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GENERAL ABSTRACT
The mustard family (Brassicaceae) is economically important but the evolution of its
morphology is not well understood. I investigate the evolution of morphological and
genomic characters and calculate ancestral trait values in the Brassicaceae within a
phylogenetic context using the tribe Physarieae as a model system. Physarieae are a
unique and diverse group of American mustards characterized by multi-aperturate pollen.
Phylogenetic analyses of DNA sequences (chloroplast ndhF and nuclear ITS and
LUMINIDEPENDENS) were used to test the monophyly and explore evolutionary
relationships of Physarieae. The phylogenetic inferences were used to identify
morphological traits to delimit the tribe, to interpret the evolution of selected
morphological and genomic characters, and to test alternative hypotheses related to the
covariation of traits..
.
Results show that Physarieae are monophyletic and most closely related to three tribes
(Halimolobeae, Boechereae, Camelineae) based on analyses of parsimony, likelihood,
and Bayesian analyses. Two well-supported monophyletic clades in the tribe are
recovered: the DDNLS clade, including Dithyrea, Dimorphocarpa, Nerisyrenia,
Lyrocarpa, and Synthlipsis, and the PP clade, comprising Paysonia and Physaria.
Character optimization of discrete and continuous morphological data suggest that
enlarged fruits and replums, wide seeds, and long fruiting styles are potential
synapomorphies of Physariae, whereas traits related to fruits, seeds, trichomes, and pollen
are useful to distinguish groups and genera within the tribe..
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Levels of phylogenetic signal, estimated by Bayesian methods, vary from being strong to
almost absent across the different traits studied here. Modes of trait evolution are mostly
consistent with a gradual model, but a few characters fit best with models of punctuated
evolution (fruit width, replum shape, pollen size). Historically, rates of trait evolution
were mostly constant, except for the rapid and recent evolution of replum shape, seed
number, pollen size, and chromosome number. As a single organ, fruit reflects
developmental and functional integration of separate elements, but its individual
components appear to have evolved at different rates and modes. Change in pollen size
and seed number is predominantly directional. Genome size and nucleotide composition
have increased gradually and constantly according to a Brownian motion model, and
these increases in Physarieae are unique among closely related tribes of Brassicaceae.
Phylogenetically-informed regression analyses identify several positively correlated
characters: fruit size–seed abundance, chromosome size–genome size, and GC% content–
genome size. These findings, when considered altogether, lead to a better understanding
of the patterns of morphological and genetic diversity within Physarieae, and allow the
effects of correlated evolution and related hypotheses based on theoretical and
experimental expectations to be identified for further study.
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CHAPTER I
PHYLOGENETIC RELATIONSHIPS OF MUSTARDS WITH
MULTIAPERTURATE POLLEN (TRIBE PHYSARIEAE, BRASSICACEAE)
BASED ON CHLOROPLAST NDHF: IMPLICATIONS FOR
MORPHOLOGICAL DIVERSIFICATION

Abstract– This work represents a comprehensive chloroplast-based molecular phylogeny
of the tribe Physarieae, those mustards with multiaperturate pollen. The molecular
phylogeny was generated to test the monophyly of the tribe, to investigate relationships
among its seven genera, and to study the evolution of selected morphological traits within
the tribe. Taxa studied represented the taxonomic and morphological diversity of the
tribe. Character evolution was inferred from morphological data treated as continuous
and discrete data using parsimony approaches. Results suggest that Physarieae are
monophyletic and most closely related to tribes Halimolobeae, Boechereae, and
Camelineae. Within the tribe, two monophyletic clades are recovered: the DDNLS clade
including five genera (Dithyrea, Dimorphocarpa, Nerisyrenia, Lyrocarpa, and
Synthlipsis), and the PP clade comprising two genera (Paysonia and Physaria). Several
traits related to trichomes, fruits, seeds, and pollen are identified as potential
synapomorphies of the tribe and its two major clades and seven genera.

Key words– Phylogenetic sytematics; character evolution; trichomes; fruit; replum; seed;
pollen; Physarieae.
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The Brassicaceae, or mustard family, includes ca. 338 genera and 3,709 species
distributed worldwide except for Antarctica (Warwick et al. 2006). The family is well
known for a number of important species used for food and as ornamentals, in the
manufacture of vegetable and industrial oils and medicinal drugs, and also because it
contains the much-studied model plant, Arabidopsis thaliana (L.) Heynh. (Al-Shehbaz
1984; Appel and Al-Shehbaz 2003). Brassicaceae are easily recognized by their
cruciform corolla, often tetradynamous stamens (two inner pairs longer than the outer
pair), and two-valved capsules. Although several molecular phylogenetic studies have
shown that Brassicaceae are monophyletic, details of their tribal classification and
evolutionary history remain controversial. Tribal classifications proposed for the family
historically have relied heavily on a small number of characters, such as the position of
the radicle in relation to the cotyledons, the number of seed rows, and variation in fruits,
trichomes, and nectar glands (Bentham and Hooker 1862; Prantl 1891; Hayek 1911;
Schulz 1936; Janchen 1942). However, recent molecular phylogenetic studies indicate
that there has been convergence in the evolution of these morphological characters and
thus previously recognized tribes were shown to be polyphyletic. New phylogenetic
molecular studies for the family have resulted in an updated tribal classification in which
most Brassicaceae genera are placed in 46 tribes (Al-Shehbaz et al. 2006; Al-Shehbaz
and Warwick 2007; Koch et al. 2007; Warwick et al. 2007, 2008; German and AlShehbaz 2008; Franzke et al. 2009; Couvreur et al. 2010; Warwick et al. 2010). These
results indicate the need for further phylogenetic studies and re-examination of neglected
morphological variation (e.g., pollen and seed morphology) in order to better understand
evolutionary history and patterns of morphological diversification within the family.
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The present study focuses on the tribe Physarieae B.L. Rob., which contains seven
genera and 143 species, most of which (ca. 105 species) belong to the genus Physaria
(Nutt.) A. Gray (Al-Shehbaz et al. 2006). The tribe is mostly North American with six
species occurring in South America and one in northern Canada and the Russian Arctic.
Members of Physarieae are morphologically recognized by their unique 4–8 (–11)aperturate pollen and dendritic (two or more secondary branches radiating from a single
stalk) or stellate (sessile or short-stalked with three or more branches diverging from the
same point) trichomes (Al-Shehbaz et al. 2006; Bailey et al. 2006, 2007; Beilstein et al.
2006, 2008). Nonetheless, the characteristic dendritic trichomes of Physarieae have also
evolved independently in several other distantly related tribes such as Smelowskieae,
Anchonieae, and Euclidieae (Beilstein et al. 2008), and stellate trichomes also occur in
Arabideae and Alysseae (Beilstein et al. 2008; Warwick et al. 2008). Furthermore, pollen
with multiple colpi occurs only sporadically elsewhere in Brassicaceae (Lahham and AlEisawi 1987; Khan 2004, 2005), but not consistently within any given species or genus.
Pollen heteromorphism, in which pollen grain morphs that differ in aperture
number are produced by the same plant (Till-Bottraud et al. 1994, 2005), occurs in
Physarieae in Dimorphocarpa Rollins and Dithyrea Harv. (Rollins 1979). The utility of
pollen aperture number variation and the occurrence of pollen heteromorphism have not
yet been evaluated for prospective taxonomic and phylogenetic purposes within
Physarieae.
Although genera in the tribe are well-defined morphologically, their tribal
placement has changed considerably over time. Depending on the morphological
characters used to define tribes, six of the seven genera of the Physarieae were placed
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together, more or less consistently, in such disparate tribes as Thlaspideae, Physarieae,
or Lepidieae. Historically, as well as in Schizopetaleae subtribes Physariinae,
Tropidocarpinae, and Lyrocarpinae (Table 1). Close affinities between certain pairs of
genera have been noted before. For example, Schulz (1936), Rollins (1939), and Bacon
(1975, 1978), suggested a close relationship between Nerisyrenia Greene and
Synthlipsis A. Gray based on general morphology, cytogenetics, and flavonoid profiles.
The combination of morphological (Payson 1922; Maguire 1942; Rollins 1950;
Maguire and Holmgren 1951; Mulligan 1968), cytogenetic, biogeographic, ecological
(O’Kane and Al-Shehbaz 2003), and molecular phylogenetic data (internal transcribed
spacer, ITS, O’Kane, unpublished data), showed the independent evolution of
auriculate-leaved species in the long recognized alliance of Physaria and Lesquerella S.
Watson. These results supported the union of Lesquerella (75 species with nonauriculate leaves) in a re-circumscribed Physaria plus the recognition of a seventh
genus of the tribe, Paysonia O’Kane & Al-Shehbaz, which included the eight
auriculate-leaved species previously ascribed to Lesquerella (Al-Shehbaz and O’Kane
2002; O’Kane and Al-Shehbaz 2002). Regardless of all of these new studies, generic
relationships among members of Physarieae remain poorly understood.
Several molecular studies suggest that the Physarieae are monophyletic (ITS:
Bailey et al. 2002, 2006; O’Kane and Al-Shehbaz 2003; NADH dehydrogenase subunit F
(ndhF): Beilstein et al. 2006; combined Phytochrome A (PHYA)-ndhF: Beilstein et al.
2008). However, a study utilizing PHYA and the first intron of the mitochondrial gene for
the Nicotinamide Adenine Dinucleotide subunit 4 (nad4) region (Franzke et al. 2009)
found that Physarieae were paraphyletic or polyphyletic, albeit with little support. Prior to
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the present study, the most comprehensive molecular phylogenetic work on Physarieae
relied on a small ITS data set (13 accessions). Additionally, several papers based on
plastid and mitochondrial molecular analyses have each included a few representatives of
the tribe (trnL – 2 sequences, Bailey et al. 2002; ndhF – 5 sequences, Beilstein et al.
2008; nad4 –2 sequences, Franzke et al. 2009). These molecular studies have further
suggested that Physarieae are placed in the “Arabidopsis lineage” (Beilstein et al. 2006;
Bailey et al. 2007; Beilstein et al. 2008), sister to a clade comprising Boechereae,
Camelineae (including Arabidopsis), and Halimolobeae (Beilstein et al. 2006). More
comprehensive sampling and additional sequence data from both variable chloroplast and
single or low copy nuclear genes are needed to test thoroughly the monophyletic status of
Physarieae and to assess phylogenetic relationships within the tribe and among other
sister tribes.
Physarieae vary extensively in trichomes, fruits, and pollen and provide an
intriguing study group for investigations regarding character evolution within the
Brassicaceae. The study of traditionally neglected (e.g., palynology, seeds), and novel
(pollen heteromorphism) morphological characters in a phylogenetic context may provide
new potential synapomorphies for the tribe and its constituent clades and will improve
our understanding of the possible evolutionary scenarios that lead to the morphological
diversity observed in the group today.
The primary goal of this research is to obtain an estimate of the evolutionary
history of Physarieae using sequences taken from the chloroplast gene ndhF. This
molecular marker is ideal because it has already been widely used in Brassicaceae for
inferring generic and tribal relationships (e.g., Beilstein et al. 2006, 2008) as the plastid
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genome is less prone to problems such as duplications or recombination.
Establishing phylogenetic relationships in this part of the Brassicaceae will
specifically: 1) test the monophyly of Physarieae, 2) explore the phylogenetic
relationships within the tribe and with other tribes, 3) examine and identify
morphological traits useful for delimiting the tribe, and 4) interpret the evolution of
selected trichomes, fruit, seed, and pollen characters to better understand patterns of
morphological diversification in the tribe.

MATERIALS AND METHODS
Taxon Sampling– The molecular analysis includes a total of 53 accessions
representing each of the seven genera of the tribe and outgroups (Appendix 1). These
accessions represent 41 putative diploid species of Physarieae that span the
morphological, geographic, and cytogenetic variation of the tribe, and include 12 species
from closely related tribes as outgroup taxa. Taxa of the immediate outgroups include
representatives of Boechereae (2 spp.), Camelineae (2 spp.), Halimolobeae (4 spp.),
Descurianeae (1 sp.), and Lepidieae (2 spp.). Alysseae (1 sp.) was used as the outgroup of
the remaining taxa based on the phylogenetic findings of Bailey et al. (2006), Beilstein et
al. (2006, 2008), and Warwick et al. (2008).
DNA Isolation and Sequencing– DNA was extracted from silica-gel dried leaves
by following the standard CTAB protocol (Doyle and Doyle 1987) using cesium chloride
gradient ultracentrifugation for purification, or from herbarium material following an
unpublished protocol (S. S. Stefanovic, University of Washington, unpublished data).
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ndhF was amplified using the polymerase chain reaction (PCR), either as a single
amplicon using primers 5F/2100R, or as three overlapping amplicons using primer pairs
5F/1354R, 599F/1703R, and 1318F/2100R (Beilstein et al. 2006). PCR reactions
contained a total volume of 25 !L, using 1!L of DNA template, 2.5 !L 10x reaction
buffer, 2.5 !L 2.5 mM MgCl2, 3-6 !L dNTPs 2.5 mM, 1 !L of each primer, 0.5 !L Taq
polymerase (5 units/!L) (Promega, Madison, Wisconsin, USA), and 0.5 !L of dimethyl
sulfoxide (DMSO). The PCR cycling scheme of Beilstein et al. (2006) was employed.
PCR products were run on a 1.5% agarose gel and purified using a QIAquick gel
extraction kit (Quiagen). Sequencing reactions were carried out using amplification
primers and internal primers 989F, 1821F, 536R and 1989R (Beilstein et al. 2006).
Phylogenetic Analyses– Phylogenies were constructed using maximum
parsimony (MP), maximum likelihood (ML), and Bayesian analysis (BI) with all
characters equally weighted and indels coded as missing data. Analyses were run on the
Cyberinfrastructure for Phylogenetic Research (CIPRES) cluster computer housed at the
San Diego Supercomputer Center, University of California (http://www.phylo.org), and
the Beowulf cluster at the University of Missouri-St. Louis.
Parsimony ratchet searches (Nixon 1999) were conducted using PAUPMacRat
(Sikes and Lewis 2001) implemented in PAUP version 4.04b 10 for UNIX (Swofford
2002). Searches consisted of 20 independent replicates of 200 iterations, each with 15%
of the characters re-weighted per iteration, and the strict consensus of the resulting trees
was generated in PAUP. Bootstrap analysis was used to evaluate support for specific
branches or clades (Felsenstein 1985). Bootstrap values were calculated with 1,000 full
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heuristic bootstrap replicates, one random sequence addition, tree-bisection-reconnection
(TBR) swapping, and MULTREES = yes.
The ML analyses used the GTR + I + G models of nucleotide substitution, chosen
as the best fit model according to the Akaike Information Criteria (AIC) run in Modeltest
version 3.6 (Posada and Crandall 1998). Likelihood bootstrap replicates (1,000) were run
in parallel on the Beowulf cluster using random sequence addition, TBR swapping, and
MULTREES = yes.
For Bayesian (BI) analyses, the best model of nucleotide substitutions estimated
by MrModeltest 2.2 (Nylander 2004) was HKY + G. The analysis was conducted with
MrBayes version 3.1 (Ronquist and Huelsenbeck 2003) using two independent runs of 4
chains with 5,000,000 generations each sampled every 1,000 generations. Convergence
across runs was evaluated by plotting log-likelihood against the number of generations.
The data reached convergence within the first 100,000 generations, but the first 200,000
generations of each run were conservatively discarded as the burn in. Bayesian posterior
probabilities were obtained from the majority-rule consensus trees generated in PAUP.
Data and topological congruence were tested with the Shimodaira-Hasegawa nonparametric (SH) test (Shimodaira and Hasegawa 1999) in PAUP version 4.04b. The test
was run using full optimization and 1,000 bootstrap replicates.
Morphological Characters–Morphological characters were evaluated by direct
observations on ca. 1,500 herbarium specimens (deposited at ANSM, BM, ENCB, F, GH,
KEW, MEXU, MO, TEX, US; herbarium abbreviations following Holmgren et al. 1990).
In several cases of rarely or poorly collected taxa, information was gathered from
literature (i.e., regional floras, systematic revisions, monographs, protologues, theses,
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etc.) or from direct observations made with light microscope (LM) and Scanning Electron
Microscope (SEM).
TRICHOMES–Physarieae trichomes are simple, moderately (less than five
branches) or highly (more than five branches) branched dendritic and stellate. When
stellate, trichomes may or may not have a centrally located protuberance (umbo),
individual rays may be exclusively unbranched or branched and sometimes mixed
(unbranched and bifurcate) (also see Rollins and Banerjee 1979). Furthermore adjacent
rays can be free or partially to fully fused (webbed) along part or their entire length.
Simple and dendritic trichomes are frequently found on the same plant in many
Physarieae and in outgroups. To represent trichome diversity in Physarieae, and to study
the effect of scoring system on interpretations of trichome evolution in Physarieae, three
different scoring systems with increasing levels of detail were implemented. The simplest
method (scoring system 1) used the most common trichome type in a species to define
the states for that species, a moderately detailed approach considered the number of
branches of dendritic trichome (scoring system 2), and finally the comprehensive scoring
system (scoring system 3) also incorporated branching pattern variation in both dendritic
and stellate trichomes. A character matrix, presented in Fig. 2, shows the three scoring
systems and trichome character states of all species examined mapped onto the
Physarieae strict consensus tree of 213 equally parsimonious trees. The scoring system
for stellate trichomes is given in Appendix 2; see also Fig. 1 for illustrations of trichome
character states.
FRUITS– A minimum of 30 fully developed fruits from each of 65 species was
measured for their length and width, fruiting style length, and replum/septum length and
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width (for simplicity hereafter referred to as replum). A diagram indicating the
continuous characters examined in the fruit is presented in Appendix 3 and measurement
data are summarized in Table 2. The replum corresponds to the persistent placental tissue
of the fruit (Hall et al. 2006), and the septum refers to the partition that develops from the
carpel margins and divides the ovary into a bilocular chamber (Bowman et al. 1999).
SEEDS– An average of 10–20 mature seeds per species from each of 65 species
(53 of which were included in the molecular analyses) were measured under a LM, and
five seeds per species were observed with SEM (Table 2). Quantitative features examined
were seed length, width, and primary groove length (see Appendix 3); the seed primary
groove corresponds to the impression of the radicle in the seed (Murley 1951). Seeds
were collected in the field or obtained from Dr. Steve L. O’Kane Jr. and Andrew
Salywon, the United States Department of Agriculture, the National Arid Land Plant
Genetic Resource Conservation (USDA-ARS), and the North American Rock Garden
Society (NARGS). For purposes of species identification and documentation, at least one
voucher specimen was made for each seed collection received from USDA-ARS and
NARGS. Vouchers are deposited in the herbarium of the Missouri Botanical Garden
(MO).
POLLEN– Distribution and diversity of the number of pollen apertures and pollen
heteromorphism was determined for 64 species including the 53 species sampled in this
molecular study. Observations were recorded from acetolized pollen (Erdtman 1960)
from a minimum of 30 pollen grains per species (Table 2). Both pollen heteromorphism
and number of pollen apertures (i.e., colpi) were coded for analysis; the former was
scored as an unordered, binary character and the latter as a multistate, unordered
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character with eight states. A data matrix is presented in Fig. 2, summarizing character
states superimposed onto the Physarieae strict consensus tree of 213 equally
parsimonious trees.
Character analysis– Fruit and seed trait variation was examined in scatter plots
using SPSS version 15.0 (SPSS Inc., Chicago, IL, USA). Evolution of selected characters
of trichomes, fruits, seed and pollen was investigated in a phylogenetic context by
overlaying characters onto the parsimony ratchet strict consensus tree, unless otherwise
indicated. The evolution of discrete characters (trichome type, pollen types, and pollen
heteromorphism) was inferred using parsimony approaches in MacClade ver. 4.06
(Maddison and Maddison 2003). Ambiguous reconstructions of discrete characters were
resolved using accelerated transformation (ACCTRAN) and delayed transformations
(DELTRAN) optimizations (Maddison and Maddison 2003). However, because
ACCTRAN/DELTRAN methods cannot be applied when unresolved relationships (i.e.,
polytomies) are present, character optimizations were inferred on the ML tree where
polytomies were resolved manually using MacClade. The use of MP and ML trees allows
the influence of tree topology on character optimization to be tested.
Log-transformed mean values and ratios of selected ordinary measurements were
used to simulate the evolution of continuous characters into the parsimony ratchet strict
consensus tree and using weighted squared-change parsimony as implemented in
Mesquite ver. 2.6 (Maddison and Maddison 2009).
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RESULTS
ndhF! The data matrix consists of sequences with average length of 2,049 base
pairs (bp) across 53 taxa including both ingroups and outgroups (GenBank numbers X–
X). All sequences of Physarieae were two codons shorter than outgroup sequences, and
show uncorrected pairwise divergences of 1.02% to 3.7%, with 7.9% informative
characters. The greatest pairwise distance found was between Physaria argyrea (A.
Gray) O'Kane & Al-Shehbaz and P. mirandiana (Rollins) O'Kane & Al-Shehbaz. Within
Physarieae, sequences have a G + C content of 30.51%, which is consistent with previous
reports that the gene is rich in A + T content (Beilstein et al. 2008) like many chloroplast
genes.
Phylogenetic Analyses! Tree topologies resulting from MP, ML, and BI
analyses were not significantly different (Table 3). The strict consensus of 213 equally
parsimonious trees (L = 489, CI = 0.712, RI = 0.830) and alternative phylogenetic
reconstructions (ML and BI) show that Physarieae (Fig. 2) are sister (MP: 78% bootstrap
support; ML: 82% BS; BI: 100%) to a strongly supported, yet unresolved, clade (86; 92;
100) comprising three tribes: 1) Halimolobeae, represented by Exhalimolobos parryi
(Hemsl.) Al-Shehbaz & C. D. Bailey, Exhalimolobos weddelii (E. Fourn.) Al-Shehbaz &
C. D. Bailey, Pennellia lasiocalycina (O. E. Schulz) Rollins, Pennellia longifolia
(Benth.) Rollins, and Sphaerocardamum nesliiforme (Schauer) Rollins, 2) Camelineae,
represented by Arabidopsis thaliana, and 3) Boechereae, represented by Anelsonia
eurycarpa (A. Gray) J. F. Macbr. & Payson and Boechera laevigata (Muhl. ex. Willd.)
Al-Shehbaz. The tree strongly supports the monophyly of Physarieae (88; 92; 100; Fig. 2)
and resolves two major monophyletic clades (DDNLS and PP clades).
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DDNLS CLADE–– The DDNLS clade is moderately supported (100; 59; 95) and
includes five genera: Dimorphocarpa, Dithyrea, Synthlipsis, Lyrocarpa Hook. & Harv.,
and Nerisyrenia (Fig. 2). Within the DDNLS clade, Synthlipsis is sister to the core
DDNLS, comprising a strongly supported three-way polytomy (100; 96; 96). The core
DDNLS includes Nerisyrenia (95; 95; 100), Lyrocarpa (80; 84; 100), and a weakly
supported clade (74; 65; 93) including Dithyrea maritima (Davidson) Davidson and
Dimorphocarpa (D. membranacea (Payson) Rollins and D. wislizeni (Engel.) Rollins).
Relationships within Lyrocarpa are fully resolved; the species pair L. coulteri Hook. &
Harv. and L. xantii Brandegee is sister to L. linearifolia Rollins, but the relationships of
Nerisyrenia species are still unclear.
PP CLADE–– The PP clade was strongly supported with MP and BI analyses (100;
100), although poorly supported with ML analyses (69); it includes the rather poorly
supported lineages Physaria (72; 63; 98) and Paysonia (71; 67; 97) (Fig. 2), which
together account for ca. 113 species (83%) of the tribe. Within the latter lineage,
Paysonia grandiflora (Hook.) O’Kane & Al-Shehbaz and P. lasiocarpa (Hook. ex A.
Gray) O’Kane & Al-Shehbaz (88; 83; 100) are resolved as sister to P. auriculata
(Engelm. & A. Gray) O’Kane & Al-Shehbaz, which in turn is sister to a five-way
polytomy including the remaining species of Paysonia (79; 82; 100). Inside the
monophyletic, but largely pectinate, Physaria clade, two small subclades are recovered.
The first weakly supported (72; 52; 86) subclade includes four Mexican species, in this
clade P. argentea (Schauer) O’Kane & Al-Shehbaz is sister to the moderately supported
(72; 71; 86) clade [P. mexicana + [P. schaffneri + P. rosei]. The second subclade is
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composed of P. argyrea (A. Gray) O’Kane & Al-Shehbaz and P. tenella (A. Nels.)
O’Kane & Al-Shehbaz (97; 97; 100).
Morphological analyses–Simple trichomes (Figs. 1A–B) in Physarieae are
minute or enlarged, acute or rounded at the apex, and rarely bulbous at the base.
Dendritic trichomes (Figs. 1A, D, and E) are commonly highly branched in the DDNLS
clade and are usually moderately branched and mixed with simple trichomes in Paysonia.
Trichomes in Physaria are stellate (Figs. 1F–L). Stellate trichomes types III, V, and VII
are the most common kind based on the scoring scheme followed here and the species
sampled (Appendix 2; Figs. 1H, J, L).
Trichomes are always present on vegetative parts, except in Nerisyrenia
johnstonii Bacon. Fruit trichomes are frequently of the same type compared to those
found on the rest of the plant, but rarely (as in Dithyrea californica Harvey) fruits have
both simple trichomes (on the fruit surface, Figs. 1B, N) and dendritic trichomes that are
moderately branched and reduced in size (only on the margins of the replum). Trichome
surfaces are densely or sparsely sculptured with conspicuous or fine tubercules (Figs. 1M,
N); only Nerisyrenia incana Rollins has non-tuberculate trichomes inside the valves and
tuberculed trichomes elsewhere (Fig. 10). Although Rollins and Banerjee (1976) and
O’Kane and Al-Shehbaz (2002) characterized the hairs of Paysonia as lacking sculpture,
tubercules were observed in all species for this study (Figs. 1A, D, E
).
FRUIT – Fruits of Physarieae are similar to those found in most species of
Brassicaceae, but are more diverse than those in the outgroups. Physarieae vary
especially in fruit and replum length, and length/width ratio, fruit inflation, and
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dehiscence. While fruits are more or less strongly compressed in the DDNLS clade, they
are usually globose or obovate, or oblong-inflated in the PP clade. Fruits in most
Physarieae species are dehiscent, but some, especially those with didymous fruits, are
indehiscent, with the whole half fruit being the dispersal unit. Valves in didymous fruits
are usually rounded at the margins. In P. chambersii Rollins and P. newberryi A. Gray
didymous fruits are particularly complex in that the inflated valves are strongly angular
and keeled at the margins. The fruit valves may be similar in length and width to replums
or as many as 17 times wider and nearly three times longer than the replums (Table 2).
Fruiting styles may be short, as in Dithyrea, Dimorphocarpa and Lyrocarpa, or as long as
the fruit in many species of Physaria (Table 2).
SEEDS– Seeds generally vary considerably in length and width. The average
length of the seed and primary groove in Physarieae is greater than in sister tribes (Figs.
3A–B). Within the DDNLS clade the largest seeds and longest primary grooves are in
Dithyrea, Dimorphocarpa, and Lyrocarpa, whereas Synthlipsis and Nerisyrenia have
medium and small seeds, respectively (Fig. 3D, Table 2). Seeds in Nerisyrenia also have
incumbent cotyledons rather than the accumbent cotyledons typical of the Physarieae.
Seed lengths and widths in the PP clade are comparable to the medium and larger seeds
in the DDNLS clade. Although seed size of species of Paysonia is similar to that in
Physaria, seeds of Paysonia are distinctive because of their lateral outgrowths or wings
(Fig. 3E). Similar projections, although smaller, were also observed occasionally in
Dimorphocarpa wislizeni.
The seed primary groove length varies greatly in Physarieae and especially in
Physaria. The length of the primary groove in Paysonia is shorter in relation to the seed
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width, than that of members of the DDNLS clade (Fig. 3C). Number of seeds per fruit
varies greatly in Physarieae, from two in the DD clade to more than 100 in Nerisyrenia.
POLLEN APERTURE NUMBER AND HETEROMORPHISM – Within Physarieae, 5- and
6-colpate pollen grains are far more common than 3-, 4- and 7- to 10-colpate forms
(Table 2). Ten-colpate pollen is found only in Dimorphocarpa membranacea, while only
Dithyrea californica var. californica and Lyrocarpa linearifolia have the typical 3colpate pollen of most other Brassicaceae.
Pollen polymorphism is common in Physarieae, and has been observed in 63% of
the species in the PP clade and 53% of the DDNLS clade. Species in Physarieae with
heteromorphic pollen have either two or three pollen morphs, although the latter
condition is rare and was observed only in Dimorphocarpa membranacea and Sythlipsis
greggii A. Gray (Table 2). Non-heteromorphic pollen is 3- to 8-colpate, whereas
heteromorphic pollen has morphs with either 3- or 4-colpi to 8-, 9-, 10-colpi (Table 2).
DISCUSSION
Phylogenetic relationships and morphological characterizations– A phylogeny
of the Physarieae is provided here based on more than 40 new ndhF sequences, spanning
the entire range of variation in the tribe. Parsimony, Maximum likelihood, and Bayesian
analyses provide strong evidence supporting the close relationship of the seven genera of
the tribe as indicated in previous ITS analyses (Bailey et al. 2006), but partially contradict
results from PHYA (Beilstein et al. 2008) and nad4 (Franzke et al. 2009) data. The close
relationship of Physarieae to its sister tribes Halimolobeae, Camelineae, and Boechereae
is confirmed, and the last three tribes are all more closely related to each other than to any
other member of Brassicaceae. Physarieae is morphologically distinguished from its
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sister tribes by its multicolpate pollen grains (non-heteromorphic or heteromorphic), as
suggested by previous studies (O’Kane and Al-Shehbaz 2003; Al-Shehbaz et al. 2006;
Bailey et al. 2006; Beilstein et al. 2006, 2008). A combination of enlarged fruits, replums,
seed widths, and fruiting styles and seed primary groove lengths are suggested here as
additional potential synapomorphies of the tribe.
This study also identifies the sister relationship of two major lineages within the
tribe, the DDNLS clade (Dimorphocarpa-Dithyrea-Nerisyrenia-Lyrocarpa-Synthlipsis)
and the PP clade (Paysonia-Physaria). Additional results include the strong support for
the monophyly of each of the seven genera of the tribe (see also Al-Shehbaz et al., 2006).
DDNLS CLADE–– Members of the DDNLS clade are distributed in the four main
deserts of North America. Although the clade comprises only ca. 13% (20–23 spp.) of the
species in the tribe, it exhibits the greatest morphological diversity in fruit shape, petal
shape and color, stigma type, style length, seed size, pollen aperture number, and
ornamentation. Despite their morphological diversity, members of the DDNLS clade
have been generally considered closely related by previous workers (Table 1).
Molecular results of this study consistently indicate that the five genera of the
DDNLS clade form a well-supported monophyletic group as suggested in a previous
study (Bailey et al. 2006). The data presented here support the position of Synthlipsis as
sister to the rest of the DDNLS clade. In earlier studies using ITS, Synthlipsis was either
sister to [Lyrocarpa + Nerisyrenia] with low support (O’Kane and Al-Shehbaz 2003;
Bailey et al. 2006), sister to Nerisyrenia with PHYA (Beilstein et al. 2008), or sister to
[Nerisyrenia + Dimorphocarpa] using combined ndhF and PHYA (Beilstein et al. 2008),
although no representatives of Lyrocarpa were included in the latter two phylogenetic
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analyses. Nevertheless, the position of Synthlipsis as sister to the core DDNLS clade
contradicts the ITS data, which placed Dimorphocarpa instead of Synthlipsis as sister to
the other remaining members of the DDNLS clade (Bailey et al. 2006). The ITS analysis,
however, included only one representative from each genus, so poor sampling may
explain the contradictory ITS data. An expanded ITS data set including the
representatives of the DDNLS clade used here is needed to evaluate the significance of
the differences between the nuclear and chloroplast data sets.
Petals in Lyrocarpa are yellow to orange-red, and linear with spirally twisted
blades and pointed apices, whereas petals in Synthlipsis are white with lavender colored
veins, and obovate, untwisted, and with rounded apices. Despite their obvious floral
differences, a close relationship between Lyrocarpa and Synthlipsis has long been
suggested based on morphological characteristics such as habit, indumentum, fruit type,
and cotyledon type (Bentham and Hooker 1862; Prantl 1891; Robinson 1895; Schulz
1936; Rollins 1941). Results presented here confirm a close relationship of Synthlipsis to
an unresolved clade including Lyrocarpa, Nerisyrenia, and [Dimorphocarpa + Dithyrea].
A strongly supported sister relationship of Lyrocarpa to Nerisyrenia (bootstrap values
>90%) suggested by ITS analyses (Bailey et al. 2006) is not evident here.
Indeed, other authors have noted similarities between Nerisyrenia and Synthlipsis,
based on habit, floral morphology, trichome types, and flavonoid composition (e.g., Gray
1850; Rollins 1939, 1959; Bacon 1975, 1978). In previous classifications, emphasis was
placed on similarities in cotyledon type, fruit shape, and stigma shape, which lead to
placement of Nerisyrenia in various tribes (Table 1) such as Sisymbrieae (sensu Bentham
and Hooker, 1862), Arabideae (sensu Hayek 1911), and Lepidieae (sensu Schulz 1936).

Fuentes-Soriano, Sara, 2010, Ph. D. Dissertation, UMSL, p. 19
Based on the ndhF phylogeny presented here, along with several other earlier studies (e.g.
O’Kane and Al-Shehbaz 2003; Bailey et al. 2006; Beilstein et al. 2008), the assignment
of Nerisyrenia to Physarieae is confirmed. Although Beilstein et al. (2008) inferred the
sister relationships between Nerisyrenia and Dimorphocarpa (ndhF) and PHYA data (of
(ndhF), or Nerisyrenia sister to Synthlipsis (PHYA and combined ndhF and PHYA), they
are not recovered here, most likely because representatives of Lyrocarpa and Dithyrea
were not sampled in those analyses.
The five genera of the DDNLS clade share highly branched dendritic trichomes,
wider seeds, narrower replums, and longer fruits than in members of the PP clade (except
for Dithyrea and Dimorphocarpa). Furthermore there are minute acuminate valve
extensions on the margin of the fruits of this clade, except for Nerisyrenia. Members of
the DD clade share indehiscent, didymous fruits with rimmed valves, short, two-seeded
fruits (one seed per valve), and still narrower replums.
PP CLADE– The sister group relationship of Paysonia and Physaria is supported
here. All eight species of Paysonia were sampled; analyses indicate that the genus is
monophyletic and sister to Physaria, as suggested by earlier ITS molecular studies
(O’Kane and Al-Shehbaz 2003; Al-Shehbaz et al. 2006; Bailey et al. 2006; Beilstein et al.
2006, 2008). Most species in the PP clade occur in the desert and temperate regions of
North America and central México, but six species occur in South America and one in
Arctic Russia and Canada. Floral morphology is similar throughout this clade but
compared to Physaria, species in Paysonia have larger papillae on the capitate stigmas,
more abruptly dilated filaments (except P. lasiocarpa), and more developed nectar glands
associated with the lateral filaments. How the pedicels are held (e.g. ascending,
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descending, sigmoid, curve, straight) varies considerably within the PP clade (Payson
1922; Rollins and Shaw 1973; Rollins 1993). The PP clade is morphologically
differentiated from the DDNLS clade by its short, globose or inflated fruits, wider seeds
(frequently as wide as long), and fruit valves with rounded edges.
Although Rollins and Shaw (1973) hypothesized that members of the PP clade (as
Lesquerella and former Physaria) were closely related to Alyssum L. and Vesicaria
Adans. (a synonym of Alyssoides Mill.) based on similar trichome morphology,
molecular data now clearly indicate that the latter two taxa belong to the more distantly
related Alysseae (Al-Shehbaz et al. 2006; Beilstein et al. 2008; Warwick et al. 2008). The
relationships of Paysonia and Physaria within Physarieae, however, are at odds with
previous molecular studies using ITS data; Paysonia was placed as sister to a clade
including the remainder of the Physarieae, with Physaria sister to members assigned
herein to the DDNLS clade, albeit with very slight support (30% bootstrap; Bailey et al.
2006). Once again, the findings from ITS may be influenced by limited sampling.
Paysonia and Physaria were represented in the ITS studies by only six species (two and
four species sampled, respectively).
Unique auriculate leaves, winged seeds, and seed coat sculpture unite the
members of the Paysonia lineage. Seed oils also separate Paysonia and Physaria, in
Paysonia seeds contain palmitic, stearic, and oleic acids (Salywon et al. 2005), and also,
except for P. grandiflora and P. lasiocarpa, densipolic or auricolic acids (Kleiman et al.
1970; Rollins and Shaw 1973). These fatty acids are uncommon or absent in species of
Physaria, which otherwise accumulate lesquerolic acid (Mikolajczak et al. 1962; Rollins
and Shaw 1973; Salywon et al. 2005).
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Within Paysonia, there is relatively good support for the inclusion of Paysonia
grandiflora and P. lasiocarpa in the genus even though these species were previously
thought to be unrelated to the genus. They were originally classified as auriculated-leaved
Lesquerella by Rollins (1952, 1955) and Rollins and Shaw (1973). Additionally, more
closely related species of Paysonia tend to occupy contiguous geographic regions
(Rollins 1955). The molecular, cytological, and geographic distribution data supports the
earlier speculation of Rollins (1955) that Paysonia originated in the southern United
States (Texas). Moreover, the data suggest that the hypothetical Paysonia ancestor had a
basic chromosome number of x = 9, and it later radiated into the southeastern (Alabama,
Tennessee) and midwestern United States (Oklahoma), the species having reduced a
chromosome number of n = 8. In addition, ndhF data in this study confirm the close
relationships of five “species” (or morphotypes) of the genus (P. densiphila, P. lescurii,
P. lyrata, P. perforata, and P. stonensis) distributed in Tennessee and Alabama, where
populations are reportedly hybridizing (Rollins 1952, 1954, 1957; Rollins and Shaw
1973; Rollins and Solbrig 1973; Rollins, 1988).
Physaria was traditionally separated from Lesquerella by its strongly didymous
fruits with obvious proximal or distal valve sinuses (vs. mostly non-didymous fruits with
mainly rounded valve apices and bases). However, the two groups do have overall
vegetative and floral similarities (see Al-Shehbaz and O’Kane 2002). Furthermore,
results gained here suggest that the fruit morphology of the two genera is overlapping and
no compelling molecular evidence supporting the recognition of these two genera as
distinct was found. Molecular data here suggest that Lesquerella in the traditional sense is
paraphyletic. This finding agrees with unpublished ITS (O’Kane pers. comm.) and
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microsatellite data (Zietkiewicz et al. 1994), and is also consistent with other published
cytological, geographic, and ecological data (see Al-Shehbaz and O’Kane 2002).
Physaria, including Lesquerella, with about 106 species is the largest genus in the
tribe and is characterized by having primarily inflated fruits and stellate trichomes; the
latter character is unique in the tribe. This study includes 22 species of Physaria (ca.
21% of the genus), and they formed a well-supported monophyletic group (90% BS).
Prior to this study, the monophyly of Physaria, and is membership in Physarieae, was
based on the sampling of a handful of species (O’Kane and Al-Shehbaz 2003; Bailey et
al. 2006; Beilstein et al. 2006, 2008). Indeed, a recent study of Brassicaceae including
two species of Physarieae using PHYA even suggested that it might be more closely
related to members of the Camelineae (Beilstein et al. 2008).
Two moderately-supported clades within Physaria are nested within a large
polytomy. The first comprises the Mexican species P. argentea, P. mexicana, P. rosei,
and P. schaffneri and the second include the widely distributed species P. tenella and P.
argyrea. The Mexican clade is morphologically characterized by their umbonate stellate
trichomes that are webbed for at least 1/2 of their length (Figs. 1K–L and Fig. 2) and
loosely sigmoid pedicels, while glabrous fruits and non umbonate stellate trichomes with
free rays unify species in the second clade.
Implications for morphological diversification– Morphological character
optimization on the ndhF topology indicates that most of the characters traditionally used
for classification within Physarieae probably resulted from convergent or parallel
evolution. These findings are not surprising, in that the evolution of many morphological
traits in the family has been shown to be labile and highly homoplastic (Al-Shehbaz et al.
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2006). Characters traditionally used to delimit the tribes of Brassicaceae (e.g., Schulz
1936) are either shared by all tribes as new circumscribed or are too variable, and
consequently phylogenetically uninformative. For example, within both Physarieae and
all outgroup taxa cotyledons may be either accumbent or incumbent, nectar glands may
be at the bases of all or only lateral filaments, and the stigma may be globose, discoid, or
conical, and bilobed or entire. Other characters proposed as valuable for classification by
Dvo!ák (1971) such as cellular patterns in the septum and number of seeds per fruit were
found here to exhibit a broad range of variation, and therefore were not helpful to
distinguish Physarieae from putative relatives. Similarly, sculpturing of the seed coat is
useful for delimiting genera and species (Murley 1951; Vaughan and Whitehouse 1971),
and is clearly distinctive in the genera Paysonia and Nerisyrenia. However, seed
sculpture is a complex and labile character, especially in Physaria, as shown by the
apparent random arrangement of seed coat traits with respect to phylogeny, so indicating
week phylogenetic signal here.
TRICHOMES–Optimization of trichome states in the ndhF phylogeny shows no
ambiguity in their phylogenetic reconstruction, regardless of the scoring system used,
differences in branching patterns, and inclusion of polymorphic states (as in Paysonia).
Based on current sampling, the presence of highly branched dendritic trichomes is
ancestral within Physarieae, whereas stellate trichomes are derived (character
optimization in MacClade not shown here). These results are in agreement with general
trends of trichome evolution proposed for the family and the tribe based on fewer
samples (Beilstein et al. 2008). The stellate trichomes in Physaria apparently originated
from an ancestral non-umbonate type with free and furcate or bifurcate rays (Fig. 1G).
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Stellate trichome type VII in the Mexican clade (including P. argentea, P. mexicana, P.
rosei, and P. schaffneri) is ancestral and represents a potential synapomorphy for the
clade (Fig. 1L). With the presence of trichome type VI is derived (Fig. 1K). However,
sampling limitations and a lack of resolution within this lineage make the reconstruction
of trichome evolution difficult and equivocal. Presence of stellate trichomes with free and
simple rays (Fig. 1F) in Physarieae is a parallelism since this condition is found within
the outgroup (Alyssum simplex). Although stellate trichomes probably have arisen several
times independently within Brassicaceae (Beilstein et al. 2008; Warwick et al. 2008),
stellate trichomes in Physaria are by far the most morphologically diverse and complex
in the family (Rollins and Banerjee 1975, 1979).
The evolutionary divergence between dendritic and stellate trichomes and the observation
that stellate trichomes are never found along with other kind of trichomes suggest fundamental
differences in the evolution of trichomes. Indeed experimental data in Arabidopsis thaliana
suggest that these trichome differences relate to the dynamics of gene signaling for branch
formation, cell asymmetry and growth polarization (Hülskamp et al. 1994; Larkin et al. 1996;
Hauser et al. 2001; Bouyer 2004; review Beilstein and Szymanski 2004). It is currently unknown
whether branches in dendritic trichomes and rays in stellate trichomes are homologous or
whether presence of umbo in stellate trichomes is phylogenetically informative, or if the
presence of webbing in stellate trichome is related to the divergence of particular lineages within
Physariae. All these data call for detailed comparative studies to further investigate the evolution
of individual trichome traits to estimate more precisely their levels of phylogenetic signal,
convergence, and patterns of diversification. Similar patterns of trichome diversification are
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observed in other Brassicaceae as well and thus results from Physariae are relevant to other
members of the family.
FRUITS– Variation in fruit and replum length and width lead to the wide array of
fruit morphology in Brassicaceae (Rollins 1993; Ferrándiz et al. 1999; Al-Shehbaz et al.
2006; Hall et al. 2006; Mummenhoff et al., 2009). Optimizing fruit size characters on the
tree shows that both fruits and replum became shorter (Fig. 4A) and wider (Figs. 4B and
C) at the origin of Physarieae (Figs. 4D and E). Further reduction in fruit and replum
length occurred in stem-group Physaria.
In general fruiting styles in Physarieae are usually longer compared to outgroups,
(Fig. 4F). Within Physarieae, a reduction (possibly reversal) of fruiting style length
occurs within the core DDNLS (Dithyrea, Dimorphocarpa, Lyrocarpa), whereas fruiting
style length has increased in some species of Physaria.
These data raise several questions about the evolution of fruit morphology within
Physarieae that need further investigation. Fruit shape within Physarieae, and overall
Brassicaceae, is assumed to be highly convergent and thus prone to overwhelm any
phylogenetic signal. Data presented here suggest, given the number of character
transitions, that individual fruit traits have different levels of phylogenetic information. A
natural question derived from these results is whether or not fruits evolve as an integrated
module, where individual traits show similar modes and rates of transformation among
states.
SEEDS–Seeds retain their ancestral length (Fig. 5A) after the divergence of
Physarieae from its sister tribes, but longer seeds appear sporadically in the evolution of
the tribe. Seed width increases with the origin of the tribe, leading to a decrease in the
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length:width ratio (Figs. 5B and C). Within Physarieae seeds that are longer than wide
are common, whereas seeds that are about as long as wide occur in some species of
Physaria (Fig. 5C). Seed primary groove length and seed width allow indirect estimates
of radicle length and cotyledon width and provide new insights into embryo evolution
within Physarieae. For instance long seed primary grooves (Fig. 5D) and narrow seeds
(Fig. 5B) indicate that longer radicles and narrow cotyledons are ancestral in the tribe and
plesiomorphic for the DDNLS clade. Conversely, shorter radicles and wider cotyledons
evolved secondarily within the PP clade (Figs. 5B–D). Within this clade the widest
cotyledons and shortest radicles evolved in Paysonia (Fig. 5E), and thus are likely
synapomorphies of this lineage. In Physaria several events of reduction or enlargement in
radicle and cotyledon length have occurred independently through time (Fig. 5E).
POLLEN–The evolution of the unique multicolpate and heteromorphic pollen
conditions of Physarieae has been labile and extremely complex. Although multicolpate
pollen unequivocally distinguishes Physarieae from outgroups, there is not a clear pattern
of colpi number within Physarieae (Fig. 2), except that the ancestral condition for the
tribe could be 3, 5, or 7-colpate, unequivocally 5-colpate in the PP and DD clades, and 7colpate in Nerisyrenia. Rollins (1979) reported 4- and less frequently 3-colpate pollen for
Dithyrea, but 3-colpate grains were not observed in this study. Therefore, based on the
sampling employed here, Lyrocarpa is the only member of the tribe with a reversal to the
3-colpate, non-heteromorphic condition typically found in most Brassicaceae.
Pollen heteromorphism is derived and has evolved unambiguously at least six
times within the tribe. This, however, is likely an underestimate because in Physaria the
lack of phylogenetic resolution makes the reconstruction of the character equivocal. The
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most common form of heteromorphism, with two pollen morphs, evolved five or eight
times across the tribe, once in Lyrocarpa, once in Paysonia and three or eight times in
Physaria depending on the optimizations with ACCTRAN or DELTRAN, respectively.
Heteromorphism with three pollen morphs, on the other hand, is rare and evolved
exclusively within the DDNLS clade in Synthlipsis greggi and in Dimorphocarpa
membranacea.
Increases in pollen aperture (i.e., colpi) number and heteromorphisms in
Physarieae relate to key questions regarding the origin and evolution of multiple pollen
apertures in flowering plants, a topic still sorely in need of comparative reviews
(Blackmore and Crane 1998; Ressayre et al. 2002, 2005; Furness and Rudall 2004;
Rudall and Bateman 2007). Detailed comparative studies of meiosis, early stages of
pollen development, and molecular evolution of developmental genes will provide a
better understanding of the origin and evolution of pollen aperture number in Physarieae
and could bring insights into one of the crucial factors for eudicot success.
In summary, the molecular findings presented here indicate four main points.
First, the tribe Physarieae is monophyletic as previously suggested in smaller-scale
phylogenies based on nuclear sequence data (O’Kane and Al-Shehbaz 2002; Bailey et al.
2006), chloroplast data (Beilstein et al. 2006), and combined nuclear and chloroplast data
(Beilstein et al. 2008). Second, although Beilstein et al. (2008) and Franzke et al. (2009)
suggested that Physarieae might be paraphyletic or polyphyletic, their results may be
explained by 1) high levels of homoplasy, 2) incomplete sampling, or 3) low substitution
rates in the markers that were used, with nad4 being 23% less variable than ITS (Franzke
et al. 2009). Third, Physarieae and its lineages are not equivalent to any of the tribal
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groupings traditionally defined by morphological data alone. Fourth, a combination of
morphological characters, rather than individual characters, is nedeed to characterize the
tribe and its clades. The high levels of morphological homoplasy in the family explain the
last point (see further discussion in Al-Shehbaz et al. 2006). The lack of resolution and
conflicting relationships of some taxa when comparing ndhF and previously published
ITS data (Bailey et al. 2006) highlight the need for additional studies with a broader
sample of species and additional non-chloroplast sequences.
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Table 1. Taxonomic tribal assignment of genera in the Physarieae and number of species. N/A= not applicable.
Genus
Dithyrea Harv.

Bentham and
Hooker (1862)
Thlaspideae
(as Biscutella)

Dimorphocarpa Rollins

Thlaspideae
(as Biscutella)

Prantl (1890)
Schizopetaleae

Robinson
(1895)
Physarieae

Subtribe Physariinae
Schizopetaleae
Subtribe Physariinae

Hayek (1911)
Schizopetaleae

Thlaspideae

Schizopetaleae

Physarieae
(as Dithyrea)

Thlaspideae

Schizopetaleae

No of
species

Lepidieae

Physarieae

2

Schizopetaleae
Subtribe Physariinae

Lepidieae

Physarieae

4

Lepidieae

Physarieae

3

Lepidieae

Physarieae

2

Lepidieae

Physarieae

8-11

Physarieae

8

Physarieae

105

(as Dithyrea)

(as Dithyrea)
Physarieae

Subtribe Physariinae

Synthlipsis A. Gray

Al-Shehbaz et al.
(2006)

Subtribe Physariinae

(as Dithyrea)

Lyrocarpa Hook. & Harvey

Schulz (1936)

Schizopetaleae
Subtribe Lyrocarpinae

Physarieae

Subtribe Physariinae

Schizopetaleae
Subtribe
Tropidocarpinae

Nerisyrenia Greene

Sisymbrieae
(as Greggia)

Hesperideae
Subtribe Erysimienae

Sisymbrieae
(as Greggia)

Arabideae
Subtribe Erysiminae

(as Greggia)

Paysonia O’Kane & AlShehbaz

Schizopetaleae
N/A

Subtribe Physariinae

(as Greggia)

(as Greggia)
Physarieae
(as Lesquerella)

Drabeae
N/A

(as Lesquerella)

(as Lesquerella)

Physaria (Nutt. ex Torrey &
A. Gray) A. Gray

Alyssineae
(as Vesicaria)

Schizopetaleae
Subtribe Physariinae

Physarieae

Schizopetaleae
Subtribe Physariinae

Lepidieae
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TABLE 2. Morphological variation or trichomes, fruits, seeds, and pollen within
Physarieae and outgroups. Mean values and standard deviations are based onto eight
variables measured from fruit and seeds. PGL= Primary groove length, NA= Not
avaliable.
Taxon
Physarieae
Dimorphocarpa
Dimorphocarpa membranacea
Dimorphocarpa wislizeni
Dithyrea
Dithyrea californica
Dithyrea maritima
Lyrocarpa
Lyrocarpa coulteri
Lyrocarpa linnearifolia
Lyrocarpa xantii
Nerisyrenia
Nerisyrenia baconiana
Nerisyrenia camporum
Nerisyrenia gracilis
Nerisyrenia gypsophila
Nerisyrenia incana
Nerisyrenia johnstonii
Nerisyrenia mexicana
Synthlipsis
Synthlipsis greggii
Paysonia
Paysonia auriculata
Paysonia densipila
Paysonia grandiflora
Paysonia lasiocarpa
Paysonia lescurii
Paysonia lyrata
Paysonia perforata
Paysonia stonensis
Physaria
Physaria acutifolia
Physaria alpina
Physaria angustifolia
Physaria argentea
Physaria argyrea
Physaria arizonica
Physaria bellii
Physaria didymocarpa
Physaria eburnifolia
Physaria fendleri
Physaria filiformis
Physaria floribunda
Physaria globosa
Physaria gordonii
Physaria gracilis
Physaria intermedia
Physaria kingii
Physaria mexicana
Physaria mirandiana
Physaria navajoensis
Physaria ovalifolia
Physaria pallida
Physaria purpurea
Physaria rectipes
Physaria rollinsii
Physaria rosei
Physaria schaffnerii
Outgroups
Alyssum
Alyssum simplex
Arabidopsis
Arabidopsis thaliana
Boechera
Anelsonia eurycarpa
Boechera laevigata
Descurainia
Descurainia sophia
Lepidium
Lepidium campestris
Lepidium draba
Pennellia
Pennellia longifolia
Pennellia lasiocalycina
Sphaerocardamum
Sphaerocardamum nesliiforme
Sphaerocardamum stellatum
Exhalimolobus
Exhalimolobus palmeri
Exhalimolobus weddelii

Trichome type
Compression

Fruit
Dehiscent

Highly branched dendritic
Highly branched dendritic

Angustiseptate
Angustiseptate

No
No

5.56 ± 2.14
6.01±0.92

Simple and highly branched dendritic
Highly branched dendritic

Angustiseptate
Angustiseptate

No
No

4.92 ± 1.37
4.09±2.42

Highly branched dendritic
Highly branched dendritic
Highly branched dendritic

Angustiseptate
Angustiseptate
Angustiseptate

Yes
Yes
Yes

13.07 ± 2.53
9.22 ± 1.30
17.50 ± 2.64

Highly branched dendritic
Highly branched dendritic
Highly branched dendritic
Highly branched dendritic
Highly branched dendritic
Highly branched dendritic
Highly branched dendritic

Angustiseptate
Angustiseptate
Latiseptate
Angustiseptate
Angustiseptate
Angustiseptate
Terete

Yes
Yes
Yes
Yes
Yes
Yes
Yes

N/A
16.54 ± 4.77
19.29±2.03
12.45 ± 2.42
10.99 ± 4.08
9.43 ± 1.80
8.84 ± 4.71

Highly branched dendritic

Angustiseptate

Simple, moderately and highly branched dendritic
Simple, moderately and highly branched dendritic
Highly branched dendritic
Simple and highly branched dendritic
Simple, and moderately branched dendritic
Simple, moderately and highly branched dendritic
Simple, moderately and highly branched dendritic
Simple and moderately branched dendritic

Globose
Globose
Globose
Angustiseptate
Latiseptate
Globose
Globose
Globose

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

5.96 ± 1.15
3.60±0.71
5.01±0.64
6.65 ± 1.01
4.93 ± 0.49
3.74±0.72
5.32±1.20
4.51±0.86

Stellate type IV
Stellate type V
Stellate type III
Stellate type VII
Stellate type I
Stellate type IV
Stellate type V
Stellate type V
Stellate type V
Stellate type VII
Stellate type II
Stellate type V
Stellate type III
Stellate type III
Stellate type II
Stellate type V
Stellate type III
Stellate type VI
Stellate type VII
Stellate type V
Stellate type V
Stellate type II
Stellate type III
Stellate type IV
Stellate type V
Stellate type VII
Stellate type VII

Angustiseptate
Angustiseptate
Globose
Angustiseptate
Globose
Globose
Angustiseptate
Angustiseptate
Angustiseptate
Globose
Globose
Globose
Globose
Globose
Globose
Globose
Globose
Globose
Globose
Globose
Globose
Globose
Globose
Globose
Angustiseptate
Angustiseptate
Globose

No
No
Yes
Yes
Yes
Yes
No
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes

6.91 ± 1.13
5.49 ± 0.93
5.22 ± 0.60
6.88 ± 0.88
4.40 ± 0.63
4.63 ± 0.46
5.99± 1.03
10.99 ± 1.50
5.71±0.75
5.56 ± 0.74
3.58±0.45
5.87±2.20
1.88±0.29
4.80 ± 0.43
4.22±0.53
5.60 ± 1.19
3.92±0.52
5.26±1.04
5.08±0.70
2.81±0.30
5.59±0.85
5.22±0.33
5.06 ± 0.62
4.18±0.83
5.40±1.08
8.58±2.02
4.16±0.61

Stellate type III

Latiseptate

Yes

3.40 ± 0.49

Moderately branched dendritic

Terete

Yes

10.1 ± 5.28

Moderately and highly branched dendritic
Moderately branched dendritic

Latiseptate
Latiseptate

Yes
Yes

24.79±6.18
78.20±8.36

Highly branched dendritic

Terete

Yes

23.77±3.52

Simple
Simple

Angustiseptate
Angustiseptate

Yes
Yes

5.44 ± 0.67
3.14 ± 1.08

Simple and moderately branched dendritic
Moderately branched dendritic

Terete
Terete

Yes
Yes

120.4 ± 99.56
46.5 ± 19.09

Moderately and highly branched dendritic
Moderately and highly branched dendritic

Globose
Angustiseptate

Yes
Yes

1.32 ± 0.26
3.57 ± 0.66

Simple and moderately branched dendritic
Simple and moderately branched dendritic

Terete
Terete

Yes
Yes

5.14 ± 0.79
9.93±5.48

Length (mm)

10.4±0.03
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Taxon
Physarieae
Dimorphocarpa
Dimorphocarpa membranacea
Dimorphocarpa wislizeni
Dithyrea
Dithyrea californica
Dithyrea maritima
Lyrocarpa
Lyrocarpa coulteri
Lyrocarpa linnearifolia
Lyrocarpa xantii
Nerisyrenia
Nerisyrenia baconiana
Nerisyrenia camporum
Nerisyrenia gracilis
Nerisyrenia gypsophila
Nerisyrenia incana
Nerisyrenia johnstonii
Nerisyrenia mexicana
Synthlipsis
Synthlipsis greggii
Paysonia
Paysonia auriculata
Paysonia densipila
Paysonia grandiflora
Paysonia lasiocarpa
Paysonia lescurii
Paysonia lyrata
Paysonia perforata
Paysonia stonensis
Physaria
Physaria acutifolia
Physaria alpina
Physaria angustifolia
Physaria argentea
Physaria argyrea
Physaria arizonica
Physaria bellii
Physaria didymocarpa
Physaria eburnifolia
Physaria fendleri
Physaria filiformis
Physaria floribunda
Physaria globosa
Physaria gordonii
Physaria gracilis
Physaria intermedia
Physaria kingii
Physaria mexicana
Physaria mirandiana
Physaria navajoensis
Physaria ovalifolia
Physaria pallida
Physaria purpurea
Physaria rectipes
Physaria rollinsii
Physaria rosei
Physaria schaffnerii
Outgroups
Alyssum
Alyssum simplex
Arabidopsis
Arabidopsis thaliana
Boechera
Anelsonia eurycarpa
Boechera laevigata
Descurainia
Descurainia sophia
Lepidium
Lepidium campestris
Lepidium draba
Pennellia
Pennellia longifolia
Pennellia lasiocalycina
Sphaerocardamum
Sphaerocardamum nesliiforme
Sphaerocardamum stellatum
Exhalimolobus
Exhalimolobus palmeri
Exhalimolobus weddelii

Fruit
Width (mm) Replum length (mm) Replum width ( mm) Style length (mm)

5.16±2.10
11.79±1.41

2.64±0.22
4.39±0.73

0.65±0.20
0.53±0.16

1.38±0.17
0.63±0.22

9.25±2.47
14.82±1.24

2.32±0.77
1.87±0.17

0.89±0.21
0.96±0.01

0.58±0.07
0.52±0.10

11.28±2.26
12.76±1.2
4.46±0.69

13.01±2.03
7.1±1.51
17.50 ± 2.64

2.07±0.63
1.46±0.05
1.77±0.64

0.59±0.27
0.43±0.13
0.38±0.12

N/A
2.79±0.51
1.09±0.17
3.36
5.15±2.01
5.73±1.36
2.46±0.79

N/A
10.97±5.63
19.29±2.03
15.79±2.15
8.79±1.27
9.45±1.89
7.26±3.64

N/A
1.19±0.06
1.89±0.35
1.03±0.16
1.49±0.63
1.19±0.24
1.82±1.06

N/A
1.04±0.27
2.42±0.45
2.25±0.41
3.19±1.19
2.52±0.76
2.45±0.53

5.97±0.91

7.26±1.29

1.65±0.24

3.6±0.70

6.12±0.77
3.61±0.55
4.91±0.50
8.5±2.29
4.01±0.39
4.08±0.62
4.59±0.71
4.97±0.62

7.06±1.2
3.17±0.20
4.73±0.78
5.75±0.65
4.79±0.41
3.74±0.72
5.54±1.30
3.98±1.04

4.33±0.78
3.34±0.62
4.59±0.51
1.33±0.26
3.95±0.38
4.08±0.63
4.59±0.71
4.60±0.92

1.88±0.33
2.15±0.23
1.55±0.42
1.75±0.27
1.75±0.24
2.19±0.25
1.92±0.50
2.98±0.40

8.10±1.54
9.21±1.66
5.51±2.22
4.52±0.99
4.69±0.32
3.16±0.48
6.88±1.23
16.00±5.38
7.45±1.76
4.36±0.42
3.52±0.45
10.64±1.70
1.9±0.38
5.01±0.74
3.58±0.43
3.75±0.51
2.84±0.32
3.73±0.83
5.08±0.74
2.49±0.24
4.88±0.66
3.62±0.34
4.95±0.36
2.88±0.70
7.66±1.64
4.07±0.83
4.05±0.55

2.39±0.34
3.71±0.52
4.78±0.55
5.23±1.04
3.71±0.7
3.8±0.41
3.02±0.36
3.81±1.34
3.23±0.59
4.76±0.74
3.57±0.46
4.53±0.47
1.83±0.28
3.85±0.64
4.11±0.55
4.13±0.53
3.92±0.52
5.41±1.06
5.08±0.70
2.81±0.30
5.02±0.62
5.11±0.55
4.91±0.53
4.31±0.88
2.78±0.64
8.58±2.02
4.19±0.46

0.43±0.08
1.51±0.46
3.68±1.30
2.75±0.56
3.09±0.55
2.75±0.46
0.83±0.86
1.73±0.61
1.21±0.15
4.01±0.9
3.51±0.45
0.6±0.16
1.97±0.26
3.39±0.57
3.46±0.29
2.50±0.33
2.84±0.32
3.73±0.82
5.08±0.74
2.36±0.46
4.04±0.63
3.46±0.17
4.6±0.59
3.18±0.69
0.67±0.28
1.17±0.26
3.93±0.78

5.95±1.36
6.95±0.76
2.26±0.23
2.05±0.69
1.96±0.65
1.88±0.39
3.57±0.41
6.95±0.64
3.94±1.34
3.55±0.67
3.63±0.77
5.33±0.93
2.44±0.40
3.03±1.04
1.96±0.49
3.73±0.70
3.93±0.75
2.15±0.52
3.13±0.49
1.96±0.18
5.32±0.93
2.07±0.35
1.91±0.56
2.52±1.25
3.21±0.61
1.02±0.57
2.65±0.89

1.38±0.17

3.49±0.49

3.06±0.25

0.33±0.06

0.39±0.14

10.1 ± 5.28

0.39± 0.14

0.14±0.2

0.59±0.37
1.93±0.35

24.79±6.18
78.20±8.36

7.19±1.50
1.75±0.42

1.53±0.30
0.28±0.09

0.99±0.24

23.77±3.52

0.88±0.10

0.20±0.11

5.44±0.67
3.14±1.08

1.54±0.29
0.62±0.11

0.59±0.22
1.01±0.43

1.4±0.53
1.55±0.21

120.4±99.56
46.5±19.09

1.4±0.53
1.55±0.21

1.1±0.14
0.2±0.14

1.16±0.34
2.02±0.26

1.21±0.23
3.43±0.73

1.00±0.28
1.11±0.22

0.31±0.12
1.42±0.16

1.25±0.24
2.16±1.52

5.14±0.79
9.93±5.48

0.81±0.03
0.78±0.17

0.80±0.39
1.2±1.01

4.22±0.48
3.51±1.22
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Taxon
Length (mm)
Physarieae
Dimorphocarpa
Dimorphocarpa membranacea
Dimorphocarpa wislizeni
Dithyrea
Dithyrea californica
Dithyrea maritima
Lyrocarpa
Lyrocarpa coulteri
Lyrocarpa linnearifolia
Lyrocarpa xantii
Nerisyrenia
Nerisyrenia baconiana
Nerisyrenia camporum
Nerisyrenia gracilis
Nerisyrenia gypsophila
Nerisyrenia incana
Nerisyrenia johnstonii
Nerisyrenia mexicana
Synthlipsis
Synthlipsis greggii
Paysonia
Paysonia auriculata
Paysonia densipila
Paysonia grandiflora
Paysonia lasiocarpa
Paysonia lescurii
Paysonia lyrata
Paysonia perforata
Paysonia stonensis
Physaria
Physaria acutifolia
Physaria alpina
Physaria angustifolia
Physaria argentea
Physaria argyrea
Physaria arizonica
Physaria bellii
Physaria didymocarpa
Physaria eburnifolia
Physaria fendleri
Physaria filiformis
Physaria floribunda
Physaria globosa
Physaria gordonii
Physaria gracilis
Physaria intermedia
Physaria kingii
Physaria mexicana
Physaria mirandiana
Physaria navajoensis
Physaria ovalifolia
Physaria pallida
Physaria purpurea
Physaria rectipes
Physaria rollinsii
Physaria rosei
Physaria schaffnerii
Outgroups
Alyssum
Alyssum simplex
Arabidopsis
Arabidopsis thaliana
Boechera
Anelsonia eurycarpa
Boechera laevigata
Descurainia
Descurainia sophia
Lepidium
Lepidium campestris
Lepidium draba
Pennellia
Pennellia longifolia
Pennellia lasiocalycina
Sphaerocardamum
Sphaerocardamum nesliiforme
Sphaerocardamum stellatum
Exhalimolobus
Exhalimolobus palmeri
Exhalimolobus weddelii

Seed
Width (mm)

Pollen
PGL (mm)

Wing

Heteremorphism

Colpi number

2.43±0.04
2.53±0.21

1.92±0.14
1.87±1.95

1.72±0.18
1.95±0.23

Absent
Sometimes

Present
Absent

8, 9, 10
5

2.76±0.07
2.96±0.47

1.77±0.16
1.92±0.44

2.2±0.02
1.99±0.27

Absent
Absent

Absent
Present

4
4, 5

2.63±0.07
2.76±0.24
2.18±0.23

2.59±0.35
2.37±0.18
1.79±0.24

2.04±0.12
2.34±0.32
1.97±0.4

Absent
Absent
Absent

Absent/Present
Absent
Present

3, 3-4
3
4, 5

0.52±0.14
0.65±0.03
0.61±0.05
0.62±0.03
0.64±0.05
N/A
0.82±0.46

0.36±0.04
0.47±0.01
0.46±0.02
0.39±0.04
0.31±0.18
N/A
0.34±0.38

0.45±0.01
0.48±0.03
0.45±0.04
0.46±0.03
0.44±0.03
N/A
0.58±0.31

Absent
Absent
Absent
Absent
Absent
Absent
Absent

Absent
Present
Absent
Present
Present
N/A
Absent

6
6, 7
8
6, 7
6, 7
NA
7

1.55±0.09

1.19±0.12

1.07±0.1

Absent

Present

5, 7, 8

2.13±0.16
2.34±0.21
1.83±0.17
2.14±0.14
2.20±0.34
2.23±0.16
2.46±0.13
2.15±0.28

1.81±0.19
1.7±0.16
1.64±0.15
1.77±0.16
1.76±0.29
1.82±0.16
1.85±0.13
1.92±0.01

1.0±0.14
1.11±0.17
0.98±0.14
1.02±0.13
0.88±0.12
1.15±0.08
1.17±0.17
1.12±0.18

Present
Present
Present
Present
Present
Present
Present
Present

Absent
Absent
Present
Present
Absent
Absent
Absent
Absent

5
5
5, 6
5, 6
5
5
5
5

2.76±0.22
2.67±0.38
2.9±0.29
1.46±0.26
1.62±0.14
1.87±0.13
2.1±0.13
3.14±0.34
2.72±0.26
2.09±0.22
2.08±0.19
2.62±0.23
1.43±0.14
1.64±0.16
1.17±0.5
2.01±0.22
2.16±0.15
1.89±0.22
2.01±0.14
N/A
2.22±0.18
2.8±0.3
2.57±0.13
1.85±0.13
2.23±0.21
1.46±0.26
1.62±0.14

1.99±0.19
2.05±0.26
2.64±0.22
1.28±0.1
1.35±0.11
1.66±0.12
1.94±0.18
2.26±0.21
1.76±0.12
1.81±0.19
2.04±0.1
1.92±0.28
1.34±0.17
1.44±0.13
1.01±0.47
1.59±0.19
1.65±0.25
1.51±0.24
1.76±0.18
N/A
1.98±0.13
2.69±0.13
2.27±0.16
1.5±0.14
1.56±0.15
1.28±0.1
1.35±0.11

2.41±0.32
2.13±0.18
1.24±0.37
1.33±0.17
1.34±0.16
1±0.14
1.76±0.13
2.64±0.32
2.41±0.11
1.03±0.16
1.27±0.11
1.92±0.2
1.37±0.19
0.94±0.13
0.81±0.28
1.45±0.23
2.14±0.18
1.3±0.17
1.49±0.15
N/A
1.09±0.14
1.65±0.22
2.07±0.23
1.25±0.22
2.17±0.18
1.33±0.17
1.34±0.16

Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent
Absent

Present
Absent
Absent
Absent
Present
Present
Present
Present
Present
Absent
Absent
Present
Present
Present
Present
Present
Absent
Present
Present
N/A
Absent
Present
Absent
Absent
Present
Absent
Absent

5, 6
6
5
7
4, 5
4, 5
5, 6
5, 6
5, 6
5
5
5, 6
5, 6
5, 6
5, 6
6, 7
5
5, 6
5, 6
N/A
5
5, 6
5
5
5, 6
7
6

1.51±0.08

1.07±0.72

0.98±0.10

Present

Absent

3

0.48±0.04

0.27±0.02

0.36±0.04

Absent

Present

3, rarely 4

2.33±0.13
1.7±0.15

1.52±0.16
0.81±0.05

2.1±0.23
0.96±0.1

Absent
Present

Absent
Absent

3
3

1.09±0.07

0.57±0.04

0.86±0.07

Absent

Absent

3

1.89±0.1
1.92±0.1

1.16±0.07
1.12±0.11

1.39±0.25
1.45±0.18

Absent
Absent

Absent
Absent

3
3

0.57±0.05
0.71±0.06

0.34±0.03
0.46±0.04

0.42±0.03
0.52±0.11

Absent
Absent

Absent
Absent

3
3

0.59±0.05
0.77±0.05

0.39±0.38
0.46±0.02

0.40±0.057
0.56±0.04

Absent
Absent

Absent
Absent

3
3

0.62±0.03
N/A

0.33±0.02
N/A

0.41±0.03
N/A

Absent
Absent

Absent
Absent

3
3
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TABLE 3. Results from the Shimodaira-Hasegawa test of topological differences.

Tree

In-L

-In-L-difference

P-value

Maximum
parsimony
Bayesian analysis

6159.80746

9.91416

0.127

6167.0438

11.81109

0.1648

Maximum likelihood

6149.8933

best

Sara Fuentes-Soriano, 2010, Ph. D. Dissertation, p. 47
APPENDIX 1. Species name, voucher information, and GenBank accession numbers for
taxa used in this study. Herbarium codes follow Holmgren et al. (1990). Voucher
information is listed as follows: scientific name, origin or source, collector and number
(in italics), herbarium (in parentheses), Genbank accesion.

Alyssum simplex Rudolphi– New Mexico, USA, Fuentes-Soriano et al. 269, (MO).
Anelsonia eurycarapa (A. Gray) J.F. Macbr. & Payson– California, USA, Beilstein 0172, (MO), DQ288729. Arabidopsis thaliana (L.) Heynh.– Missouri, USA, FuentesSoriano et al. 310, (MO). Boechera laevigata (Muhl. ex. Willd.) Al-Shehbaz– Missouri,
USA, Beilstein 01-06, (MO), DQ288739. Descurainia sophia (L.) Webb.exPrantl.– New
Mexico, USA, Beilstein 01-19, (MO), DQ288759. Dimorphocarpa wislizeni (Engelm.)
Rollins–New Mexico, USA, Fuentes-Soriano et al. 267, (MO). Dimorphocarpa
membranacea (Payson) Rollins– Tamaulipas, Mexico, Palmer 87, (MO). Dithyrea
maritima (Davidson) Davidson– California, USA, Raven & Thompson 20706, (MO).
Exhalimolobos palmeri (Hemsl.) Al-Shehbaz and C. D. Bailey– Puebla, Mexico,
Fuentes-Soriano et al. 224, (MO). Lepidium campestre (L.) W. T. Aiton– Arizona, USA,
Fuentes-Soriano et al. 249, (MO). Lepidium draba L.– New Mexico, USA, Beilstein 0124, (MO), DQ288790. Lyrocarpa coulteri Hook. & Harvey– Baja California, Mexico,
Fuentes-Soriano et al. 117, (MO). Lyrocarpa linearifolia Rollins– Baja California,
Mexico, Wiggins 17235, (MO). Lyrocarpa xantii Brandegee– Baja California, Mexico,
Fuentes-Soriano et al. 131, (MO). Nerisyrenia gypsophila J. D. Bacon– Coahuila,
Mexico, Fuentes-Soriano et al. 171a, (MO). Nerisyrenia incana Rollins– Coahuila,
Mexico, Fuentes-Soriano et al. 99, (MO). Nerisyrenia johnstonii J. D. Bacon– Coahuila,
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Mexico, Fuentes-Soriano et al. 98a, (MO). Nerisyrenia mexicana (J.D. Bacon)
B.L.Turner– Coahuila, Mexico, Fuentes-Soriano et al. 96a, (MO). Paysonia auriculata
(Engelm. & A. Gray) O'Kane & Al-Shehbaz– Oklahoma, USA, Fuentes-Soriano 300a,
(MO). Paysonia grandiflora (Hook.) O'Kane & Al-Shehbaz– Texas, USA, Rollins 5556,
(MO). Paysonia densipila (Rollins) O'Kane & Al-Shehbaz– Tennessee, USA, FuentesSoriano et al. 271, (MO). Paysonia lasiocarpa (Hook. ex A. Gray) O'Kane & AlShehbaz– Coahuila, Mexico, Higgins 2712, (ENCB). Paysonia lescurii (A. Gray)
O'Kane & Al-Shehbaz– Tennessee, USA, Fuentes-Soriano & Rogers 308, (MO).
Paysonia lyrata (Rollins) O'Kane & Al-Shehbaz– Alabama, USA, Fuentes-Soriano
301a, (MO). Paysonia perforata (Rollins) O'Kane & Al-Shehbaz– Tennessee, USA,
Fuentes-Soriano et al. 242, (MO). Paysonia stonensis (Rollins) O'Kane & Al-Shehbaz–
Missouri, USA, Fuentes-Soriano et al. 273, (MO). Pennellia lasiocalycina (O. E.
Schulz) Rollins– Chihuahua, Mexico, Fuentes-Soriano et al. 56, (MO). Physaria
acutifolia Rydb.– Arizona, USA, Fuentes-Soriano 274, (MO). Physaria alpina Rollins–
Colorado, USA, O'Kane 3736, (ISTC). Physaria angustifolia (Nutt. ex Torr. & A. Gray)
O'Kane & Al-Shehbaz– Oklahoma, USA, Fuentes-Soriano 299, (MO). Physaria
argentea (Schauer) O'Kane & Al-Shehbaz– Hidalgo, Mexico, Fuentes-Soriano et al.
238a, (MO). Physaria argyraea (A. Gray) O'Kane & Al-Shehbaz– San Luis Potosi,
Mexico, Fuentes-Soriano et al. 42, (MO). Physaria arizonica (S. Wats.) O'Kane & AlShehbaz– Arizona, USA, Fuentes-Soriano et al. 260, (MO). Physaria eburniflora
Rollins– B & T world seeds, USA, 969-1JC, (MO). Physaria filiformis (Rollins) O'Kane
& Al-Shehbaz– Tennessee, USA, Fuentes-Soriano et al. 240a, (MO). Physaria
floribunda Rydb.– New Mexico, USA, Beilstein 01-17, (MO), DQ288813. Physaria
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globosa (Desv.) O'Kane & Al-Shehbaz– Missouri, USA, Fuentes-Soriano 241a, (MO).
Physaria gordonii (A. Gray) O'Kane & Al-Shehbaz– New Mexico, USA FuentesSoriano et al. 268, (MO). Physaria intermedia (S. Wats.) O'Kane & Al-Shehbaz–
Arizona, USA, Fuentes-Soriano et al. 265, (MO). Physaria kingii (S. Wats.) O'Kane &
Al-Shehbaz– Arizona, USA, Fuentes-Soriano et al. 264a, (MO). Physaria mexicana
(Rollins) O'Kane & Al-Shehbaz– Coahuila, Mexico, Fuentes-Soriano et al. 294a, (MO).
Physaria mirandiana (Rollins) O'Kane & Al-Shehbaz– Nuevo León, Mexico, Villareal
& Betancourt 8630, (MEXU). Physaria navajoensis (O'Kane) O'Kane & Al-Shehbaz–
New Mexico, USA, O'Kane & Heil 3850a, (ISTC). Physaria ovalifolia (Rydb.) O'Kane
& Al-Shehbaz– Texas, USA, Waller 1305, (ENCB). Physaria purpurea (A. Gray)
O'Kane & Al-Shehbaz– Coahuila, Mexico, Fuentes-Soriano et al. 167a, (MO). Physaria
rectipes (Wooton & Standley) O'Kane & Al-Shehbaz– Arizona, USA, Fuentes-Soriano
292a, (MO). Physaria rosei (Rollins) O'Kane & Al-Shehbaz– Puebla, Mexico, FuentesSoriano et al. 222a, (MO). Physaria schaffneri (S. Wats.) O'Kane & Al-Shehbaz–
Guanajuato, Mexico, Ventura & Lopez 8201, (MEXU). Physaria tenella (A. Nelson)
O’Kane & Al-Shehbaz– New Mexico, USA, Fuentes-Soriano et al. 266, (MO).
Sphaerocardamum nesliiforme (Schauer) Rollins– Hidalgo, Mexico, Fuentes-Soriano et
al. 231a, (MO). Sphaerocardamum stellatum (S. Wats.) Rollins– Nuevo León, Mexico,
Fuentes-Soriano et al. 49, (MO). Synthlipsis greggii A. Gray– Coahuila, Mexico,
Fuentes-Soriano et al. 162, (MO).
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APPENDIX 2. Diagram indicating the continuous characters examined for Physarieae. A.
Fruit showing measurements taken for fruit and style length. B. Replum indicating
measurement limits. C and D. Seeds illustrating limits for measuraments.
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APPENDIX 3. Stellate trichome variation types (I–VII) in Physarieae.
Stellate trichome
Type
I
II
III
IV
V
VI
VII

Central umbo
absent
absent
absent
absent
present
present
present

Trichome rays
Branching pattern
simple
simple and furcate
furcate and bifurcate
furcate and bifurcate
furcate and bifurcate
simple
simple and furcate

Extension of webbing
free
free
free
webbed at the base
webbed at the base
>1/2 of the ray length
>1/3 of the ray length
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FIGURE LEGENDS

FIG. 1. SEM photographs of trichomes of Physaireae. A. Paysonia stonensis, simple
trichomes with acute apices and wider bases (Fuentes-Soriano 243 at MO). B. Dithyrea
californica simple trichomes with rounded apices (Halse 5991 at MO). C. Synthlipsis
greggii highly branched dendritic trichomes (Fuentes-Soriano 169 at MO). D. Paysonia
auriculata moderately branched dendritic trichomes (Rollins 53123 at MO). E. Paysonia
perforata moderately branched dendritic trichomes and surface finely tuberculate
(Gosejohan & McCue 4-2-054 at MO). F. Physaria argyrea Type I stellate, not
umbonate, rays simple, free (Fuentes et al. 42 at MO). G. Physaria filiformis Type II
stellate, not umbonate, rays either simple or furcate, free (Fuentes-Soriano 240 at MO).
H. Physaria gordonii Type III stellate umbonate, rays furcate or bifurcate, free (Fuentes
et al. 250 at MO). I. Physaria acutifolia Type IV stellate, not umbonate, rays furcated or
bifurcate, adjacent rays webbed at the base (Salywon 3050 at MO). J. Physaria ovalifolia
Type V stellate, umbonate, rays either furcated or bifurcate, adjacent rays webbed at the
base (Waller 1305 at MO). K. Physaria mexicana Type VI stellate, umbonate, rays
simple, adjacent rays webbed > ! of their length (Fuentes-Soriano et al. 193 at MO). L.
Physaria pueblensis, Type VII stellate umbonate, rays simple or furcated, adjacent rays
webbed > 1/3 of their length (Fuentes et al. 109 at MO). M. Nerisyrenia gypsophyla
trichome surface conspicuously and densely tuberculate (Fuentes-Soriano & TorresColín 171 at MO). N. Dithyrea californica trichome surface finely tuberculate (Halse
5991 at MO). O. Nerisyrenia incana trichomes surface free of tubercles, trichomes from
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the interior of the fruit valves (Fuentes-Soriano et al. 101 at MO). Scale bars: A–N 50
!m, O 10 !m.

FIG. 2. Physarieae ndhF strict consensus tree of 245 equally parsimonious trees from 245
trees produced by 20 replicates of 200 interations each of the parsimonious ratchet
analysis. Clades recovered in the phylogenetic analysis are marked with arrows; clade of
Physaria with Mexican distribution is also indicated with a box. Support values along the
branches correspond to pasimony bootstrap, likelihood bootstrap, and bayesian posterior
probabilities. The dash (-) represents values below 50%. Character states for trichomes
(scored with three alternative systems), the first the simplest method and the third the
most complete, pollen apertures, and pollen heteromorphism are presented to the right of
the tree. Symbols for the characters states are explained at the bottom of the fig.

FIG. 3. A and B. Seed variation in Physarieae and selected outgroups. Physarieae (red
markers), Boecheraeae (blue circles), Camelineae (green circles), Halimolobeae (purple
circles). A. Seed length and width variation. B. Seed length/width ratio and seed primary
groove length variation. C and D. Seed length and width variation within the DDNLS
clade. Dimorphocarpa (dark blue circles), Dithyrea (red circles), Lyrocarpa (light blue
circles), Nerisyrenia (purple circles), Synthlipsis (black circles). D. Seed width and seed
primary groove length variation in the DDNLS clade (blue circles) and Paysonia (pink
circles). E. Seed length/width ratio and seed primary groove variation within the PP
clade. blue Paysonia, pink Physaria, seeds in lateral view, lower left corner Paysonia
auriculata (Rollins 53123 at MO), upper right corner Physaria rectipes (Rollins &

Sara Fuentes-Soriano, 2010, Ph. D. Dissertation, p. 54
Rollins 8136 at MO).a. cotyledon area, b. primary radicle, c. radicle area, d. lateral seed
growths or wings.

FIG. 4. Overlay of fruit characters on the parsimony ratchet strict consensus tree. A. Fruit
length, legend log-transformed fruit length (mm) values; the right column, actual mean
fruit length (mm). B. Legend, log-transformed fruit width (mm), right column actual
mean fruit width (mm). C. Legend correspond non-transformed fruit length:width ratios;
actual fruit length/width ratio. D. Legend, log-transformed replum length (mm); right
column actual mean replum length (mm). E. Legend, log-transformed replum width
(mm); right column actual mean replum width (mm). F. Legend, log-transformed style
length (mm); right column, mean style length (mm). Character transitions were inferred
using sum of squared changes parsimony algorithm in Mesquite (Maddison and
Maddison 2009).

FIG. 5. Overlay of seed characters on the parsimony ratchet strict consensus tree. A
Legend, log transformed seed length (mm); right column, actual mean seed length (mm).
B. Legend, log transformed seed width (mm); right column, mean seed width (mm). C.
Legend, seed length/width ratios; right column, actual seed length/width. D. Legend, log
transformed primary seed groove length (mm); right column, actual mean seed primary
groove length (mm). E. Legend, primary seed groove length/fruit length ratios; right
column, actual primary seed groove length/fruit length ratios. Character transitions were
inferred using sum of squared changes parsimony algorithm in Mesquite (Maddison and
Maddison 2009).
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CHAPTER II
PHYLOGENY OF THE TRIBE PHYSARIEAE (BRASSICACEAE) BASED
ON THE NUCLEAR ITS, LUMINIDEPENDES, AND CHLOROPLAST NDHF

Abstract– Physarieae, a tribe of seven genera and 143 mostly North American species, is
unique among other Brassicaceae for its pollen grains with more than three aperatures.
This work investigates the phylogenic relationships within the tribe using two nuclear
markers and compares findings with earlier results obtained from the maternally inherited
chloroplast gene ndhF. Molecular trees are generated based on the nuclear ITS and LD
(LUMINIDEPENDENS), a single-copy nuclear gene that has not been used previously
for resolving generic relationships in Brassicaceae. Maximum parsimony, maximum
likelihood, Bayesian analyses, and congruence tests provide consistent results suggesting
that observed discrepancies among nuclear and chloroplast data sets may be spurious.
Results are largely consistent with ndhF data in supporting the monophyly of Physarieae
and the recognition of the two major clades within the tribe, the DDNLS (Dithyrea,
Dimorphocarpa, Nerisyrenia, Lyrocarpa, and Synthlipsis) clade and the PP (Paysonia
and Physaria) clade; these new results improve internal resolution for taxa and lineages
within both clades. Nerisyrenia and Lyrocarpa are sister taxa, as are Paysonia and
Physaria. Although the monophyly of Dithyrea as currently circumscribed is
indisputable, the positions of Dimorphocarpa relative to Dithyrea, and Synthlipsis
relative to the other members of the DDNLS clade remain uncertain. Results presented
here provide a valuable resource to identify groups in the phylogeny of Physarieae still
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requiring further phylogenetic resolution, and offer a useful phylogenetic framework on
which patterns of morphological evolution within the tribe can be evaluated.

Keywords—LUMINIDEPENDENS, tree congruence, North America.
Mustards belonging to Physarieae B. L. Rob. are easily distinguished from other
members of the Brassicaceae by their multicolpate (vs. tricolpate) pollen. Physarieae
contain seven genera and 143 species, most of which (73%) belong to the species-rich
Physaria. Physarieae are predominately North American, and exhibit extensive variation
in vegetative and reproductive morphological characters (Rollins 1939, 1941, 1993;
Appel and Al-Shehbaz 2003; O’Kane 2010; Fuentes-Soriano, Chapter 1).
All members of Physarieae grow in temperate and arid regions, and are frequently
defined as narrow edaphic endemics (Rollins and Shaw 1973; Fuentes-Soriano 1994;
Rollins 1993; Al-Shebaz 2010; O’Kane 2010; Fuentes-Soriano pers. obs.). For example,
Dithyrea californica in the southwestern part of the Sonoran Desert and D. maritima in
Baja California Norte, Mexico are restricted to sandy soils, and Nerisyrenia and
Synthlipsis in the Chihuahuan Desert prevail in soils rich in gypsum and sodium chloride
(Bacon 1978; Rollins 1993). Several Physaria species are restricted to limestone,
gypsum, or serpentine substrates (Rollins and Shaw 1973).
The diverse Physaria (sensu Al-Shehbaz and O’Kane 2002) occurs in Canada and
the Russian Arctic, but most species occur in the western and southwestern United States
and arid regions of Mexico. The genus shows a sizeable disjunction with the occurrence
of six species in South America (O’Kane and Al-Shehbaz 2004; Al-Shehbaz and Prina
2009). Interestingly, 20% of Physaria species are common or narrow Mexican endemics
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(e. g., P. argentea, P. inflata, P. mexicana, P. mirandiana, P. rosei, and P. wyndii). One
of the most well-known species of Physarieae is P. fendleri, a valuable crop plant and
alternative source of seed oils used in the manufacturing of soaps, lubricants, hydraulic
and brake fluids, paints, dyes, coatings, inks, cold resistant plastics, waxes, polishes, and
pharmaceuticals (Salywon et al. 2005).
Phylogenetic studies based on chloroplast and nuclear data suggest that the tribe is
monophyletic and identify multicolpate pollen as a synapomorphy (Al-Shehbaz et al.
2006; Bailey et al. 2006; Beilstein et al. 2006, 2008; Fuentes-Soriano, Chapter 1). Genera
of the tribe were traditionally placed in several more distantly related tribes based on
differences in fruit, trichome, cotyledon, and stigma morphology (Gray 1850; Bentham
and Hooker 1862; Prantl 1891; Robinson 1895; Hayek 1911; Schulz 1936; Janchen
1942). More recently, studies on the phylogenetic relationships of the tribe based on
chloroplast data (ndhF) suggest that larger fruit width/length ratios, longer radicles
relative to cotyledon length, and longer fruiting styles are characteristic of the tribe,
especially when compared to sister tribes (Fuentes-Soriano, Chapter 1).
The ndhF phylogenetic analysis strongly supported Physarieae as monophyletic
and identified two major clades (Fuentes-Soriano, Chapter 1). The first included the
genera Dithyrea, Dimorphocarpa, Nerisyrenia, Lyrocarpa and Synthlipsis (the DDNLS
clade) and the second included Physaria and Paysonia (the PP clade), but internal
resolution within these clades was poor. Because the cpDNA represents the maternal
history alone of the group, it is critical to compare cpDNA results with trees based on
nuclear markers (nDNA). Up to now, the most comprehensive nuclear phylogeny of
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Physarieae used the Internal Transcribed Spacer (ITS) and included no more than four
representatives of each genus (Bailey et al. 2006).
It is unclear if ploidy variation could potentially interfere with the concordance of
chloroplast- and nuclear-based phylogenies of Physarieae. Al-Shehbaz et al. (2006)
predicted a basic chromosome number of x = 8, but several studies have reported
widespread variation in chromosome numbers for the tribe (Rollins 1939, 1941, 1993;
Appel and Al-Shehbaz 2003) and a high incidence of polyploidy specifically in members
of the DDNLS clade (Bacon 1975, 1978; Rollins 1979; Rollins and Rüdenberg 1979).
Therefore, additional sampling and sequence data from other single- or low-copy nuclear
genes are needed to further test the monophyly of Physarieae and to provide an essential
framework for studying both global and local patterns of trait evolution within this small
but extremely morphologically and chromosomally diverse tribe of the Brassicaceae
(Fuentes-Soriano, Chapter 3).
The goal of the present study was to produce a phylogeny using two nuclear
markers and to compare findings with earlier results obtained from the maternally
inherited chloroplast gene ndhF. Here I added 39 and 47 previously unsampled species
for ITS and luminidependens (LD), respectively. The studied species represent all seven
genera of Physarieae and 13 outgroup taxa. LD, a single-copy nuclear gene, has not been
used previously as a phylogenetic marker for resolving generic relationships between
members of Brassicaceae, but it appears to be well suited for phylogenetic reconstruction
(Slotte et al. 2006). The LD gene is relatively large (~5200 bp long, Fig. 1), and is
variable enough to resolve relationships in closely related genera.
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MATERIALS AND METHODS
Taxon Sampling–This study includes a total of 113 accessions representing all
seven genera of the tribe including 50 putatively diploid species that express a broad
range of morphological, geographic and cytogenetic variation and nine outgroup taxa (see
Appendix 1 for details). Additional sequences of eight outgroup taxa were downloaded
from GenBank: Arabidopsis thaliana, Capsella bursa-pastoris, Descurainia californica,
Exhalimolobos berlandieri, Lepidium campestre, Neslia paniculata, Pennellia longifolia,
and Transberingia bursifolia. Eight genera and 13 species of Alysseae, Boechereae,
Camelineae, Descurainieae, Halimolobeae, and Lepidieae were chosen as outgroups
based on previous family-level analyses of Brassicaceae (Bailey et al. 2006; Beilstein et
al. 2006, 2008; Warwick et al. 2008; Couvreur et al. 2010; Warwick et al. 2010).
DNA isolation–DNA was extracted from silica-gel dried leaves following the
standard CTAB protocol (Doyle and Doyle 1987) using cesium chloride gradient
ultracentrifugation for purification or Stefanovic’s protocol for DNA extraction from
herbarium material (University of Washington, unpubl. data). DNA was extracted from
two separate accessions for each of the 50 species of Physarieae.
DNA amplification–The ITS nuclear data set comprised the 5.8S gene flanked by
the internal transcribed spacers ITS1 and ITS2, and was amplified with the primers ITS4
(White et al. 1990) and ITS18S (Howart et al. 2003). The LD sequences extend from
intron 4 to exon 7 and were amplified with LD-D1F and LD-XC4R primers (Slotte et al.
2006).
ITS and LD PCR reactions were performed in 25 !L total volume with final
concentrations of 5 !L of 5X reaction buffer, 2 !L of 2.5 mM MgCl2, 2 !L (ITS) or 3 !L
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(LD) of 2.5 mM dNTPs, 3!L of each primer, 0.5 !L of Taq polymerase (5 units/!L)
(Promega, Madison, Wisconsin, USA), and 0.5 !L of DMSO. Cycling reactions for ITS
and LD were 4 minutes at 95°C (ITS) or 2 minutes at 94°C (LD), 34 (ITS) or 35 (LD)
cycles of 30 seconds at 94°C, 1 minute at 55°C (ITS) or 1.5 minutes at 57°C (LD), 1.5
(ITS) or 2 (LD) minutes at 72°C, and finally 7 (ITS) or 9 (LD) minutes at 72°C. PCR
products of both nrDNA regions were purified with a QIAquick gel extraction kit
(Qiagen Inc., California, USA) and cloned using the pGEM-T Vector System (Promega
Corp., Madison, Wisconsin, USA).
For 57% (LD data set) and 68% (ITS data set) of the accessions, sequences were
amplified with at least two separate PCR reactions.
Cloning and sequencing–In a pilot study, ten species exhibiting a wide range of
morphological variation, each with two accessions, were investigated to determine
variation in nuclear loci, locus copy number, and to identify orthologous regions. For
each of the 20 accessions, PCR fragments were cloned prior to sequencing. Five clones
for all 20 accessions were sequenced. After this assessment a minimum of two clones
were sequenced for 103 accessions representing the remaining species (including
outgroup taxa). PCR reactions were gel purified using QIAquick Gel Extraction Kit
Protocol (Qiagen Inc., California, USA) and cloned using the pGEM-T Easy Vector
System (Promega Corp. Madison, Wisconsin, USA). At least two individual colonies per
accession were selected and re-amplified using primers M13F and M13R. The colony
suspension was cleaned with Alkaline lysis/PEG precipitation (Sambrook et al. 1989).
Sequence reactions used the fluorescent ABI Prism Big Dye 3.1 (Applied
Biosystems, Foster City, California, USA) to label the DNA for analysis in an ABI 3100
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(Applied Biosystems) sequencer at the University of Missouri-St. Louis or at the
PennState University Nucleic Acid Facility (Pennsylvania, USA). Universal primers T7
and SP6 were used for sequencing both ITS and LD.
Sequence editing and alignment–SeqMan version 4 (DNASTAR, Madison,
Wisconsin, USA) and GENEIOUS version 4.0.2 (Drummond et al. 2009) were used for
editing and contig assembly. Only double-stranded sequences with at least 85% overlap
and Phred scores above 20 as estimated by PhredPhrap (Ewing and Green 1998; Ewing et
al. 1998) and 4peaks version 1.7 (Griekspoor and Groothuis 2005) were considered good
quality sequences and accepted for analysis. Base pairs with scores below 20 were
eliminated from the analysis except when they matched the complementary strand with
Phred scores above 20.
Sequence identities were confirmed by comparing sequences of available
Brassicaceae accessions deposited in GenBank. Nucleotide sequences of both ITS and LD
sequences were initially aligned in MUSCLE (Robert 2004), followed by manual
alignment using MacClade version 4 (Maddison and Maddison 2005). Alignment of LD
exons was guided by identification of open reading frames, exon positions and stop
codons in MacClade and protein alignment using Arabidopsis thaliana as a reference
species in MUSCLE (Robert 2004) and GENEIOUS (Drummond et al. 2009).
Phylogenetic analyses–The g1 statistics were obtained from each data set to
distinguish phylogenetic signal from random noise (Hillis and Huelsenbeck 1992), and
the test was performed with 10,000 replicates as implemented in PAUP version 4.04b.
Data sets were examined individually and combined. Pairwise comparisons of data sets
included only those taxa in common for the combined partitions. Conflict among data
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sets was evaluated before combining data sets, using a partition homogeneity test or
incongruence length difference (ILD) test (Farris et al. 1994). ILD tests were conducted
in PAUP version 4.04b with all invariant characters removed (Cunningham 1997), with
simple addition sequence, TBR branch swapping, and MAXTREES set to 500 random
partitions. For each of the pairwise data partitions, 500 random partitions were analyzed
as recommended by Johnson and Soltis (1998).
Phylogenies were constructed using maximum parsimony (MP), maximum
likelihood (ML), and Bayesian analysis (BI), with all characters equally weighted and
indels coded as missing data. Analyses were run on the Cyberinfrastructure for
Phylogenetic Research (CIPRES) cluster computer housed at the San Diego
Supercomputer Center, University of California (http://www.phylo.org) and on the
Beowulf computer cluster at the University of Missouri-St. Louis. Parsimony ratchet
searches (Nixon 1999) were conducted using PAUPMacRat (Sikes and Lewis 2001)
implemented in PAUP version 4.04b 10 for UNIX (Swofford 2002). Searches consisted
of 20 independent replicates of 200 iterations, each with 15% of the characters reweighted per iteration, and the strict consensus of the resulting trees was generated in
PAUP. Bootstrap analysis was used to evaluate the support of specific branches and
clades (Felsenstein 1985). Bootstrap values were calculated with 1000 full heuristic
bootstrap replicates, one random sequence addition, tree-bisection-reconnection (TBR)
branch swapping, and MULTREES=yes options.
For each individual gene data set ML analyses used the best-fitting evolutionary
model selected by Modeltest version 3.6 (Posada and Crandall 1998) according to the
Akaike Information Criteria (AIC), TrN + G for ITS and HKY85 + I + G for LD. The
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likelihood replicates (1000) were run on CIPRES and using RAxML bootstrapping
(Stamatakis et al. 2008). ML analyses of combined data sets were estimated as a single
partition under the GTR + G model of evolution in RAxML, and as partitioned data sets
following the method proposed by Meerow et al. (2009) using models of evolution and
Treefinder scripts generated in KAKUSAN4 version 2 (Tanabe 2007). Scripts were
implemented in Treefinder to run ML analyses (Jobb 2008). The latter strategy allowed
parameters to be optimized independently among different genes included in a combined
data set.
In the BI analyses, MrModeltest 2.2 (Nylander 2004) selected models GTR+G for
ITS and HKY + I + G for LD, and those algorithms were implemented for single gene
and combined data sets in MrBayes version 3.1 (Huelsenbeck and Ronquist 2001). The
BI analyses were conducted with two independent runs of 4 chains for 5,000,000
generations per run (sampling every 1000 generations). Convergence across runs was
evaluated by plotting –log likelihood against the number of generations. The data reached
convergence within the first 100,000 generations, but the first 200,000 generations of
each run were conservatively discarded as the burn in. Bayesian posterior probabilities
were obtained from the majority-rule consensus trees generated in PAUP.
Initial phylogenetic analyses included sequences of all clones (ITS: 224 clones
and LD: 219 clones). To minimize computational effort and reduce redundancy, clones
were pruned from the original data sets according to the following four rules: (1) A single
sequence was chosen at random to represent a species if sequences from the species
formed a clade but differed by less than three base pairs (bp); (2) From a clade including
all sequences and accessions of a species and showing well-resolved relationships, the
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sequence with the shortest branch length was chosen to represent the species; (3) One
sequence per each accession representing a species was chosen if the accessions were
resolved in different places, and if within an accession sequences formed a clade; (4) If
sequences representing a species failed to form a monophyletic group, but were grouped
with equally phylogenetically unresolved sequences from other species, one sequence per
species was chosen at random to represent the species.
If the clones from the same accession failed to form a monophyletic group, a
careful check was made to identify potential errors due to contamination or labeling
mistakes, and for the presence of conflicting phylogenetic signal using Splits graphs in
the software Splits Tree version 4.3 (Hunson and Bryant 2006). Sequences with
conflicting phylogenetic signals were included in initial phylogenetic analysis to
investigate their effects on the tree topologies.
Likelihood topology test–Topological congruence and evolutionary hypotheses
were tested using the Shimodaira-Hasegawa test (S-H test, Shimodaira and Hasegawa
1999) in PAUP version 4.04b. To obtain full-taxon compatibility among the tree
topologies, we reduced the nuclear and chloroplast data sets to 48 taxa and re-ran the
phylogenetic analyses. The S-H test included comparison between the optimal trees
(unconstrained) from the maximum likelihood analyses of ITS, LD, combined ITS + LD,
and chloroplast ndhF. We also created less-resolved constraint trees that included only
well-supported nodes either with > 50% or > 70% bootstrap support. Poorly supported
nodes were defined as having less than 50% bootstrap support and were considered
ambiguous polytomies.
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Additional S-H tests were run using the combined data sets to test support for
particular relationships and estimates of character evolution suggested by previous
studies. Relationships to be tested included the sister relationship of Dithyrea +
Dimorphocarpa suggested by Rollins (1979) and ndhF data (Fuentes-Soriano, Chapter 1),
the sister relationship of Synthlipsis to all the other members of DDNLS clade suggested
by ndhF data (Fuentes-Soriano, Chapter 1), and the alliance of Synthlipsis, Nerisyrenia
and Lyrocarpa suggested by Bacon (1978). Hypotheses of trichome evolution in the tribe
suggested by ndhF data (Fuentes-Soriano, Chapter 1) were also tested. Constraint trees
were created in MacClade 4.08 (Maddison and Maddison 2005) that forced the group to
be tested to be monophyletic, while the rest of the taxa were placed at the base of the
completely unresolved tree. Constraint trees were compared to the ML unconstrained
trees.
If likelihood values for the topologies being compared were not significantly
different, each topology was considered an equally likely phylogenetic hypothesis. The
S-H test was run with full optimization and 1000 bootstrap replicates.

RESULTS
Analysis of ITS– The ITS data set consisted of sequences varying from 541 bp
long in Dithyrea californica to 559 bp in Physaria angustifolia, P. arizonica, P. gracilis,
and P. kingii. Sequences had an average length of 553 bp and the highest percentage of
informative characters as well as the largest G + C content of any of the gene regions
included in this study. Moreover ITS has a significant nonrandom structure as determined
by g1 statistics. Summary statistics of all sequences are shown in Table 1.
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Among the most distantly related taxa of Physarieae, uncorrected pairwise
divergences of up to 14.8% was observed. Sequences of Dithyrea, Lyrocarpa,
Nerisyrenia, and Synthlipsis share a gap, nine bp long, at position 73–81 in the alignment,
whereas Dimorphocarpa species have a 6 bp sequence in common at position 73–78 in
the alignment. Physaria filiformis is the only analyzed species with an eight bp gap at
position 26–33.
In the phylogenetic analyses, the ML and BI analyses provided support for the
greatest number of clades (Appendix 2). The phylogenetic hypotheses generated from the
224-sequence data set using MP, ML, and BI analyses were mostly congruent as shown
by the S-H test (Table 2).
The ITS trees derived from the full data set (224 terminals representing 103
accessions) showed that the majority of sequences from single accessions were
monophyletic (on the tree figures, following the species name, different accessions are
marked with numbers, PCR reactions are denoted by capitalized letters, and clones are
indicated by lower case letters; Appendix 2). However, in terminal branches, among
some individual species or apparently closely related species, sequences from different
accessions were placed in more than one position (Nerisyrenia incana, N. johnstonii,
Paysonia perforata, and Physaria arizonica), or if included in a clade alone or with other
species failed to form a monophyletic group (Lyrocarpa coulteri, L. xantii, Physaria
acutifolia, P. angustifolia, P. bellii, P. eburniflora, P. floribunda, P. gracilis). These
sequences were always resolved within clades of closely related species, indicating the
utility of ITS for investigating relationships at deeper nodes within the Physarieae
phylogeny, which is the primary level of interest in this study.
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Furthermore, sequences from a few accessions showed conflicting phylogenetic
signal (Dimorphocarpa wislizeni, Nerisyrenia incana, and N. johnstonii) as identified in
the Splits software, leading to the loss of resolution within the Nerisyrenia and
Dimorphocarpa clades (data not shown). The exclusion of these sequences, however, did
not affect results observed in the general topology presented here.
Based on the preliminary phylogenetic analyses, the full data set was reduced to
62 sequences to minimize data redundancy and computing efforts. This lowered the
number of potentially parsimony informative characters, and consequently the percentage
of sequence variation used in subsequent analyses (Table 1). The phylogenetic analyses
of the reduced set yielded trees with topologies similar to those resolved with the full data
set, confirming that the trimmed sequences were mostly redundant.
ITS analyses strongly supported the monophyly of Physarieae (MP 100; ML 100;
BI 100; Fig. 2), the monophyly of six of the seven genera of the tribe (Dithyrea,
Lyrocarpa, Nerisyrenia, Paysonia, Physaria, Synthlipsis), and divided Physarieae into the
two major monophyletic clades previously identified by the chloroplast genome (the
DDNLS and PP clades). Physarieae was resolved as sister to Camelineae as represented
by Arabidopsis thaliana (80; 91; 89; Fig. 2). The [Physarieae + Camelineae] clade was
resolved as the sister lineage of the clade Halimolobeae (represented by Exhalimolobos
parryi, Pennellia lasiocalycina, P. longifolia, Sphaerocardamum nesliiforme) plus
Boechereae (represented by Boechera laevigata). In turn ([Physarieae +
Camelineae][Halimolobeae + Boechereae]) clade was resolved as sister to Lepidieae, and
this five-tribe clade was sister to Descurainieae. The clade made up of the
Dimorphocarpa membranacea plus Dithyrea was identified as sister to the [Synthlipsis

Fuentes-Soriano, Sara, Ph. D. Dissertation, UMSL, p. 73
[Lyrocarpa + Nerisyrenia] clade. Within Physaria several species pairs are supported as
sisters (bootstrap support > 70%; e.g., P. filiformis and P. globosa, P. angustifolia and P.
gracilis, P. rosei and P. argentea), but other relationships in the genus remain poorly
resolved.
Analysis of LD– The length of the LD sequences varied within Physarieae from
619 bp in Physaria rectipes to 651 bp in Dimorphocarpa wislizeni, with an average
sequence length of 638 bp. The number of potentially parsimony informative characters
for LD was 190, a number only slightly lower than that found for ITS (192; Table 1). The
LD data set showed a significant nonrandom structure as determined by g1 statistics
(Table 1). Within Physarieae, the most distantly related taxa show 8.6% sequence
divergence, and compared to the ITS sequences, LD has a lower G + C content (35.64%)
(Table 1). Dimorphocarpa wislizeni was exceptional for having a large gap of 23 bp at
positions 81–104 in the alignment, whereas Synthlipsis and Lyrocarpa species shared two
small gaps of five and four bp each at positions 81–85 and 88–91, respectively. Paysonia
species showed a gap of eight bp at positions 138–145 in the alignment.
LD sequences, in contrast to those from ITS, were consistent with
morphologically defined species limits. Across the phylogeny most of the sequences (219
sequences representing 98 accessions) coalesced within individual accessions and most of
the sequences from the same species being resolved as monophyletic (see below)
(Appendix 3). However, both LD and ITS data identified two taxa (Physaria arizonica,
and Paysonia perforata) as being paraphyletic. The LD data set included sequences from
four species outgroup not sequenced in ITS (Capsella bursa-pastoris, Exhalimolobus
berlandieri, Neslia paniculata, and Transberingia bursifolia).
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All methods of phylogenetic reconstruction gave trees with congruent topologies
as indicated by the S-H test (Table 2). Based on the preliminary phylogenetic analyses,
the full data set was trimmed to 64 sequences. This reduced the number of potentially
parsimony informative characters to 119. The 64-sequence data set generated trees with
topologies similar to those recovered using the full data set, a finding that suggests that
the 155 trimmed sequences were redundant.
The LD-based tree provided more phylogenetic structure than the ITS tree and
differs from ITS in three main ways: (1) the sister relationship of Physarieae to
Descurainieae, a tribe represented in the phylogeny by Descurainia sophia (98; 100; 100;
Fig. 3), (2) the sister relationship of Synthlipsis to the [Lyrocarpa + Dimorphocarpa
wislizeni] clade, and (3) the sister relationship of Nerisyrenia to Dithyrea.
LD analyses recovered two clades within Physaria, herein designated clades 1 and
2, neither of which was recovered in the ITS analyses. Within clade 2, three subclades
were supported, designated subclades A, B, and C (Fig. 3). Nonetheless, LD sequence
data provide little resolution within these groups.
Data set and tree topology incongruence among and between nuclear and
chloroplast data sets— P-values from the ILD test indicate that the null hypothesis of
congruence could not be accepted for ITS and LD data partitions (P = 0.008), and for
nuclear and ndhF data partitions (P = 0.004). Despite the suggestion of Farris et al.
(1994) for a threshold of P < 0.05 for accepting data combinability, several later studies
indicated problems of accuracy in ILD and indicate that P-values < 0.05, and even those
as low as 0.001, should not preclude data set combination (Sullivan 1996; Cunningham
1997; Davis et al. 1998; Flynn and Nedbal 1998; Messenger and Meguire 1998; Yoder et
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al. 2001; Dowton and Austin, 2002; Meerow et al. 2009). Based on this result and the fact
that several monophyletic groups were resolved independently by individual gene
analysis, we considered that all data sets could be combined in a single data set for
subsequent phylogenetic analysis.
Although the S-H test indicates that significant differences exist between all four
optimal (unconstrained) tree topologies derived from ITS, LD, ITS + LD, and ndhF,
pairwise comparisons of topologies including only branches with either > 50% or > 70%
bootstrap support yielded different results. Using constraint topologies the S-H test
showed that the LD topology was significantly different than the ITS topology; however,
the ITS topology is not different than the LD topology (Table 2).
The S-H test indicated that the ndhF-derived topology is not significantly
different from the individual or combined nuclear-derived topologies when topologies
included nodes with > 70% bootstrap support. Nonetheless, the LD topology and
combined nuclear-derived topologies are significantly different than ndhF, even if
topologies included 50% or 70% bootstrap support. In summary, comparisons among the
ITS, LD and cpDNA trees suggest that conflict in alternative phylogenies is related to
poorly supported relationships, and differing relationships among members of the
DDNLS clade. Because the presence of weakly supported nodes in rival constraint trees
affect the accuracy of the incongruence test, the S-H values may not reflect strong
topological differences.
The S-H tests provided additional insights into the nature of the tree incongruence
and confirmed that at least some of the differing relationships within the trees cannot be
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rejected or confirmed (Table 2). Consequently, we infer that there was no compelling
reason to keep the data sets separate. Rather than indicating that the data sets should not
be combined, the results indicate the sensitivity of the ILD and S-H tests to differences in
character distribution between data sets and branch support.
Combining nDNA and cpDNA data sets reveal some relationships unique to the
combined data set and increased support for some relationships, so leading to a better
overall estimate of phylogeny. Results in this study suggest then that evidence for the
unique relationships could be present in each data set, but is not recovered in individual
analyses for problems potentially due to sampling errors, alignment ambiguity (especially
in ITS), rates of sequence divergence, weak character support, or confounding levels of
homoplastic characters (Mason-Gamer and Kellogg 1996; Sullivan 1996; DeSalle and
Brower 1997; Siddall 1997; Smith 2000; Wendel and Doyle 1998; Gontcharov et al.
2004; Stefanovic and Olmstead 2004; Doust et al. 2007).
Analysis of ITS + LD combined– Analysis of the two nuclear regions yielded an
average of 1287 aligned positions, of which 343 were from exons and 944 were from
introns and spacers. Over 38% of the characters were variable and 24.31% of the
positions were phylogenetically informative (Table 1). The combined nuclear data set had
significant nonrandom structure as defined by the g1 statistics (Table 1). MP, ML, and BI
phylogenetic reconstructions showed similar topologies (Table 2).
It is important to note that no individual nuclear gene tree yielded a topology
identical to that inferred from the combined nDNA data sets. However, most of the
conflict affected relationships that were only weakly supported by one of the individual
nuclear data sets.
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The combined nuclear-based tree matches the topology of the ITS loci (Fig. 4) in
that Physarieae is sister to Camelineae, not Descurainieae as suggested by the LD nuclear
region analysis alone. In all analyses there is phylogenetic instability in the members of
the DDNLS clade. In the ITS and combined analyses Nerisyrenia was sister to
Lyrocarpa, whereas in LD Nerisyrenia was sister to Dithyrea. These relationships are
only weakly supported (Fig. 2–4). While the combined analysis resolved Synthlipsis as
sister to Dimorphocarpa wislizeni, but with only weak support, in individual gene
analyses Synthlipsis occupies different positions. ITS supported the association of
Synthlipsis to the [Nerisyrenia + Lyrocarpa] lineage, but with low ML bootstrap support
(51%; Fig. 2), yet LD placed Synthlipsis sister to the [Lyrocarpa + Dimorphocarpa
wislizeni] lineage (43; 79; 100).
Results obtained from the combined nuclear sets and ITS analyses agreed on the
placement of Dithyrea as sister of Dimorphocarpa membranacea. In contrast, LD data
resolved Dithyrea as sister to Nerisyrenia, but with low bootstrap value. Although all
analyses suggested the paraphyly of Dimorphocarpa, only the combined nuclear data set
placed the non-reciprocally monophyletic species of Dimorphocarpa together within a
clade including Dithyrea (albeit with very low bootstrap support values and low posterior
probabilities).
The combined and individual nuclear gene analyses weakly supported the sister
relationship of Physaria and Paysonia (NS; 77; 94), and within Physaria resolved a clade
comprising four species with the lowest chromosome number (n = 4)reported for the tribe
and other closely related tribes (Fig. 4) (P. acutifolia, P. belli, P. eburniflora, and P.
floribunda). Species included in this clade, for now on referred as the LCS clade (low
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chromosome number species) were formerly included in the original Physaria (i.e.,
excluding Lesquerella, which has since being included). Relationships within the SCS
clade are unresolved.
All nDNA-based analyses recognized the sister relationship of the Midwestern
species P. filiformis and P. globosa, and also the Mexican species P. argentea and P.
rosei. The combined analysis supported the monophyly of the group C of Physaria as
defined in the LD topology (Fig. 3–4).
In the combined analysis Physaria fendleri is the sister group of the [[P. argyraea
+ P. tenella] + P. wyndii] lineage (Fig. 4). This finding contrasts with results observed in
the ITS and LD analyses. In the ITS tree, P. fendleri is sister to the Mexican sister species
P. mirandiana and P. mexicana. Within the LD-based topology, P. fendleri is sister to the
Mexican species P. wyndii and the North American P. tenella. All these data could
indicate potentially recent gene flow among P. fendleri and closely related species and
point to the need for reviewing species limits. In the combined analysis, all accessions of
P. arizonica, an apparent paraphyletic species in ITS and LD analysis, were
monophyletic.
The combined and individual nuclear data sets agreed in the placement of the
western most distributed species of Paysonia, P. lasiocarpa, as sister to the rest of the
species of the genus, and placed P. grandiflora sister to the lineage including P. lescurii,
the type species of the genus, P. densipila, P. stonensis, P. perforata, P. lyrata, and P.
auriculata. Paysonia auriculata itself was sister to an unresolved group of species with a
more easterly distribution than the others (Fig. 2–3).
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Analysis of cpDNA– The ndhF topology differed from the combined and
individual nuclear-derived topologies in 1) placement of Synthlipsis as sister to all the
other members of the DDNLS clade, 2) resolving and strongly supporting the monophyly
of Dimorphocarpa and its sister relationship to Dithyrea (Appendix 4), and 3) resolving
Paysonia grandiflora and P. lasiocarpa as sister species. Details of the chloroplast ndhF
phylogenetic analyses can be found in Fuentes-Soriano (Chapter 1).
The four data sets (ITS, LD, ITS + LD, ndhF) agree in supporting the monophyly
of Physarieae, two main intratribal clades, and six genera of the tribe. Within Physaria
and Paysonia all four data sets recognized the sister relationships of Physaria tenella to
P. argyraea, P. argentea to P. rosei, and Paysonia auriculata to the more easterly
distributed species of the genus, P. densipila, P. lescurii, P. lyrata, P. perforata, and P.
stonensis.
Analysis of cpDNA + nDNA combined– Analysis of the combined nDNA and
cpDNA data sets yielded an average of 3,350 aligned positions. Over 11.70% of the
characters were variable and 14.83% of the positions were phylogenetically informative
(Table 1). The g1 statistics showed that the data set had significant nonrandom structure
(Table 1).
In the combined nDNA + cpDNA data set analyses, there was support for the
DDNLS and PP clades and for the sister relationship of Nerisyrenia to Lyrocarpa, as
recovered by ITS and combined nuclear data sets (Fig. 5). However the placement of
Synthlipsis and Dimorphocarpa remained unstable. The combined nDNA + cpDNA data
set grouped species of Physaria into three major clades (A–C).
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Clade A included Physaria argyraea and P. tenella. Clade B comprised most of
the North American species sampled in this study, and included Clades 1 and 2 (Fig. 5).
The weakly supported Clade 1 (58; 100; 90) is largely a polytomy including a
monophyletic clade comprising species of Physaria with n = 4. Clade 2 comprises the
narrowly distributed Midwestern USA annual species Physaria globosa, P. filiformis, and
P. angustifolia, (100; 72; 100). Clade C included, as was seen in the ndhF data analyses,
all Mexican species of the genus sampled in this study (100; 61; 89). The combined
nDNA + cpDNA data set supported the phylogenetic relationships of Paysonia as
inferred by the nDNA data sets.
Testing taxonomic and evolutionary hypotheses– The results of the S-H tests are
presented in Table 2. In the combined analysis of nDNA and cpDNA, the data did not
justify rejection of the hypotheses that Dimorphocarpa is sister to Dithyrea, the alliance
of Synthlipsis to Nerisyrenia and Lyrocarpa, or the sister relationship of Synthlipsis to all
of the other members of the DDNLS clade. These results however need to be considered
with caution due to the effect of low phylogenetic support in the performance of the S-H
test. Trends of trichome evolution proposed for Physarieae based on ndhF were not
rejected. Based on these results, densely dendritic branched trichomes are ancestral,
stellate trichomes were derived in Physaria, and the reduction in the number of branches
of dendritic trichomes in Paysonia was secondarily derived.
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DISCUSSION
Comparative utility of ITS and LD sequence data in Physarieae– In spite of the
widespread use of ITS in systematic and evolutionary studies of intertribal relationships
in Brassicaceae (see review by Koch et al. 2003; Bailey et al. 2006; Al-Shehbaz and
Warwick 2007; Koch et al. 2007; Warwick et al. 2007, 2008, 2010), a number of
molecular phylogenetic processes impact ITS sequences in ways that may lead to
misleading phylogenetic inferences. These include excessive sequence diversity,
incomplete ribosomal lineage sorting, and problems related to identifying orthologous
and paralogous copies. Two of the most prevalent complications associated with ITS are
the fast evolutionary rate of change at variable positions and a tendency to accumulate
higher levels of homoplasy (Alvarez and Wendel 2003). The analyses of the molecular
data presented here give us the opportunity to explore the relative utility of ITS sequences
for reconstructing phylogenetic relationships of Physarieae and to compare those results
with a single-copy LD nuclear gene.
The parsimony statistical comparisons between ITS and LD data sets indicate that
ITS exhibited almost twice as much variation, as reflected by pairwise differences in ITS
up to 14.8% compared to 8.6% in LD and the ratio of potentially phylogenetic
informative characters and variable sites (Table 2). However, even though the number of
potentially phylogenetically informative characters was significantly higher in ITS,
consistency index values indicate that ITS sequences are more homoplastic than LD
sequences (Table 1). Although it might be expected that levels of homoplasy may be
inherently biased due to high A + T or G + C content (Muse 2000; Cronn et al. 2002),
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sequences of the two nuclear markers do not exhibit a remarkably different degree of ATrichness (ITS: 56.93% vs. LD: 64.36%).
All these data together suggest that there are few informative characters indicating
relationships in ITS, and that variable sites could be generated by other random changes
(noise or homoplasy) related to the gene’s mode of evolution. Because variable sites in
ITS may masquerade as synapomorphic characters, there is a possibility that ITS could
potentially lead to erroneous phylogenetic interpretations (Gontcharov et al. 2004;
Stefanovic and Olmstead 2004).
LD provides an alternative phylogenetic signal from the nuclear genome and
allows comparison of results obtained from ITS. This study is the second to use the LD
marker to resolve phylogenetic relationships within Brassicaceae, and confirms the utility
of low-copy nuclear markers. To our knowledge, this is the first study to use LD
sequence data to recover relationships above the species level in any plant group. LD
alone is sufficiently variable to infer relationships within closely related genera (Fig. 3),
and so the gene may be of phylogenetic value in other groups of Brassicaceae.
Phylogenetic relationships in Physarieae– The analysis of chloroplast and
nuclear data strongly support Physarieae as monophyletic, and also the grouping of
Physarieae into two major lineages, the DDNLS and PP clades. The data presented here
suggest that apparent discrepancies among nuclear and chloroplast data, as shown by the
differences in placement of genera of the DDNLS clade and in the species of Physaria
and Paysonia, may be spurious, and hence favor our decision to support insights gained
from the simultaneous analyses of chloroplast and nuclear data sets.
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The sister relationship of Nerisyrenia and Lyrocarpa recovered in the combined
analyses of nDNA and cpDNA indicates that the historical placement of these two genera
in tribes Thlaspideae and Sisymbrieae by Bentham and Hooker (1862), in Schizopetaleae
and Hesperideae by Prantl (1891), and in Schizopetaleae and Arabideae by Hayek (1911)
were incorrect due to the overemphasis of particular morphological characters such as
cotyledon position and fruit type, two characters prone to convergence (Fuentes-Soriano,
Chapter 1). Although Nerisyrenia and Lyrocarpa are quite distinct in many
morphological respects they do share the perennial habit, strongly 2-lobed stigmas, and
longest fruits found in the tribe (Fuentes-Soriano, Chapter 1).
The well-supported relationships within Nerisyrenia inferred by the combined
nDNA and cpDNA data set support Bacon’s (1975, 1978) recognition of “two
evolutionary lines” within the genus defined by morphology, chemistry, cytology,
geographic distribution, and geological history. However, earlier inferences of the
ancestral basic chromosome number remain ambiguous. Bacon (1975), made more than
150 chromosome counts for all 11 species of Nerisyrenia, hypothesized that the basic
chromosome number of the genus was x =10. Nerisyrenia incana and N. johnstonii have
a base chromosome number of x = 10, whereas that of N. mexicana and N. gypsophila is x
= 9. Moreover, problems with sequence resolution of N. incana and N. johnstonii
especially when compared with ITS (Fig. 2, Appendix 2) require further study. In ITS, N.
gypsophila is sister to a clade including N. johnstonii, N. incana and N. mexicana, but
only N. mexicana is monophyletic (83; 89; 99) within this group (Appendix 2).
Sequences of N. incana and N. johnstonii are scattered within the clade. One sequence of
N. johnstonii forms a subclade with one of the sequences of N. incana. Population
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sampling and further analyses are required to clarify the potential problem of species
delimitation suggested by ITS, to infer relationships between remaining species of the
genus (6 or 7 species), and to further investigate the basic chromosome number for the
genus.
The position of Dithyrea californica in the nDNA phylogenetic analyses supports
Rollins’s (1979) circumscription of Dithyrea. However the uncertainty regarding the
phylogenetic position of Dimorphocarpa species suggested by the nuclear molecular data
do not show conclusive support for the segregation of Dimorphocarpa from Dithyrea as
suggested by Rollins (1979). In ITS, ITS + LD, and ndhF analyses, Dimorphocarpa
membranacea, the narrowly endemic Mexican species of the genus appears to be more
closely related to Dithyrea (Sonoran desert), whereas the widespread D. wislizeni
(southern/western USA) is phylogenetically unstable. It is possible that the lack of
resolution of D. wislizeni reflects lineage sorting or insufficient variation in the markers
used in this study.
Dimorphocarpa wislizeni has a wide geographic distribution that favors the
possibility of increasing regional genetic diversity within the species and consequently a
rapid genomic evolution. Under this scenario one could explain the apparent discrepancy
in the results inferred from ndhF and nuclear data sets, especially if functional constraints
impaired extensive evolution of the chloroplast genome.
Morphologically Dithyrea and Dimorphocarpa have similar fruit types
(indehiscent, didymous, two-seeded, strongly compressed perpendicular to the septum),
but differ in other features of flowers, pollen, and extrafloral nectaries. Indeed pollen size
and ornamentation in Dithyrea is unusual in the whole Physarieae, the grains being 4-
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aperturate, coarsely reticulate, and baculate in the lumen. Chromosomal evidence also
suggests the distinctiveness of Dithyrea and Dimorphocarpa. Rollins (1979) suggested
that Dimorphocarpa has a basic chromosome number of x = 9 (essentially monobasic
with 2n =18), while that of Dithyrea is x =10 (including diploids 2n = 20, hexaploids 2n
= 60, and octaploids 2n = 80). Moreover, Dithyrea and Dimorphocarpa are isolated from
each other by ecological differences (e.g., climate variation, soil types) and geological
barriers. Dithyrea grows on the northwest side of the Sierra Madre Occidental (Sonoran
Desert), whereas Dimorphocarpa is found on the eastern side of that mountain range
expanding into the eastern desertic areas of North America.
The combined analyses of nDNA and cpDNA provide novel phylogenetic insights
into Physaria. Results support the grouping of the North American species of Physaria
into three clades, A, B, and C, that are each further supported by distinct morphological
and geographic distribution differences.
The phylogenetic relationships inferred by the nuclear data sets suggest that the
Mexican species of Physaria share similar fruit and trichome morphology (stellate
webbed trichomes. In clade B the grouping of the species of Physaria with n = 4 in all the
data sets is supported by a number of characters, including perennial habit, globose
didymous capsules, 2–4 ovules per locule, and non-umbonate stellate trichomes with free
forked rays. No other member of clade B shows this combination of characters. The
species with n = 4 are mainly distributed in temperate habitats of Colorado, Montana,
northern New Mexico, and Wyoming, USA. Further molecular data and more complete
sampling including the other ca. 9 species of Physaria with n = 4 are needed to clarify
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phylogenetic relationships within this group and its relationships to other North American
Physaria lineages.
The sister relationship of Physaria filiformis and P. globosa in clade B is
supported by chromosome numbers of n = 7 and annual habit in both species (Rollins
1993), and the reduction in the number of rays (3 to 6 vs. 6 or more) in the stellate
trichomes. The species pair has a very narrow distribution in cedar glades and limestone
outcrops in open woods of midwestern USA (Missouri, Kentucky, and Tennessee).
The results of the combined analyses of nDNA + cpDNA support the alliance of
the Mexican endemic species of Physaria (Mexican clade C), which are characterized by
their umbonate trichomes with simple or forked rays that are fused at the base for at least
one half of their length. Although most of the members in this clade are found in the
Chihuahuan desert, the sister species P. rosei and P. argentea are narrow edaphic
endemics in central arid regions of Mexico. These two species share a unique
combination of characters: prostrate perennials with oblong, compressed (angustiseptate)
fruits and short styles (Fuentes-Soriano, Chapter 1).
The combined nDNA and cpDNA analyses support Rollins’s (1952) hypotheses
of Paysonia evolution in that the western species are independent from the Eastern
species. Moreover, all data point to a very close relationship between Paysonia densipila,
P. stonensis, and P. perforata. These three species are known to form interspecific
hybrids (Rollins 1952, 1954, 1955, 1957, 1988; Rollins and Shaw 1973; Rollins and
Solbrig 1973) and the lack of phylogenetic resolution among them may reflect
hybridization events. However, neither chromosome counts nor the morphology of the
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samples studied here showed any signs of hybridization. Studies of the population
genetics of these and related species are needed to clarify species limits.
Morphological implications–Although our results strongly suggest that
multiaperturate pollen grains are a synapomophy unifying Physarieae, interesting
differences are found in the patterns of morphological variation and species diversity
between the two main clades of the tribe.
While the relatively small DDNLS clade (21 species in five genera) has
historically experienced major changes in many reproductive morphological features, the
larger PP clade (122 species in two genera) has undergone sizeable changes in trichome
morphology but more subtle differences related to fruit structure. These results suggest
that reproductive morphology (e.g. flowers, fruits, seeds) is more diverse within the
DDNLS clade and seems to support Stebbins (1952) hypothesis suggesting that aridity,
geographic isolation, and edaphic and regional climatic fluctuations precede rapid rates of
divergence and concomitant morphological changes.
Although understanding many patterns of morphological evolution within
Physarieae remains elusive, some insights are gained regarding the evolution of
trichomes in the tribe. The data support the hypotheses that: (1) dendritic trichomes are
ancestral and symplesiomorphic for the DDNLS clade and Paysonia, (2) reduction in
trichome branch number is derived in Paysonia, and (3) stellate trichomes and trichome
branch webbing are derived in Physaria (Table 2).
Simple trichomes evolved twice within the tribe independently, within the
DDNLS clade in Dithyrea and in the Paysonia clade. Simple trichomes in Dithyrea are
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not tapered and have rounded tips, whereas in Paysonia they are tapered from the base
and the tips are acute (trichomes of P. densipila are exceptionally “bulbous” at the base).
Based on our sampling within Physaria, major clades are defined by three of the
eight trichome-types observed in the species sampled (Types I to III). Type I is
represented by stellate, umbonate trichomes with simple rays fused for < 1/2 of their
length, type II corresponds to stellate, umbonate trichomes with forked and free rays, and
type III is defined by stellate trichomes lacking an umbo and with simple and forked rays,
fused for <1/2 of their length.
Given the large number of species, long branches separating Physaria from its
sister group Paysonia and the DDNLS clade, and the unique trichome diversity, stellate
trichomes may possibly represent a key innovation for Physaria. However,
developmental data in Arabidopsis thaliana suggest that trichome morphology appears to
be highly complex and labile. Ecological factors, gene interactions, gene dosages, and
DNA-contents (endoreduplication), among other factors, are known to influence the
morphology of trichomes (Hülskamp et al. 1994; Larkin et al. 1996; Hauser et al. 2001;
Bouyer 2004; review in Beilstein and Szymanski 2004).
The results of this study suggest confidently the monophyly of the tribe and the
recognition of two major lineages. This study additionally identified a sister relationship
of Nerisyrenia with Lyrocarpa and Paysonia with Physaria. Although the monophyly of
Dithyrea as currently circumscribed is indisputable, the position of Dimorphocarpa
relative to Dithyrea, and Synthlipsis relative to the other members of the DDNLS clade
remains uncertain.
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The lack of local resolution within the tribe could be interpreted as evidence of
slow molecular evolution by the marker used in this study and rapid rates of
morphological diversification. Although the lower number of species in the DDNLS
clade contradicts the presence of rapid evolution, it is possible that the present-day clade
only shows evolutionary ends of a formerly richer lineage as suggested for other
Brassicaceae (Rollins and Shaw 1973). This is plausible since extreme aridity, edaphic,
and climatic conditions in which the Physarieae occurs are credited with stimulating
relatively rapid evolution (Stebbins 1952; Raven 1964; Axelrod 1967). Future
phylogenetic studies including extensive sampling of Physaria, additional populationlevel studies of specific groups, and developmental data will provide further evidence
when testing the effect of among-lineage variation in diversification rates and explain
morphological disparities among and within extant major groups of Physarieae.
Enough data have accumulated to provide an alternative phylogenetic framework
of Physarieae that allow to re-evaluate patterns of morphological evolution within the
tribe, work that will be presented in a future publication. Furthermore, these framework
can guide sampling when studying local areas of the phylogeny of Physarieae still in need
of better phylogenetic resolution.
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TABLE 2. Results of Shimodaira-Hasegawa test of topological differences among
likelihood, Bayesian and parsimony phylogenetic estimations. Constraint trees are listed
in order of appearance in text. Significant differences are marked with asterisk in the
column of P-values.
Phylogenetic estimates
ITS
Maximum parsimony
Bayesian analysis
Maximum likelihood
ITS, > 50% supported nodes
LD tree, > 50% supported nodes
ndhF tree, > 50% supported nodes
ITS tree, > 70% supported nodes
LD tree, > 70% supported nodes
ndhF tree, > 70% supported nodes
LD
Maximum parsimony
Bayesian analysis
Maximum likelihood
LD tree, > 50 % supported nodes
ITS tree, > 50% supported nodes
ndhF, > 50% supported nodes
LD tree, > 70 % supported nodes
ITS tree, > 70% supported nodes
ndhF tree, > 70% supported nodes
Combined ITS+LD
Maximum parsimony
Bayesian analysis
Maximum likelihood
Combined, > 50% supported nodes
ITS tree, > 50% supported nodes
LD tree, > 50% supported nodes
ndhF, > 50% supported nodes
Combined, > 70% supported nodes
ITS tree, > 70% supported nodes
LD tree, > 70% supported nodes

-In Likelihood

Difference from
the best tree

P-value

7421.13893
7140.33488
7132.83498

0.66056
7.49990
best

0.492
0.313

5358.44080
4714.08910

51.04520
16.37829

0.066
0.313

5335.13891
4714.08910

27.74331
25.50914

0.240
0.211

5745.16856
5746.69390
5745.16855

0.00000
1.52535
best

0.718
0.257

6032.23820
4330.81342

427.34567
201.56906

0.000*
0.000*

6041.06092
4283.99617

535.03088
154.75180

0.000*
0.000*

9867.64158
9884.34696
9863.80674

3.83484
20.54023
best

0.244
0.080

9959.15946
10028.3204
9301.97107

76.61843
20353080
127.38371

0.089
0.343
0.000*

10120.38824
10120.38824

203.42873
111.90026

0.002*
0.013*
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Phylogenetic estimates

-In Likelihood

ndhF, > 70% supported nodes
ndhF, > 50 % supported nodes

9301.97107

Difference from
the best tree
127.38371

P-value

ITS tree, > 50% supported nodes
LD tree, > 50% supported nodes
Combined, > 50% supported nodes
ndhF, tree, > 70 % supported nodes
ITS tree, > 70% supported nodes
LD tree, > 70% supported nodes
Combined, > 70% supported nodes
Combined ITS + LD + ndhF
Maximum parsimony
Bayesian analysis
Maximum likelihood
Evolutionary hypothesis
Dithyrea + Dimorphocarpa
Synthlipsis + [DDNL clade]
Lyrocarpa + Nerisyrenia +
Synthlipsis
Highly branched trichomes
(DDNLS clade)
Moderately branched trichomes
(Paysonia)
Stellate trichomes (Physaria)

5901.59960
5987.27399
5908.94217

98.22112
85.67439
56.16417

0.050
0.021*
0.142

5908.94271
5938.21850
5908.94270

105.56422
29.275780
56.164170

0.041*
0.283
0.142

15126.03783
15478.34980
15346.03287

0.67484
12.6672
best

0.533
0.089

15346.10640
15347.01652
15347.86594

0.07353
0.98365
1.83308

0.505
0.462
0.472

15346.81049

0.77762

0.491

15346.42307

0.39020

0.490

15346.42307

0.42033

0.590

0.000*
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APPENDIX 1. Species name, voucher information, and GenBank accession numbers for
taxa used in this study. Herbarium codes follow Holmgren et al. (1990). Voucher
information is listed as follows: scientific name, origin or source, collector and number
(in italics), herbarium (in parentheses), Genbank accessions, ndhF, ITS, LD. A dash
indicates the region was not sampled.

Alyssum simplex Rudolphi– New Mexico, USA, Fuentes-Soriano et al. 269, (MO).
Anelsonia eurycarapa (A. Gray) J.F. Macbr. & Payson– California, USA, Beilstein 0172, (MO), DQ288729,_,_. Arabidopsis thaliana (L.) Heynhold– Missouri, USA,
Fuentes-Soriano et al., (MO). Capsella bursa-pastoris L Harnosand, Sweden; Holm 14,
(OSUB),_,_, DQ343328. Boechera laevigata (Muhl. Ex. Willd.) Al-Shehbaz– Missouri,
USA, Beilstein 01-06, (MO), DQ288739,_,_. Descurainia sophia (L.) Webb.– New
Mexico, USA, Beilstein 01-19, (MO), DQ288759,_,_. Dimorphocarpa wislizeni (Engelm)
Rollins– New Mexico, USA, Fuentes-Soriano et al. 267, (MO); New Mexico, USA,
Fuentes-Soriano et al. 304, (MO). Dimorphocarpa membranacea (Payson) Rollins– San
Luis Potosi, Mexico, Waterfall & Wallis s.n, (GH); Tamaulipas, Mexico, Palmer 87,
(MO). Dithyrea californica Harvey– California, USA, Rollins & Rollins 7836, (GH);
Baja California, Mexico, Shreve 6963, (MO). Dithyrea maritima (Davidson) Davidson–
California, USA, Raven & Thompson 20706, (MO); California, USA, Thorne & Tilforth
52437, (MO). Exhalimolobos palmeri (Hemsl.) Al-Shehbaz and C. D. Bailey– Puebla,
Mexico, Fuentes-Soriano et al. 224, (MO). Lepidium campestre L.– Arizona, USA,
Fuentes-Soriano et al. 249, (MO). Lyrocarpa coulteri Hook. & Harvey– Baja California,
Mexico, Fuentes-Soriano et al. 117, (MO); Baja California, Mexico, Fuentes-Soriano et
al. 148, (MO). Lyrocarpa linearifolia Rollins– Baja California, Mexico, Wiggins 17235,
(MO); Baja California, Mexico, Moran 10387, (NY). Lyrocarpa xantii Brandegee– Baja
California, Mexico, Fuentes-Soriano et al. 131, (MO); Baja California, Mexico, Fuentes-
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Soriano et al. 132, (MO). Nerisyrenia gypsophila J. D. Bacon– Coahuila, Mexico,
Fuentes-Soriano et al. 171a, (MO); Coahuila, Mexico, Fuentes-Soriano et al. 171b,
(MO). Nerisyrenia incana Rollins– Coahuila, Mexico, Fuentes-Soriano et al. 99, (MO);
Coahuila, Mexico; Fuentes-Soriano et al. 101, (MO). Nerisyrenia johnstonii J. D.
Bacon– Coahuila, Mexico, Fuentes-Soriano et al. 98a, (MO); Coahuila, Mexico,
Fuentes-Soriano et al. 98b, (MO). Nerisyrenia mexicana (J.D. Bacon) B.L.Turner–
Coahuila, Mexico, Fuentes-Soriano et al. 96a, (MO); Coahuila, Mexico, Fuentes-Soriano
et al. 96b, (MO). Neslia paniculata (L. )Desv. Unknown (B), DQ343348,_,_. Paysonia
auriculata (Engelm. & A. Gray) O'Kane & Al-Shehbaz– Oklahoma, USA, FuentesSoriano 300a, (MO); Arizona, USA, Fuentes-Soriano 300b, (MO). Paysonia grandiflora
(Hook.) O'Kane & Al-Shehbaz– Texas, USA, Nesom & Nesom 6858, (ENCB); Texas,
USA, Rollins 5556, (MO). Paysonia densipila (Rollins) O'Kane & Al-Shehbaz–
Tennessee, cultivated, USA, Fuentes-Soriano et al. 271, (MO); Tennessee, USA, Rollins
& Rollins 9008, (MO). Paysonia lasiocarpa (Hook. Ex A. Gray) O'Kane & Al-Shehbaz–
Coahuila, Mexico, Higgins 2712, (ENCB); Tamaulipas, Mexico, Gonzalez-Romo 339,
(ENCB). Paysonia lescurii (A. Gray) O'Kane & Al-Shehbaz– Tennessee, USA, FuentesSoriano & Rogers 308, (MO); Tennessee, USA, Rollins & Rollins 55117, (MO).
Paysonia lyrata (Rollins) O'Kane & Al-Shehbaz–Alabama, USA Fuentes-Soriano 301a,
(MO); Alabama, USA. Fuentes-Soriano 301b, (MO). Paysonia perforata (Rollins)
O'Kane & Al-Shehbaz– Tennessee, USA, Fuentes-Soriano et al. 242, (MO); Tennessee,
USA, Fuentes-Soriano 272a, (MO). Paysonia stonensis (Rollins) O'Kane & AlShehbaz– Missouri, USA, Fuentes-Soriano et al. 243, (MO); Missouri, USA, FuentesSoriano et al. 273, (MO). Pennellia lasiocalycina (O. E. Schulz) Rollins– Chihuahua,
Mexico, Fuentes-Soriano et al. 56, (MO). Physaria acutifolia Rydb.– Arizona, USA,
Fuentes-Soriano 274, (MO); New Mexico, USA Fuentes-Soriano 275, (MO). Physaria
alpina Rollins– Colorado, USA, O'Kane 3736, (ISTC); Colorado, O'Kane 3982, USA
(ISTC). Physaria angustifolia (Nutt. ex Torr. & A. Gray) O'Kane & Al-Shehbaz–

Fuentes-Soriano, Sara, Ph. D. Dissertation, UMSL, p.110
Oklahoma, USA, Fuentes-Soriano 299, (MO); Oklahoma, USA, Fuentes-Soriano 303,
(MO). Physaria argentea (Schauer) O'Kane & Al-Shehbaz– Hidalgo, Mexico, FuentesSoriano et al. 238a, (MO); Hidalgo, Mexico, Fuentes-Soriano et al. 238b, (MO).
Physaria argyraea (A. Gray) O'Kane & Al-Shehbaz– San Luis Potosi, Mexico, FuentesSoriano et al. 42, (MO); Coahuila, Mexico, Fuentes-Soriano 295, (MO). Physaria
arizonica (S. Watson) O'Kane & Al-Shehbaz– Arizona, USA, Fuentes-Soriano et al.
260, (MO); Arizona, USA, Fuentes-Soriano 277, (MO). Physaria bellii G.A. Mulligan–
B & T world seeds, USA JC-1 (MO); B & T world seeds, USA, JC-2, (MO). Physaria
eburniflora Rollins– B & T world seeds, USA, 969-1JC, (MO); B & T world seeds,
USA, 969-2JC, (MO). Physaria fendleri (A. Gray) O'Kane & Al-Shehbaz– Coahuila,
Mexico, Fuentes-Soriano et al. 190f, (MO). Physaria filiformis (Rollins) O'Kane & AlShehbaz– Tennessee, USA, Fuentes-Soriano et al. 240a, (MO); Tennessee, USA,
Fuentes-Soriano et al. 240b, (MO). Physaria floribunda Rydb.– New Mexico, USA,
Beilstein 01-17, (MO), DQ288813,_,_; New Mexico, USA, Rollins et al. 8339, (MO).
Physaria globosa (Desvaux) O'Kane & Al-Shehbaz– Missouri, USA, Fuentes-Soriano
241a, (MO); Missouri, USA, Fuentes-Soriano 241b, (MO). Physaria gordonii (A. Gray)
O'Kane & Al-Shehbaz– New Mexico, USA Fuentes-Soriano et al. 268, (MO); Arizona,
USA, Fuentes-Soriano 302, (MO). Physaria gracilis (Hook.) O'Kane & Al-Shehbaz–
Oklahoma, USA, Fuentes-Soriano 296, (MO); Oklahoma, USA, Fuentes-Soriano 298,
(MO). Physaria intermedia (S. Watson) O'Kane & Al-Shehbaz– Arizona, USA, FuentesSoriano et al. 265, (MO); Arizona, USA, Fuentes-Soriano 280, (MO). Physaria
johnstonii (Rollins) O'Kane & Al-Shehbaz– Coahuila, Mexico, Fuentes-Soriano et al.
194b, (MO); Coahuila, Mexico, Fuentes-Soriano et al. 194b, (MO). Physaria kingii (S.
Watson) O'Kane & Al-Shehbaz– Arizona, USA, Fuentes-Soriano et al. 264a, (MO);
Arizona, USA, Fuentes-Soriano et al. 264b, (MO). Physaria mexicana (Rollins) O'Kane
& Al-Shehbaz– Coahuila, Mexico, Fuentes-Soriano et al. 294a, (MO); Coahuila,
Mexico, Fuentes-Soriano et al. 294b, (MO). Physaria mirandiana (Rollins) O'Kane &
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Al-Shehbaz– Nuevo León, Mexico, Steward 8630, (MEXU); Nuevo León, USA,
Villareal & Betancourt 8630, (MEXU). Physaria navajoensis (O'Kane) O'Kane & AlShehbaz– New Mexico, USA, O'Kane & Heil 3850a, (ISTC); New Mexico, USA,
O'Kane & Heil 3850b, (ISTC). Physaria ovalifolia (Rydberg) O'Kane & Al-Shehbaz–
Texas, USA, Waller 1305, (ENCB); Oklahoma, USA, Fuentes-Soriano 291, (MO).
Physaria pallida (Torrey & A. Gray) O'Kane & Al-Shehbaz– Texas, USA, FuentesSoriano 297a, (MO); Texas, USA, Fuentes-Soriano 297b, (MO). Physaria pueblensis
(Payson) Rollins– Puebla, Mexico, Fuentes-Soriano et al. 109a, (MO); Puebla, Mexico,
Fuentes-Soriano et al. 109b, (MO). Physaria purpura (A. Gray) O'Kane & Al-Shehbaz–
Coahuila, Mexico, Fuentes-Soriano et al. 167a, (MO); Coahuila, Mexico, FuentesSoriano et al. 167b, (MO). Physaria rectipes (Wooton & Standley) O'Kane & AlShehbaz– Arizona, USA, Fuentes-Soriano 292a, (MO); Arizona, USA, Fuentes-Soriano
292b, (MO). Physaria rosei (Rollins) O'Kane & Al-Shehbaz– Puebla, Mexico, FuentesSoriano et al. 222a, (MO); Puebla, Mexico, Fuentes-Soriano et al. 222d, (MO). Physaria
schaffneri (S. Watson) O'Kane & Al-Shehbaz– Guanajuato, Mexico, Ventura & Lopez
8201, (MEXU); Guanajuato, Mexico, Ventura & Lopez 8297, (MEXU). Physaria tenella
(A. Nelson) O’Kane & Al-Shehbaz– New Mexico, USA, Fuentes-Soriano et al. 266,
(MO). Physaria wyndii (Rollins) O'Kane & Al-Shehbaz– Coahuila, Mexico, FuentesSoriano et al. 193a, (MO); Coahuila, Mexico, Fuentes-Soriano et al. 193b, (MO).
Sphaerocardamum nesliiforme Schauner– Fuentes-Soriano et al. 231a, Hidalgo, Mexico
(MO). Synthlipsis greggii A. Gray– Coahuila, Mexico, Fuentes-Soriano et al. 105,
(MO); Coahuila, Mexico, Fuentes-Soriano et al. 162, (MO). Transberingia bursifolia
(Nutt.) Al-Shehbaz & O'Kane– unknown; Price 1385 (GA),_,_, DQ343347.
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Appendix 2. ML phylogram for the complete 224-sequence ITS data set. Numbers above
branches are MP bootstrap values; numbers below branches are ML bootstrap values and
Bayesian posterior probabilities. Asterisks indicate support values !50%. Numbers after
species names indicate specific accession; capitalized letters indicate PCR reactions;
lower-case letters denote clones from a single PCR reaction.
Appendix 2 (ITS part 1)
Physaria_pueblensis_2_F_a
Physaria_pueblensis_1_F_a
Physaria_pueblensis_1_F_b
Physaria_pueblensis_2_F_b
Physaria_schaffneri_1_G_a
100
Physaria_schaffneri_2_G_a
100/99
Physaria_schaffneri_2_G_b
63
Physaria_schaffneri_1_G_b
85/97
Physaria_alpina_2_G_a
99
*
Physaria_alpina_2_G_b
73/98
78
100/100
88/100
Physaria_alpina_1_G_b
100/99
Physaria_alpina_1_G_a
Physaria_eburniflora_2_F_b
*
65/98
Physaria_floribunda_1_G_a
Physaria_acutifolia_1_G_b
Physaria_bellii_2_F_a
92
Physaria_floribunda_2_G_a
94/100
88 Physaria_floribunda_2_G_b
99/99
Physaria_floribunda_1_G_b
Physaria_bellii_2_F_b
n=4
66 Physaria_bellii_1_D_a
90/98
Physaria_bellii_1_D_b
Physaria_acutifolia_1_G_a
74
92/99
Physaria_acutifolia_2_G_b
Physaria_eburniflora_1_D_b
Physaria_eburniflora_1_D_a
Physaria_eburniflora_2_F_a
63
80/98
Physaria_acutifolia_2_G_a
Physaria_ovalifolia_1_E_a
100
100/100
Physaria_ovalifolia_1_E_b
*
76/99
Physaria_ovalifolia_2_F_a
100
100/100
Physaria_ovalifolia_2_F_b
Physaria_rectipes_2_F_a
Physaria_rectipes_1_E_b
Physaria_rectipes_1_E_a
Physaria_gordonii_1_E_a
Physaria_rectipes_2_F_b
*
71/95
92 Physaria_gordonii_2_G_b
100/99 Physaria_gordonii_2_G_a
Physaria_gordonii_1_E_b
*
Physaria_argentea_2_F_a
86
72/93
Physaria_argentea_2_F_b
91
87/100
*/89
Physaria_argentea_1_B_b
Physaria_argentea_1_B_a
* */80
96/95
Physaria_rosei_1_E_a
91 Physaria_rosei_2_F_b
96/99 Physaria_rosei_2_F_a
51/90
Physaria_rosei_1_E_b
Physaria_intermedia_2_E_b
93
Physaria_intermedia_2_E_a
97/99
95
98/99 64 Physaria_intermedia_1_E_a
*
100/97
Physaria_intermedia_1_E_b
72/97
Physaria_navajoensis_2_F_b
61
Physaria_navajoensis_1_E_b
61/89
61
60/98
Physaria_navajoensis_2_F_a
Physaria_navajoensis_1_E_a
Physaria_arizonica_2_E_a
100
100/100
Physaria_arizonica_2_E_b
63 Physaria_kingii_1_F_b
74 Physaria_kingii_2_G_a
61/90
72/99
Physaria_kingii_1_F_a
72/97
67
Physaria_kingii_2_G_b
69/98
Physaria_arizonica_1_E_a
56/87
Physaria_arizonica_1_E_b
Physaria_wyndii_1_G_a
Physaria_wyndii_1_G_b
100
100/100
Physaria_wyndii_2_G_a
Physaria_wyndii_2_G_b
*
*/89
Physaria_purpurea_1_B_b
Physaria_purpurea_2_F_b
97
98/100 Physaria_purpurea_2_F_a
Physaria_purpurea_1_B_a
Physaria_johnstonii_1_F_b
63
Physaria_johnstonii_1_F_a
100
82/99
100/100
Physaria_johnstonii_2_F_a
Physaria_johnstonii_2_F_b
Physaria_pallida_1_B_a
96
Physaria_pallida_1_B_b
100/100
100
Physaria_pallida_2_I_b
100/99
Physaria_pallida_2_I_a
100
100/100

99
100/99

Physaria

0.05 substitutions/per site

Physaria arizonica

to part 2
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to part 1

*
65/82

PP clade

93
98/99

92
92/99

to part 3

Physaria_fendleri_2_E_a
Physaria_fendleri_1_B_b
Physaria_fendleri_1_B_a
Physaria_fendleri_2_E_b
Physaria_mirandiana_1_G_a
100
*
100/100
Physaria_mirandiana_1_G_b
64/98
Physaria_mirandiana_2_I_a
Physaria_mirandiana_2_I_b
87
96/98
63 Physaria_mexicana_2_E_b
95/99
Physaria_mexicana_2_E_a
99
60/99
Physaria_mexicana_1_E_a
62
Physaria_mexicana_1_E_b
96/96
Physaria_tenella_3_G_b
*
Physaria_tenella_3_G_a
98/99
Physaria_tenella_3_F_a
*
68/99
96 Physaria_argyraea_2_G_a
100/100
Physaria_argyraea_2_G_b
100
100/99
Physaria_argyraea_1_G_b
94
100/100
Physaria_argyraea_1_G_a
Physaria_angustifolia_1_F_a
Physaria_angustifolia_1_F_b
Physaria_gracilis_1_F_a
Physaria_angustifolia_2_G_a
100
100/99
Physaria_angustifolia_2_G_b
Physaria_gracilis_1_F_b
60
85/90 Physaria_gracilis_2_G_b
Physaria_gracilis_2_G_a
Physaria_globosa_1_D_a
99
Physaria_globosa_2_F_b
100/100
85
89/99 Physaria_globosa_1_D_b
Physaria_globosa_2_F_a
94
98/100
Physaria_filiformis_2_G_a
94
Physaria_filiformis_1_D_a
65
Physaria_filiformis_1_D_b
84/95
95/99
Physaria_filiformis_2_G_b
Paysonia_lasiocarpa_2_G_a
77
100
Paysonia_lasiocarpa_2_G_b
100/99
84/81
Paysonia_lasiocarpa_2_G_b
Paysonia_grandiflora_2_C_b
Paysonia_grandiflora_2_C_a
100
100/99
77 Paysonia_grandiflora_1_B_b
84/81
Paysonia_grandiflora_1_B_a
Paysonia_auriculata_1_B_b
62
100/99
Paysonia_auriculata_1_B_a
62
Paysonia_auriculata_2_G_b
70/78
Paysonia_auriculata_2_G_a
Paysonia_densipila_2_G_b
Paysonia_stonensis_3_I_a
Paysonia_densipila_2_G_c
Paysonia_densipila_1_E_a
Paysonia_stonensis_2_C_b
Paysonia_stonensis_3_I_b
Paysonia_stonensis_2_C_a
74/92
Paysonia_stonensis_1_F_b
92
92/99
Paysonia_lyrata_2_I_b
Paysonia_lyrata_1_F_a
62
Paysonia_lyrata_2_I_a
Paysonia_lyrata_1_F_b
65/93
Paysonia_densipila_2_G_a
Paysonia_stonensis_1_F_a
Paysonia_lescurii_1_I_a
73 Paysonia_lescurii_2_I_a
Paysonia_lescurii_1_I_b
90/98
Paysonia_lescurii_2_I_b
Paysonia_perforata_1_E_b
Paysonia_perforata_1_E_a
Paysonia_densipila_1_E_b
Paysonia_perforata_2_E_a
63
95/95
Paysonia_perforata_2_E_b
82
100/99

Paysonia perforata

0.05 substitutions/per site

PHYSARIEAE
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Appendix 2 (ITS part 3)
to part 2

97

100/99

100
100/100

Dimorphocarpa_wislizeni_1_A_b
Dimorphocarpa_wislizeni_2_F_b
Dimorphocarpa_wislizeni_2_F_a
Dimorphocarpa_wislizeni_1_A_a
Dimorphocarpa_membranacea_2_I_b
Dimorphocarpa_membranacea_2_I_a
Dimorphocarpa_membranacea_1_H_b
Dimorphocarpa_membranacea_1_H_a
Dithyrea_maritima_1_E_b
Dithyrea_maritima_1_E_d
Dithyrea_maritima_1_E_c
Dithyrea_maritima_1_E_a
Dithyrea_californica_1_F_a
Dithyrea_californica_1_F_b
Dithyrea_californica_2_A_b
Dithyrea_californica_2_A_a
Synthlipsis_greggii_2_I_a
Synthlipsis_greggii_1_B_a
Synthlipsis_greggii_2_I_b
Synthlipsis_greggii_1_B_b
Lyrocarpa_coulteri_3_I_a
Lyrocarpa_xantii_1_B_b
Lyrocarpa_coulteri_1_A_b
Lyrocarpa_coulteri_2_F_a
Lyrocarpa_linearifolia_1_E_b
Lyrocarpa_linearifolia_1_E_a
Lyrocarpa_linearifolia_1_F_a
Lyrocarpa_linearifolia_1_C_a
Lyrocarpa_xantii_2_B_b
Lyrocarpa_xantii_2_B_a
Lyrocarpa_coulteri_1_A_a
Lyrocarpa_xantii_1_B_a
Nerisyrenia_gypsophila_2_I_a
Nerisyrenia_gypsophila_2_I_b
Nerisyrenia_gypsophila_1_I_b
Nerisyrenia_gypsophila_1_I_a
Nerisyrenia_incana_2_G_a
Nerisyrenia_incana_2_G_b
Nerisyrenia_johnstonii_2_G_b
Nerisyrenia_johnstonii_1_B_a
Nerisyrenia_johnstonii_1_B_b
Nerisyrenia_incana_1_E_b
Nerisyrenia_incana_1_E_a
Nerisyrenia_mexicana_2_G_a
Nerisyrenia_mexicana_1_B_b
Nerisyrenia_mexicana_2_G_b
Nerisyrenia_mexicana_1_B_a
Nerisyrenia_johnstonii_2_G_a
99

79/99

79

100
100/99

65

97

100/99

100/100

100/99

71
86/81

80

*

88/93

80/60

100

100/99

DDNLS clade

95
100/99

*

100
100/99

61/98

61

60
66/97

66/98

63
68/87

*

60/*

98
99/99

100
100/99

92/99

98
99/99

83

97
95/99

Nerisyrenia incana

97/99

71
83/96

Arabidopsis_thaliana_2_a
Arabidopsis_thaliana_2_b
Arabidopsis_thaliana_1_b
Arabidopsis_thaliana_1_a
Sphaerocardamum_nesliiforme_1_B_a
Sphaerocardamum_nesliiforme_2_F_a
Sphaerocardamum_nesliiforme_1_F_b
Pennellia_longifolia_1_A
Pennellia_lasiocalycina_1_E_a
Pennellia_lasiocalycina_1_E_b
Exhalimolobos_palmeri_1_F_a
Exhalimolobos_palmeri_1_E_a
*
Exhalimolobos_palmeri_1_E_b
Boechera_laevigata_1_F_c
Boechera_laevigata_1_F_b
Boechera_laevigata_1_F_a
Lepidium_draba_1_A
Lepidium_draba_2_A
Lepidium_campestre_1_E_a
Lepidium_campestre_1_E_b
Descurainia_sophia_1_H_a
Descurainia_sophia_1_H_b
Descurainia_californica_1_A
100

100/99

93
84/99

*

100
99/99

100
100/99

Nerisyrenia johnstonii

63
92/98
63
81/98
63
95/98

94/95

PHYSARIEAE

CAMELINEAE

100
100/100

HALIMOLOBEAE

87

99/99

100
100/99

100
100/99

99/99

BOECHERAEAE

100

100/99

100

100/99

100
100/100

LEPIDIEAE

99

100/98

92
99/99

100
100/100

100

100/98

Alyssum_simplex_2_I_a
Alyssum_simplex_1_E_a
Alyssum_simplex_1_E_b
Alyssum_simplex_2_I_b

DESCURAINEAE
ALYSSEAE
0.05 substitutions/site
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Appendix 3. ML phylogram for the complete 219-sequence LD data set. Numbers above
branches are MP bootstrap values; numbers below branches are ML bootstrap values and
Bayesian posterior probabilities. Asterisks indicate support values below !50%. Numbers
after species names indicate specific accession; capitalized letters indicate PCR reactions;
lower-case letters denote clones from a single PCR reaction.

Appendix 3 (LD part 1)

62
79/89
60

66/98

60
86/98

Physaria_arizonica_2_E_b
Physaria_arizonica_2_E_a
Physaria_pallida_1_E_a
Physaria_pallida_2_A_a
Physaria_pallida_2_A_c
Physaria_pallida_2_A_b
Physaria_schaffneri_2_H_d
Physaria_schaffneri_2_H_c
Physaria_schaffneri_1_H_a
Physaria_schaffneri_1_H_b
Physaria_alpina_1_D_b
Physaria_alpina_2_F_a
Physaria_alpina_2_F_b
Physaria_alpina_1_D_a
Physaria_arizonica_1_D_a
Physaria_arizonica_1_D_b
Physaria_intermedia_1_D_a
Physaria_intermedia_2_D_b
Physaria_intermedia_1_D_b
Physaria_intermedia_2_D_a
Physaria_johnstonii_1_D_e
Physaria_johnstonii_1_D_T
Physaria_johnstonii_1_D_a
Physaria_johnstonii_1_D_b
Physaria_tenella_1_D_a
Physaria_tenella_1_D_b
Physaria_argyraea_1_D_a
Physaria_argyraea_1_D_b
Physaria_argyraea_2_D_c
Physaria_argyraea_2_D_d
Physaria_wyndii_2_D_c
Physaria_wyndii_2_D_d
Physaria_wyndii_1_D_a
Physaria_wyndii_1_D_b
Physaria_fendleri_2_E_b
Physaria_fendleri_2_E_a
Physaria_gracilis_2_E_d
Physaria_gracilis_2_E_c
Physaria_gracilis_1_E_b
Physaria_gracilis_1_E_a
Physaria_ovalifolia_2_D_b
Physaria_ovalifolia_2_E_a
Physaria_ovalifolia_1_E_a
Physaria_ovalifolia_2_D_a
Physaria_purpurea_2_D_a
Physaria_purpurea_2_D_b
Physaria_purpurea_1_D_c
Physaria_purpurea_1_D_d
Physaria_pueblensis_1_E_d
Physaria_pueblensis_1_E_c
Physaria_pueblensis_1_E_a
Physaria_pueblensis_1_E_b
Physaria_mexicana_2_D_c
Physaria_mexicana_2_D_b
Physaria_mexicana_1_D_a
Physaria_mexicana_1_D_e
Physaria_mexicana_1_D_d
Physaria_globosa_1_E_b
Physaria_globosa_1_E_a
Physaria_globosa_2_H_b
Physaria_globosa_2_H_a
Physaria_filiformis_2_B_b
Physaria_filiformis_2_B_a
Physaria_filiformis_1_E_b
Physaria_filiformis_1_E_a
Physaria_eburniflora_2_G_a

63
73/99

78
91/-

87
94/99

97
100/99

63
72/98

98
97/99
97

99/99

99
100/100

99
99/99

88
97/99

100
100/100

*

77/*

98
100/100

95

83
91/98

100
100/100

99
99/99

PHYSARIEAE

95
95/100

96
99/99

63

98
99/99

88
97/99

99
100/99

87
97/99

100
100/99

95
98/99

73
100/99

81
73/99

98
94/99

100
100/100

77
80/87

substitutions/site
to part 2
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Appendix 3 (LD part 2)

Physaria_eburniflora_2_G_a
Physaria_eburniflora_1_E_b
Physaria_eburniflora_2_G_b
Physaria_eburniflora_1_E_a
Physaria_floribunda_1_H_a
Physaria_bellii_1_E_a
Physaria_bellii_1_D_b
Physaria_bellii_1_D_a
Physaria_bellii_1_E_b
Physaria_floribunda_2_G_d
Physaria_floribunda_2_G_c
Physaria_floribunda_2_G_a
Physaria_floribunda_2_G_b
Physaria_acutifolia_1_D_a
Physaria_acutifolia_1_D_b
Physaria_acutifolia_1_D_c
Physaria_acutifolia_1_D_d
Physaria_rectipes_3_E_d
Physaria_rectipes_1_D_a
Physaria_rectipes_2_E_b
Physaria_rectipes_3_E_c
Physaria_kingii_1_E_b
Physaria_kingii_2_E_a
Physaria_kingii_2_E_b
Physaria_kingii_1_E_a
*
Physaria_navajoensis_1_D_a
Physaria_navajoensis_2_H_a
*
Physaria_navajoensis_1_D_b
Physaria_navajoensis_2_H_b
Physaria_mirandiana_2_E_a
Physaria_mirandiana_2_E_b
Physaria_mirandiana_1_E_a
Physaria_mirandiana_1_E_b
Physaria_gordonii_2_H_a
Physaria_gordonii_2_H_b
Physaria_gordonii_1_G_a
Physaria_gordonii_1_G_b
Physaria_rosei_2_D_a
Physaria_rosei_2_D_b
Physaria_rosei_1_E_b
Physaria_rosei_1_E_a
Physaria_argentea_2_B_b
Physaria_argentea_2_B_a
Physaria_argentea_1_E_a
Physaria_argentea_1_E_b
Physaria_angustifolia_2_E_a
Physaria_angustifolia_2_E_b
Physaria_angustifolia_1_C_b
Physaria_angustifolia_1_C_a
Paysonia_lasiocarpa_1_F_b
Paysonia_lasiocarpa_1_F_a
Paysonia_lasiocarpa_2_F_b
Paysonia_lasiocarpa_2_F_a
Paysonia_grandiflora_2_H_a
Paysonia_grandiflora_2_G_b
Paysonia_grandiflora_1_B_a
Paysonia_grandiflora_1_B_b
Paysonia_auriculata_1_B_a
Paysonia_auriculata_1_B_b
Paysonia_auriculata_1_B_c
Paysonia_auriculata_2_H_b
Paysonia_auriculata_2_H_a
Paysonia_perforata_3_C_a
Paysonia_perforata_3_C_b
Paysonia_stonensis_2_D_b
Paysonia_perforata_2_B_a
Paysonia_stonensis_1_D_a
Paysonia_perforata_2_B_b
Paysonia_stonensis_1_D_b
Paysonia_lyrata_2_H_b
Paysonia_lyrata_1_E_a
Paysonia_lyrata_1_E_b
Paysonia_lyrata_2_H_a
Paysonia_stonensis_2_D_a
Paysonia_lescurii_2_G_c
Paysonia_lescurii_1_G_a
Paysonia_lescurii_1_G_b
Paysonia_lescurii_2_G_d
Paysonia_densipila_1_D_a
Paysonia_densipila_1_D_b
Paysonia_densipila_2_E_b
Paysonia_densipila_2_E_a
Paysonia_perforata_1_H_b
Paysonia_perforata_1_H_a
87
91/99

*

*/89

PP clade

94
100/99

*

74/83

70
82/99

70
82/90

63 98/99
77/98
99/99

99
100/99

63
88
94/99
72/99

62/96

65/*

87
87/99

86
97/90

100
100/99

62
88/91

87
89/90

87
94/99

87
89/99

63

86 73/99
93/99

62
81/99

100
100/99

60
86/99

99

100/99

100
100/99

98
99/99

84/99

88
96/99

98
100/99

94/92

71
78/99

76
82/99

79/99

83/99

72

61/99

72
76/99
72

76/99

61
85/99

86

96
89/99
99/99

to part 3

86
88/99

substitutions/site

PHYSARIA
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Appendix 3 (LD part 3)
to part 2

99
100/99

Dimorphocarpa_membranacea_1_H_b
Dimorphocarpa_membranacea_2_H_a
Dimorphocarpa_membranacea_1_H_a
Dimorphocarpa_membranacea_2_H_b
Dithyrea_maritima_1_B_b
100
Dithyrea_maritima_1_B_a
100/99
Dithyrea_californica_2_B_a
Dithyrea_californica_2_B_b
Nerisyrenia_mexicana_1_B_a
67
79/99 Nerisyrenia_mexicana_1_B_b
Nerisyrenia_mexicana_1_B_d
94
Nerisyrenia_mexicana_1_B_c
60
87/99
79/99
Nerisyrenia_johnstonii_1_B_b
Nerisyrenia_johnstonii_1_B_d
Nerisyrenia_johnstonii_1_B_a
Nerisyrenia_johnstonii_1_B_c
*
DDNLS clade 80/99
Nerisyrenia_gypsophila_1_H_d
Nerisyrenia_gypsophila_1_H_a
Nerisyrenia_gypsophila_1_H_c
Nerisyrenia_gypsophila_1_H_b
91
Nerisyrenia_incana_2_H_b
100
98/99
100/73
Nerisyrenia_incana_2_H_a
Nerisyrenia_incana_1_D_b
Nerisyrenia_incana_1_D_a
Lyrocarpa_xantii_1_E_a
Lyrocarpa_coulteri_2_D_b
Lyrocarpa_coulteri_2_D_a
Lyrocarpa_coulteri_1_D_b
100
Lyrocarpa_coulteri_1_D_a
100/100
87
Lyrocarpa_linearifolia_2_G_a
98/99
Lyrocarpa_linearifolia_1_D_a
87
91/99 Lyrocarpa_linearifolia_1_D_b
79
Lyrocarpa_linearifolia_2_G_b
76/99
Lyrocarpa_xantii_2_B_b
*
Lyrocarpa_xantii_2_B_c
82/99
Lyrocarpa_xantii_2_B_d
67
Lyrocarpa_xantii_2_B_a
99/90
Synthlipsis_greggii_1_D_b
Synthlipsis_greggii_1_D_a
100
100/100
Synthlipsis_greggii_2_G_a
84
93/99 Synthlipsis_greggii_2_G_b
Dimorphocarpa_wislizeni_2_G_a
100

100/99

93

99/98

*

82/83

100

Dimorphocarpa_wislizeni_2_G_b

100/100

Dimorphocarpa_wislizeni_1_D_a
Dimorphocarpa_wislizeni_1_D_b
Descurainia_sophia_1_D_d
100
100/100
Descurainia_sophia_1_D_c
100
100/99
Descurainia_sophia_1_D_b
100
100/100
Descurainia_sophia_1_D_a
100 Lepidium_campestre_1_D_b
100/100 Lepidium_campestre_1_D_a
100
100/99
100 Lepidium_campestre_1_D_c
100/100
Lepidium_campestre_1_D_d
Boechera_laevigata_1_D_d
Boechera_laevigata_1_D_c
100
100/99
Boechera_laevigata_1_D_a
Boechera_laevigata_1_D_b
*
90/95
Pennellia_lasiocalycina_1_D_b
99
100/99
Pennellia_lasiocalycina_1_D_a
87
Exhalimolobos_berlandieri_1_A
96
93/99
Sphaerocardamum_nesliiforme_1_H_b
96/99 99
100/100
Sphaerocardamum_nesliiforme_1_H_a
Transberingia_bursifolia_1_A
Capsella_bursa-pastoris_1_A
Neslia_paniculata_1_A
Arabidopsis_thaliana_1_A
Alyssum_simplex_1_H_a
Alyssum_simplex_1_D_a
Alyssum_simplex_1_D_b
Alyssum_simplex_1_H_b
67
66/97

*

*/83

100
100/100

96
100/100

100
100/100

PHYSARIEAE

100
100/100

substitutions/site

DESCURAINEAE
LEPIDIEAE
BOECHEREAE
HALIMOLOBEAE
CAMELINEAE
ALYSSEAE
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Appendix 4. ML phylogram for ndhF (cpDNA). Numbers above branches are MP
bootstrap values; numbers below branches are ML bootstrap values and Bayesian
posterior probabilities. Physaria Mexican lineage is indicated in shaded box.
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FIGURE LEGENDS

FIG 1. Luminidependens gene, showing the specific gene region amplified in the present
study and primer position.
FIG 2. ML phylogram for the reduced 62-sequence ITS data set. Numbers above branches
are MP bootstrap values; numbers below branches are ML bootstrap values and Bayesian
posterior probabilities. In the branches - indicate support values below !50% or no
support; numbers after species names indicate specific accession; capitalized letters
indicate PCR reactions; lower-case letters denote clones from a single PCR reaction.
Asterisks at the end of the species label indicate that the sequence represents two
accessions whereas the † symbol indicates that the species accessions and clones from
individual accessions failed to form monophyletic groups, although they are still close on
the tree, double headed arrows indicate situations in where individual accessions are
more widely separated.

FIG 3. ML phylogram for the reduced 64-sequence LD data set. Numbers above branches
are MP bootstrap values; numbers below branches are ML bootstrap values and Bayesian
posterior probabilities. In the branches - indicate support values below !50% or no
support; numbers after species names indicate specific accession; capitalized letters
indicate PCR reactions; lower-case letters denote clones from a single PCR reaction.

FIG 4. ML phylogram of the combined analyses of ITS and LD. Numbers above branches
are MP bootstrap values; numbers below branches are ML bootstrap values and Bayesian
posterior probabilities.
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FIG 5. ML phylogram of the combined analyses of nDNA (ITS and LD) and ndhF.
Numbers above branches are MP bootstrap values and numbers below the branches are
ML bootstrap values and Bayesian posterior probabilities. Physaria lineages A, B, and C
are indicated by vertical black bars and clades sharing a combination of characters are
indicated in shaded boxes.
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FIG. 1
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CHAPTER III
PATTERNS OF TRAIT EVOLUTION WITHIN THE TRIBE PHYSARIEAE
(BRASSICACEAE): CHANGES IN MORPHOLOGY AND GENOMES

ABSTRACT
Premise of the study: The first comparative evolutionary analysis of morphological and
genomic traits for a tribe of Brassicaceae is presented here. Based on new Bayesian
analytical methods inferences about ancestral trait values are made. We analyze the
phylogenetic signal of traits and the mode and tempo of character evolution for features
traditionally used in the systematics of Brassicaceae, such as fruits and seeds, as well as
other characters frequently neglected in the study of the family, such as style length,
pollen size, karyotype, and genome size. These parameters, when taken together, lead to a
better understanding of the patterns of morphological and genetic diversity within
Physarieae. Correlation analyses implementing phylogenetic information provide useful
evidence to test the relationships between suites of morphological and genomic
characters.

Methods: Time-calibrated trees based on a clock-independent dating strategy and
Bayesian Markov-chain Monte Carlo analyses were used to examine modes and tempos
of trait evolution and trait directional hypothesis prior to the estimation of ancestral
values. We study individual traits of fruit and seeds as well as other characters frequently
neglected in the investigation of Brassicaceae, such as those related to style length, pollen
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size, karyotype, and the genome. Multiple regression analyses based on Bayesian
methods were used to analyze the relationships between pair of continuous traits.

Key results: Levels of phylogenetic signal vary from being strong to almost absent across
the different traits studied here. Modes of trait evolution are mostly consistent with a
gradual model, but a few characters fit best with models of punctuated evolution (fruit
width, replum shape, pollen size). Historically, rates of trait evolution were mostly
constant, except for the rapid and recent evolution of replum shape, seed number, pollen
size, and chromosome number. Fruit evolution within Physarieae reflects changes of
individual components as inferred by the different rates and modes of individual trait
evolution. Change in pollen size and seed number is predominantly directional. Genome
size and nucleotide composition have increased gradually and constantly and more
significantly than in any other tribe of the Brassicaceae. Phylogenetically-informed
regression analyses identify correlations between: fruit size and seed abundance,
chromosome size and genome size, and GC% content and genome size.

Conclusion: Levels of trait homoplasy within Physarieae vary across the different
morphological and genomic levels of organization. Diversity of fruit morphology in
Physarieae is the result of changes in individual traits according to a mosaic type of
evolution. Genome size expansion and increase in GC% content are identified as
additional potential synapomorphies of the tribe. Analyses incorporating phylogenetic
information suggest that changes in fruit size are correlated to seed abundance, and that
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variations in chromosome size and GC% content are strongly correlated to total amount
of nuclear DNA.

Key words: Character evolution, phylogenetic signal, Bayesian comparative methods,
evolutionary trait models, fruit evolution, genome size, karyotype, base nucleotide
content, continuous traits.

INTRODUCTION
Similarities in morphological traits among independent and distantly related
lineages strongly suggest that evolution is adaptive (Young et al., 2007). Morphological
similarity can also be due to random processes (e.g., mutations, genetic drift, gene flow),
or to constraints related to the history of a particular lineage (McKitrick, 1993),
development (Donoghue and Ree, 2000), and function (Alfaro et al., 2005). The need to
synthesize these processes to better understand organismal history and evolution has
revitalized the study of character evolution in a phylogenetic context, and highlights the
value of complementing basic data about rates of character evolution (Sanderson, 1997;
O’Meara et al., 2006), effects of the modes and tempo of trait variation (Pagel, 1997,
1999; Purvis, 2004; Ricklefs, 2004), evaluation of correlated character evolution
(Felsenstein, 1985), and phylogenetic uncertainty (Huelsenbeck and Rannala, 2003;
Wainwright, 2007; O’Meara, 2008) to estimate ancestral character values. Comparative
analyses now in a phylogenetic framework accurately infer patterns of morphological and
genomic variation and provide critically important evidence for understanding how
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organismal diversity originates, this being one of the central goals of evolutionary
biology.
Historically, fruit shape and size, embryo curvature, and trichome, stigma and
nectary morphology have all been regarded as important taxonomic characters of
Brassicaceae (Bentham and Hooker, 1862; Prantl, 1891; Hayek, 1911; Schulz, 1936;
Janchen, 1942). Molecular phylogenetic analyses now suggest that variants of these traits
have appeared independently in several lineages, supporting the argument that the
morphological diversification in Brassicaceae may be mostly adaptive and the result of
parallel or convergent evolution (Koch, 2003; Al-Shehbaz et al., 2006; Bailey et al.,
2006; Beilstein et al., 2008; Couvreur et al., 2010). However the current evidence for
specific levels of character convergence as determined by trait phylogenetic signals,
patterns and rates of trait evolution, ancestral trait values, and hypotheses related to the
covariation of characters remain poorly studied at large and at lower evolutionary levels
within the family. For instance, recent studies in Physarieae have suggested new
hypotheses in regard to the evolution of fruits (Fuentes-Soriano, chapter 1), one of the
most ubiquitous components of Brassicaceae morphological diversification and assumed
to be highly convergent and prone to overwhelm phylogenetic signal. Continuous data of
individual fruit traits in Physarieae suggest that fruits might not evolve as a single
integrated module, but instead may reflect changes in individual traits in fruits (e.g.,
valve length and width, replum length and width). This idea is congruent with
developmental data showing that individual genetic factors (e.g., gene valve and gene
replum factors), although together acting on a basic pistil pre-patterning outline,
differentially influence fruit form (Bowman et al., 1999; Hall et al., 2006; see reviews by
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Sundberg and Ferrándiz, 2009, and Martínez-Laborda and Vera, 2009). Ecological data
from several plant families suggest that fruit change might be related to other
reproductive traits such as seed size and seed number they interact in dispersal
mechanisms (Stebbins, 1974; Mazer and Wheelwright, 1993; Donohue, 1998; Moles and
Westoby, 2004, 2010; Wender et al., 2005; Bolmgren and Eriksson, 2010). Furthermore,
experimental data in Arabidopsis thaliana indicate that developing seeds release signals
that influence growth of fruit tissues (see review by Martínez-Laborda and Vera, 2009),
and thus it is expected that an increase in the number of seeds per fruit lead to larger
fruits.
Pollen size and style length have historically been considered of limited use to
resolve taxonomic problems and thus largely neglected (Rollins and Banerjee, 1979).
However functional hypotheses predict that shifts to longer styles are correlated with
bigger pollen grains, because larger pollen provides more nutrients to sustain pollen tube
growth, and therefore increases chances of ovule fertilization (Delpino, 1867; see review
in Cruden, 2009). A strong positive correlation between the two traits has often been
reported in the literature for other plant groups (e.g., Baker and Baker, 1979; Plitmann
and Levin, 1983; Kirk, 1993; Ortega Olivencia et al., 1997; Bigazzi and Selvi, 2000;
Roulston et al., 2000; Torres, 2000; Sarkissian and Harder, 2001; Aguilar et al., 2002;
Yang and Guo, 2004; López et al., 2006), but cf. Cruden (2009) and references therein.
However, in Brassicaceae, the relationship of style length and pollen size has been little
investigated (Cruden and Lyon, 1985), and still needs to be carefully evaluated in a
phylogenetic context.
Genomic variation within Brassicaceae is reflected in the great diversity of
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genome size and dynamic changes in chromosome numbers (Vision et al., 2000; Blanc et
al., 2003; Blanc and Wolfe, 2004; Lysak and Lexer, 2006; Lysak et al., 2007). Although
the cause of such genomic change is controversial, several hypotheses suggest that
genomic variation, by affecting phenotypic expression, may have important
consequences in response to different environmental demands (Ohno, 1970; Knight et al.,
2005; Ha et al., 2009; Soltis et al., 2009). In both animals and plants, the strong
correlation of total genome content with cell size is interpreted as an important variable
influencing ecological selection and organism evolution (Cavalier-Smith, 1985, 2005;
Gregory, 2005; Knight et al., 2005). No previously study of a major lineage or currently
recognized tribe of Brassicaceae has been investigated in a phylogenetic context the
relationship of genomic changes with cell size. In addition the relationship of genome
size variation to genomic features such as chromosome number, chromosome size, and
base nucleotide content (Brochmann, 1992; Tate and Simpson, 2004; Knight et al., 2010),
have been little examined in Brassicaceae.
Physarieae is an excellent study group to investigate character evolution in
Brassicaceae because it is monophyletic, mainly distributed in North America, welldefined by unique multi-aperature pollen, and exhibits a large amount of phenotypic and
genomic variation. Physarieae include approximately 143 species and seven clearly
monophyletic genera (Al-Shehbaz et al., 2006; Bailey et al., 2006; Beilstein et al., 2006;
Couvreur et al., 2010; Warwick et al., 2010; Fuentes-Soriano, chapters 1 and 2). In the
tribe, characters such as style length, trichome type, pollen size, chromosome number,
and fruits are very different from that in other closely related tribes.
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Fuentes-Soriano (chapter 1) identified fundamental differences in the levels of
fruit compression, fruit length, replum width, and style length between the two main
clades of the Physarieae using several key morphological traits optimized on a
chloroplast-based tree. The five genera and 25 species of the DDNLS (Dithyrea,
Dimorphocarpa, Nerisyrenia, Lyrocarpa, Synthlipsis) clade (Fuentes-Soriano, Chapter 1)
show more diversity in fruit shape, seed size, and pollen size, and higher chromosome
numbers than the two genera and 125 species of the PP (Paysonia and Physaria) clade.
Furthermore, members of the PP clade exhibit considerable variation in trichome
morphology and genome size (Lysak et al., 2009), yet compared to the DDNLS clade
they show less overall variation in fruit structure and have lower chromosome numbers.
All of these morphological and genomic transformations evolved over the last ca. 17.1
million years (10–23.8 m. yr; Couvreur et al., 2010). Several interesting evolutionary
questions can be raised based on these earlier studies: (1) How can alternative methods of
character reconstruction complement our current understanding of patterns of
morphological evolution in Physarieae? (2) Do rates of morphological and genomic
evolution differ between the two clades? (3) Is observed variation among traits
significantly correlated?
Here I address these three questions by re-evaluating patterns of morphological
evolution in the tribe and by studying the evolution of genome size and karyotype
(chromosome size and number). A three-locus data set gathered from chloroplast and
nuclear data and new methods to model directional change are used to identify the bestfitting models of evolution before ancestral character values are reconstructed using
Bayesian analyses (Pagel et al., 2004; Organ et al., 2007). Factors that might lead to
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morphological and genomic diversity were explored, especially at the tribal and major
clade level (DDNLS and PP clades, Fuentes-Soriano, Chapters 1 and 2). An emphasis
was placed on various paired characters predicted to have correlated evolution, e.g., fruit
size–number of seeds, pollen size–style length, pollen size–chromosome number, pollen
size–genome size, genome size–chromosome size, and genome size–GC content.

MATERIALS AND METHODS
Morphological data
Fifteen variables were measured by direct observations of ca. 1,500 herbarium
specimens (deposited at ANSM, BM, ENCB, F, GH, K, MEXU, MO, TEX, US;
herbarium acronyms following Holmgren and Holmgren, 1998). Studied traits are as
follows: fruit length, fruit width, fruit shape (fruit length: width ratio), replum length,
replum width, replum shape (replum length: width ratio), style length, seed length, seed
width, number of seeds per fruit, seed size (seed length ! width), total seed mass per fruit
(seed size ! number of seeds per fruit), pollen length (i.e., longer pollen axis or polar
length in equatorial view), pollen width (i.e., shortest pollen axis or equatorial width in
equatorial view), and pollen size. Some information for poorly collected taxa was taken
from the literature (Appendix 1).
Data matrices for estimating ancestral trait values included all species in the trees;
species without available values were denoted with a question mark. Phylogenetically
corrected correlations and regressions included only taxa with data for the compared
traits; taxa lacking sufficient information were pruned from the trees.
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Pollen analysis
The long and short axes of the pollen (see Cruden and Lyon, 1985) were
measured and averaged from a minimum of 30 pollen grains per sample. Pollen grains
were treated following the acetolysis method of Erdtman (1960) and examined under a
light microscope. For the purpose of this particular analysis, pollen size was used as a
proxy of cell size. Pollen dimensions largely reflect variation in the size of a single cell,
the vegetative cell, one of the two cells included in a pollen grain; the generative cell
embedded within the cytoplasm of the vegetative cell is very small.

Chromosome counts and size
Mitotic chromosome counts were obtained from floral buds and root tips on plants
grown from seed or collected in the field. Samples were preserved in Carnoy’s fixative
(ethanol:glacial acetic acid, 3:1). The anthers or entire flower buds were digested in an
enzymatic solution including 0.3% pectolyase, cytohelicase, and cellulase (all Sigma, St.
Louis, MO), and a citric acid buffer (pH 4.8). Slides were prepared according to the
method suggested by Lysak et al. (2005). Root tips, pre-treated in 4 !M amiprophos
methyl (Duchefa, Haarlem, the Netherlands), were digested, pre-fixed with 50% acetic
acid, squashed under a coverslip, and fixed on dry ice. After removing the coverslip, the
slides were dehydrated and air-dried. All slides were stained with 4', 6-Diamidino-2phenylindole (DAPI) (1 or 2 g/ml) in Vectashield (Vector Laboratories, Burlingame,
CA). Chromosome images were captured with a Zeiss Axioplan epiflorescence
microscope equipped with a Spot 2e CCD camera. Digital images were processed for
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contrast and sharpness in Adobe Photoshop software. Chromosome numbers from
Alyssum, Boechera, Exhalimolobos, Lepidium, and Sphaerocardamum were taken from
reports in the literature (Appendix 1).
The average chromosome size of sampled species was calculated indirectly using
species-binding properties to the intercalating propidium iodine (PI) fluorochrome in a
flow cytometer (see details below) and using chromosome size of Arabidopsis thaliana
(Megabase pairs (Mbp)) as a reference. Chromosome size of each species was measured
using the formula: Chromosome size (Mbp) = A[(PIs)(2n)], where A = 1892 Mbp, the
average chromosome size of A. thaliana. PIs is a measure of how well the species binds
to propidium iodine (average reading report), and 2n represents the species chromosome
complement.

Genome size and GC% content
Total genome size (GS) and total percentage content of guanine-cytosine (GC%)
per nucleus was evaluated for 31 species of Physarieae (three replicates per species),
using newly expanded leaves and flow cytometry techniques. Leaf material from a
sample and standard were finely chopped and prepared with a two-step procedure (Otto,
1990; Dolezel and Gohde, 1995). The sample was divided into two parts; one part was
supplemented with the AT-selective DAPI fluorochrome (4 !g/ml) to calculate the AT:
GC ratio and GC% content, while the other part was used with intercalating PI
fluorochrome (50 !g/ml + RNase) to estimate the absolute DNA content. Analyses were
carried out in a PA-1 ploidy analyzer when using DAPI (HBO lamp, Partec GmbH), and
in a CyFlow SL cytometer when using PI (100mW green laser, Partec GmbH, Münster,
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Germany). Methods used to estimate percentage of GC nucleotide content followed
Smarda et al. (2008).
Arabidopsis thaliana (Ecotype Columbia) with a 1C-value of 0.16 pg (Bennett et
al., 2003) was used as a primary standard. When the peaks of the sample and the standard
overlapped, Raphanus sativus “Saxa” (0.55 pg / 1C; Dolezel et al., 1998), Solanum
esculentum “Stupicke polni tyckove rane” (0.98 pg / 1C; Dolezel et al., 1992), or Glycine
max “Polanka” (1.25 pg / 1C; Dolezel et al., 1994) were used as alternative internal
standards. The standards were grown from seeds provided by the Institute of
Experimental Botany, Czech Academy of Sciences, Olomouc. C-values of G. max, L.
esculentum, and R. sativus were calculated from pairwise measurements with Arabidopsis
as an internal standard.
Flow cytometry analyses were carried out at the Laboratory of Flow Cytometry,
Department of Botany, Masaryk University, Brno under the supervision of Dr. Petr Bures
and the assistance of Lucie Horová. Genome sizes of Alyssum, Boechera, Exhalimolobos,
Lepidium, and Sphaerocardamum were taken from reports in the literature (Appendix 1).
Although ancient or cryptic events of polyploidization- diploidization complicate
the identification of genuine diploids (see review by Truco and Quiros, 1994; Quiros,
1999; Lysak et al., 2005), most of the species studied here are considered diploids.
Accordingly, GS data were used to estimate C-values (i.e., the amount of DNA contained
within a haploid nucleus).
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Phylogenetic analysis
Phylogenetic trees were taken from Fuentes-Soriano (Chapter 2, this thesis). The
selected trees were generated from a three-locus data set analyzed using partitioned
likelihood tree searches in Treefinder (Jobb, 2008). Character analyses were carried out
on the maximum likelihood tree, which contained a number of polytomies. To evaluate
the effects of phylogenetic uncertainty (including branch lengths) on the results, a total of
300 trees were analyzed. One hundred trees corresponded to the partitioned bootstrap
replicate trees obtained in Treefinder (Jobb, 2008), and in another 100 trees polytomies
were randomly removed using the TreeFarm package (Maddison et al., 2002) as
implemented in Mesquite 2.72 (Maddison and Maddison, 2009). For the remaining 100
trees, polytomies were resolved by assigning the shortest possible branch length to do
this. These trees were made ultrametric using a nonparametric rate smoothing in r8s
software (Sanderson, 2003) with preliminary cross validation tests (Sanderson, 1997,
2003). The fully resolved trees were time-calibrated using five calibration points
estimated by Couvreur et al. (2010). Confidence intervals associated with the age of
particular nodes were calculated using minimum and maximum age estimations for each
calibration point. Calibration points included crown ages of Physarieae 10.5–23.8 million
years age (m. yr.), Camelineae (represented by Arabidopsis thaliana) 13–26.4 m. yr.,
Halimolobeae 3–12.5 m. yr., Boechereae 5.2–12.3 m. yr., and Lineage I (including all
aforementioned tribes) 18.2–36.1 m. yr (Couvreur et al., 2010). Dating of remaining
nodes was estimated using a penalized likelihood approach that led to branch length
adjustment in r8s.
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Analysis of trait evolution
Ancestral character values were estimated using phylogenetically generalized
least square (PGLS) regression models in a Bayesian framework. The analyses were
conducted in the Continuous package included in the program BayesTraits (Pagel, 1997;
Pagel et al., 2004; Pagel and Meade, 2006). The best-fitting models of evolution and
evidence for directional evolution were inferred prior to ancestral state reconstruction.
Models of evolution were estimated by calculating three scaling branch length parameters
that test for the mode and tempo of trait evolution, and for trait phylogenetic signal
(kappa, delta, and lambda). These parameters were calculated by transforming the
residuals with the main- and off-diagonal elements of the variance-covariance matrix that
describes the branch lengths of the time calibrated trees. All time-calibrated trees were
used to assess the impact of alternative phylogenetic resolutions in the estimation of
ancestral character values.
The scaling parameter Kappa (!) tests for the mode of trait evolution (i.e., gradual
versus punctuated evolution). The ! parameter differentially expands or reduces
individual branch lengths of a tree. Non-scaled gradual evolution is inferred when values
of ! are equal to 1, indicating that trait change is directly related to the original branch
lengths of a tree (Pagel, 2000). Scaled gradual evolution, on the other hand, is inferred
when the relationship of a trait with the branch lengths is non-linear and can be expressed
by values of ! < 1 or > 1 (Pagel, 2000). When !-values are < 1, longer branches are
reduced more than shorter branches, which this implies that trait evolution occurred
rapidly at first and later remain unchanged (stasis). !-values greater than 1 elongate long
branches more than short branches and indicate that longer branches contributed
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disproportionally more to trait evolution. This is interpreted to mean that recent trait
evolution has contributed more than older evolutionary events for that trait. Values of ! =
0 or significantly close to zero (i.e, significantly different than 1) indicate that trait
evolution is independent of branch length as would be expected in punctuated evolution.
Delta (!) is a parameter that tests for changes in the rate of trait evolution over
time, and differentially adjusts the longest and shared paths in the tree. The longest paths
are defined by the overall distance covered on a path from the root to the tips terminated
by taxa, and the shared path is defined as the portion of the tree shared by two closely
related taxa. Values of ! < 1 indicate that the shortest paths (shorter distances from root to
tips) contribute disproportionally to trait change and signal that the rate of trait evolution
was rapid early in the tree and subsequently slowed down as in the case of adaptive
radiation. Values of ! > 1 lengthen the longest paths disproportionally more than shorter
paths indicating that evolution of a trait is concentrated in the longest paths toward the
tips (i.e., species), showing that the trait changed more recently in the tree; and in this
scenario earlier evolution (older change) is less relevant for explaining trait evolution.
Lambda (") estimates extent of phylogenetic signal in each trait (i.e., trait
similarity due to shared ancestry). Values of " Ү 1 indicate that trait evolution is strongly
influenced by phylogenetic history, whereas " = 0 indicates no influence of ancestry on
trait values and suggest that the change in traits is highly labile.
Scaling parameters were estimated using Markov Chain Monte Carlo (MCMC)
methods. The runs were performed with 21,000,000 iterations, sampling periods of 500,
and a burn-in of 1,000,000. The rate deviations were set to obtain acceptance ranges
between 20–40%. The P-values for kappa, delta and lambda were estimated by
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determining the proportion of the posterior distribution crossing 1. Default values of 1
were used in the final analyses when the scaling parameters were not different from 1.
When estimated values of ! and ! were close to zero, additional tests with ! and ! equal
to zero (null hypotheses) were carried out. The Bayes Factors statistics was used for
hypothesis testing and was computed as: 2(log [harmonic mean (improved model)] log[harmonic mean (null model)]. The best fitting model has the highest log [harmonic
mean]. Bayes factors with values of 2 indicate evidence that there is a significant
difference between models, values greater than 5 suggest strong evidence for a
difference, and values of 10 or higher are considered very strong evidence of a difference
(based on the table reported by Raftery, 1996). Summary statistics from the MCMC
iterations were analyzed in Tracer v. 1.5 (Rambaut and Drummond, 2009).

Evolutionary trends: drift versus directional evolution.
Evidence for a dominant evolutionary direction of change for a trait was
calculated by comparing two models in BayesTraits (Models A and B). Model A is a
random-walk model with a single parameter, ", which represents the instantaneous
variance of evolution in a drift model of evolution. Model B uses both " and a second
parameter, #, which captures the directional change of a trait. Both models were
calculated by regressing the trait value against the total path length of a tree using a
MCMC with 5,010,000 iterations, a sampling period of 500, a burn-in of 100,000, and an
appropriate rate deviation to get an acceptance range value falling between 20–40%. The
harmonic mean of the posterior distributions of these models were used to determine
which model best fit the data using the Bayes Factors statistics test,
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Phylogenetically corrected t-test for differences among clades
Phylogenetically informed t-test statistics were used to evaluate differences
among the major clades of Physarieae following Organ et al. (2007). With this method
members of each clade were grouped with a binary dummy variable of 0 for taxa in the
DDNLS clade, and a variable of 1 for members in the PP clade. The new data matrix,
included a trait and a dummy variable, and was used to carry out a correlation test using
MCMC, the default settings in BayesTraits, and co-estimations of !, !, and ". A nonsignificant # (the proportion of the posterior distribution of the regression coefficient that
crossed zero) indicates that given the sample size and the variation within the clade,
differences observed between clades may have evolved by chance (Organ et al., 2007).

Evolutionary character correlations
PGLS regressions and correlations analyses were used in BayesTraits to explore
the relationship of fruit length and seed number, fruit length and seed size, fruit length
and seed mass, pollen size and style length, pollen size and chromosome number, pollen
size and chromosome size, pollen size and genome size, chromosome number and
chromosome size, chromosome number and genome size, genome size and chromosome
size, and genome size and GC% content. PGLS regressions and correlations (i.e.
significance tests) analyses correct for the non-independence of the species due to shared
evolutionary history (e.g., phylogenetically independent contrasts; Felsenstein, 1985).
Branch length scaling parameters were estimated simultaneously during the regression
analyses to best fit the models to the data.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:/.
The significance of a regression model was evaluated by comparing the slope of
the regression line (!) estimated with a continuous random-walk model against a model
where ! (!1) was forced to be 0 (the null hypothesis). The Bayes Factors statistics test
was then used for hypothesis testing. Parameters of the continuous regression and
significance tests were calculated from the posterior distributions of a MCMC with
5,010,000 iterations, a sampling period of 500, a burn-in of 100,000, and an appropriate
rate deviation to get an acceptance range between 20–40%.

Results
Estimated ages of clade divergence according to the three-locus based phylogeny
of Physarieae (ndhF, ITS, and LD) and a clock-independent dating strategy indicate that
the two major clades of Physarieae originated in the middle Miocene. Given a maximum
age constraint of 23.8 my for the tribe, the two major clades diversified somewhere
between 1–13 my (Fig. 1B) starting in the end of the early Langhian during the Miocene
(13.65–15.97 my) and continuing into the early Pleistocene. Crown groups Physaria and
Paysonia radiated in the Tortonian period (7.246–11.608 my; Fig. 1A).

I. Bayesian inferences of morphological character evolution in Physarieae
The comparisons between Models A and B in BayesTraits provide evidence
consistent with directional evolution for seed traits (e.g., seed size, seed number, and total
seed mass per fruit) and pollen size (Table 1). Extreme variation excluded from
subsequent analyses (EVA) show instead that seed size and total seed mass change
follows a simple random-walk model, although the evolution of seed number remain
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consistent with a signal of directional evolution (Model B; Table 2). The evolution of the
remaining morphological traits follows a non-directional random-walk model of
evolution (Table 1).

Kappa. Estimations of kappa values (tests for mode of evolution) suggest that the
evolution of three studied traits (fruit width, replum shape defined as the replum
length/width ratio, pollen size) appears to have been punctuated (rapid evolution near or
at speciation with consecutive long periods of stasis) because differences from ! = 0 were
not significant (P = 0.28, P = 0.11, and P = 0.9, respectively, Bayes Factors > 3; Table 3).
For eight morphological traits (fruit length, fruit shape, replum length, replum
width, style length, seed size, seed number, total seed mass), estimation of ! values
indicate that the evolution has been mostly gradual, following either a non-scaled model
(i.e., constant-variance model, ! = 1), or a scaled model of evolution (a non-linear
relationship between trait and branch length, ! either > 1 or < 1).
Values of ! for replum length, style length, and seed number were not
significantly different than 1 (P > 0.22, Table 3), which suggest that these features
followed a non-scaled gradual mode of evolution. EVA analysis for seed number does
not alter these results.
Initially, a scaled gradual mode of evolution was inferred for seed size and total
seed mass per fruit for which !-values were 1.55 and 1.68 (P < 0.001, significantly
different than ! = 1). This information suggests that changes in the features have been
gradual, albeit faster in longer branches. EVA analyses, however, showed that !-values
were not significantly different than 1, indicating that the change of seed size and total
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seed mass in Physarieae instead follow a non-scaled gradual mode of evolution (! =
1.008 and 0.612, P = 0.49 and 0.054, respectively; Table 4). !-values < 1 (P < 0.05,
Table 3) indicate that the evolution of fruit length, fruit shape, and replum width follow a
scaled gradual mode of evolution with a disproportional contribution from shorter
branches and by stasis in longer branches.

Delta. ! estimates (test for tempo of evolution) are not significantly different from
one for most of the gradually evolving traits (see above) and for fruit width in Physarieae,
which imply that these traits evolved continuously according to a random-walk model,
and suggest that the rate of trait evolution is proportional to the overall path lengths of the
tree, i.e., longest paths and shared paths among related species (Table 3). However, !
values > 1 indicate that longer path lengths (e. g. total paths leading to Lyrocarpa or
Nerisyrenia species) have contributed more significantly to the evolution of seed number
and pollen size. Because longer paths of a tree usually lead to the species, it is inferred
that rates of evolution of these traits have speed up more recently toward the tips of the
tree (! = 1.066 and 2.147, and P < 0.001 and P = 0.02, respectively). EVA analyses for
seed number, however, indicated that ! is equal to one (! = 0.864, P = 0.35), suggesting
that the evolution of seed number has been continuous with a constant rate of change
proportional to the overall paths of the tree as predicted by a random-walk model of
evolution (Table 4).
A value for ! of 0.848 (P < 0.001) indicates that shorter paths contribute more
disproportionally to the evolution of replum shape than longer paths. This result indicates
that major modifications in replum shape occurred rapidly and early in the evolution of
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Physarieae as in species of Dimorphocarpa and Dithyrea (species with the shortest total
paths), but further suggests that the rate of evolution for the replum slowed down
afterwards (recent portions of the tree).

Lambda. ! (test for phylogenetic signal) estimates for gradually evolving traits
(fruit length, replum width, style length, seed size, seed number, total seed mass) and for
replum shape and pollen size were significantly different from zero and varied from
moderate to high depending on the particular trait (Table 3). These estimations indicate
that tree topology correctly predicts the patterns of trait covariance among species. On the
other hand, ! values for fruit width, fruit shape, and replum length, were not significantly
different from zero, indicating that these traits are highly labile, evolving independently
of the phylogeny, and consequently are not influenced by shared ancestry (Table 3).
Differences between the mean, and the lower and upper 95% confidence intervals
(CI) for ", !, and ! for all traits were very small (< 0.001). This suggested little
sensitivity in values of these parameters to phylogenetic uncertainty around unresolved
nodes. Ancestral values for morphological traits were estimated using the appropriate
models of evolution and scaling parameters based on estimations previously discussed
(Table 3; Fig. 1).
Extreme variation in seed traits shifted the posterior distributions used to estimate
ancestral values (i.e. Alpha-trait distributions, Fig. 2, Table 4). Alpha-trait mean values
excluding extreme variation (EVA) for seed size fall inside the 95% confidence interval,
whereas seed number and seed mass fall outside the 95% confidence interval of the
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distributions of the entire data sets (Tables 3 and 4). This indicates that extreme values
affect the estimation of ancestral values differently.

Significance of morphological differences among clades. The distribution of
morphological trait variation in the 38 studied species of Physarieae reflects what appears
to be a considerable morphological difference among the genera and species (Fig. 3).
However, according with the PGLS corrected t-tests, the observed differences among
clades are not significant (P ranging from 0.06 to 0.99, ! = 5%, Table 1).

Relationships among morphological traits. Regressing seed mass on fruit
length in the PGLS statistical model shows that fruit size increases with seed mass (mean
slope (") = 0.24), with 22% of the variation in fruit length explained by seed mass (Bayes
Factor = 9.56, rejects the Ho that "1 = 0, Fig. 3A, Table 5). The predictive power of
regression analysis, however, is affected by extreme values, because after excluding these
values seed mass explains 16% instead of 22% of the variation in fruit length as predicted
in initial analyses (Bayes Factors = 6.30, rejects the Ho that "1 = 0, Fig. 3B, Table 6, Fig.
3B).
Statistical analyses also show that the relationships between fruit length to seed
number, fruit length to seed size, and pollen size to style length is not significant (r2 <
0.09, Table 3). However, results excluding extreme values from the analyses (i.e.
Nerisyrenia species) show that fruit size increases with seed number (mean slope (") =
0.68), with 10% (versus 8.3% as inferred by the entire data set) of the variation in fruit
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length explained by seed number (Bayes Factor = 2.88, rejects the Ho that !1 = 0, Figs.
3C and D, Table 6).

II. Chromosome number and chromosome size variation
Chromosome numbers range from n = 4 in Physaria acutifolia and P. eburnifolia,
to n = 21 in P. argentea. Eighty-seven percent of the species sampled are 2n ! 16, while
the remaining species are 2n " 18. The highest chromosomes numbers, x = 10 and x =18,
occur in the DDNLS clade (Appendix 1).
Chromosome sizes for the 25 sampled species of Physarieae range 17-fold from
31.98 Mbp in Nerisyrenia with 2n = 18 to 547.93 Mbp in Physaria eburniflora with 2n =
8. Chromosome sizes in the tribe have mean and median values of 174.67 Mbp and 79.79
Mbp, respectively. Comparisons across the two major clades of Physarieae show that the
PP clade has the largest chromosomes as well as the largest range of chromosome sizes,
which vary nearly 11-fold from 51.09 Mbp in Paysonia perforata (2n = 18) to 547.93
Mbp in Physaria eburniflora. In contrast, chromosome size variation within the DDNLS
clade varies only 5-fold from 37.87 Mbp in Nerisyrenia mexicana (2n = 18) to 189.64
Mbp in Lyrocarpa coulteri (2n = 20). The largest average chromosomes of the Physariae
at the genus level occur in Dimorphocarpa (mean 134.37 Mbp, 2n = 18) and Lyrocarpa
(mean 189 Mbp, 2n = 20), whereas the smallest chromosomes are found in Nerysirenia
(mean 31.983 Mbp, 2n = 18). Interestingly the largest individual chromosomes (> 500
Mbp) of the tribe are restricted to the species of Physaria with the lowest chromosome
numbers (2n = 8).
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III. Genome size and GC content variation
New C-values for 28 taxa of the Physarieae, additional genome size estimates for
Physaria belli and P. ovalifolia, and five C-values taken from the previous literature
(Appendix 1) show that genome size varies greatly throughout the tree. Although DNA
content ranges 15- to 17-fold (1C = 0.26 – 3.76 (–4.44) pg), most species of the tribe are
characterized by small genomes, with median and mean genome sizes of 0.79 pg and
1.79 pg, respectively. Compared to the DDNLS clade, the PP clade has the larger mean
average genome size and largest range of variation, whereas at the genus level
Nerisyrenia has the smallest genomes and Lyrocarpa and Dimorphocarpa have the
largest (> 1.25 pg). However, the largest genomes occur in Physaria species with 2n = 8.
Physaria shows the most variable genome size with values ranging over 17-fold (1C =
0.26– 4.44 pg.
The mean and median GC% content of Physarieae is 41.57% and 43.01%,
respectively, with mean values ranging from 52.06% in Paysonia auriculata to 27.8% in
P. perforata. At the clade level, the mean GC% content is slightly higher in the DDNLS
clade (46.58% versus 40.93% in the PP clade), whereas at the generic level in average
Paysonia has the lowest GC% (32.63%) and Synthlipsis has the highest (45.75%).

IV. Bayesian inference of chromosome number and chromosome size evolution in
Physarieae
There is no evidence suggesting that chromosome number and chromosome size
evolved in a directional fashion (Model B), which indicates that changes in karyotype
have followed a random walk-model of evolution (Model A, Table 1).
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!-values and !-values > 1 indicate that chromosome numbers have changed
gradually and continuously, but disproportionally in long branches (! = 2.894, P-value =
0.002) and longer paths and (! = 2.47, P-value = 0.006; Table 3). However, evolution of
chromosome size follows a simple random-walk model of evolution, because ! and !
were not significant (P = 0.74 and P = 0.56, respectively). Estimates of " indicate that the
phylogeny is a good predictor for the covariance of chromosome numbers and
chromosome size among closely related species within Physarieae (Table 3).
Mean differences in chromosome numbers and sizes are not significantly different
in the DDNLS and PP clades. The Bayesian inference of ancestral chromosome number
for Physarieae is xh = 8 basic chromosome number (95% CI: 8.74–8.77) and that of
chromosome sizes is 87.5 Mbp (95% CI: 86.89–88.31 Mbp).

V. Bayesian inference of genome size and GC% content evolution in Physarieae
A comparison of Model A to Model B in BayesTraits did not provide evidence for
directional change in the evolution of genome size and GC% content in Physarieae. This
suggests that the evolution of these features follow a random-walk model (Table 1).
Estimations of the ! and ! parameters for genome size and GC content suggest
that within Physarieae the evolution of these traits has been largely continuous and
gradual (un-scaled gradual mode of evolution), because the scaling parameters were not
significant (!-values of P = 0.75 and 0.87, and !-values of P = 0.25 and 0.68,
respectively, Table 3).
The values of " for genome size and GC% content were significantly different
than zero (P < 0.001). Lambda values of 0.874 and 0.875 for genome size and GC%
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content, respectively, indicated that the phylogeny is a good predictor for the covariance
among species in both variables. The un-scaled gradual model of evolution and ! values
estimate that the ancestral genome size for Physarieae is 0.784 pg (95% CI: 0.779–
0.7907) and the ancestral GC content is 35.37% (95% CI: 35.35–35.39). PGLS t-test
analyses indicate that differences among clades although still considerably variable
among the main clades are not significant (Table 3).

VI. Relationships among morphological and genomic traits
Statistical analyses among morphological and genomic traits indicate that
although the slope of the regression of pollen size vs. chromosome number and pollen
size vs. chromosome size is different than zero (Bayes Factors = 3.16 and 3.12,
respectively, reject the Ho that "1 = 0), the relationships among these traits is not
significant (r2 = < 0.019). Although pollen size and genome size have a linear positive
relationship (r2 = 0.19), the Bayes Factors of 1.64 cannot reject the Ho that "1 = 0 (Fig.
4A, Table 5)

VII. Relationships among genomic traits
Regression analyses show that chromosome size and genome size, and genome
size and GC content have a linear positive relationship (mean slope (") = 0.79 and 7.94,
respectively; Bayes Factors > 6 reject the Ho that "1 = 0), with 0.63% and 0.28% of the
variation of chromosome size and GC% content, respectively, explained by genome size
(Figs. 4B–D, Table 5). The relationship between GC% content and genome size is similar
even when extreme values (Paysonia auriculata and P. perforata) are omitted from the
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analyses, with 25% (versus 28%) of the variation of GC% content explained by genome
size (mean slope (!) = 10.60; Bayes Factors = 7.15, rejects the Ho that !1 = 0, Figs. 4C
and D, Table 6). However, there is no significant relationship between chromosome
number and genome size (r2 = 0.002; Bayes Factors = -2.44, cannot reject the Ho that !1
= 0).

Discussion
Analyses using a time-calibrated three-locus phylogenetic hypothesis of
Physarieae and generalized least square-models using Bayesian methods suggest that
levels of phylogenetic signal (") vary from being strong to almost absent across the
different traits studied here. The analyses further suggest that mode and tempo of
evolution (# and $) vary across the different morphological traits and genomic levels of
organization. Modes of trait evolution within Physarieae are mostly consistent with a
gradual model, and few traits show a clear signal of directional evolutionary change.
Inferences have been made about the hypothetical ancestral values of fruits, seeds, pollen
and genomic traits of the tribe. Additionally, by using phylogenetic correction, a suite of
morphological and genomic traits was found to be positively correlated. These combined
results allowed several hypotheses of trait evolution to be evaluated, and furthermore
allowed study of the effects of correlated evolution and related hypotheses based on
theoretical and experimental expectations.
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I. Trait Evolution: Morphology
Fruits and styles. The diversity of fruit morphologies in Physarieae is the result
of changes in individual fruit traits according to a mosaic type of evolution (de Beer,
1954), in which individual traits show different phylogenetic signal (lability), modes, and
tempos of evolution across the tree. The data recovered here indicate that although the
fruit as a single organ may reflect developmental and functional integration of separate
elements (Martínez-Laborda and Vera, 2009; Sundberg and Ferrándiz, 2009), its
individual components can evolve at different rates and modes. Both historical
contingency, the constraining effect of evolutionary history, and versatility account for
the multiple fruit morphologies present in Physarieae.
The least labile fruit traits within Physarieae are those that describe overall size
and degree of compression – fruit length, replum shape (length/width ratio), and style
length. For those characters, a small number of transitions were observed by FuentesSoriano (Chapter 1), supporting the idea that these fruit traits are more constrained than
the other fruit characters.
Although the rate of evolution of individual fruit traits has been constant (see
delta values), their mode of evolution as inferred by kappa values has been more
dynamic. Fruit, replum and style length better fit models of non-scaled gradual evolution
(! = 1), which follow a random-walk model of evolution proportional to the phylogenetic
relationships. The other fruit traits (fruit width, fruit shape, replum shape, and replum
width) changed rapidly and early in the history of Physarieae following either punctuated
(! = 0) or scaled gradual modes of evolution (! ҫ 1). These data and the highest level of
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evolutionary lability (! < 1) support the idea that these three traits in the Physarieae
probably most readily adapt to different environmental characteristics.
Exactly how individual fruit traits change in Physarieae are unknown. In the
closely related Arabidopsis thaliana, variation in fruit width and replum shape during
development is limited to complex epigenetic interactions between replum and carpel
genes (Martínez-Laborda and Vera, 2009). Numerous studies in other plant groups
suggest that fruit width relates to the allocation of nutritional resources and plant
competition effects (Stebbins, 1950), and other investigations have argued for a change in
fruit dimensions due to the covariance of fruit traits with other reproductive traits (see
discussion below). This work highlights the need for investigating potential selective
pressures and the underlying genetic architecture to better understand the biological
significance of the patterns of fruit evolution and diversification within the tribe.
Estimations of the ancestral fruit trait values indicate that the hypothetical
common ancestor of the tribe had fruits resembling those of the extant Synthlipsis,
although somewhat smaller. The ancestral fruit type of the tribe was probably longer than
wide with mean lengths measuring 6.85 mm long (95% CI: 6.807–6.901 mm) and 5.75
mm wide (95% CI: 5.727–5.768 mm). The fruits were (compressed laterally against the
replum) angustiseptate and had estimated mean ancestral replum values of 5.768 mm
long (95% CI: 5.739–5.79 mm) and 2.16 mm wide (95% CI: 2.168–2.173 mm) with a
length/width ratio of 3.537: 1 (95% CI: 3.526–3.558). Ancestral styles were relatively
short with a mean value of 1.95 mm long (95% CI: 1.621–1.951 mm). This suggests that
the larger fruits of Nerisyrenia, Lyrocarpa and Synthlipsis, with mean values > 9.0 mm
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long are derived, whereas the shorter fruits ( ! 6.0 mm) of Dithyrea, Dimorphocarpa,
Paysonia, and Physaria are plesiomorphic.

Seeds. Analyses support the hypothesis that seed traits have evolved gradually
with similar rates of change, and via a directional pattern of evolution in Physarieae.
However, when species of Nerisyrenia are excluded (i.e., species with extreme values of
seed number, size, and seed mass removed), the directional signal for seed size and seed
mass for the tribe is no longer observed. Interestingly, the evolutionary directional change
of seed number is not affected by extreme values. These data provide evidence that the
species of Nerisyrenia have undergone a substantial amount of evolutionary change in
seed morphology in ways that were not shared by its close relatives. The numerous,
minute seeds, and small seed mass values seen in Nerisyrenia suggest that seed
morphology has unique adaptive value for the genus. Nerisyrenia has radiated mainly in
the Chihuahuan desert and grows in gypsum rich soils that could yield unique selective
pressures driving evolution of seed morphology in the genus. Within the tribe, seed
evolution has probably evolved following two different strategies involving a trade-off
between number and size affecting seed set, dispersion (i.e., escape or protection
strategies), and germination (i.e., opportunistic or cautious strategies) (Baker, 1972;
Mazer, 1989; Gutterman, 1993, 2002).
Seed size and seed number began to change early in the history of Physarieae
starting about 17 my until shortly after the early Pleistocene (approx. 1.81 my). However,
the most dramatic change in seed size (1.74 mm mean diameter in Nerisyrenia, and up to
7.99 mm mean diameter in Lyrocarpa), and an increase in seed number (Physarieae
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ancestral seed number ca. 15 vs. more than 100 in Nerisyrenia) occurred very recently in
the history of Physarieae (Fig. 1A). Although seed number has apparently decreased
within the PP clade, differences are not statistically significant when phylogenetic
information is considered.

Pollen size. Analysis suggests that the ancestral pollen size of Physarieae (ca. 120
!m) evolved in a punctuated mode, thus fitting a scenario of early adaptive radiation.
However, it is also possible that a similar distribution of trait evolution resulted from a
phylogenetically grouped differential susceptibility of species toward pollen size changes
due to developmental constraints or correlated evolution (see below). Further sampling
with emphasis in the speciose Physaria and a better phylogenetic resolution within this
genus are needed to corroborate this trend.
Although species with larger pollen may be moth pollinated (phalaenophily) as
reported for Lyrocarpa and Dimorphocarpa species (Rollins, 1993), several species of
Paysonia and Physaria with large pollen size instead seem to be pollinated by a variety
of other kinds of insects. Detailed pollination studies and the relationship of pollen size
are still in need of further study. Interestingly, species with the largest pollen size also
have the largest genome size, but the adaptive value of these correlated characters,
remains unknown.

II. Relationships among morphological characters
Fruit length and seed size. Patterns of seed and fruit variation are frequently
related due to the dynamics of plant dispersal, but historical and phylogenetic
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relationships are also associated with the diversification of seed and fruit traits and their
correlation (Ackerly and Reich, 1999; Moles et al., 2005). Comparative evolutionary
studies indicate that maternal factors (i.e., growth form) are most closely associated with
changes in seed mass during seed plant evolution (Moles et al., 2005). This finding
supports the widely accepted hypothesis that architectural traits of the maternal plant
drive the evolutionary patterns of seed dispersion (Donohue, 1998 and references
therein), because plant form, fruit, and integument tissue are all maternal in origin
(Westoby and Rice, 1982; Roach and Wulff, 1987). The positive relationships found
between seed mass, seed number, and fruit length in this study could be interpreted as
additional support for the hypothesis that maternal plant characters have fitness
consequences of their own (Donohue, 1988).
The relationships of seed mass to fruit size during the evolution of Physarieae
could be explained by the long-standing belief that fruit development is maintained and
sustained by the amount of phytohormone biosynthesis in developing seeds (see review
by Fuentes and Vivian-Smith, 2009). Experimental work, such as quantifying and
localizing phytohormones in specific tissues in fruit and studying the relationship of
phytohormonal activity and fruit length would provide a further basis to test this
hypothesis.

Pollen size and style length. Variation in style length has been attributed to
functional constraints such as change in pollen size (Delpino, 1867). This functional
hypothesis indicates that larger pollen grains contain more nutritional resources to help
sustain pollen tube growth, and therefore larger pollen is expected to be better suited for
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fertilization of flowers with longer styles. Extreme variation in style lengths between
closely related species of Physarieae are frequently observed. Theory and experimental
work indicate that modifications in style length may impose effective reproductive
isolation mechanisms, especially if larger pollen grains are required for pollinating
flowers with longer styles. The relationship between these traits has already been
examined in few species of Brassicaceae (Cruden and Lyon, 1985), and the present study
marks the first attempt to examine the added effects of phylogenetic information on the
relationship. we found that the relationship between style length and pollen size is not
evolutionarily significant in the Physarieae (see also Cruden and Lyon, 1985), and
therefore is not consistent with Delpino’s hypothesis. These data instead support the idea
that the evolution of these traits is independent; the evolution of style length seems to fit a
gradual and constant mode of evolution better, whereas changes in pollen size most
closely correspond to a punctuated model of evolution.
The rapid evolutionary change in pollen size could reflect the action of selective
pressures other than those associated with the pollen tube growth within long styles
(Cruden, 2000). A small number of larger pollen grains would still provide a sufficient
amount of chemical signaling (pollen-kit distributed in pollen wall or exine) to
successfully trigger the recognition of pollen by the stigma. Under this scenario, pollen
size may reflect the effect of selection for total exine surface and pollen kit storage.

III. Trait evolution: genomes
Chromosome number and chromosome size. The distribution of chromosome
number across the phylogeny indicates that changes in the number of chromosomes
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correlate well with the distinction between the two major clades (Fig. 3). Although PGLS
tests indicate that differences in chromosome number among clades are not significant, it
is clear that different karyotypic mechanisms explain the chromosomal diversity within
the PP and DDNLS clades of Physarieae.
The PP clade is characterized mainly by low chromosome numbers (n < 18), most
commonly with a series of n = 5, 6, or 8 cytotypes, and more rarely with n = 4 and 7
cytotypes. Chromosome numbers in members of the clade can also rarely be n = 9, 10,
12, 15, 18, 24, and 30 (Rollins, 1955; Rollins and Shaw, 1973; Warwick and Al-Shehbaz,
2006 and references therein).
Chromosome numbers within the DDNLS clade are not only higher than those
found in the PP clade, but ploidy seems to vary with respect to basic chromosome
numbers of x = 9 and x = 10. Tetraploids and hexaploids have been widely reported for
Lyrocarpa, Nerisyrenia, Dimorphocarpa and Dithyrea (Bacon, 1975, 1978; Rollins,
1979; Rollins, 1993). Within Nerisyrenia, basic numbers vary from n = 7, 9, 10, and 11,
and there is a wide variety of ploidy levels (Bacon, 1975; Warwick and Al-Shehbaz,
2006).
Although chromosome numbers indicate that most of the species studied here are
diploids, a paleopolyploid origin for the largest genus Physaria has been suggested
(Lysak et al., 2005; Marhold and Lihova, 2006; Lysak et al., 2009). The expansion in
chromosome size and genome size accompanied by a decrease in chromosome number
that characterizes the whole tribe may support the hypothesis of a paleopolyploid origin
in Physarieae. Alternatively, explanations for the increase of genome size could be
related to the amplification of transposable elements as observed in maize (Bennetzen et
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al., 2005; Cavalier-Smith, 2005). In the large corn genome (2400 Mbp), nearly 70% of
the nuclear genome corresponds to the LTR- (long terminal repeat-) retrotransposons
(SanMiguel and Bennetzen, 1998). Comparative genetic mapping and cytogenetic
techniques such as chromosome painting have elucidated ancient polyploid origins in
other Brassicaceae (Comai, 2000; Lysak and Lexer, 2006; Lysak et al., 2007) and
promise to provide evidence for testing the nature of genome size diversity in Physarieae.
Based on the high percentage of Physarieae taxa, Al-Shehbaz et al. (2006),
proposed xh = 8 as the basic chromosome number of the tribe. However, portion of the
posterior between the 25% and 75% quartiles indicates that the base chromosome number
could also be xh = 9 (Fig. 1C). Regardless of this uncertainty, several reductions in
chromosome number indicate that within Physarieae, lower numbers are phylogenetically
derived. The lowest chromosome numbers in the tribe (x = 4) are present only within the
PP clade, appear to be of more recent origin, and may have been accompanied by a
genome supersizing that likely resulted from polyploidization followed by diploidization
via massive chromosome rearrangements (Lysak et al., 2009). These data suggest that
aneuploidy and chromosomal rearrangements have been the main driving force in the
karyotype diversification within the PP clade, whereas polyploidy has played a major role
in the evolution of chromosome numbers in the DDNLS clade.

Genome size and GC% content. Genome size in Brassicaceae shows a dynamic
pattern of change in size (Johnston et al., 2005; Lysak et al., 2009). An earlier study,
based on five species of Physaria, estimated that the mean, minimum, and maximum
DNA content for Physarieae were 1.19, 0.26, and 2.34 pg, respectively (Lysak et al.,
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2009). Given the broader sampling used in the present study (six of the seven genera and
33 species, or ca. 20% of total species in the tribe), estimates for the mean, and maximum
DNA content are generally larger, namely 1.9 pg, and 4.41 pg, respectively. So not only
do Physarieae have the largest variation in chromosome size in the clade 5 of Lysak et al.
(2009), they also have the largest overall genome sizes known thus far for putative
diploid species of Brassicaceae. Thus mean values it is more than twice as large as those
of close relatives. Over 2.80-fold larger than that of Boechereae, 4.25-fold larger than
Halimolobeae, and 6.43-fold larger than Camelineae.
The comparison of ancestral genome sizes for Brassicaceae (1C=ca. 0.5 pg; Lysak
et al., 2009) and for Physarieae (1C=ca. 0.8 pg) suggests that basic rates of genome size
evolution have been relatively stable across the family. Nevertheless, in the last 15 m. yr.,
the rate of change in genome size seems to have increased substantially within
Physarieae. Our data also indicate that the evolution of genome size within Physarieae is
described by a non-scaled gradual and constant model of evolution, in contrast to the
branch length dependent model of evolution proposed for all Brassicaceae (Lysak et al.,
2009). These results indicate that patterns of genome diversification within Brassicaceae
vary depending on the phylogenetic level of analysis, even if nodes are stable.
The comparison of estimated ancestral genome size (0.784 pg) of Physarieae with
available genome size data from extant species suggest that there have been at least two
main increases in genome size within the tribe, one that occurred at the base of the clade
and the second happening more recently within a clade of Physaria characterized by
having few but large chromosomes. However, genome size downsizing is apparently
more common within the tribe because nearly 61% of the sampled species (especially in
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Nerisyrenia, Paysonia, and Physaria) have smaller genomes (< 0.6 pg) compared to
estimates of the ancestral genome size of the tribe (0.784 pg, 95% CI 0.78–0.79). Indeed
recent polyploids like Physaria argentea 2n = 48, P. didymocarpa 2n= 56, and
Nerisyrenia castillonii 2n = 36 have genome sizes with striking deviations from
expectations because their genome sizes are no bigger than those of related diploid
species. This indicates that mechanisms of DNA loss, as observed in the whole family
(Lysak et al., 2009) remain very active in Physarieae. Several mechanisms for the
deletion of redundant DNA with concomitant total genome size reduction have been
proposed (Wendel et al., 2002; Kellogg and Bennetzen, 2004; Leitch and Bennett, 2004;
Bennetzen et al., 2005), while other studies have emphasized the role of natural selection
for reducing large genome sizes (Vinogradov, 1995; Knight and Ackerly, 2002; Knight et
al., 2005). Nevertheless the specific processes involved in genome shrinkage within
Brassicaceae remain unknown.
It is clear that expansion and contraction in genome size have occurred repeatedly
in the tribe (Fig. 1), an observation frequently encountered in other plant groups
including elsewhere within Brassicaceae (Albach and Greilhuber, 2004; Bennett and
Leitch, 2005; Johnston et al., 2005; Weiss-Schneeweiss et al., 2006; Leitch et al., 2007;
Leitch et al., 2009; Lysak et al., 2009). Estimates of genome size as low as 0.33 pg (2n =
18) in Nerisyrenia, up to as 3.3 pg (2n = 20) in Lyrocarpa, and as high as 4.35 pg (2n =
8) in Physaria acutifolia, provide evidence that genome size evolution of the tribe occurs
at all levels across the tree. It also occurs independently of the evolution of chromosome
number (see discussion below).
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The quantification of base composition in nuclear DNA suggests that members of
Physarieae have a higher percentage of GC-bases in comparison with the close relative
Arabidopsis thaliana (mean 43.01% versus 36% GC, respectively); few estimates are
available for other Brassicaceae. Indeed until now, global nuclear GC% content estimated
by flow cytometry has been modestly reported for species of angiosperms and
gymnosperms (ca. 360 species, Carels and Bernardi, 2000; Barow and Meister, 2002;
Kuhl et al., 2004; Smarda et al., 2008). The mean GC content of Physarieae in
comparison to other angiosperms and gymnosperms falls within the highest proportions,
comparable to that found within grasses (42.5–46.4% GC, Smarda et al., 2008).
Although the biological significance of variation in GC content within Physarieae
is unknown, patterns of GC variation within other plant groups are related to two main
factors 1) The amount and composition of transposable elements that sometime vary
notably in GC composition. For example Huck type elements commonly found in maize,
have up to 60% GC content, whereas MITE elements common in rice have a 28–34%
GC% content (Meyers et al., 2001; Turcotte et al., 2001). 2) Abundance of isochore
structures, which are gene-dense GC-rich regions (Wong et al., 2002; Kuhl et al., 2004).
Increases in GC content have frequently been related to changes in methylation
patterns, DNA thermostability, and consequently cell longevity (Levin and Sickle, 1976;
Yakovchuk et al., 2006). Further investigation is needed to determine the contribution of
transposable elements and the gene rich areas in the nucleotide base composition on
Physarieae genomes. This information it is required to better understand the biological
significance of variation in GC content.
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Relationships among genomic traits. Despite the observation that karyotype and
nuclear DNA amounts are extremely diverse within Brassicaceae, it is intriguing that
genome sizes ranges within the family remain small (Marhold and Lihova, 2006;
Warwick and Al-Shehbaz, 2006; Lysak et al., 2009). One of the mechanisms proposed to
explain genome size reduction within the family relates to events of diploidization,
accompanied by large chromosome rearrangements that lead to the reduction of
chromosome numbers (Lysak and Lexer, 2006; Schraz et al., 2006). However, it has also
been observed that reductions in chromosome numbers can be associated with genome
size increases (Lysak et al., 2009). For example, the relationship between fewer
chromosomes and larger chromosomes noted by Manton (1932) has more recently been
also extended to an increase in genome size in a study by Lysak et al. (2009) in which a
few species included in the distantly related tribes Anchonieae (1 species), Buniadeae (1
species), and Physarieae (1 species). However, the regression analysis of chromosome
number against genome size shows no evidence to support a relationship between these
traits, and thus suggests that the variation of chromosome number is not a good predictor
for changes in genome size within Physarieae. Chromosome size, on the other hand,
accurately predicts genome size in Physarieae, explaining 63% of the variation (Table 3,
Fig. 4). Moreover, results indicate that changes in genome and chromosome size are also
related to variation in GC% content, albeit less closely, explaining only 28% of the
genome size variation. These data indicate instead that chromosome size and GC content
together are good predictors of genome size within Physarieae.
Are the limits of chromosome size changes and GC% content orchestrating
changes in genome size within Physarieae? This is a very interesting, but still unanswered
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question. Before this avenue of future research can be appropriately tested, it is essential
to first understand precisely, at the species and more inclusive taxonomic levels of
phylogenetic relationships, what are the molecular, cytogenetic, and evolutionary forces
related to the diversification of each individual genomic trait.

IV. Relationships among morphological and genomic traits
The significance of changes in the amount of nuclear DNA or genome size has
been much debated. Such extra genomic information has been either dismissed as nonfunctional (Doolittle and Sapienza, 1980; Orgel and Crick, 1980), or considered
functionally important and related to ecological and evolutionary factors (Cavalier-Smith,
1985; Vinogradov, 2003; Knight et al., 2005; Beaulieu et al., 2008). An increase in the
amount of size of the nuclear genome may affect cell volume, rates of cell division,
transcriptional processes, and cellular respiration (Cavalier-Smith, 2005); physiological
demands could constrain the evolution of genome size. The potential adaptive value of
the relationships related to natural selection processes (Cavalier-Smith, 2005) or neutral
forces (e.g., drift, mutation; Lynch, 2007), needs further investigation.
Among plants, the relationship between genome and cell size has been studied using
both stomata size (Beaulieu et al., 2008; Hodgson et al., 2010) and pollen size (Knight et
al., 2010). Although a strong correlation between stomata and genome size was reported
(Beaulieu et al., 2008), an angiosperm scale study (Knight et al., 2010) found that the
relationship of genome size and pollen size seems to be less significant. Data here
confirm the lack of correlation between pollen size (as a proxy of cell size) and genome
size. Pollen size has also been considered to be a good predictor of changes in
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chromosome number due to polyploidization (Koch et al., 2003; Sharbel et al., 2005), but
this study does not support this relationship either.

Conclusions
We present the first comparative evolutionary study of morphological and
genomic traits for a tribe of Brassicaceae. Trait distribution data of Physarieae, a recent
molecular phylogenetic hypothesis for the tribe, and the implementation of new analytical
methods provide valuable information for making inferences about phylogenetic signal
and mode and tempo of evolution of traits, which together lead to a better understanding
of the patterns of morphological and genetic diversity within Physarieae. Correlation
analyses implementing phylogenetic information provide useful evidence to uncover the
relationships between suites of morphological and genomic characters, but it is also
important to keep in mind that correlations presented here are not necessarily proof of
causality. Despite the modest sampling of this study, the hypotheses here suggest
important lines of investigation for future research. Most importantly, it will be useful to
extend trait measurements to include more taxa, additional accessions, and to add
complementary ecological and developmental data to test further inferences.

References

ACKERLY, D. D., AND P. B. REICH. 1999. Convergence and correlations among leaf size
and function in seed plants: a comparative test using independent contrasts.
American Journal of Botany 86: 1272–1281.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1::.

AGUILAR, R., G. BERNARDELLO, AND L. GALETTO. 2002. Pollen-pistil relationships and
pollen size-number trade-offs in species of the tribe Lycieae (Solanaceae).
Journal of Plant Research 115: 335–340.

ALBACH, D. A., and J. GREILHUBER. 2004. Genome size variation and evolution in
Veronica. Annals of Botany 94: 897–911.

ALFARO, M. E., D. L. BOLNICK, AND P. C. WAINWRIGHT. 2005. Evolutionary
consequences of many-to-one mapping of jaw morphology to mechanics in labrid
fishes. American Naturalist 165: E140–E154.

AL-SHEHBAZ, I. A., M. A. BEILSTEIN, AND E. A. KELLOGG. 2006. Systematic and
phylogeny of the Brassicaceae (Cruciferae): an overview. Plant Systematics and
Evolution 259: 89–120.

BACON, J. D. 1975. The genus Nerisyrenia (Cruciferae): a chemosystematic and
cytotaxonomic study. Ph.D. dissertation, University of Texas-Austin, Austin,
Texas, USA.

BACON, J. D. 1978. Taxonomy of Nerisyrenia (Cruciferae). Rhodora 80: 159–227.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:;.
BAILEY, C. D., M. A. KOCH, M. MAYER, K. MUMMENHOFF, S. L. O’KANE, JR., S.
WARWICK, M. D. WINDHAM, AND I. A. AL-SHEHBAZ. 2006. Toward a global
phylogeny of the Brassicaceae. Molecular Biology and Evolution 23: 2142–2160.

BAKER, H. G. 1972. Seed mass in relation to environmental conditions in California.
Ecology 53: 997–1010.

BAKER, H. G., AND I. BAKER. 1979. Starch in angiosperm pollen and its evolutionary
significance. American Journal of Botany 69: 591–600.

BAROW M, AND A. MEISTER. 2002. Lack of correlation between AT frequency and
genome size in higher plants and the effect of nonrandomness of base sequences
on dye binding. Cytometry 47: 1–7.

BEAULIEU, J. M., I. J. LEITCH, S. PATEL, A. PENDHARKAR, AND C. A. KNIGHT. 2008.
Genome size is a strong predictor of cell size and stomatal density in
angiosperms. New Phytologists 179: 975–986.

BEILSTEIN, M. A., I. A. AL-SHEHBAZ, AND E. A. KELLOGG. 2006. Brassicaceae phylogeny
and trichome evolution. American Journal of Botany 93: 607–619.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:;.
BEILSTEIN, M. A., I. A. AL-SHEHBAZ, S. MATHEWS, AND E. A. KELLOGG. 2008.
Brassicaceae phylogeny inferred from Phytochrome A and ndhF sequence data:
tribes and trichomes revisited. American Journal of Botany 95: 1307–1327.

BENNETT, M. D., I. J. LEITCH, H. J. PRICE., AND J. S. JOHNSTON. 2003. Comparisons with
Caenorhabditis (~100 Mb) and Drosophila (~175 Mb) using flow cytometry
show genome size in Arabidopsis to be ~157 Mb and thus 25% larger than the
Arabidopsis genome initiative estimate of ~125 Mb. Annals of Botany 91: 547–
557.

BENNETT, M. D., AND I. J. LEITCH. 2005. Nuclear DNA amounts in angiosperms. Annals
of Botany 76: 113–176.

BENNETZEN, J. L., J. MA, AND K. M. DEVOS. 2005. Mechanisms of recent genome size
variation in flowering plants. Annals of Botany 95: 127–132.

BENTHAM, G., AND J. D. HOOKER. 1862. Cruciferae. In G. Bentham, and J. D. Hooker
[eds.], Genera plantarum ad exemplaria imprimis in herbariis Kewensibus servata,
vol. 2: 57–102, Reeve & Co., London, U.K.

BIGAZZI, M., AND F. SELVI. 2000. Stigma form and surface in the tribe Boragineae
(Boraginaceae): micromorphological diversity, relationships with pollen, and
systematic relevance. Canadian Journal of Botany 78: 388–408.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:;.

BLANC, G., AND K. H. WOLFE. 2004. Widespread paleopolyploidy in model plant species
inferred from age distributions of duplicate genes. Plant Cell 16: 1667–1678.

BLANC, G., K. HOKAMP, AND K. H. WOLFE. 2003. A recent polyploidy superimposed on
older large-scale duplications in the Arabidopsis genome. Genome Research 13:
137–144.

BOLMGREN, K., AND O. ERIKSSON. 2010. Seed mass and the evolution of fleshy fruits in
angiosperms. Oikos 119: 707–718.

BOWMAN, J., S. BAUM, S. Y. ESHED, J. PUTTERILL, AND J. ALVAREZ. 1999. Molecular
genetics of gynoecium development in Arabidopsis. Current Topics in
Developmental Biology 45: 155–205.

BROCHMANN, C. 1992. Pollen and seed morphology of Nordic Draba (Brassicaceae):
phylogenetic and ecological implications. Nordic Journal of Botany 12: 657–673.

CARELS, N., AND G. BERNARDI. 2000. Two classes of genes in plants. Genetics 154:
1819–1825.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:0.
CAVALIER-SMITH, T. 1985. Introduction: the evolutionary significance of genome size. In
T. Cavalier-Smith [ed.], The evolution of genome size. 1–36. John Wiley and
Sons, New York, USA.

CAVALIER-SMITH, T. 2005. Economy, speed, and size matter: evolutionary forces driving
nuclear genome miniaturization and expansion. Annals of Botany 95: 147–175.

COMAI, L. 2000. Genetic and epigenetic interaction in allopolyploid plants. Plant
Molecular Biology 43: 387–399.

COUVREUR, T. L., P. A. FRANZKE, I. A. AL-SHEHBAZ, F. T. BAKKER, M. A. KOCH, AND K.
MUMMENHOFF. 2010. Molecular phylogenetics, temporal diversification, and
principles of evolution in the mustard family (Brassicaceae). Molecular Biology
and Evolution 27: 55–71.

CRUDEN, R. W. 2000. Pollen grains: why so many? Plant Systematics and Evolution 222:
143–165.

CRUDEN, R. W. 2009. Pollen grain size, stigma depth, and style length: the relationships
revisited. Plant Systematics and Evolution 278: 223–238.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:1.
CRUDEN, R. W, AND D. L. LYON. 1985. Correlation among stigma depth, style length, and
pollen grain size: do they reflect function or phylogeny? Botanical Gazetteer 146:
143–149.

DE BEER,

G. R. 1954. Archaeopteryx and evolution. Advance Science 11: 160–170.

DELPINO, F. 1867. Sull opera, la distribuzione dei sessi nelle piate e la legge che osta alla
perennità della fecundiazione consanguinea. Atti de la Societa Italiana di Scienze
Naturali 10: 272–303.

DOLEZEL, J., S. SGORBATI, AND S. LUCRETTI. 1992. Comparison of three DNA
fluorochromes for flow cytometric estimation of nuclear DNA content in plants.
Physiologia Plantarum 85: 625–631.

DOLEZEL, J., AND W. GOHDE. 1995. Sex determination in dioecious plants Melandrium
album and M. rubrum using high-resolution flow cytometry. Cytometry 19: 103–
106.

DOLEZEL, J., M. DOLEZELOVA, AND F. J. NOVAK. 1994. Flow cytometric estimation of
nuclear DNA amount in diploid bananas (Musa acuminata and M. balbisiana).
Biologia Plantarum 36: 351–357.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:/.
DOLEZEL, J., J. GREILHUBER, S. LUCRETTI, A. MEISTER, M. A. LYSAK, L. NARDI, AND R.
OBERMAYER. 1998. Plant genome size estimation by flow cytometry: interlaboratory comparison. Annals of Botany 82 (Supplement A): 17–26.

DONOGHUE, M. J., AND R. H. REE. 2000. Homoplasy and developmental constraint: a
model and an example from plants. American Zoologist 40: 759–769.

DONOHUE, K. 1998. Maternal determinants of seed dispersal in Cakile edentula: fruit,
plant, and site traits. Ecology 79: 2771–2788.

DOOLITTLE, W. F., AND C. SAPIENZA. 1980. Selfish genes, the phenotype paradigm and
genome evolution. Nature 284: 601–603.

ERDTMAN, G. 1960. The acetolysis method, a revised description. Svensk Botanisk
Tidskrift 54: 561–564.

FELSENSTEIN, J. 1985. Phylogenies and the comparative method. American Naturalist
125: 1–15.

FUENTES, S., AND A. VIVIAN-SMITH. 2009. Fertilization and fruit initiation. Annual Plant
Reviews 38: 107–171.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:;.
GREGORY, T. R. 2005. The c-value enigma in plants and animals: a review of parallels
and an appeal for partnership. Annals of Botany 95: 133–146.

GUTTERMAN, Y. 1993. Strategies of dispersal and germination in plants inhabiting
deserts. Botanical Review 60: 373–425.

GUTTERMAN, Y. 2002. Survival strategies of annual desert plants. Adaptations of desert
organism. Springer-Verlag, New York, USA.

HA, M., K. EUN-DEOK, AND Z. J. CHEN. 2009. Duplicate genes increase expression
diversity in closely related species and allopolyploids. Proceedings of the
National Academy of Sciences, USA 106: 2295–2300.

HALL, C. A. J., T. E. TISDALE, K. DONOHUE, AND E. M. KRAMER. 2006. Developmental
basis of an anatomical novelty: heteroarthrocarpy in Cakile lanceolata and
Eurucaria erucarioides (Brassicaceae). International Journal of Plant Sciences
167: 771–789.

HAYEK, A. 1911. Entwurf eines Cruciferensystems auf phylogenetischer Grundlage.
Beihefte zum Botanischen Centralblatt 27: 127–335.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:;.
HODGSON, J. G., M. SHARAFI, A. JALILI, S. Díaz, G. Montserrat-Martí, C. Palmer, B.
Cerabolini, et al. 2010. Stomatal vs. genome size in angiosperms: the somatic tail
wagging the genomic dog? Annals of Botany 105: 573–584.

HOLMGREN, P. K., AND N. H. HOLMGREN. 1998 onwards. Index Herbariorum. New York
Botanical Garden, website http://www.nybg.org/bsci/ih/.

HUELSENBECK J. P., AND B. RANNALA. 2003. Detecting correlation between characters in
a comparative analysis with uncertain phylogeny. Evolution 57: 1237–1247.

JANCHEN, E. 1942. Das System der Cruciferen. Oesterreichische Botanische Zeitschrift
91: 1–28.

JOBB, G. 2008. TREEFINDER version of October 2008. Munich, Germany. Computer
program and documentation distributed by the author, website:
www.treefinder.de.

JOHNSTON, J. E., A. E. PEPPER, A. E. HALL, Z. J. CHEN, G. HODNETT, J. DRABEK, R.
LOPEZ, AND J. PRICE. 2005. Evolution of genome size in Brassicaceae. Annals of
Botany 95: 229–235.

KELLOGG, E. A., AND J. L. BENNETZEN. 2004. The evolution of nuclear genome structure
in seed plants. American Journal of Botany 91: 1709–1725.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:;.

KIRK, W. D. J. 1993. Interspecific size and number variation in pollen grains and seeds.
Biological Journal of the Linnean Society 49: 239–248.

KNIGHT, C. A., AND D. D. ACKERLY. 2002. Variation in nuclear DNA content across
environmental gradients: a quantile regression analysis. Ecological Letters 5: 66–
76.

KNIGHT, C. A., N. A. MOLINARI, AND D. A. PETROV. 2005. The large genome constraint
hypothesis: evolution, ecology, and phenotype. Annals of Botany 9: 177–190.

KNIGHT, C.A., R. B. CLANCY, L. GÖTZENBERGER, L. DANN, AND J. M. BEAULIEU. 2010.
On the relationship between pollen size and genome size. Journal of Botany
Article published online. Article ID 612017, 7 pages doi:10.1155/2010/612017.
Available from: http://www.hindawi.com/journals/jb/2010/612017.abs.html

KOCH, M. A. 2003. Molecular phylogenetics, evolution and population biology in
Brassicaceae. In A. K. Sharma and A. Sharma [eds.], Plant genome: biodiversity
and evolution, vol. 1, part A, Phanerogams, 1–35. Science Publisher, Enfield,
New Hampshire, USA.

KOCH, M. A., C. DOBES, AND T. MITCHELL-OLDS. 2003. Multiple hybrid formation in
natural populations: concerted evolution of the internal transcribed spacer of

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:;.
nuclear ribosomal DNA (ITS) in North American Arabis divaricarpa
(Brassicaceae). Molecular Biology and Evolution 20: 338–350.

KUHL, J. C., F. CHEUNG, Q. YUAN, W. MARTIN, Y. ZEWDIE, J. MCCALLUM, A.
CATANACH, ET AL. 2004. A unique set of 11,008 onion expressed sequence tags
reveals expressed sequence and genomic differences between the monocot orders
Asparagales and Poales. Plant Cell 16: 114–125.

LEITCH, I. J., AND M. D. BENNETT. 2004. Genome downsizing in polyploid plants.
Biological Journal of the Linnean Society 82: 651–663.

LEITCH, I. J., J. M. BEAULIEU, K. CHEUG, L. HANSON, M. A. LYSAK, AND M. F. HAY.
2007. Punctuated genome size evolution in Liliaceae. Journal of Evolutionary
Biology 20: 2296–2308.

LEITCH, I. J., I. KAHANDAWALA, J. SUDA, L. HANSON, M. J. INGROUILLE, M. W. CHASE,
AND M. F. FAY.

2009. Genome size diversity in orchids: consequences and

evolution. Annals of Botany 104: 469–481.

LEVIN, R. E., AND C. VAN SICKLE. 1976. Autolysis of high-GC isolates of Pseudomonas
putrefaciens. Antonie Van Leeuwenhoek 42: 145–155.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1::.
LÓPEZ, H. A., A. M. ANTON, AND L. GALLETO. 2006. Pollen-size correlation and pollensize number trade-off in species of Argentinian Nyctaginaceae with different
pollen reserves. Plant Systematics and Evolution 256: 69–73.

LYNCH, M. 2007. The origins of genome architecture. Sinauer Associates, Sunderland,
Massachusetts, USA.

LYSAK, M. A, M. A. KOCH, A. PECINKA, AND I. SCHUBERT. 2005. Chromosome
triplication found across the tribe Brassiceae. Genome Research 15: 516–525.

LYSAK, M. A., AND C. LEXER. 2006. Towards the era of comparative evolutionary
genomics in Brassicaceae. Plant Systematics and Evolution 259: 175–198.

LYSAK, M. A., K. CHEUNG, M. KITSCHKE, AND P. BURES. 2007. Ancestral chromosome
blocks are triplicated in Brassiceae species with varying chromosome number and
genome size. Plant Physiology 145: 402–410.

LYSAK, M. A., M. A. KOCH, J. M. BEAULIEU, A. MEISTER, AND I. J. LEITCH. 2009. The
dynamic ups and downs of genome size evolution in Brassicaceae. Molecular
Biology and Evolution 26: 85–98.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:;.
MADDISON, W. P., AND D. R. MADDISON. 2009. Mesquite: a modular system for
evolutionary analysis, version 2.72 for Mac OSX. Computer program and
documentation distributed by the author? website: http://mesquiteproject.org.

MADDISON, W. P., D. R. MADDISON, AND P. MIDFORD. 2002. TreeFarm package. In
Mesquite, 2.72 for Mac OSX. Computer program and documentation distributed
by the author? website: http://mesquiteproject.org/mesquite/mesquite.html.

MANTON, I. 1932. Introduction to the general cytology of the Cruciferae. Annals of
Botany 46: 509–556.

MARHOLD, K., AND J. LIHOVA. 2006. Polyploidy, hybridization and reticulate evolution:
lessons from the Brassicaceae. Plant Systematics and Evolution 259: 143–174.

MARTÍNEZ-LABORDA, A., AND A. VERA. 2009. Arabidopsis fruit development. Annual
Plant Reviews 38: 172–203.

MAZER, S. J. 1989. Ecological, taxonomic, and life history correlates of seed mass among
Indiana Dune angiosperms. Ecological Monographs 59: 153–175.

MAZER, S. J., AND N. T. WHEELWRIGHT. 1993. Fruit size and shape: allometry at different
taxonomic levels in bird-dispersed plants. Evolutionary Ecology 7: 556–575.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:;.
MCKITRICK, M. C. 1993. Phylogenetic constraint in evolutionary theory: has it any
explanatory power? Annual Review of Ecology and Systematics 24: 307–330.

MEYERS, B. C., S. V. TUNGEY, AND M. MORGANTE. 2001. Abundance, distribution and
transcriptional activity of repetitive elements in the maize genome. Genome
Research 11: 1660–1676.

MOLES, A. T., AND M. WESTOBY. 2004. Seedling survival and seed size: a synthesis of
the literature. Journal of Ecology 92: 372–383.

MOLES, A. T., D. D. ACKERLY, O. WEBB CAMPBELL, J. C. TWEDDLE, J. B. DICKIE, A. J.
PITMAN, AND M. WESTOBY. 2005. Factors that shape seed mass evolution.
Proceedings of the National Academy of Sciences, USA 102: 10540–10544.

OHNO, S. 1970. Evolution by gene duplication. Springer-Verlag, Berlin, Germany.

O'MEARA, B. 2008. Using trees: Myrmecocystus phylogeny and character evolution and
new methods for investigating trait evolution and species delimitation. Ph.D.
dissertation, University of California, Davis, California, USA. Available from
Nature Proceedings http://dx.doi.org/10.1038/npre.2008.2261.1

O’MEARA, B. C., C. M. ANÉ, M. J. SANDERSON, AND P. C. WAINWRIGHT. 2006. Testing
for different rates of evolution using likelihood. Evolution 60: 922–933.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:0.

ORGAN, C. L., A. M. SHEDLOCK, A. MEADE, M. PAGEL, AND S. V. EDWARDS. 2007. Origin
of avian genome size and structure in non-avian dinosaurs. Nature 446: 180–184.

ORGEL, L. E., AND F. H. CRICK. 1980. Selfish DNA: the ultimate parasite. Nature 284:
604–607.

ORTEGA OLIVENCIA, A., S. RAMOS, T. RODRÍGUEZ, AND J. A. DEVESA. 1997. Floral
biometry, floral rewards and pollen-ovule ratios in some Vicia from Extremadura,
Spain. Edinburgh Journal of Botany 54: 39–53.

OTTO, F. 1990. DAPI staining of fixed cells for high-resolution flow cytometry of nuclear
DNA. In H. A. Crissman, and Z. Darzynkiewicz [eds.], Methods in Cell Biology,
vol. 33, 105–110. Academic Press, San Diego, California, USA.

PAGEL, M. 1997. Inferring evolutionary processes from phylogenies. Zoologica Scripta
26: 331–348.

PAGEL, M. 1999. Inferring the historical patterns of biological evolution. Nature 401:
877–884.

PAGEL, M., A. MEADE, AND D. BAKER. 2004. Bayesian estimations of ancestral character
states on phylogenies. Systematic Biology 53: 673–684.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:1.

PAGEL, M., AND A. MEADE. 2006. Bayesian analysis of correlated evolution of discrete
characters by reversible-jump Markov Chain Monte Carlo. American Naturalist
167: 808–825.

PLITMANN, U., AND D. A. LEVIN. 1983. Pollen pistil relationships in the Polemoniaceae.
Evolution 37: 957–967.

PRANTL, K. 1891. Cruciferae. In A. Engler, and K. Prantl [eds.], Die natürlichen
Pflanzenfamilien, vol. 3, Part 2, 145–206. Wilhelm Engelman, Leipzig, Germany.

PURVIS, A. 2004. Evolution: how do characters evolve? Nature 430: 338–341.

QUIROS, C. F. 1999. Genome structure and mapping. In C. Gomez-Campo [ed.], Biology
of Brassica coenospecies, 217–245. Elsevier, Amsterdam, Netherlands.

RAFTERY, A. E. 1996. Hypothesis testing and model selection. In W. R. Gilks, S.
Richardson, and D. J. Spiegel [eds.], Markov Chain Monte Carlo in practice, 163–
188. Chapman and Hall, London, England.

RAMBAUT, A., AND A. J. DRUMMOND. 2009. Tracer, MCMC Trace Analysis Package,
version 1.5 for Mac OSX Computer program and documentation distributed by

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:/.
the author, website: http://tree.bio.ed.ac.uk/software/tracer/ [accessed 07 Month
2010].

RICKLEFS, R. E. 2004. Cladogenesis and morphological diversification in passerine birds.
Nature 430: 338–341.

ROACH, D. A., AND R. D. WULFF. 1987. Maternal effects in plants. Annual Review of
Ecology and Systematics 18: 209–235.

ROLLINS, R. C. 1955. The auriculate-leaved species of Lesquerella (Cruciferae). Rhodora
57: 241!264.

ROLLINS, R. C. 1979. Dithyrea and a related genus (Cruciferae). Bussey Institution of
Harvard University, Cambridge. Massachusetts, USA Pp. 3–32.

ROLLINS, R. C. 1993. The Cruciferae of continental North America sytematics of the
mustard family from the Artic to Panama. Stanford University Press, Stanford,
California, USA.

ROLLINS, R. C., AND E. A. SHAW. 1973. The genus Lesquerella (Cruciferae) in North
America. Harvard University Press, Cambridge, Massachusetts, USA.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:;.
ROLLINS, R. C., AND U. C. BANERJEE. 1979. Pollen of the Cruciferae. Bussey Institution
of Harvard University, Cambridge, Massachusetts, USA.Pp. 33–64.

ROULSTON, T. H., J. H. CANE, AND S. L. BUCHMANN. 2000. What governs protein content
of pollen: pollinator preferences, pollen-pistil interactions in phylogeny?
Ecological Monographs 70: 617–643.

SANDERSON, M. J. 1997. A nonparametric approach to estimating divergence times in the
absence of rate constancy. Molecular Biology and Evolution 14: 1218–1231.

SANDERSON, M. J. 2003. r8s: inferring absolute rates of molecular evolution and
divergence times in the absence of a molecular clock. Bioinformatics 19: 301–
302.

SANMIGUEL, P., AND J. BENNETZEN. 1998. Evidence that a recent increase in maize
genome size was caused by the massive amplification of intergene
retrotransposon. Annals of Botany 82: 37–44.

SARKISSIAN, T. S., AND L. D. HARDER. 2001. Direct and indirect responses to selection on
pollen size in Brassica rapa L. Journal of Evolutionary Biology 14: 456–468.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:;.
SCHRAZ, M. E., M. A. LYSAK, AND T. MITCHELL-OLDS. 2006. The ABC’s of comparative
genomics in the Brassicaceae: building blocks of crucifer genomes. Trends in
Plant Systematics 11: 535–542.

SCHULZ, O. E. 1936. Cruciferae. In A. Engler, and K. Prantl [eds.], Die natürlichen
Pflanzenfamilien, 2nd ed., Vol. 17B, 227–658. Engelmann, Leipzig, Germany.

SHARBEL, T. F., T. MITCHELL-OLDS, C. DOBES, L. KANATAMA, AND H. DE JONG. 2005.
Biogeographic distribution of polyploidy and B chromosomes in the apomictic
Boechera holboellii complex. Cytogenetic and Genome Research 109: 283–292.

SMARDA, P., P. BURES, L. HOROVA, B. FOHHI, AND G. ROSSI. 2008. Genome size and GC
content evolution of Festuca: ancestral expansion and subsequent reduction.
Annals of Botany 101: 421–433.

SOLTIS, D. E. V., A. ALBERT, J. LEEBENS-MACK, C. D. BELL, A. H. PATERSON, C. ZHENG,
D. SANKOFF,

ET AL.

2009. Polyploidy and angiosperm diversification. American

Journal of Botany 96: 336–348.

STEBBINS, G. L. 1950. Variation and evolution in plants. Columbia University Press,
New York, USA.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:;.
STEBBINS, G. L. 1974. Flowering plants: evolution above the species level. Belknap Press
of Harvard University Press, Cambridge, Massachusetts, USA.

SUNDBERG, E., AND C. FERRÁNDIZ. 2009. Gynoecium patterning in Arabidopsis: a basic
plan behind a complex structure. Annual Plant Reviews 38: 35–69.

TATE, A. J., AND B. B. SIMPSON. 2004. Breeding system evolution in Tarasa (Malvaceae)
and selection for reduced pollen grain size in the polyploidy species. American
Journal of Botany 91: 207–213.

TORRES, C. 2000. Pollen size evolution: correlation between pollen volume and pistil
length in Asteraceae. Sexual Plant Reproduction 12: 365–370.

TRUCO, M. J., AND C. F. QUIROS. 1994. Structure and organization of the B-genome based
on a linkage map in Brassica nigra. Theoretical and Applied Genetics 89: 590–
598.

TURCOTTE, K., S. SRINIVASAN, AND T. BURELU. 2001. Survey of transposable elements
from rice genomic sequences. Plant Journal 25: 169–179.

VINOGRADOV, A. E. 1995. Nucleotypic effect in homeotherms: body-mass-corrected
basal metabolic rates of mammals is related to genome size evolution.
International Journal of Organic Evolution 49: 1249–1259.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:;.

VINOGRADOV, A. E. 2003. Selfish DNA is maladaptive: evidence from the plant plantRed
list. Trends in Genetics 19: 609–614.

VISION, T. J., D. G. BROWN, AND S. D. TANKSLEY. 2000. The origins of genomic
duplications in Arabidopsis. Science 290: 2114–2117.

WAINWRIGHT, P. C. 2007. Functional versus morphological diversity in macroevolution.
Annual Review Ecology, Evolution and Systematics 38: 381–401.

WARWICK, S. I., AND I. A. AL-SHEHBAZ. 2006. Brassicaceae: chromosome number index
and database on CD-Rom. Plant Systematics and Evolution 259: 237–248.

WARWICK, S. I., K. MUMMENHOFF, C. A. SAUDER, M. A. KOCH, AND I. A. AL-SHEHBAZ.
2010. Closing the gaps: phylogenetic relationships in the Brassicaceae based on
DNA sequence data of nuclear ribosomal ITS. Plant Systematics and Evolution
285: 209–232.

WEISS-SCHNEEWEISS, H., J. GREILHUBER, AND G. M. SCHNEEWEISS. 2006. Genome size
evolution in holoparasitic Orobanche (Orobanchaceae) and related genera.
American Journal of Botany 93: 148–156.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:;.
WENDEL J. F., R. C. CRONN, J. S. JOHNSTON, AND H. J. PRICE. 2002. Feast and famine in
plant genomes. Genetica 115: 37–47.

WENDER, N. J., C. R. POLISETTY, AND K. DONOHUE. 2005. Density-dependent process
influencing the evolutionary dynamics of dispersal a functional analysis of seed
dispersal in Arabidopsis thaliana (Brassicaceae). American Journal of Botany 92:
960–971.

WESTOBY, M., AND B. RICE. 1982. Evolution of the seed plants and inclusive fitness of
plant tissues. Evolution 36: 713–724.

WONG, GK-S, J. WANG, L. TAO, J. TAN, J-G. ZHANG, D. A. PASSEY, AND J. YU. 2002.
Compositional gradients in Gramineae genes. Genome Research 12: 851–856.

YAKOVCHUK, P. E. PROTOZANOVA, AND M. D. FRANK-KAMENETSKII. 2006. Base-stacking
and base-pairing contributions into thermal stability of the DNA double helix.
Nucleic Acids Research 34: 564–574.

YANG, C.-F., AND Y.-H. GUO. 2004. Pollen size-number trade-off and pollen pistil
relationships in Pedicularis (Orobanchaceae). Plant Systematics and Evolution
247: 177–185.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1::.
YOUNG, R. L., T. S. HASELKORN, AND A. V. BADYAEV. 2007. Functional equivalence of
morphological and ecological diversity. Evolution 61: 2480–2492.

!"#$%#&'()*+,$)-.(,*,-./010-.234.54.5+&&#*%,%+)$-.67(8-.94...
1:;.

APPENDIX 1. Summary of morphological and genomic data. Average values given for FrL= fruit length (mm); Fr-W = fruit width (mm); Fr-L:W = fruit length:width ratio; Re-L
= replum length (mm); Re-W = replum width (mm); Re-L:W = replum length:width
ratio; St-L = style length (mm); SeS = seed size (mm); SeN = seed number; SeM = total
seed mass per fruit (seed number ! seed size); Po-S = pollen size ("m); ChrN =
chromosome number (chromosome count); ChrS = chromosome size (Mbp); GS =
genome size (1C/picograms); AT% = total percentage of Adenosine-Thymine; GC% =
total percentage of Guanine-Cytosine. Asterisks indicate data compiled from literature
Appendix 1. Summary of morphological and genomic data. Average values given for Fr-L= fruit length (mm); Fr-W = fruit width (mm); Fr-L:W = fruit length:width ratio; Re-L = replum length (mm); Re-W =
replum width (mm); Re-L:W = replum length:width ratio; St-L = style length (mm); SeS = seed size (mm); SeN = seed number; SeM = total seed mass per fruit (seed number ! seed size); Po-S = pollen size ("m);
ChrN = chromosome number (chromosome count); ChrS = chromosome size (Mbp); GS = genome size (1C/picograms); AT% = total percentage of Adenosine-Thymine; GC% = total percentage of GuanineCytosine. Asterisks indicate data compiled from literature (supporting references listed below table).

(supporting references listed below table).
Taxa
Dithyrea maritima
Dimorphocarpa membranacea
Dimorphocarpa wislizenii
Lyrocarpa coulteri
Lyrocarpa linearifolia
Lyrocarpa xantii
Nerisyrenia gypsophila
Nerisyrenia incana
Nerisyrenia johnstonii
Nerisyrenia mexicana
Synthlipsis greggii
Paysonia auriculata
Paysonia densipila
Paysonia grandiflora
Paysonia lasiocarpa
Paysonia lescurii
Paysonia lyrata
Paysonia perforata
Paysonia stonensis
Physaria acutifolia
Physaria alpina
Physaria angustifolia
Physaria argentea
Physaria argyraea
Physaria arizonica
Physaira eburniflora
Physaria tenella
Physaria filiformis
Physaria floribunda
Physaria globosa
Physaria gordonii
Physaria intermedia
Physaria kingii
Physaria mirandiana
Physaria mexicana
Physaria navajoensis
Physaria ovalifolia
Physaria purpurea
Physaria rectipes
Physara rosei
Physaria schaffneri
Alyssum simplex
Arabidopsis thaliana
Boecherae laevigata
Lepidum campestre
Descurainia sophia
Pennellia lasiocarpa
Sphaerocardamum nesliiforme
Reference list
1
2
3
4
5
6
7
8

Fr-L
4.090
5.560
6.015
13.070
9.210
17.500
15.440
10.980
9.430
12.150
10.390
5.960
3.630
5.003
6.660
4.930
3.740
5.330
4.510
6.910
5.490
5.220
6.880
4.390
4.630
5.710
5.560
3.570
5.860
1.880
4.800
5.590
3.920
6.500
5.260
3.950
5.590
5.060
4.180
8.580
4.160
3.410
10.100
78.200
5.430
23.770
46.500
1.320

Fr-W Fr-L:W Re-L Re-W
14.820
0.276 1.870 0.960
5.160
1.078 2.630 0.650
11.690
0.515 4.360 0.530
11.280
1.159 13.010 2.060
12.760
0.722 6.920 1.460
4.460
3.924 7.480 1.440
3.360
4.595 15.790 1.030
5.150
2.132 9.980 1.480
5.430
1.737 9.590 2.300
2.090
5.813 11.750 0.840
5.970
1.740 7.260 1.640
6.120
0.974 6.810 5.570
3.500
1.037 3.170 3.340
4.890
1.023 4.730 4.590
8.500
0.784 6.390 2.660
0.930
5.301 4.810 3.950
4.080
0.917 3.740 4.080
4.590
1.161 5.330 4.590
4.970
0.907 4.030 4.600
8.120
0.851 2.390 0.430
9.210
0.596 3.700 1.510
5.510
0.947 4.780 3.680
4.510
1.525 5.220 2.750
4.680
0.938 3.710 3.090
3.150
1.470 3.800 2.750
7.450
0.766 3.230 1.210
4.360
1.275 4.760 4.020
3.510
1.017 3.570 3.500
10.640
0.551 4.530 0.600
1.900
0.989 1.830 1.970
5.010
0.958 3.850 3.380
3.750
1.491 4.120 2.500
2.830
1.385 3.920 2.830
6.000
1.083 6.500 6.000
3.500
1.503 6.190 3.360
3.700
1.068 3.800 2.360
4.870
1.148 5.020 4.040
4.950
1.022 4.910 4.600
2.880
1.451 4.310 3.180
4.070
2.108 8.580 1.170
4.120
1.010 4.170 4.040
1.380
2.471 3.410 3.060
0.390 25.897 10.010 0.390
1.940 40.309 78.200 1.750
4.230
1.284 5.440 1.540
0.990 24.010 23.770 0.880
1.550 30.000 46.500 1.550
1.260
1.048 1.320 0.910

Re-L:W
1.948
4.046
8.226
6.316
4.740
5.194
15.330
6.743
4.170
13.988
4.427
1.223
0.949
1.031
2.402
1.218
0.917
1.161
0.876
5.558
2.450
1.299
1.898
1.201
1.382
2.669
1.184
1.020
7.550
0.929
1.139
1.648
1.385
1.083
1.842
1.610
1.243
1.067
1.355
7.333
1.032
1.114
25.667
44.686
3.532
27.011
30.000
1.451

St-L
0.510
1.380
0.630
0.590
0.430
0.380
2.240
3.180
2.400
1.330
3.600
1.880
2.130
1.510
1.440
1.740
2.190
1.920
2.980
5.940
6.950
2.260
2.040
1.950
1.880
3.940
3.550
3.620
5.340
2.440
3.030
3.720
3.930
3.120
1.970
1.950
5.320
1.910
2.520
1.170
2.660
0.330
0.140
0.280
0.590
0.200
0.200
0.310

SeS
7.838
7.050
6.999
5.906
8.081
6.261
1.627
1.580
1.972
4.334
6.209
6.425
5.459
6.169
6.259
6.394
6.838
6.403
7.564
7.480
8.707
4.307
4.690
5.554
7.194
6.150
6.472
7.219
4.347
4.844
5.858
6.034
5.935
5.378
6.616
7.611
5.293
4.277
4.276
1.227
4.183
4.926
2.734
1.928
1.571

SeN

SeM
2
15.675
2
14.099
2
13.998
14
82.688
14 113.136
14
87.654
75 122.034
75 118.479
75 75 147.897
30 130.018
14
86.930
6
38.551
22 120.094
32 197.416
6
37.552
6
38.365
10
68.376
10
64.033
3
22.693
4
29.921
8
69.655
12
51.678
22 103.180
13
72.199
6
43.163
26 159.890
4
25.888
4
28.877
4
17.389
18
87.190
14
82.013
16
96.540
12
71.219
12
64.538
6*
16 105.856
8
60.888
14
74.103
12
51.321
16
2
8.552
60
73.591
70 292.825
2
9.852
30
82.030
60 115.704
2
3.142

Po-S
117.945
141.620
124.863
115.823
131.149
114.263
126.177
159.167
142.137
144.618
99.673
141.653
106.528
99.727
142.585
134.120
165.434
69.468
140.641
92.169
66.824
70.960
79.035
115.369
113.824
130.133
63.936
108.369
92.732
112.624
95.211
69.842
115.401
74.349
176.589
77.750
66.446
57.903
53.889
78.439

ChrN
ChrS
GS AT% content GC% content Reference(s)
10*
6
9*
6
9 134.379 1.239
53.623
46.377
10 189.642 1.841
51.086
48.914
10* 186.627 1.992
6
10 190.024 1.965
9
9
32.280 0.309
55.030
44.970
9
0.789
9
31.983 0.299
54.536
45.464
10
76.450 0.795
50.359
49.641
8 145.793 1.260
50.088
49.912
8
52.109 0.436
70.515
29.485
9
7*
7
8
8
52.704 0.437
69.602
30.398
8
51.085 0.416
71.365
28.635
8
55.557 0.458
68.803
31.197
4 1053.336 2.234
55.358
44.642
5
65.857 0.498
61.729
38.271
5
24
79.758 1.903
58.967
41.033
8
63.308 0.531
57.796
42.204
5
84.748 0.434
61.887
38.113
4 547.932
2.311
53.545
46.455
6
88.600 0.353
58.485
41.515
7
4 909.283 2.240
54.430
45.570
7
6
95.907 0.589
56.541
43.459
5 145.257 0.776
62.069
37.931
5
8
8
52.790 0.436
59.500
40.500
8 117.352 0.959
59.983
40.017
5
5 106.112 0.550
56.399
43.601
9
76.338 0.716
54.312
45.688
5
86.254 0.435
61.688
38.312
5
16*
0.65*
4
5
1850* 0.166
42*
2
7*
0.266
4
16*
0.580
3, 4
14
0.218
4, 5
8
9*
0.164
1
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TABLE 1. Tests for evolutionary trends and significance of clade differences. Model A:
random-walk model of evolution (constance-variance model). Model B: random-walk
with directional evolution. Comparison of the harmonic means of the log-likelihoods and
Bayes Factors > 2 determine the model that best fits the data. The model with the highest
log (harmonic mean) and the largest positive Bayes Factors is the best fitting model.
PGLS phylogenetically corrected t-test evaluates significance of differences among
clades of Physarieae, P-values estimated by the proportion of the posterior distribution
that crossed zero.

Table 1 Tests for evolutionary trends and significance of clade differences. Model A: random-walk model of evolution (constance-variance model).
Model B: random-walk with directional evolution. Comparison of the harmonic means of the log-likelihoods and Bayes Factors > 2 determine the model
that best fits the data. The model with the highest log (harmonic mean) and the largest positive Bayes Factors is the best fitting model. PGLS
phylogenetically corrected t-test evaluates significance of differences among clades of Physarieae, P-values estimated by the proportion of the posterior
distribution that crossed zero.
Trait
Fruit length (mm)
Fruit width (mm)
Fruit length: width ratio
Replum length (mm)
Replum width (mm)
Replum length: width ratio
Style length (mm)
Seed size (mm)
Seed number
Total seed mass per fruit (seed
number ! seed size)
Pollen size ("m)
Chromosome number
Chromosome size (Mbp)
Genome size (1C/pg)
GC content (%)

.

Model A
Harmonic mean log(Lh)
22.48
0.25
-1.43
5.33
3.15
-103.68
-0.02
28.11
-12.44
-13.11
18.97
35.89
-6.71
-0.72
69.36

Model B
Harmonic mean log(Lh)
20.33
-6.26
-2.52
-4.1
-3.36
-108.41
-0.55
35.6
-10.56
-5.13
22.24
36.19
-8.52
-6.76
69.34

Bayes Factors
4.3
13.02
2.18
18.86
13.02
9.45
1.06
14.96
3.75
15.96
6.54
0.6
4.05
12.08
0.05

PGLS t-test
P-value
0.97
0.38
0.45
0.27
0.87
0.24
0.62
0.79
0.54
0.67
0.37
0.75
0.49
0.31
0.84
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TABLE 2. Tests for evolutionary trends excluding extreme variation. Model A: randomwalk model of evolution (constance-variance model). Model B: random-walk with
directional evolution. Comparison of the harmonic means of the log-likelihoods and
Bayes
Factors
> 2 determine
the model
that best
fitsA:the
data. Model
the(constance-variance
highest log
Table 2 Tests
for evolutionary
trends excluding
extreme variation.
Model
random-walk
model ofwith
evolution
model). Model B: random-walk with directional evolution. Comparison of the harmonic means of the log-likelihoods and Bayes Factors
> 2 determine the model that best fits the data. Model with the highest log (harmonic mean) and the largest positive Bayes Factors is the
(harmonic
mean) and the largest positive Bayes Factors is the best fitting model. .
best fitting model.

Trait
Seed size (mm)
Seed number
Seed mass (seed number * seed size)

Model A
Harmonic mean log(Lh)
35.81
-9.94
-4.03

Model B
Harmonic mean log(Lh)
35.24
-7.86
-5.27

Bayes Factors
1.13
3.75
2.48
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TABLE 3. Estimated ancestral values (alpha trait values) and scaling parameters of Kappa
(!), Delta ("), and Lambda (#) for modeling trait evolution of fruit traits, seed traits, style
length, pollen size, chromosome number, and genome size within Physarieae. P-values
were calculated by determining the proportion of the posterior distribution crossing 1.
The average posterior distribution of alpha traits ($-traits) are indicated with the 95%
confidence interval in parentheses. Ancestral trait values were estimated as the backtransformed posterior distribution of the log10[$-trait (95% confidence interval)]. The
Table 3 Estimated ancestral values (alpha trait values) and scaling parameters of Kappa (!), Delta ("), and Lambda (#) for modeling trait evolution of fruit traits, seed traits, style length, pollen size,

chromosome number, and genome size within Physarieae. P-values were calculated by determining the proportion of the posterior distribution crossing 1. The average posterior distribution of alpha traits
asterisks
indicate values not significantly different than zero when tested against ! = 0.
($-traits) are indicated with the 95% confidence interval in parentheses. Ancestral trait values were estimated as the back-transformed posterior distribution of the log [$-trait (95% confidence interval)].
10

The asterisks indicate values not significantly different than zero when tested against ! = 0.

Trait
Fruit length (mm)

Alpha ± standard deviation

P-value

!
"

0.541 ± 0.006
1.112 ± 0.011

0.050
0.540

#

0.894 ± 0.002

< 0.001

!
"

0.179 ± 0.003
1.998 ± 0.012

0.003*
0.920

#

Fruit width (mm)

0.426 ± 0.004

< 0.001

!

0.010 ± 0.002

< 0.001

"

1.684 ± 0.015

0.060

#

0.309 ± 0.003

< 0.001

!
"

0.419 ± 0.004
1.211 ± 0.012

0.316
0.610

#

Fruit length: width ratio

Replum length (mm)

0.594 ± 0.004

< 0.001

!

0.294 ± 0.004

< 0.001

"

1.760 ± 0.012

0.122

#

0.809 ± 0.002

< 0.001

!
"

0.291 ± 0.004
0.848 ± 0.001

0.023*
< 0.001

#

Replum width (mm)

Replum length: width ratio

0.610 ± 0.003

< 0.001

!
"

0.631 ± 0.001
0.882 ± 0.004

0.225
0.37

#

0.887 ± 0.018

< 0.001

Style length (mm)

Interpretation

Alpha trait (95% CI) Ancestral trait value
0.836 (0.833– 0.8389)

6.854 (6.807–6.901)

0.76 (0.758–0.761)

5.75 (5.727–5.768)

1.43 (1.432–1.437)

1.43 (1.432–1.437)

0.761 (0.763–0.7589)

5.768 (5.739--5.79)

0.336(0.336–0.337)

2.16 (2.168–2.173)

3.537 (3.526–3.558)

3.537 (3.526–3.558)

0.29 (0.21–0.290)

1.95 (1.621–1.95)

Non-scaled gradual evolution
Constant rate of evolution according to a
Brownian motion model
Moderate phylogenetic signal
Punctuated evolution
Constant rate of evolution according to a
Brownian motion model
No phylogenetic signal
Scaled gradual evolution, stasis in longer
branches
Constant rate of evolution according to a
Brownian motion model
No phylogenetic signal
Non-scaled gradual evolution
Constant rate of evolution according to a
Brownian motion model
No phylogenetic signal
Scaled gradual evolution, stasis in longer
branches
Constant rate of evolution according to a
Brownian motion model
Moderate phylogenetic signal
Punctuated evolution
Longer paths contribute disproportionally
to trait evolution, trait evolution
accelerates as time progresses
Moderate phylogenetic signal
Non-scaled gradual evolution
Constant rate of evolution according to a
Brownian motion model
Moderate phylogenetic signal
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Trait
Seed size (mm)

Alpha ± standard deviation

P-value

!

1.549 ± 0.010

< 0.001

"

0.386 ± 0.006

0.13

#

0.981 ± 0.0005

< 0.001

!
"

0.975 ± 0.02
1.066 ± 0.050

0.960
< 0.001

#

0.950 ± 0.001

< 0.001

!

1.675 ± 0.043

< 0.001

"

1.461 ± 0.050

0.630

#

0.858 ± 0.004

Seed number

Seed mass (seed number* seed
size)

Pollen size ($m)
!
"

0.407 ± 0.004
2.147 ± 0.011

0.008*
0.020

#

0.696 ± 0.004

< 0.001

!

2.894 ± 0.006

0.002

"

2.470 ± 0.002

0.006

#

Chromosome number

0.915 ± 0.004

0.002

!
"

1.291 ± 0.008
1.765 ± 0.009

0.74
0.566

#

Chromosome size (Mbp)

0.887 ± 0.008

< 0.001

!
"

1.188 ± 0.008
1.732 ± 0.013

0.75
0.92

#

Genome size (1C/pg)

0.874 ± 0.003

< 0.001

!
"

1.187 ± 0.008
1.732 ± 0.012

0.866
0.676

#

0.875 ± 0.003

< 0.001

Interpretation
Scaled gradual evolution, longer branches
contributed more to trait evolution
Constant rate of evolution according to a
Brownian motion model
Phylogenetic signal

Alpha trait (95% CI) Ancestral trait value
0.679 (0.674–0.681)

4.77 (4.721–4.797)

1.198 (1.198–1.206)

15.78 (15.776–16.069)

1.176 (1.1543–1.212)

14.996 (14.265–16.293)

2.080 (2.080–2.081)

66.22 (120.226–120.50)

0.943 (0.942–0.943)

8.77 (8.74–8.77)

1.942 (1.939–1.946)

87.50 (86.89–88.31)

-0.105 (-0.102- -0.108)

0.784 (0.779--0.7907 )

Non-scaled gradual evolution
Longer paths contribute disproportionally
to trait evolution, trait evolution
accelerates as time progresses
Phylogenetic signal

Scaled gradual evolution, longer branches
contributed more to trait evolution
Constant rate of evolution according to a
Brownian motion model
Phylogenetic signal
Punctuate evolution
Longer paths contribute disproportionally
to trait evolution, trait evolution
accelerates as time progresses
Moderate phylogenetic signal
Scaled gradual evolution, longer branches
contributed more to trait evolution
Longer paths contribute disproportionally
to trait evolution, trait evolution
accelerates as time progresses
Phylogenetic signal
Non-scaled gradual evolution
Constant rate of evolution according to a
Brownian motion model
Phylogenetic signal
Non-scaled gradual evolution
Constant rate of evolution according to a
Brownian motion model
Phylogenetic signal

GC content (%)

0.3537 (0.3539--0.3535) 35.37 (35.35--35.39)
Non-scaled gradual evolution
Constant rate of evolution according to a
Brownian motion model
Phylogenetic signal
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TABLE 4. Estimated ancestral values (alpha trait values) and scaling parameters of Kappa
(!), Delta ("), and Lambda (#) for modeling trait evolution of seed size, seed number, and
seed mass excluding extreme data points, which correspond to species of Nerisyrenia. Pvalues were calculated by determining the proportion of the posterior distribution
crossing 1. The average posterior distribution of alpha traits ($-traits) are indicated with
the
95% confidence interval in parentheses. Ancestral trait values were estimated as the
Table 4 Estimated ancestral values (alpha trait values) and scaling parameters of Kappa (!), Delta ("), and Lambda (#) for modeling trait evolution of seed size, seed number, and seed
mass excluding extreme data points, which correspond to species of Nerisyrenia. P-values were calculated by determining the proportion of the posterior distribution crossing 1. The
average posterior distribution of alpha traits ($-traits) are indicated with the 95% confidence interval in parentheses. Ancestral trait values were estimated as the back-transformed
posterior distribution of the log10[$-trait (95% confidence interval)].

back-transformed posterior distribution of the log10[$-trait (95% confidence interval)].
Trait
Seed size (mm)

Alpha ± standard deviation

P-value

!
"

1.008 ± 0.312
0.788 ± 0.348

0.490
0.263

#

0.763 ± 0.232

< 0.0001

!
"

0.619 ± 0.267
0.864 ± 0.354

0.651
0.350

#

0.928 ± 0.064

< 0.0001

!
"

0.612 ± 0.429
0.955 ± 0.242

0.054
0.559

#

0.919 ± 0.071

< 0.0001

Seed number

Seed mass (seed
number* seed size)

Interpretation

Alpha trait (95% CI)

Ancestral trait value

0.78(0.779–0.781)

6.02 (6.012–6.039)

0.97 (0.971–0.977)

9.33 (9.354–9.484)

1.75 (1.745–1.746)

56.23 (55.590–55.718)

Non-scaled gradual evolution
Constant rate of evolution according to a
random-walk model
Phylogenetic signal
Non-scaled gradual evolution
Constant rate of evolution according to a
random-walk model
Phylogenetic signal

Non-scaled gradual evolution
Constant rate of evolution according to a
random-walk model
Phylogenetic signal

.
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TABLE 5. Summary of phylogenetically generalized least square (PGLS) regression
models for eleven pairs of morphological and genomic traits using character variation in
Physarieae. The posterior distribution sample size (n), mean, standard deviation (stdev),
and 95% Confidence Intervals (CI) are provided for all variables. Asterisks denote Bayes
Factors estimated by comparing harmonic means of ! against !1 = 0 (null hypothesis).

Table 5 Summary of phylogenetically generalized least square (PGLS) regression models for eleven pairs of morphological and genomic traits using character variation in Physarieae. The posterior distribution sample size (n), mean,
standard deviation (stdev), and 95% Confidence Intervals (CI) are provided for all variables. Asterisks denote Bayes Factors estimated by comparing harmonic means of ! against !1 = 0 (null hypothesis).
Trait
Seed number and Fruit length
n
mean
stdev
95% CI

r2

!

"

10001
0.637
0.460
0.0135

10001
0.607
0.380
0.0075

10001
0.083
0.033
0.0007

#
10001
1.542
0.935
0.0183

$
10001
0.681
0.290
0.0057

%
10001
0.934
0.063
0.0057

Acceptance
10001
0.350
0.032
0.0006

10001
0.658
0.220
0.0042

10001
0.025
0.110
0.0022

10001
0.005
0.006
0.0001

10001
1.702
0.590
0.0096

10001
0.353
0.170
0.0033

10001
0.990
0.017
0.0003

10001
0.264
0.024
0.0005

10001
0.420
0.180
0.0035

10001
0.241
0.080
0.0016

10001
0.221
0.048
0.0009

10001
0.657
0.730
0.0000

10001
0.760
0.420
0.0082

10001
0.807
0.160
0.0031

10001

10001
2.095
0.030
0.0006

10001
0.038
0.060
0.0012

10001
0.017
0.009
0.0002

10001
1.221
0.781
0.0153

10001
1.753
0.690
0.0137

10001
0.515
0.190
0.0038

10001
0.240
0.021
0.0004

10001
0.728
0.323
0.0063

10001
0.111
0.155
0.0030

10001
0.032
0.037
0.0007

10001
2.335
1.189
0.0232

10001
2.725
0.231
0.0045

10001
0.961
0.085
0.0045

10001
0.206
0.085
0.0017

10001
2.71
1.413
0.0270

10001
-0.370
0.669
0.0130

10001
0.019
0.016
0.0003

10001
0.911
0.722
0.0140

10001
1.767
0.605
0.0118

10001
0.744
0.249
0.0049

10001
0.244
0.026
0.0005

10001
-2.200
1.094
0.0214

10001
0.985
0.510
0.0101

10001
0.190
0.070
0.0015

10001
1.730
1.010
0.0200

10001
0.860
0.450
0.0089

10001
0.890
0.130
0.0026

10001
0.350
0.030
0.0007

10001
1.730
0.550
0.0107

10001
0.180
0.560
0.0111

10001
0.012
0.010
0.0002

10001
1.193
0.660
0.0130

10001
1.840
0.480
0.0095

10001
0.915
0.130
0.0025

10001
0.290
0.027
0.0005

10001
0.957
0.550
0.0100

10001
0.002
0.560
0.0110

10001
0.002
0.010
0.0002

10001
1.190
0.660
0.0200

10001
1.830
0.480
0.0100

10001
0.910
0.120
0.0180

10001
0.250
0.090
0.0018

10001
-1.6550
0.2805
0.0055

10001
0.7960
0.1436
0.0028

10001
0.6320
0.0358
0.0006

10001
0.7630
0.7835
0.0153

10001
1.4860
0.8594
0.0168

10001
0.4590
0.2685
0.0053

10001
0.2690
0.0238
0.0005

10001
-2.909
0.980
0.0193

10001
7.941
2.750
0.0539

10001
0.280
0.020
0.0004

10001
0.940
0.730
0.0143

10001
1.060
0.580
0.0114

10001
0.770
0.230
0.0045

10001
0.300
0.034
0.0007

8.2173

Seed size and Fruit length
n
mean
stdev
95% CI

-4.44

Seed mass and Fruit length
n
mean
stdev
95% CI

9.56

0.024
0.0005

Style length and Pollen size
n
mean
stdev
95% CI

0.71

Chromosome number and Pollen size
n
mean
stdev
95% CI

3.16

Chromosome size and Pollen size
n
mean
stdev
95% CI

3.12

Genome size and Pollen size
n
mean
stdev
95% CI

1.64

Chromosome size and Chromosome number
n
mean
stdev
95% CI

1.76

Chromosome number and Genome size
n
mean
stdev
95% CI

-2.44

Genome size and Chromosome size
n
mean
stdev
95 % CI

17.10

Genome size and GC content
n
mean
stdev
95% CI

Bayes Factors*

6.48

.
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TABLE 6. Summary of phylogenetically generalized least square (PGLS) regression
models for four pairs of morphological and genomic traits using character variation in
Physarieae excluding extreme variation. The posterior distribution sample size (n), mean,
standard deviation (stdev), and 95% Confidence Interval (CI) are provided for all
variables. Asterisks denote Bayes Factors estimated by comparing harmonic means of !
against !1 = 0 (null hypothesis).
Table 6 Summary of phylogenetically generalized least square (PGLS) regression models for four pairs of morphological and genomic traits using character variation in Physarieae excluding extreme variation. The posterior distribution sample size (n),
mean, standard deviation (stdev), and 95% Confidence Interval (CI) are provided for all variables. Asterisks denote Bayes Factors estimated by comparing harmonic means of ! against !1 = 0 (null hypothesis).
Trait
Seed number and Fruit length
n
mean
stdev
95% CI

!

"

r2

#

$

%

Acceptance

10001
0.678
0.355
0.0139

10001
0.101
2.33E-05
9.00E-07

10001
1.261
0.883
0.0346

10001
0.773
0.364
0.0143

10001
0.86
0.159
0.0062

10001
0.285
0.028
0.0019

10001
0.808
0.097
0.0038

10001
-0.028
0.103
0.004

10001
0.002
3.34E-05
1.3E-06

10001
2.034
1.298
0.0509

10001
0.733
0.39
0.0153

10001
0.643
0.287
0.0112

10001
0.2655
0.0267
0.001

10001
1.132
0.319
0.0125

10001
0.777
0.313
0.0123

10001
0.16
0.0006
2.28E-05

10001
0.693
0.668
0.0262

10001
0.741
0.342
0.0134

10001
0.899
0.127
0.0049

10001
0.247
0.027
0.0011

10001
-3.843
1.366
0.053

10001
10.605
3.876
0.152

10001
0.254
2.82E-05
1.10E-06

10001
1.038
0.722
0.0283

10001
0.981
0.567
0.0222

10001
0.807
0.211
0.0083

10001
0.336
0.041
0.0016

Seed size and Fruit length
n
mean
stdev
95% CI

0.77

Seed mass and Fruit length
n
mean
stdev
95% CI

6.19

Genome size and GC content
n
mean
stdev

.

Bayes Factors*
2.88

10001
0.361
0.355
0.0140

7.153
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