can sufficiently conclude that Coyne and Orr’s second criterion
that substantial reproductive isolation exists, has been satisfied.

Criterion 3: Sister relationship
The results of our phylogenetic analysis, derived from seven chloroplast, two
mitochondria and two nuclear loci, indicate that the sister taxon to L. floccosa ssp.
grandiflora is L. floccosa ssp. pumila. Additionally, the sister taxon to L. floccosa ssp.
floccosa is L. floccosa ssp. bellingeriana. Therefore, L. floccosa ssp. floccosa and L.
floccosa ssp. grandiflora do not meet the strict accordance within Coyne and Orr’s
criterion, that the taxa in question must have a sister relationship.
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Because at the specific level L. floccosa ssp. floccosa and L. floccosa ssp.
grandiflora belong to clades which could be considered sister species, it is tempting to
consider a sister relationship still valid. We feel, however, that this strategy would
amount more to a taxonomic “sleight of hand” than to a reflection of biological reality.
Each subspecies within L. floccosa arguably represents a valid evolutionarily
significant unit (Arroyo 1973a) and, in the past, each of the subspecies within this
complex, with the exceptions of L. floccosa ssp. californica and L. floccosa ssp.
grandiflora, have been recognized as species (Peck 1961). Furthermore, the
microsatellite survey and crossing experiment conducted in this study argue that L.
floccosa ssp. grandiflora should be elevated to species status. These results also
possibly portend that future research may result in the elevation to species of other or
all subspecies within L. floccosa based on either, or both, biological and phylogenetic
species concepts.
Additionally, the possibility of a sympatric speciation event involving L. floccosa
ssp. pumila, between L. floccosa ssp. floccosa or L. floccosa ssp. grandiflora is
unlikely. This is due to the fact that all L. floccosa ssp. pumila populations are isolated
on the summits of two volcanic mesa buttes (collectively known as the Table Rocks).
These summits are approximately 250 meters above the valley floor where populations
of L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora are found (Figure 6).
Likewise, all known populations of L. floccosa ssp. bellingeriana occur in a
geographically and ecologically distinct region, in the foothills and mountains east of
the range of L. floccosa ssp. floccosa.
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While theoretically it is plausible that approximately 33,000 years ago the
divergence of L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora occurred by
means of a sympatric speciation event, confirmation of this would require data that
satisfies Coyne and Orr’s fourth criterion that the existence of an allopatric phase was
very unlikely. This criterion, pragmatically, is in most cases impossible to address.
Coyne and Orr euphemistically note “Whether criterion 4 is satisfied usually involves
a somewhat subjective judgment about the likelihood of events in the unrecoverable
past.” (Coyne and Orr p. 143). Moreover, because a sympatric phase between L.
floccosa ssp. floccosa and L. floccosa ssp. grandiflora cannot be realistically
evaluated, simply inferring allopatry risks an unknown type II error. In addition, the
choice between sympatric and allopatric speciation may not be strictly dichotomous
(Bolnick and Fitzpatrick 2007). Parapatric speciation, as well as a mixed mode of
speciation, involving both allopatry and sympatry may account for speciation events
such as the L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora divergence.
Additionally, the divergence between L. floccosa ssp. floccosa and L. floccosa ssp.
grandiflora might be explained by another controversial mode of speciation, namely
reinforcement speciation. However, a study of this possibility would require currently
existing allopatric and sympatric populations of both L. floccosa ssp. floccosa and L.
floccosa ssp. grandiflora as well as natural populations of hybrids (Marshall et al.
2002). Currently, no allopatric populations of L. floccosa ssp. grandiflora or natural
populations of L. floccosa ssp. floccosa × L. floccosa ssp. grandiflora hybrids are
known to exist (Meyers 2008).
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Although we debate the efficacy of Coyne and Orr’s forth criterion, criteria one
through three do provide a much needed and logical framework around which to study
putative sympatric speciation events. Given the current and likely forthcoming
controversy of sympatric speciation, future studies should and will likely be required
to undertake rigorous analyses and experimental evaluations. As demonstrated in this
study, recent technological advances, such as next generation sequencing, may allow
the recovery of fully resolved phylogenies amoung recently diverged plant taxa. These
data will likely be necessary to provide the rigorous and uncontroversial proofs
necessary to either prove or disprove putative sympatric speciation events.
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Figure 1. Locations of current and historic populations of all subspecies within the L.
floccosa-pumila clade. Red, L. f. ssp. floccosa; purple, L. f. ssp. californica; blue, L. f.
ssp. bellingeriana; green, L. f. ssp. grandiflora; yellow, L. f. ssp. pumila.
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Figure 2. Locations of current and historic populations of L. f. ssp. floccosa, black; L.
f. ssp. bellingeriana, yellow; L. f. ssp. grandiflora, red and L. f. ssp. pumila, green.
(Courtesy of the Oregon Flora Project)
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L. f. ssp. floccosa

L. f. ssp. grandiflora

Figure 3. Plot of distances of L. f. ssp. floccosa and L. f. ssp. grandiflora plants from
the edge of the vernal pools near which they co-occur.
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Figure 4. Bud, flower and seed timing of sympatric populations of L. f. ssp. floccosa
and L. f. ssp. grandiflora surveyed in this study. Day numbers indicate time period
between early March and late May.
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Figure 5. Results of the Bayesian inference of phylogeny of combined chloroplast,
mitochondria and nuclear sequences. Numbers above branches indicate posterior
probabilities. 4586 bp; 26 parsimony-informative sites.

Figure 6. Upper Table Rock, Oregon, USA. One of two volcanic mesa buttes on which
populations L. f. ssp. pumila are located.
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Supplemental Figure 1. Results of the Bayesian inference of phylogeny of chloroplast,
mitochondria and datasets. Numbers above branches indicate posterior probabilities.
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Table 1. Results of the greenhouse hybridization experiment between L. floccosa ssp.
floccosa and L. floccosa ssp. grandiflora.
Cross
L. f. ssp. floccosa (maternal) ×
L. f. ssp. grandiflora (paternal)
n=40
L. f. ssp. grandiflora (maternal)
× L. f. ssp. floccosa (paternal)
n=40

Number
of seeds
produced

Number of
seeds
germinated

Number of
plants surviving
to flowering

Number of
fertile
individuals

115

16

5

0

154

14

4

0

Table 2. Results of microsatellite analysis of 240 L. f. ssp. floccosa and L. f. ssp.
grandiflora plants collected in the wild and hybrids between the species. Loci numbers
refer to the numbering scheme of Kirshore et al. (2004). All alleles at 1.0 frequency
unless noted otherwise in parentheses.
Locus

Allele lengths (bp)
L. f. ssp. floccosa;
n=120

Allele lengths (bp)
L. f. ssp. grandiflora;
n=120

53

336

342

Heterozygous in
floccosa ×
grandiflora
hybrids n=8
no

82
96

243
311

247
325

yes
no

99
167
168
187
318

191
245
172
263
383

197
255
160
266
373 (0.99) , 383 (0.01)

yes
yes
yes
yes
yes

322
427

461 (0.64), 463 (0.36)
277

419
283

yes
no

572
583

352
188

362
182

yes
no

Comments

maternally
inherited
maternally
inherited

One
heterozygous
grandiflora
individual
with allele
383

maternally
inherited
maternally
inherited
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Table 3. Total number of genomic paired-ends reads and base pairs, for each taxon,
generated from the Illumina run. The percent coverage is based on an estimated
genome size of 1.36 gigabases (Bennett and Leitch 2005).

L. floccosa ssp. floccosa
L. floccosa ssp. grandiflora

Paired-end reads Total base pairs

Coverage

5,071,991
4,925,217

0.537
0.521

703,366,704
709,231,248

Table 4. Total number of chloroplast paired-end reads, base pairs, percentage of
chloroplast reads within total genomic dataset and coverage depth.

L. floccosa ssp. floccosa
L. floccosa ssp. grandiflora

Paired-end
reads
698,606
713,779

Total base
pairs
50,299,632
51,392,088

% of total
reads
6.88
7.25

Coverage
depth
335X
343X
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Table 5. Loci sequenced for the phylogenetic analysis of L. floccosa. *Indicates
sequences obtained in a previous study (Meyers et al. In press). ^ Indicates that the
locus sequenced contained one SNP and one indel found within the chloroplast.
Locus

Number of
base pairs

Chloroplast
psbA - trnH

217

psbZ - trnG

384

trnK - rps16

86

rpl32 – trnL^

420

ycf1^

393

trnL*

401

trnS – trnG*

742

Mitochondria
nad7

81

nadh1

222

Nuclear
unknown function

969

nrITS*

671

Primer sequences

5’-aatccactgccttgatccac-3’
5’-cgtgctaaccttggtatggaa-3’
5’-aatgacccctcccacaattt-3’
‘5’-ggttcatgcatgtttgttgc-3’
5’-ttccacaccgagaattcaaa-3’
5’-tccattttgattattatatccatgttt-3’
5’-tccaaaaagcgtgttcgtaa-3’
5’-cgtaattggtcggggttttt-3’
5’-gcccgagatatcaaatgaa-3’
5’-aatgttgttatcggtataactgagtc-3’
5’-cgaaatcggtagacgctacg-3’
5’-ggggatagagggacttgaac-3’
5’-agatagggattcgaaccctcggt-3’
5’-gtagcgggaatcgaacccgcatc-3’
5’-tacgtcaggatccgattggt-3’
5’-cgggcctaagtgaaagtgaa-3’
5’-gaggtgcagggaaggagag-3’
5’-acaactaatatctttactggctagagg-3’
5’-gcatttgctccggatc-3’
5’-tggtatgatcgcatc-3’
5’-ggaaggagaagtcgtaacaagg-3’
5’-tatgcttaaactcagcgggt-3’
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Abstract

Limnanthes floccosa ssp. floccosa and L. floccosa ssp. grandiflora are two of five
subspecies within L. floccosa that occur in sympatry near vernal pools in southwest
Oregon, USA. A crossing study was conducted between L. floccosa ssp. floccosa and
L. floccosa ssp. grandiflora plants, grown from seed collected in the wild.
Additionally, a microsatellite analysis was conducted on plants, collected in the wild,
in order to determine the amount of gene exchange between these taxa. Lastly, we
used Illumina next generation sequencing to identify nucleotide polymorphisms from
genomic DNA libraries of L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora.
These data were used to identify single nucleotide polymorphisms in the chloroplast,
mitochondrial, and nuclear genomes. From these variable loci, a total of 3173 bp was
obtained using Sanger sequencing of nine individuals representing all subspecies of L.
floccosa and L. alba. From the results of this study we have determined that L.
floccosa ssp. grandiflora and L. floccosa ssp. pumila are sister taxa and distinct from
L. floccosa. Therefore, as part of a revision of L. floccosa we designate these taxa L.
pumila ssp. grandiflora and L. pumila ssp. pumila.
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Introduction

Limnanthes floccosa Howell (Limnanthaceae) is a polymorphic annual herb that
mainly inhabits vernal pools and seasonally wet meadows throughout south-central
Oregon and northeastern California (Figure 1). Currently, taxonomists and floras
recognize five subspecies of L. floccosa (Arroyo 1973; Ornduff 1993; Oregon Flora
Project 2010): L. floccosa ssp. floccosa, L. floccosa ssp. californica Arroyo, L.
floccosa ssp. bellingeriana (Peck) Arroyo, L. floccosa ssp. grandiflora Arroyo and L.
floccosa ssp. pumila (Howell) Arroyo. With the exception of L. floccosa ssp. floccosa
all subspecies of L. flocossa are legally considered threatened, endangered or species
of concern by state and/or federal agencies (ODA 2010; CDFG 2010) (Table 1).
Although the five taxa that compose L. floccosa are currently classified as
subspecies, previous treatments have considered L. floccosa ssp. bellingeriana and L.
floccosa ssp. pumila as distinct species (Howell 1897, Peck 1961). Only in latter
treatments were these species demoted to varieties (Mason 1952) or subsequently,
subspecies (Arroyo 1973a).
We hypothesized, however, that these latter classifications may have been
misapplied given the marked differences in breeding systems that exist within L.
floccosa. The breeding systems of L. floccosa ssp. floccosa and L. floccosa ssp.
bellingeriana are predominatly selfing. In contrast, the breeding systems of L. floccosa
ssp. californica, L. floccosa ssp. grandiflora and L. floccosa ssp. pumila are only
partially autogamous (approximately 50% outcrossing and 50% selfing) (Arroyo
1973b).
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A crossing study, coupled with a well resolved phylogenetic analysis of all L.
floccosa subspecies, could indicate that some subspecies should be re-elevated to
species. Such an elevation would be consistent with criteria found within both
standard biological species concepts (Mayr 1942, Coyne and Orr 2004), phylogenetic
species concepts (Baum and Donoghue 1995, Shaw 1998), as well as a unified species
concept sensu de Queiroz (2007).
Previously, two crossing studies involving L. floccosa subspecies have been
attempted. The first, conducted by Mason (1952), included most taxa within
Limnanthes. Although Mason attempted crosses between L. floccosa ssp. floccosa and
L. douglasii (no hybrids produced) he did not pursue inter-subspecific crosses within
L. floccosa because these taxa “have very small flowers” and were “troublesome to
use”. Despite this, based on morphological characters, Mason chose to demote L.
bellingeriana and L. pumila to varieties of L. floccosa.
The second crossing study (Ornduff 1971) again involved most species within
Limnanthes. Within this study, the single inter-subspecific L. floccosa cross attempted
(L. floccosa ssp. floccosa × L. floccosa ssp. bellingeriana) resulted in fertile F1
hybrids. As a result, Ornduff determined that the taxonomic positions of all L. floccosa
subspecies should remain unchanged.
As determined by previous analyses, obtaining a precise determination of
phylogenetic relationships within L. floccosa has been difficult. Studies using
morphological (Arroyo 1973a), DNA sequence (Plotkin 1998, Meyers et al. In press)
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and microsatellite data (Donnelly et al. 2008) have resulted in phylogenies in which
most or all L. floccosa subspecies are placed in one or more polytomous clades.
As part of a larger study of speciation events within L. floccosa, we conducted a
hybridization experiment between L. floccosa ssp. grandiflora and L. floccosa ssp.
floccosa. In conjunction, we also measured the amount of reproductive isolation
between these taxa through a microsatellite analysis. Additionally, we used next
generation (Illumina) technology to sequence whole genomic DNA extractions of L.
floccosa ssp. floccosa and L. floccosa ssp. grandiflora to identify SNPs (single
nucleotide polymorphisms) within the nuclear, chloroplast and mitochondrial
genomes. These data were used to construct a more highly resolved phylogeny of all
subspecies within L. floccosa. Based on the results of our analysis we propose new
combinations within L. floccosa.

Materials and Methods

Hybridization
Seeds from wild populations of L. floccosa ssp. floccosa and L. floccosa ssp.
grandiflora were collected during April and May of 2008. These seeds, as well as
subsequent seeds produced from the crossing experiment, were germinated following
the protocol of Toy and Willingham (1966). In a greenhouse setting, 40 individuals of
L. floccosa ssp. floccosa were crossed by hand with 40 individuals of L. floccosa ssp.
grandiflora, in both directions (80 crosses total).
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Microsatellite analysis
From the 389 Limnanthes microsatellite primers designed by Kirshore et al. (2004),
we picked twelve based on allele length and whether those alleles differentiated the
samples of L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora tested in that
study. In total, 120 individuals from each taxon, collected from three vernal pools (40
each vernal pool) were surveyed. Microsatellite forward primers were modified by a
5 concatenation of the 18-mer 5 -TGTAAAACGACGGCCAGT-3 . This permitted
concurrent fluorescence labeling of PCR products by a third primer with an
incorporated fluorophore (Schuelke 2000). Amplicons were obtained following the
polymerase chain reaction (PCR) protocol of Schuelke (2000). PCR products were
resolved in an ABI 3730 capillary DNA sequencer. Electropherograms were analyzed
using ABI GeneMapper software (Applied Biosystems, Foster City, California, USA).

Phylogeny
DNA was obtained from fresh leaves, collected in the wild, from all L. floccosa
subspecies. DNA from L. alba was obtained from a plant grown from a germplasm
accession obtained from the Arid Land Plant Genetic Resources Unit (Parlier,
California, USA). Seeds from this accession were germinated following Toy and
Willingham (1966). Seedlings were grown in a greenhouse until maturity and keyed
using Ornduff (1993) to confirm their taxonomic identity. Voucher specimens have
been placed in the Oregon State University Herbarium (OSC). Approximately 50 mg
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of plant material was used to extract DNA using a DNeasy Plant Mini kit (Qiagen,
Valencia, California, USA).
Illumina DNA preparation and amplification followed the protocol of Meyers and
Liston (In press), replacing the 3 bp 5’ tags with the 4 bp tags CACT and GGGT.
Individual libraries of L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora were
pooled into a 2X multiplex sequencing library. A total of 10 pmol was used for 76
cycles of paired-end sequencing in a single lane of an Illumina GAI in the Central
Service Laboratory of the Oregon State University Center for Genome Research and
Biocomputing. Assembly of the microreads followed a modified protocol of Whittall
et al. (2010). Microreads, after tag removal, were assembled into contigs with the de
novo assembler Velvet v. 0.7 (Zerbino & Birney 2008). These de novo contigs were
aligned to a complete Carica papaya chloroplast genome (GenBank NC010323) using
the alignment program Mulan (Ovcharenko et al. 2005). The consensus sequence of
aligned contigs was next merged with the C. papaya reference sequence to form a
chimeric pseudo-reference. The pseudo-reference was composed of approximately
95% de novo sequence and 5% C. papaya reference sequence where gaps in the de
novo sequence were initially found. The original microreads from each taxon were
next re-aligned against the pseudo-reference using the reference guided assembler
RGA (http://rga.cgrb.oregonstate.edu/ ) using a minimum depth of 2X, a maximum
allowable error/mismatch of 0.03 and a 70 percent majority minimum for SNP
acceptance.
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PCR primers were designed using Primer3 (Rozen and Skaletsky 2000) for
remaining gaps, areas with long lengths of repetitive DNA and putative SNPs. The
subsequent amplification products were Sanger sequenced.
De novo contigs were also aligned to a C. papaya complete mitochondrial genome
(GenBank NC012116), a L. alba GSS dataset (GenBank DX504195-DX507856) and a
L. alba EST dataset (GenBank FD644000-FD656247) using RGA. Additionally, large
portions of the L. alba chloroplast were assembled with Mulan, from the GSS dataset
sequences, using the L. floccosa ssp. grandiflora chloroplast genome as a reference
template.
From the resulting alignments, eight sets of PCR primers (five chloroplast, two
mitochondrial and one nuclear) were designed using Primer3 (Rozen and Skaletsky
2000) to amplify regions containing putative SNPs and indels among L. floccosa ssp.
floccosa, L. floccosa ssp. grandiflora and L. alba. In turn, we sequenced those eight
regions from one additional sample of L. floccosa ssp. floccosa and L. floccosa ssp.
grandiflora plus two samples each of all remaining subspecies (except L. floccosa ssp.
californica) within L. floccosa.
Following PCR, all products were purified using QIAquick PCR purification kits
(Qiagen, Valencia, CA). All Sanger sequencing was performed by the HighThroughput Genomic Unit at the University of Washington (Seattle, Washington,
USA). Sequences were aligned “by eye” and analyzed using BioEdit for Windows
95/98 (Hall 1999). The resulting datasets were combined with additional chloroplast
and nuclear ribosomal DNA ITS sequences obtained from the same samples in a
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previous study (Meyers et al. In press) (GenBank accessions FJ895938 - FJ895944,
FJ895947 - FJ895949, FJ895993 - FJ895995, FJ895982 - FJ895991, FJ895912 FJ895914, FJ895915 - FJ895919, FJ895906 - FJ895907).
To test whether individual chloroplast, mitochondria and nuclear datasets should be
combined, Kishino-Hasegawa and Shimodaira-Hasegawa tests (Kishino and
Hasegawa, 1989; Shimodaira and Hasegawa, 1999) using PAUP* were employed.
Phylogenetic analyses were conducted using PAUP* version 4b10 (Swofford 2002),
RAxML (Stamatakis et al. 2008) and MrBayes version 3.1.2 (Ronquist and
Huelsenbeck 2003). For individual and combined datasets, most parsimonious trees
were found using branch and bound maximum parsimony (MP) searches within
PAUP*, employing the furthest addition sequence setting and MulTrees on. Gaps were
scored as missing data. Branch support was assessed using 1000 bootstrap replicates.
Modeltest 3.7 (Posada and Crandell 1998) was used to select the model rate that
best fit each dataset. An F81 model was selected for the chloroplast and mitochondria
datasets and a Tamura Nei model incorporating a gamma distribution (TrN+gamma)
for the nuclear data set. These models were set for all Bayesian searches, except
because a TrN+gamma model is not available in MrBayes, model parameters for the
nuclear dataset were estimated by simplifying the general time reversible (GTR)
model. Likewise, a GTR+gamma model was set for the RAxML (ML) search.
Bayesian searches were conducted in one run using one cold and three heated Markov
Chains, over two million generations, sampling every 100 generations. All trees
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generated within the burn-in period (2,000) were discarded and posterior probability
confidence values were based only on trees found in the stationary phase.

Results

Hybridization
As a result of the 80 L. floccosa ssp. floccosa × L. floccosa ssp. grandiflora crosses
we made, 469 seeds were produced. From among those seeds 30 (6%) successfully
germinated. Of the successful germinates, 21 plants were depauperate in morphology
and died within one to three weeks of germination (Figure 2). All nine plants that
survived to maturity did show hybrid vigor but were sterile and produced no seeds
(Figure 3, Table 2).

Microsatellite analysis
Among the 240 plants of L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora,
collected in the wild from three sites, the microsatellite survey indicated that only one
L. floccosa ssp. grandiflora specimen shared an allele, at one locus, with L. floccosa
ssp. floccosa (Table 3). All remaining specimens showed fixed (or null) alleles.
The eight surviving hybrid L. floccosa ssp. floccosa × L. floccosa ssp. grandiflora
plants produced in the greenhouse study were all heterozygous, displaying both L.
floccosa ssp. floccosa and L. floccosa ssp. grandiflora alleles at eight of the twelve
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loci. At the four remaining loci, all plants were homozygous for the allele of the
maternal parent of the cross, indicating uniparental inheritance.

Phylogeny
Illumina sequencing resulted in approximately 5,000,000 72 bp (after removal of
the 4 bp 5’ tag) paired end microreads per subspecies (Table 4). The de novo assembly
of the microreads resulted in nearly 400 contigs, ranging in size from less than 100 bp
to over 48,000 bp for each subspecies. Further alignment of the ~400 contigs to the C.
papaya complete chloroplast genome resulted in the assembly of ~95 % of the L.
floccosa ssp. grandiflora chloroplast genome. Secondary alignments, using the
Carica- L. floccosa ssp. grandiflora chimeric pseudo-reference generated nearly
complete (~99%) L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora chloroplast
genomes. Sanger sequencing of all remaining gaps, areas with possible long lengths of
repetitive DNA and putative SNPs resulted in the assembly of similar length
chloroplast genomes for L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora
(152, 357 and 152,355 bp respectively). Average coverage of these genomes was over
300X (Table 5).
Approximately 85% of the L. alba chloroplast genome (132,564 bp) was
assembled from the L. alba GSS dataset. In total, the chloroplast genomes of L.
floccosa ssp. floccosa and L. floccosa ssp. grandiflora differed by seven nucleotides
(five SNPs and two indels). These nucleotide differences were confirmed by Sanger
sequencing.
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Nearly 34 kbp of sequence was aligned successfully between L. floccosa ssp.
floccosa, L. floccosa ssp. grandiflora and the C. papaya complete mitochondrial
genome at an average coverage of over 100X (151 contigs). Within the alignment, L.
floccosa ssp. floccosa and L. floccosa ssp. grandiflora differed by two nucleotides.
Again, the two SNPs were confirmed by Sanger sequencing.
Approximately 8.7 kbp of the nuclear genome was assembled and aligned from the
L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora datasets, against the L. alba
GSS and EST datasets. The bulk of this alignment (95%) was derived from the L. alba
GSS dataset, with the remaining from the EST dataset (Meyers unpublished data).
Sanger sequences of the five chloroplast loci, two mitochondrial loci and one
nuclear loci, containing indels and SNPs among the five subspecies of L. floccosa, as
well as L. alba, were combined with previously obtained chloroplast and nuclear
sequences resulting in datasets of the following size: chloroplast, 2643 bp;
mitochondrial, 303 bp; nuclear 1640 bp; total alignment, 4586 bp (Table 6).
The Kishino-Hasegawa and Shimodaira-Hasegawa tests found no conflict between
the separate chloroplast, mitochondrial and nuclear datasets (p = 0.12 – 0.52). The
combined MP strict consensus, RAxML (neither shown) and Bayesian majority rule
consensus trees shared identical topology (Figures 4 and 5). The final phylogenetic
analysis of the combined chloroplast, mitochondria and nuclear datasets resulted in a
fully resolved phylogeny (all posterior probabilities of 1.0) of L. floccosa.
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Discussion

The results of our microsatellite analysis indicate that, in the wild, there is likely
little or no gene exchange between L. floccosa ssp. floccosa and L. floccosa ssp.
grandiflora. With the exception of one specimen we surveyed, all of the 240 wild
collected L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora specimens analyzed
showed fixed differences and nearly complete homozygosity at all loci surveyed.
Additionally, all surviving L. floccosa ssp. floccosa × L. floccosa ssp. grandiflora
hybrids analyzed exhibited a pattern of allele inheritance that would be expected if
hybridization were occurring in the wild (Table 3).
This pattern of inheritance, found among wild collected plants, may be due to the
breeding systems of these taxa. L. floccosa ssp. grandiflora is partially autogamous,
while L. floccosa ssp. floccosa is predominantly selfing (Arroyo 1973b). Therefore a
prezygotic barrier to reproduction may exist which prevents natural hybridization
among naturally occurring populations of L. floccosa ssp. floccosa and L. floccosa ssp.
grandiflora.
Typically, the seed germination rate of both L. floccosa ssp. floccosa and L.
floccosa ssp. grandiflora, we have found, is 15% - 25% (Meyers unpublished data).
The germination rate of the hybrid seeds, in contrast, was 6% (Table 2). Additionally,
over two thirds of the successful hybrid germinates were depauperate and died before
maturity. These results indicate a high level of post zygotic reproductive isolation
between the taxa.
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Under the tenets of all biological species concepts, complete, or nearly complete
reproductive isolation must occur between two taxa in order for species status to be
conferred (Mayr 1942, Coyne and Orr 2004). Clearly, the high levels of both pre and
post zygotic reproductive isolation that exist between L. floccosa ssp. floccosa and L.
floccosa ssp. grandiflora meet this criterion. As a result we conclude that according to
this species concept, L. floccosa ssp. floccosa and L. floccosa ssp. grandiflora are
legitimately part of at least two distinct species. This, however, leads to the question of
the placement of the remaining three subspecies within L. floccosa. This we address
with the results of the phylogenetic analysis.
According to our phylogenetic analysis two distinct clades exist within L. floccosa
(Figure 4). One clade is comprised of the sister taxa L. floccosa ssp. grandiflora and L.
floccosa ssp. pumila. The other contains the remaining L. floccosa subspecies
bellingeriana, californica and floccosa. Most phylogenetic species concepts classify a
species as a basal cluster of organisms within which there is a pattern of ancestry and
decent (Baum and Donoghue 1995, Shaw 1998). Using this criterion, the subspecies of
the L. floccosa complex could be reclassified using a number of schemes. These would
range from elevating all subspecies to species status to leaving all taxa at their current
subspecific status within L. floccosa. However, given the results of the hybridization
experiment and microsatellite analysis, in combination with phylogenetic analysis, we
propose what we believe to be a conservative yet evolutionarily reflective new
combination of the L. floccosa subspecies. Namely, we favor the splitting of L.
floccosa into two species: L. pumila, which contains L. pumila ssp. pumila and L.
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pumila ssp. grandiflora, and L. floccosa which is comprised of L. floccosa ssp.
floccosa, L. floccosa ssp. bellingeriana and L. floccosa ssp. californica. The following
are the nomenclatural and concept changes within L. floccosa, with an accompanying
key:

Limnanthes pumila T. Howell
Plants erect; leaves glabrous to slightly pubescent; perianth crateriform; sepals 8 – 9
mm long, outer surface glabrous to slightly pubescent, inner surface glabrous to
pubescent; petals 8 – 9 mm long, equal in length or scarcely protruding beyond sepals,
2 rows of hairs on claws of petals present; anthers 1 mm long, dehiscence extrorse;
nutlets per flower 3 – 5, dehiscence with or without calyx.

Limnanthes pumila ssp. pumila – Limnanthes pumila T. Howell, Flora of Northwest
America 1: 108. 1897. – Limnanthes floccosa var. pumila (T. Howell) Mason,
University of California Publications in Botany 25: 501-502. 1952. – Limnanthes
floccosa ssp. pumila (T. Howell) Arroyo, Brittonia 25: 187. 1973. – Type: T. Howell
635 (ORE holotype!, isotype!, OSC isotype!).

Limnanthes pumila ssp. grandiflora (Arroyo) S. Meyers, comb. et. stat. nov. –
Limnanthes floccosa ssp. grandiflora Arroyo, Brittonia 25: 188. 1973. – Type: M.T.
Kalin 7030A (NY holotype#, UC isotype).
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Limnanthes floccosa T. Howell
Plants decumbent to erect; leaves glabrous to densely pubescent; perianth urceolate to
crateriform; sepals 4 – 8 mm long, glabrous to pubescent; petals 4.5 – 8.5 mm long,
scarcely protruding beyond sepals, 2 rows of hairs on claws of petals absent or
present; anthers 0.5 – 1.5 mm long, dehiscence introrse or extrorse; nutlets per flower
1 – 5, dehiscence with calyx.

Limnanthes floccosa ssp. floccosa – Limnanthes floccosa T. Howell, Flora of
Northwest America 1: 108. 1897. – Limnanthes floccosa var. floccosa, University of
California Publications in Botany 25: 501. 1952. – Limnanthes floccosa ssp. floccosa
(T. Howell) Arroyo, Brittonia 25: 187. 1973. – Type: T. Howell s.n., designated by M.
Arroyo, 1973. (ORE lectotype!, isolectotype!, OSC isolectotype!).

Limnanthes floccosa Howell ssp. bellingeriana (M. E. Peck) Arroyo, Brittonia 25:
187. 1973. – Limnanthes bellingeriana M.E. Peck, Proceedings of the Biological
Society of Washington 50: 93. 1937. – Limnanthes floccosa var. bellingeriana (M.E.
Peck) Mason, University of California Publications in Botany 25: 501. 1952. – Type:
G.C. Bellinger s.n. (WILLU holotype!).

Limnanthes floccosa Howell ssp. californica Arroyo, Brittonia 25: 187. 1973. – Type:
M.T. Kalin 7014 (UC holotype#).
(The # symbol indicates a digital photo of the specimen was examined.)
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Key to subspecies within Limnanthes floccosa-pumila clade:
1 Perianth urceolate; sepals less than 7.5 mm long; anther dehiscence usually introrse.
2 Leaves and sepals glabrous (foothills and mountains of eastern Jackson County,
Oregon, putatively Shasta County, California)…….L. floccosa ssp. bellingeriana

2’ Leaves pubescent; sepals densely pubescent (Rogue Valley of ventral Jackson
County, Oregon, Shasta County south to Napa County, California)
………………….. …………………………………...… L. floccosa ssp. floccosa

1’ Perianth crateriform; sepals greater than 7.5 mm long; anther dehiscence extrorse.
3 Leaves pubescent; outer surface of sepals densely pubescent (Butte County,
California) .......................................................................L. floccosa ssp. californica

3’ Leaves sparsely pubescent or glabrous; outer sepals sparsely pubescent or
glabrous.
4 Leaves sparsely pubescent; inner surface of sepals pubescent, sepals
greater than 8 mm long ….……………………...L. pumila ssp. grandiflora

4’ Leaves glabrous; inner surface of sepals glabrous, sepals less than 8 mm
long…………………………………………….…….L. pumila ssp. pumila
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One large, practical consequence of this new combination will be a change in
conservation status of L. pumila ssp. pumila and L. pumila ssp. grandiflora. Currently,
both of these taxa have conservation status with both federal and state agencies (Table
1). Among the criteria used by the United States Fish and Wildlife Service to
determine the conservation importance (or ranking) of a taxon is its taxonomic status
(U.S. Fish and Wildlife Service 1983). Put simply, a species is given a higher ranking
and priority for recovery than a subspecies or variety. Furthermore, this ranking status
is used by federal agencies to determine funding and personnel priorities.
Prior to their revised taxonomic status L. pumila ssp. pumila and L. pumila ssp.
grandiflora were considered subspecies within L. floccosa, which as a species is not
considered rare. This is due to the larger range and more numerous populations of L.
floccosa ssp. floccosa. However, as a distinct species, all subspecies within L. pumila
have a conservation status. Therefore, this will result in L. pumila having a higher
ranking and priority for recovery than L. pumila ssp. pumila and L. pumila ssp.
grandiflora had individually when they were subspecies of L. floccosa. Given that the
current range of the subspecies within L. pumila may be as little as 40% of it historical
range an elevation of the attention given to, and the priority status of, L. pumila is
highly warranted.
Although crosses between all subspecies within the L. floccosa-pumila clade were
completed in the study, we encourage future research in this area. As indicated by our
results, future crossing studies may result in the elevation of more subspecies, within
this complex, to species status. Because of the rarity of most subspecies in this group,
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such research may prove beneficial to future recovery efforts and conservation of
these taxa.
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Figure 1. Locations of current and historic populations of all subspecies within the L.
floccosa-pumila clade. Red, L. f. ssp. floccosa; purple, L. f. ssp. californica; blue, L. f.
ssp. bellingeriana; green, L. f. ssp. grandiflora; yellow, L. f. ssp. pumila.
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Figure 2. Depauperate L. floccosa ssp. floccosa × L. pumila ssp. grandiflora hybrid.
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grandiflora

floccosa X grandiflora

floccosa

Figure 3. Left: L. pumila ssp. grandiflora; Middle: L. floccosa ssp. floccosa × L.
pumila ssp. grandiflora hybrid; Right: L. floccosa ssp. floccosa.
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Figure 4. Results of the Bayesian inference of phylogeny of combined chloroplast,
mitochondria and nuclear sequences. Numbers above branches indicate posterior
probabilities. 4586 bp; 26 parsimony-informative sites.
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Figure 5. Results of the Bayesian inference of phylogeny of chloroplast, mitochondria
and datasets. Numbers above branches indicate posterior probabilities.

109

Table 1. Conservation status of subspecies within L. floccosa and L. pumila.
Taxon
L. floccosa ssp. bellingeriana

Federal status
Species of
concern
Endangered

L. floccosa ssp. californica
L. floccosa ssp. flocossa
L. pumila ssp. grandiflora
(L. floccosa ssp. grandiflora)
L. pumila ssp. pumila
(L. floccosa ssp. pumila)

none
Endangered
Species of
concern

State status
Candidate for listing
(Oregon)
Endangered
(California)
none
Endangered (Oregon)
Threatened (Oregon)

Table 2. Results of the greenhouse hybridization experiment between L. floccosa ssp.
floccosa and L. pumila ssp. grandiflora.
Cross
L. f. ssp. floccosa (maternal) ×
L. p. ssp. grandiflora (paternal)
n=40
L. f. ssp. grandiflora (maternal)
× L. p. ssp. floccosa (paternal)
n=40

Number
of seeds
produced

Number of seeds
germinated

Number of
plants surviving
to flowering

Number of
fertile
individuals

215

16

5

0

254

14

4

0
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Table 3. Results of microsatellite analysis of 240 L. f. ssp. floccosa and L. p. ssp.
grandiflora plants collected in the wild and hybrids between the species. Loci numbers
refer to the numbering scheme of Kirshore et al. (2004). All alleles at 1.0 frequency
unless noted otherwise in parentheses.
Locus

Allele lengths (bp)
L. f. ssp. floccosa;
n=120

Allele lengths (bp)
L. p. ssp. grandiflora;
n=120

53

336

342

Heterozygous
in floccosa ×
grandiflora
hybrids n=8
no

82
96

243
311

247
325

yes
no

99
167
168
187
318

191
245
172
263
383

197
255
160
266
373 (0.99) , 383 (0.01)

yes
yes
yes
yes
yes

322
427

461 (0.64), 463 (0.36)
277

419
283

yes
no

572
583

352
188

362
182

yes
no

Comments

maternally
inherited
maternally
inherited

One
heterozygous
grandiflora
individual with
allele 383

maternally
inherited
maternally
inherited

Table 4. Total number of genomic paired-ends reads and base pairs, for each taxon,
generated from the Illumina run. The percent coverage is based on an estimated
genome size of 1.36 gigabases (Bennett and Leitch 2005).

L. floccosa ssp. floccosa
L. pumila ssp. grandiflora

Paired-end reads Total base pairs

Coverage

5,071,991
4,925,217

0.537
0.521

703,366,704
709,231,248
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Table 5. Total number of chloroplast paired-end reads, base pairs, percentage of
chloroplast reads within total genomic dataset and coverage depth.

L. floccosa ssp. floccosa
L. pumila ssp. grandiflora

Paired-end
reads
698,606
713,779

Total base
pairs
50,299,632
51,392,088

% of total
reads
6.88
7.25

Coverage
depth
335X
343X
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Table 6. Loci sequenced for the phylogenetic analysis of L. floccosa. *Indicates
sequences obtained in a previous study (Meyers et al. In press). ^ Indicates that the
locus sequenced contained one SNP and one indel found within the chloroplast.
Locus

Number of
base pairs

Chloroplast
psbA - trnH

217

psbZ - trnG

384

trnK - rps16

86

rpl32 – trnL^

420

ycf1^

393

trnL*

401

trnS – trnG*

742

Mitochondria
nad7

81

nadh1

222

Nuclear
unknown function

969

nrITS*

671

Primer sequences

5’-aatccactgccttgatccac-3’
5’-cgtgctaaccttggtatggaa-3’
5’-aatgacccctcccacaattt-3’
5’-ggttcatgcatgtttgttgc-3’
5’-ttccacaccgagaattcaaa-3’
5’-tccattttgattattatatccatgttt-3’
5’-tccaaaaagcgtgttcgtaa-3’
5’-cgtaattggtcggggttttt-3’
5’-gcccgagatatcaaatgaa-3’
5’-aatgttgttatcggtataactgagtc-3’
5’-cgaaatcggtagacgctacg-3’
5’-ggggatagagggacttgaac-3’
5’-agatagggattcgaaccctcggt-3’
5’-gtagcgggaatcgaacccgcatc-3’
5’-tacgtcaggatccgattggt-3’
5’-cgggcctaagtgaaagtgaa-3’
5’-gaggtgcagggaaggagag-3’ 5’acaactaatatctttactggctagagg-3’
5’-gcatttgctccggatc-3’
5’-tggtatgatcgcatc-3’
5’-ggaaggagaagtcgtaacaagg-3’
5’-tatgcttaaactcagcgggt-3’
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Chapter 6

CONCLUSIONS

The chief goal, when beginning the research conducted for this thesis, was to
provide strong evidence that a sympatric speciation event had occurred leading to the
divergence of Limnanthes floccosa ssp. floccosa and L. pumila ssp. grandiflora. While
that goal did not come to fruition, other accomplishments have nevertheless been
made.
Prior to the work undertaken during the course of my studies, no molecular
phylogeny, including all described taxa within Limnantheaceae, had been undertaken
or published in a peer reviewed journal. We have rectified this, however, with the
work detailed in chapter one. The results that phylogeny suggests that Limnanthaceae
may contain as few as four species of Limnanthes and the monotypic genus Floerkea
proserpinacoides. Additionally, as a result of the phylogenetic analysis and crossing
experiments, taxonomic recognition of the anomalous Half Moon Bay population is
not suggested; rather it is likely part of a highly polymorphic Limnanthes douglasii
sensu lato. These data and conclusions, from this portion of the study, suggest the need
for further analyses that may lead to future taxonomic revisions within Limnanthes.
As evidenced by previous studies, as well as the initial phylogeny constructed as part
of this thesis obtaining phylogenetic resolution within srecently diverged taxa, such as
the L. floccosa subspecies, is difficult using traditional molecular techniques (i.e.
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Sanger sequencing of one to several genes). However, as evidenced with the next
generation sequencing analysis of L. floccosa ssp. floccosa and L. pumila ssp.
grandiflora, large amounts of DNA data can be obtained with modest ease and cost
effectiveness. Such data may then be “mined” for informative information such as
SNPs and indels. These newly acquired data, in turn, may be used to construct what
were previously elusive, but now fully resolved phylogenies (Chapters 2 and 3).
The potential benefits of fully resolved phylogenies include more than simply the
intellectual satisfaction of reconstructing evolutionary history. For example, the
resolved phylogeny of L. floccosa constructed in this study, coupled with the results of
the crossing experiment between L. floccosa ssp. floccosa and L. pumila ssp.
grandiflora, has resulted in a taxonomic revision of L. floccosa. As a result of that
revision, L. pumila ssp. pumila and L. pumila ssp. grandiflora, each a taxon of
conservation concern, may receive greater attention and funding directed to their study
and preservation from federal and state agencies (Chapter 4).
If history is any indicator, putative examples of sympatric speciation will continue
to be presented in the future. However, given the continued controversy surrounding
sympatric speciation theory, those examples are likely to meet criticism by some, and
often prominent, members of the evolutionary biology community. As such, a high
level of rigor will be required of any future claims and analyses of sympatric
speciation, of which the research conducted through the course of this thesis, should
serve as an example.
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