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Schiedea (Caryophyllaceae) is a monophyletic genus of 34 species, all endemic to the Hawaiian Islands,
that arose from a single colonization, providing one of the best examples of adaptive radiation in Hawai‘i.
Species utilize a range of habitats and exhibit a variety of growth forms and transitions in breeding sys-
tems from hermaphroditism toward dimorphism or autogamy. Our study included the most thorough
sampling to date: 2-5 individuals per species and 4 independent genetic partitions: eight plastid and
three low-copy nuclear loci (9217 bps), allowing a three-locus BEST species tree. Despite incomplete res-
olution at the tips, our results support monophyly for each extant species. Gene trees revealed several
clear cases of cytonuclear incongruence, likely created by interspecific introgression. Conflict occurs at
the divergence of section Alphaschiedea as well as at the tips. Ages inferred from a BEAST analysis allow
an original colonization onto either Nihoa or Kauai and inform some aspects of inter-island migrations.
We suggest that several hard polytomies on the species tree are biologically realistic, signifying either
nearly simultaneous speciation or historical introgressive hybridization. Based on inferred node ages that
exceed expected coalescent times, we propose that undetected nuclear introgression may play a larger
role than incomplete lineage sorting in sections Schiedea and Mononeura.
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1. Introduction to the differential sorting of ancestral polymorphism into daughter

lineages such that each gene tree may differ from the species tree

1.1. Species tree construction

Adaptive radiations are a major challenge to molecular system-
atics because individual gene lineages may be so recent that they
fail to coalesce before the time of species divergence (Edwards
et al., 2007). Among recently diverged species, genealogies inferred
from independent regions of the genome are likely to disagree due

Abbreviations: 7, nucleotide diversity; AIC, Akaike information criterion; BS,
bootstrap; BEAST, Bayesian evolutionary analysis by sampling trees; BEST, Bayesian
estimation of species trees; CI, consistency index; GSI, genealogical sorting index;
Ma, million years ago; MCMC, Markov chain Monte Carlo simulations; PI,
parsimony-informative; PP, posterior probability; RI, retention index; TL, tree
length; TMRCA, time to most recent common ancestor.
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(Degnan and Rosenberg, 2006; Funk and Omland, 2003; Goodman
et al., 1979; Maddison, 1997). To construct a species tree where
coalescence cannot safely be assumed, multiple independent loci
are vital to overcome the stochastic nature of lineage sorting
(Edwards et al., 2007; Kubatko and Degnan, 2007; Maddison and
Knowles, 2006; Rokas et al., 2003). Multiple accessions per species
may also strengthen inferences if young species groups still share
polyphyletic alleles (Edwards and Beerli, 2000; Maddison and
Knowles, 2006). Although incomplete lineage sorting is a well-
recognized feature of species-level phylogenies, methods to infer
species trees from disparate gene trees are in their infancy (e.g.
Carstens and Knowles, 2007; Edwards, 2009; Huang and Knowles,
2009; Liu et al., 2008; Maddison, 1997). Despite simulations that
describe inconsistent results from concatenated data in groups
with rapid and/or recent radiations (Kubatko and Degnan, 2007;
Liu and Edwards, 2009), ‘single-tree’ techniques are still widely
used. Species tree approaches that simultaneously consider each
gene tree have the potential to provide a useful integration
of population genetics and phylogenetics, particularly where
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conditions of high gene tree discordance due to incomplete lineage
sorting are to be expected, such as those encountered in recent, ra-
pid radiations (Edwards et al., 2007). However, their implementa-
tion can be challenging, and few empirical studies have used
species-tree methods for large numbers of samples (Linnen and
Farrell, 2008).

1.2. Reticulate evolution

Reticulate evolution arises if genetic information is acquired
from a divergent taxon and a remnant of the ‘foreign’ genome per-
sists in a lineage. Several mechanisms for such gene transfers are
known from eukaryotes (Doolittle and Bapteste, 2007), and inter-
specific hybridization that leads to the persistence of introgressed
genomic regions (introgression) appears to be a common phenom-
enon in the divergence of plant species (Grant, 1981; Seehausen,
2004; Stebbins, 1950). Species barriers are particularly porous
to the introgression of maternally inherited organelle genes
(Chan and Levin, 2005). Reports of introgressed mitochondrial
genes are frequent (Chan and Levin, 2005; Shaw, 2002), and intro-
gressed plastid genes appear to be nearly ubiquitous across the
plant kingdom (Rieseberg and Soltis, 1991). Factors that make
organellar introgression much more likely than nuclear include
maternal inheritance (Chan and Levin, 2005; Rieseberg et al.,
1996), lack of linkage to nuclear genes under selection (Funk and
Omland, 2003) and smaller effective population size due to clonal
inheritance (Petit et al., 1993). Despite a recognition that reticulate
evolution appears to be a common phenomenon (especially, but
not exclusively, in plant species), the complexity of the problem
has so far prevented chloroplast capture from being included in
models used for phylogenetic algorithms that infer species trees
(Edwards et al., 2007). While the exclusive use of organellar genes
to construct species trees is misleading in the case of chloroplast
capture, their uniparental inheritance can be helpful in conjunction
with nuclear genes to infer the direction, as well as the relative
timing, of introgression, (e.g. Bossu and Near, 2009; Dunbar-Co
et al., 2008; Howarth and Baum, 2005; Lindqvist et al., 2003;
Willyard et al., 2009).

1.3. Schiedea overview

Monophyly in Schiedea (Caryophyllaceae), a genus of herbs,
vines, and small shrubs endemic to the Hawaiian Islands, suggests
that all 34 known species (32 of them extant) arose in situ follow-
ing a single colonization of the island chain (Wagner et al., 2005).
Schiedea’s closest sister genera (Honckenya and Wilhelmsia) are cir-
cumboreal (Wagner et al., 2005) with the nearest populations
growing some 4000 km from the Hawaiian archipelago. Species
of Schiedea are unique among the Caryophyllaceae in possessing
distinctive floral nectaries. Developmental studies have shown that
these nectaries, which may have co-evolved with honeycreeper
and/or honeyeater bird pollinators in sections Nothoschiedea and
Alsinidendron (Weller et al., 1998), and reduced structures in
wind-pollinated Schiedea, represent homologous organs across
the genus (Wagner et al., 2005). The presence of a woody habit
in some species also delineates Schiedea from other members of
the subfamily Alsinoideae (Wagner et al., 1999), and is one the
numerous examples of woodiness arising in island flora from her-
baceous progenitors (Carlquist, 1974). Schiedea represents the
fourth most species-rich radiation of plants in the Hawai‘ian
Islands, and the third from a single colonization of these islands
(Wagner et al., 1999). Fifteen of the 32 extant species are endan-
gered, giving Schiedea the undesirable distinction of having the
“highest proportion of endangered taxa for any species-rich line-
age in the Hawaiian Islands” (Wagner et al., 2005). Most Schiedea
species are single-island endemics. When Lana‘i, Moloka‘i, and

Maui are considered as a single land mass (Maui Nui) due to geo-
logically recent and prolonged above-water connections (Wagner
et al., 1999), only four Schiedea species have populations that occu-
py multiple islands. This high level of single-island endemism in a
species-rich genus provides the opportunity to compare reproduc-
tive isolation achieved via inter-island migrations with allopatric
speciation created by habitat shifts within an island, an objective
possible only with a resolved phylogeny for the lineage (Sakai
et al., 2006; Weller and Sakai, 1999). A resolved phylogeny would
also be useful for understanding the number of breeding systems
transitions that have occurred in this lineage, and possibly the eco-
logical factors that have driven these changes.

1.4. Timing of Schiedea colonization and radiation

The age of all Schiedea species may be constrained by the age of
the current high Hawai‘ian Islands, i.e., within the last 5-7 million
years (Ma; Clague, 1996). The recent nature of the Schiedea radia-
tion is supported by low interspecific nucleotide sequence diver-
gence in nuclear ribosomal (nrDNA) internal and external
transcribed spacers (ITS and ETS; Wagner et al., 2005). However,
intraspecific variation has not been tested across the genus, as pre-
vious genus-wide molecular systematic studies have used single-
exemplar sampling. Based on the geographic distribution of most
apparently early-branching Schiedea lineages (Wagner et al.,
2005), the original immigration may have been onto the oldest
current high island in the chain (Kauai; ca. 4.7 Ma; Clague, 1996),
placing a lower boundary for the origin of Schiedea within that time
frame. Alternatively, the presence of a single Schiedea species
(S. verticillata) on the eroded island of Nihoa could represent the
persistence of the lineage from one of the older, leeward, islands
while it was higher. The timing and spacing of volcanic island
formation in this chain may have provided continuous habitat as
long ago as 30 or 23 Ma, dating to times when the atolls of Kure or
Lisianski, respectively, were high islands (Clague, 1996). ‘Island-
hopping’ to a new island before all of the suitable habitat on older
islands was degraded has been proposed for lineages of some
organisms on the Hawaiian archipelago (Givnish et al., 2009,
1995; Jordan et al.,, 2003; Russo et al.,, 1995; Schneider et al.,
2005), while other colonizations have been described as being more
recent and thus their radiations more rapid (Fleischer et al., 1998;
Havran et al., 2009; Price and Clague, 2002). A resolved Schiedea
species tree would help calibrate the age of the genus and thus
improve estimations for the rate of speciation in the lineage.

1.5. Evolution of breeding systems

The genus Schiedea is of additional interest as an outstanding
system in which to study diversification of sexual dimorphism
in plants. Dioecy arose within the genus (Wagner et al., 2005),
and a wide range of breeding systems are currently represented:
14 species are moderately to highly outcrossing hermaphrodites,
eight are facultatively autogamous or cleistogamous, and 10 are
dimorphic: gynodioecious, subdioecious or dioecious (Wagner
et al., 2005; Weller et al., 1998). Schiedea has been used to test
some of the factors that promote dioecy, e.g. inbreeding depres-
sion (Sakai et al., 1989, 1997), sex allocation (Sakai et al., 2008;
Weller and Sakai, 2005), wind pollination (Golonka et al., 2005;
Weller et al., 1998, 2006, 2007), and environmental conditions
(Culley et al., 2006; Sakai and Weller, 1991). However, the num-
ber of shifts to dimorphic breeding systems within Schiedea is
unknown, as it depends on phylogenetic resolution among the
12 very closely related species in section Schiedea. Up to six
independent transitions to dioecy have been suggested within
this section (Norman et al., 1997; Weller et al., 1990, 1995),
and previous phylogenies have not provided any evidence that
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the three hermaphroditic species in section Schiedea retain that
feature as the plesiomorphic state. At least one reversal toward
hermaphroditism may have occurred: from gynodioecy to her-
maphroditism in S. lydgatei (Soltis et al., 1996). In Schiedea, male
sterility (a critical component of dioecy) is under the control of a
single, recessive nuclear gene (Weller and Sakai, 1991). This sug-
gests that the allele conferring male sterility might be passed
among species if interspecific hybridization leads to the intro-
gression of some nuclear genes between different species. A
better understanding of the phylogeny within section Schiedea
will allow an investigation of whether male sterility arose as a
single transition followed by retention of the allele in the lineage
with dimorphic species, an evolutionary scenario suggested by
apparent identity of the male sterility gene across species
(Weller et al., 2001). Alternatively, the male sterility allele may
have been transferred across species boundaries by hybridiza-
tion. A resolved phylogeny would also help determine if any
lineages within section Schiedea truly represent reversals toward
hermaphroditism.

1.6. Introgression among Schiedea

The role of interspecific gene flow in the diversification of plant
and animal adaptive radiations, (reviewed by Seehausen (2004))
has been recently explored in a number of plant and animal groups
(e.g. (Caraway et al., 2001; Frajman et al., 2009; Howarth and
Baum, 2005; Leache, 2009; Pirie et al., 2009; Taylor and McPhail,
2008)). We suspected that introgression might have occurred with-
in Schiedea. Based on morphological intermediates, natural hybrid-
ization has been reported for five pairs of Schiedea species:
extensive numbers of hybrid plants for S. ligustrina x S. mannii,
S. lydgatei x S. sarmentosa, and S. menziesii x S. salicaria; minimal
numbers for S. hookeri x S. mannii and S. hookeri x S. pentandra
(Wagner et al., 2005; Weller et al., 2001). Introgression of plastid
genes was inferred from molecular evidence between S. kealiae x
S. ligustrina (Soltis et al., 1996). In contrast to the apparently min-
imal occurrence of natural hybridization, vigorous F; progeny with
fertile pollen can be created from artificial crosses between many
Schiedea species (Weller et al., 2001). This suggests that allopatry
provides reproductive isolation in Schiedea, as most species are
currently limited to specialized habitat within a fairly small range
that rarely coincides with the range and/or the habitat of conge-
neric species (Weller et al., 2001). Opportunities for sympatric or
nearly sympatric pairs of Schiedea to hybridize are further reduced
by the tendency toward autogamy in eight species. For example,
no morphological intermediates have been detected between
S. nuttallii and the sympatric but facultatively autogamous
S. obovata, between S. pentandra and the sympatric but cleistoga-
mous S. trinervis, or between S. stellarioides and the sympatric but
facultatively autogamous S. viscosa. The extent of hybridization
between other sympatric pairs (e.g. S. kauaiensis x S. membranacea,
S. spergulina x S. stellarioides) is an open question, as no morpho-
logical intermediates have been reported.

1.7. Experiment overview

Species-tree methods are computationally difficult with a large
number of samples. Our data set consisted of 91 accessions (yield-
ing 182 nuclear alleles) to adequately sample all 32 extant species
of Schiedea across their geographic ranges, and to address morpho-
logical variation. For 91 tips, the number of possible tree rearrange-
ments approaches 3 x 10'%° (Felsenstein, 2004), a vast number for
any phylogenetic method, let alone one that takes individual gene
tree topologies into account. In this paper, we use our multi-locus
data set that represents both plastid and nuclear genomes to com-
pare inferences between a species tree approach and a traditional

concatenation method. We also use a ‘total-evidence’ analysis that
concatenates nuclear, plastid, and morphological data. In overview,
our process was to: (1) create four independent gene trees — one
for plastid loci and one for each of three independent nuclear loci;
(2) create a ‘Bayesian Estimation of Species Trees’ (BEST; Liu, 2008)
using three nuclear loci; (3) concatenate three nuclear loci and cre-
ate a nuclear single-tree species estimate; (4) evaluate species
monophyly and identify accessions with conflicting placement on
plastid and nuclear gene trees; (5) exclude the plastid information
for species with cytonuclear conflict to create a ‘compromise’ data
set; (6) create a second BEST species tree that combines nuclear
and plastid data using this compromise data set; (7) test the to-
tal-evidence approach by analyzing a 32-allele data set (applying
the same compromise for cytonuclear conflict) that collapses the
multi-accession data set to one record per species and incorporates
previously published nrDNA sequences and morphology. The total-
evidence process retains much of the valuable data from plastid
loci and incorporates additional information for each species, while
attempting to avoid major violations of the assumption of hierar-
chical evolution. We compare species tree results from these very
different approaches to test the utility of species-tree vs. concate-
nated methods and the reliability of identifying and suppressing
cytonuclear conflict in this species-rich young lineage.

We address six main questions: (1) Are named taxonomic spe-
cies of Schiedea monophyletic? (2) How do traditional sectional
relationships compare to relationships resolved on our species
trees? (3) Given multiple loci and the apparently rapid and recent
nature of the Schiedea lineage, what is the relative performance of
the species-tree vs. the concatenated method for inferring species
relationships in Schiedea? (4) At what evolutionary depth and
timeframe do incomplete lineage sorting and introgression result
in statistically inconsistent species trees within the Schiedea line-
age? (5) Can we improve species tree inference by identifying
and excluding introgressed alleles and by incorporating additional
data for each species? (6) What is the age of the genus and of the
most recent crown radiation?

2. Materials and methods
2.1. Plant materials

Ninety-one individuals were sampled from 51 populations,
representing all 32 extant Schiedea species with two or three
accessions per species except that five accessions were included
for S. globosa in order to sample populations from the islands of
Hawai‘i, Maui, and Oahu (Table 1). Herbarium abbreviations
follow the online database Index Herbariorum (Thiers, 2010).
Nucleotide sequences for S. globosa, S. haleakalensis, S. hookeri,
and S. mannii were included from a previous study: GenBank
accessions FJ496359, FJ496372, FJ496374, FJ496387, FJ496413,
FJ496416- FJ496425, Fj496430, FJ496455, FJ496458, FJ496459,
FJ496481, FJ496526, FJ496527, FJ496531- FJ496541, FJ496545,
FJ496546, FJ496562, FJ496563, FJ496566, FJ496567, FJ496587,
FJ496588, FJ496632, FJ496633, and F]496638- FJ496647 (Wallace
et al., 2009). Plants were grown in the UC-Irvine greenhouses from
wild-collected cuttings or seed. Harvested leaves were stored in
silica or frozen until being processed. Five outgroups were selected
from subfamily Alsinoideae (Caryophyllaceae; Table 1).

2.2. DNA isolation, amplification, and sequencing

DNA was isolated with the DNeasy Plant Mini Kit (Qiagen,
Valencia, CA, USA). Eleven loci were PCR-amplified and sequenced.
These included portions of three low-copy nuclear genes: chloro-
plast-expressed glutamine synthetase (ncpGS), nitrate reductase
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Table 1

Collection localities, collectors, and vouchers for 91 individual plants for 32 Schiedea species and 8 individual plants for five outgroup species.

Number of
individuals

Species

Geographic location and voucher

adamantis St. John

apokremnos St. John

attenuata W.L. Wagner, Weller and Sakai
diffusa A. Gray

globosa H. Mann

haleakalensis Degener and Sherff
hawaiiensis Hillebrand
helleri Sherff

hookeri A. Gray

jacobii W.L.Wagner, Weller and Medeiros
kaalae Wawra

kauaiensis St. John

kealiae Caum and Hosaka

laui W.L. Wagner and Weller

ligustrina Chamisso and Schlechtendal

lychnoides Hillebrand
lydgatei Hillebrand

mannii St. John

membranacea St. John
menziesii Hooker

nuttallii Hooker

obovata (Sherff) W.L. Wagner and Weller
pentandra W.L. Wagner and E. Harris
perlmanii W.L. Wagner and Weller
pubescens Hillebrand

salicaria Hillebrand
sarmentosa Degener and Sherff

spergulina A. Gray
stellarioides H. Mann

N WW=DN=emEWKNWNKN= =NMNN == =DNWN=KNW=DNDN=DN == =R =WN =N = =N=Www

6855 (BISH)
trinervis (H. Mann) Pax and K. Hoffmann
verticillata F. Brown

viscosa H. Mann
Honckenya peploides (L) Ehrh.

W WN =N = =

O&hu: Diamond Head; cult. Weller & Sakai 847 (BISH)

Kaua‘i: Napali cliffs; Flynn et al. 2219 (PTBG); cult. Weller & Sakai 865 (BISH)

Kaua‘i: Kalalau Valley; Wood 1394 (US)

Hawai‘i: Ola‘a Tract; Perlman et al. 14780 (PTBG); cult. Wagner & Shannon 6796 (BISH)
E. Maui: Halehaku Lake; Hughes s.n.; cult. Weller & Sakai 910 (BISH)

Hawai‘i: Paokalani Island; Wood 11221 (PTBG)

0O&hu: Makapu‘u Beach; cult. Weller & Sakai 844 (BISH)

Od&hu: Koko Head; cult. Weller & Sakai 906 (BISH)

W. Maui: Pohakupule; cult. Weller & Sakai 951 (US)

E. Maui: Haleakala NP; cult. Weller & Sakai 851 (BISH)

Hawai‘i: Pahakuloa Training Area; PTA personnel s.n.; cult. Weller & Sakai 932 (BISH)
Kaua‘i: Mohihi-Wai‘alae trail; Perlman & Wood 13572; cult. Wagner & Shannon 6809 (BISH)
Kaua‘i: Nawaimaka Valley; Perlman 14656 (PTBG)

Od&hu: between Wai‘anae Kai & Makaha valleys; cult. Weller & Sakai 794 (BISH)

Odhu: Kaluakauila gulch; Wagner s.n.; cult. Weller & Sakai 862 (US)

Odhu: between Makua & Wai‘anae valleys; Obata s.n.; cult. Weller & Sakai 866 (US)

E. Maui: between Hanawi stream & Kuhiwa drainage; cult. Perlman et al. 14807 (BISH)
Od&hu: near Pu‘umaialau; Takeuchi 3587 (BISH); cult. Weller & Sakai s.n. (US)

Odhu: Kalua‘a gulch; cult. Weller & Sakai 892 (US)

Kaua‘i: Mahanaloa Valley; Perlman & Obata 12074 (BISH); cult. Weller & Sakai s.n. (US)
Kaua‘i: Mahanaloa Valley; Wood 7430 (PTBG)

Odhu: Kealia trail; cult. Weller & Sakai 791 (BISH)

Moloka‘i: Waikolu drainage; Lau & Loo 3951 (US)

Oahu: NE of Palikea Peak; Obata & Perlman s.n.; cult. Weller & Sakai 846 (US)

Odhu: Lualualei Magazine; cult. Weller & Sakai 873 (US)

Kaua‘i: Alaka‘i Swamp; Flynn s.n.; cult. Weller & Sakai 867 (US)

Moloka‘i: Pu‘ukolekole; Wagner et al. 6682; cult. Wagner & Shannon 6856 (BISH)
Moloka‘i: Kamiloloa trail; cult. Weller & Sakai 870 (BISH)

Odhu: between Wai‘anae Kai & Makaha valleys; cult. Weller & Sakai 793 (BISH)

Oahu: Pu‘u kawiwi; cult. Weller & Sakai 901; cult. Wagner & Shannon 6813 (BISH)
Kaua'‘i: junction of Mahanaloa & Ku'‘ia valleys; cult. Weller & Sakai 864 (BISH)

W. Maui: Lihau Ridge; cult. Weller & Sakai 849 (BISH)

W. Maui: Hahakea gulch; cult. Weller & Sakai 949 (US)

O&hu: Makua gulch; Perlman 11046; cult. Weller & Sakai 861 (BISH)

Odhu: Keawapilau gulch; cult. Weller & Sakai 903 (BISH)

Oahu: Makua gulch; cult. Weller & Sakai 868 (US)

Odahu: Palikea trail; cult. Weller & Sakai 860 (US)

Kaua‘i: Ha‘upu; Perlman et al. 12917 (PTBG); cult. Wagner & Shannon 6795 (BISH)
Moloka‘i: Waianui gulch; Perlman 14682 (BISH);

Moloka‘i: Waianui gulch; Wood & Perlman 4088 (US)

W. Maui: Pu‘uhona; cult. Weller & Sakai 842 (BISH)

W. Maui: Ka‘onohua gulch; cult. Weller & Sakai 853 (US)

Moloka‘i: Makolelau gulch; cult. Weller & Sakai 896 (US)

Kaua‘i: Waimea Canyon; cult. Weller & Sakai 863 (BISH)

Kaua‘i: between Wai‘alae & Nawaimaka valleys; Perlman & Wood 14651; cult. Wagner & Shannon

Kaua‘i: Wai‘alae Valley; Perlman 14765; cult. Wagner & Shannon 6854 (BISH)

Odhu: between Kalena & Mt. Ka‘ala; Perlman 5448 (BISH); cult. Weller & Sakai s.n. (US)

Odhu: Mt. Ka‘ala; Weller & Sakai 908; cult. Wagner & Shannon 6853 (BISH)

Nihoa: Devil’s Slide & Dog’s Head; Conant et al. s.n.; cult. Wagner & Shannon 6819 (BISH)

Nihoa: Devil’s Slide & Dog’s Head; Conant et al. s.n.; cult. Weller & Sakai 880

Kaua‘i: Mohihi-Wai‘alae trail; Flynn 5031 (PTBG); cult. Wagner & Shannon 6810 (BISH)

Oregon, USA: W.L. Wagner 6915 (US); Alaska, USA: Weller and Sakai 974 (US); Baffin Island, Canada:

Gillespie et al. 6784 (US)

Wilhelmsia physodes Fisch ex DC
Minuartia moehringioides (DC) Mattf.
Scleranthus annuus L.

Scleranthus biflorus Hook. f.

—_ = N

Alaska, USA: C.L. Parker 8422 (US); Alaska, USA: Grant 3739 (ALA)
Durango, Mexico: Gonzilez 6259 (CIIDIR)

Washington DC, USA: W.L. Wagner 6862 (US)

Wellington, New Zealand: Smisson WELTU 19660 (WELTU)

(NIA), and the fourth intron of phosphoenolpyruvate carboxylase
(PepC) and eight noncoding regions of the chloroplast genome, se-
lected for their relatively high variability in other angiosperms: six
intergenic regions (petN-psbM, psbE-petL, psbM-trnD, trnD-trnT,
and trnQ-rpS16); a portion of the tRNA-Lys (trnK) intron with prim-
ers in 5trnK and 5'matK; a portion of the trnK intron with primers
in 3'matK and 3'trnK; and the RPS16 intron. PCR primers were pre-
viously published (Demesure et al., 1995; Emshwiller and Doyle,
1999; Gaskin and Schaal, 2002; Howarth and Baum, 2002; Johnson
and Soltis, 1994; Lee and Wen, 2004; Popp et al., 2005; Popp and
Oxelman, 2001; Shaw et al., 2005, 2007) or designed for this study
(Supplementary Table S1).

Each 25 pl PCR reaction contained 1 pl of template DNA,
0.2 mM each primer, 0.5 mM each dNTP, 2.5 mM MgCl,, 1 ul BSA
(10X), and 1.0 U of GoTaq® Flexi DNA polymerase in supplied col-
orless buffer (Promega, Madison, WI, USA). For PepC, reaction sizes
were 50 pl, with the same concentrations except that 2 pL BSA
(10X), 1.0 U DNA polymerase, and 5.0 pL template DNA were used.
For the nuclear loci, the thermal cycler program preheated at 95 °C
for 2 min, and then ran 35 cycles of denaturing for 1 min at 95 °C,
annealing at 50 °C with a ramp of 0.1 °C per second to 65 °C for
1 min, and extending for 1 min at 65 °C. For the plastid loci, the
thermal cycler program preheated at 95 °C for 5 min, and then
ran 35 cycles of denaturing for 1 min at 95 °C, annealing at 50 °C
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for 1 min, extending for 2 min at 72 °C, and a final extension for
7 min at 72 °C.

A sample of each PCR product and the negative controls were
electrophoresed in TBE agarose gels to check for amplification of
a band of the expected size and for the absence of contamination.
Plastid PCR products were cleaned with the QIAquick PCR Purifica-
tion Kit (Qiagen, Valencia, CA, USA). For nuclear loci, bands cut
from gels were purified with the QIAquick Gel Extraction Kit
(Qiagen, Valencia, CA, USA). Cleaned DNA was sequenced from
the forward and reverse primers with the dideoxy chain termina-
tion method using Big Dye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Foster City, CA, USA) and Better Buffer (The
Gel Company, San Francisco, CA, USA). For two longer amplicons
(psbE-petL and trnD-trnT), additional sequencing was performed
from internal primers (Supplementary Table S1). Reactions were
cleaned with an ethanol/sodium acetate precipitation, and samples
were capillary electrophoresed in an Avant-3100 Genetic Analyzer
following manufacturer’s protocols (Applied Biosystems, Foster
City, CA, USA).

2.3. Data preparation

Raw sequences were manually edited and a contig of each allele
was created in Sequencher vers. 4.1 (Gene Codes, Ann Arbor, MI,
USA). For individuals heterozygous for ncpGS, NIA, or PepC, we in-
ferred the identities of the two alleles using haplotype subtraction
(Clark, 1990). For those individuals whose allelic identities could
not be determined by this method, we cloned that locus with the
PGEM-T Easy Vector System Il (Promega Madison, WI, USA) and se-
quenced individual clones as described. The two-allele data set in-
cluded all 182 sequences, even if identical. The same arbitrary
selection of one allele per accession (91 samples) was used for all
one-allele analyses. Sequences were manually aligned using Se-
Al vers. 2.0 (Rambaut, 2010b) to minimize the number of inferred
indels. Nucleotide diversity (7; Nei, 1987) was calculated across
the one-allele data set as the average number of nucleotide differ-
ences per site between two sequences, excluding sites with miss-
ing data, using the software DnaSP vers. 4.5.0 (Rozas et al., 2003).
For NIA, we excluded one missing allele from S. apokremnos before
calculating .

Recombinant sequences can distort phylogenetic inferences.
We tested for evidence of recombination in the ncpGS, NIA, and
PepC nuclear alignments by applying two statistical tests, the
RDP method (Martin and Rybicki, 2000) and the MaxChi method
implemented in the software RDP vers. 2.0 (Martin et al., 2005).
For the RDP test, we analyzed the sequences at window sizes of
5, 10, 50, and 100, using internal references. The MaxChi test was
run by considering triplets of sequences and all sequences simulta-
neously with gaps removed and a variable window size of 0.013.
The significance of y? peaks was tested using a permutation test
of 1000 iterations.

Because we have a data set with multiple accessions per spe-
cies, we are able to examine the monophyly of each named
taxonomic species. The genealogical sorting index (gsi) is a stan-
dardized measure of exclusive ancestry based on a tree topology.
The index accounts for polytomies that do not conflict with shared
ancestry and is normalized to account for differences in sample
size among clades (Cummings et al., 2008). Index values range
between gsi=1 (complete monophyly) and gsi=0 (no shared
ancestry). We calculated the gsi for each species for each of our
four Bayesian majority-rule gene trees (plastid, ncpGS, NIA, and
PepC), selecting the one-allele gene tree for nuclear loci, using a
web-based application (Cummings et al., 2010). For each statistic,
1000 permutations were used to assess significance at the
P=0.05 level. An ensemble gsi statistic was calculated using all
four of our gene trees to provide an overall estimate of each

species’ monophyly. This single statistic accounts for the uncer-
tainty on one or more trees by weighting the gsi value from each
tree with its probability. We considered the gsi statistic when
deciding which species had paraphyletic, and therefore potentially
introgressed, plastid genes that should be excluded in the compro-
mise species tree.

After preliminary investigations, we selected a single accession,
Honckenya peploides (W.L. Wagner 6915), as the outgroup for all
analyses, because the current facility in BEST only allows for a sin-
gle outgroup. For all phylogenetic analyses, alignment gaps were
treated as missing data. We used SeqState vers. 1.4 (Miiller,
2005) to recode gaps between ingroup alleles in our alignments
as presence/absence characters using the simple indel-coding
method (Simmons and Ochoterena, 2000). Indel-coding characters
were added to the matrices used for parsimony and Bayesian anal-
yses, with these characters coded as missing data for the outgroup
in order to minimize homoplasy.

2.4. Phylogenetic analyses

Model parameters are summarized in Table 2. We used similar
methods to infer individual gene trees and for concatenated spe-
cies trees. Parsimony searches were conducted in PAUP* vers.
4.0b10 (Swofford, 2002) using a heuristic search with 10 indepen-
dent repetitions of random sequence addition and the tree bisec-
tion reconnection method of branch swapping. For some analyses
(Table 2), the maximum number of trees held was limited to
100,000 in order to reduce computation time. Nodal support was
estimated using 1000 bootstrap pseudoreplicates. Based on the
findings of DeBry and Olmstead (2000), one tree was held during
bootstrapping for some analyses (Table 2).

A nucleotide substitution model was selected with the Akaike
information criterion (AIC; Akaike, 1974) from among 88 possible
models using jModeltest vers. 2.0 (Posada, 2008). The best-fit mod-
el for the concatenated eight-locus plastid alignment and for ITS/
ETS is GTR + G. Using the two-allele data set, the best-fit model is
GTR + G for PepC, TMP3uf + G for ncpGS, and GTR +1+ G for NIA.
Thus, our nucleotide partitions in Bayesian analyses allowed six
substitution types for every partition. Among-site variation was
modeled with a gamma distribution for plastid, ITS/ETS, PepC, and
ncpGS partitions, while the NIA partition allowed a proportion of
sites to be invariable with the remainder gamma-distributed.

Bayesian analyses to infer gene trees and concatenated species
trees were performed by allowing rates to vary by partition. For
data included in a particular analysis (Table 2), we defined up to
seven partitions: (1) the eight plastid loci as a single partition;
(2-4) a partition for each low-copy nuclear locus individually;
(5) a partition for all indel-coding characters; (6) a single partition
for nrDNA ITS and ETS sequences; and (7) a partition for morpho-
logical characters. Bayesian searches applied the optimum substi-
tution model to each nucleotide partition and an equal-rate
binary model to partitions for morphological and indel characters.
For indel characters, the coding parameter was set to indicate that
only variable characters had the possibility of being sampled. For
each analysis, we performed two simultaneous runs using a mul-
ti-processor compilation of MrBayes vers. 3.1.2 (Ronquist and
Huelsenbeck, 2003). The number of chains of Markov chain Monte
Carlo simulations (MCMC), number of generations, and tempera-
ture parameters for chain swapping are given in Table 2. All runs
were sampled at the frequency needed to save 20,000 trees per
run. We evaluated convergence and chose the number of samples
to discard as burn-in based on stationarity of a plot of the genera-
tion versus log-likelihood for each run. We also compared plots of
tree distances and split frequencies between two runs using the
‘Comparetree’ function in MrBayes. One majority-rule consensus
tree was built for each data set by combining trees generated by
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Table 2

Summary of data, parameters, and results for gene trees and species trees; BS, bootstrap; CI, consistency index; MCMC, Metropolis-coupled Monte Carlo simulations PI,

parsimony-informative; RI, retention index; TL, tree length.

Data set Ingroup Aligned Indel Morphological Total (PI) Methods and results summary
alleles nucleotides codes  characters (PI)
(PI) (P1)
Eight plastid loci® 91 6793 (261) 117 (68) 0 6910 (329) Bayesian: GTR + G, 4 chains MCMC, 3 million generations,
temperature = 0.25; Fig. 1
Parsimony: maxtrees = 100,000; BS maxtrees = 1; 100,000 trees of
TL=768; Cl=0.8320; RI=0.9518
BEASTP®: prior ages at 7.3, 4.7, and 3.7 (Fig. 6) or at 4.7 and 3.7 (Fig. 7)
ncpGS 182 845 (321) 56 (36) 0 901 (357) Bayesian: TPM3uf + G, six chains MCMC, 20 million generations,
temperature = 0.30; Supplementary Fig. S1
91¢ 845 (85) 23 (11) 0 868 (96) Bayesian: TPM3uf + G, six chains MCMC, 20 million generations,
temperature = 0.30
Parsimony: maxtrees = 100,000; BS maxtrees = 1;100,000 trees of
TL =473; CI = 0.8055; Rl = 0.8504
NIA 180 964 (295) 124 (72) 0 1088 (367) Bayesian: GTR +1+ G, 6 chains MCMC, 20 million generations,
temperature = 0.30; Supplementary Fig. S2
90°d 964 (214) 101 (48) 0 1065 (262) Bayesian: GTR +1 + G, 6 chains MCMC, 20 million generations,
temperature = 0.30
Parsimony: maxtrees = 100,000; BS maxtrees = 1; 100,000 trees of
TL=1015; CI=0.6148; RI = 0.8363
PepC 182 615 (200) 36 (35) 0 651 (235) Bayesian: GTR + G, six chains MCMC, 20 million generations,
temperature = 0.30; Supplementary Fig. S3
91¢ 615 (64) 25(11) 0 640 (75) Bayesian: GTR + G, six chains MCMC, 20 million generations,
temperature = 0.30
Parsimony: maxtrees = 100,000; BS maxtrees = 1; 100,000 trees of
TL =297; Cl=0.8552; Rl = 0.9042
Three nuclear loci 91 2424 (363) 0 0 2424 (363) Best: nuclear species tree from three gene trees (ncpGS; NIA; PepC); Fig. 2
Bayesian concatenated: 3 partitions (ncpGS; NIA; PepC), 6 chains MCMC,
20 million generations, temperature = 0.30; Fig. 3
Total-evidence® 32¢ 10,506 (765) 128 (67) 61 (56) 10,694 (888) Parsimony tree: one best tree of TL =2309; CI = 0.6003; Rl =0.7142;

Eight plastid + 3 nuclear loci® 91¢ 9217 (624) 0 0

10,506 (765)

9217 (624)

Fig. 4a

Bayesian concatenated: seven partitions (eight plastid loci; ncpGS; NIA;
PepC; ITS/ETS; indel codes; morphology), six chains MCMC, 20 million
generations, temperature = 0.30; Fig. 4b

Maximum likelihood tree: five partitions (eight plastid loci; ncpGS; NIA;
PepC; ITS/ETS); Fig. 4c

Best: nuclear-plastid species tree from four partitions (eight plastid loci;
ncpGS; NIA; PepC); Fig. 4d

see Supplementary Table S1 for plastid loci.
Using the compromise adjustment for cytonuclear conflict (see Section 3.3).

One accession of S. apokremnos is missing from NIA data set.
One consensus record per species.

two runs, discarding trees prior to stationarity. Branch lengths
were estimated by averaging across all retained trees. Maximum
likelihood analyses for the concatenated 32-allele data set were
run in RAXML vers. 7.0.4 (Stamatakis, 2006) using a rapid boot-
strapping procedure (1000 pseudoreplicates) and the ‘GTRGAM-
MA’ model, followed by a maximum likelihood search using the
best-fit models (as described above) for each partition.

2.5. Species trees

Our original intent was to utilize the faster coalescence of plas-
tid nucleotide sequences, in conjunction with nuclear sequences, in
order to improve species-level resolution. Our plastid gene tree,
built over eight loci, provides the chloroplast lineage. For nuclear
inference, we performed a BEST analysis using the three nuclear
loci from 91 accessions. For comparison, the three nuclear loci
were concatenated and used to infer a species tree from these same
91 accessions.

We identified six potential instances of chloroplast capture
based on conflict between our plastid and nuclear gene trees
and/or based on non-monophyly among plastid alleles in conjunc-
tion with outside information supporting putative hybridization
(see Section 3.3). Post-speciation gene flow would violate an
important underlying assumption of each of our species-tree mod-

The same set of one randomly-selected nuclear allele per accession was used in every analysis.

els. The BEST model explicitly assumes that genes diverged before
speciation, and thus that lineage sorting, not reticulate evolution, is
the only source of discrepancies between gene trees and species
trees (Liu et al., 2008). Likewise, hierarchical relationships are im-
plicit in the Bayesian, parsimony, and likelihood models used for
the gene trees and for the concatenated total-evidence analyses.
As discussed above (see Section 1.2), introgressed plastid genes
are more likely to become fixed in a population than nuclear loci.
Further, plastid nucleotides are a significant component of this
study: eight plastid loci (6910 bps) vs. three nuclear loci
(2424 bps). To address the potentially distorting effects from plas-
tid introgression, we identified several species which exhibit a
plastid history that is significantly discordant from the nuclear
gene trees (see Section 3.3) and then created a species ‘compro-
mise’ by recoding their plastid nucleotides and plastid indel
characters as missing data. For comparison, we used the same sup-
pression of plastid nucleotides in the total-evidence analyses and
for a nuclear-plastid BEST species tree.

All of the BEST analyses used MB-BEST vers. 2.2 (Liu, 2008; Liu
and Pearl, 2007; Liu et al., 2008), an extension of MrBayes. This
program applies a coalescent framework to estimate the posterior
distribution of a species tree jointly with those of the gene trees for
each locus, and has been successfully applied to several phyloge-
netic studies (Belfiore et al., 2008; Bossu and Near, 2009; Brumfield
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et al., 2008; Linnen and Farrell, 2008; Spinks and Shaffer, 2009),
although lack of convergence has been reported (Wares et al.,
2009). This version of MB-BEST uses a uniform prior for the species
tree and accounts for multiple accessions per species. Three parti-
tions (and hence, three gene trees) were defined: (ncpGS; NIA;
PepC). For the nuclear-plastid BEST, a fourth partition was defined
for all non-suppressed plastid data. For each BEST data set, we used
two simultaneous runs with 16 chains of MCMC for 20 million gen-
erations with a temperature parameter for chain mixing of 0.35.
Based on the ratios of m between our loci (see Section 3.1), we
elected to retain the default theta and gene mutation rate priors:
thetapr = invgamma (3 and 0.003); genemupr = uniform (0.5 and
1.5). The optimum nucleotide substitution model was adopted
for each locus, and the plastid partition was further defined as hap-
loid. Numerous attempts failed to converge despite running up to
50 million generations (not shown). We were only able to achieve
convergence toward a single optimum tree in either nuclear or nu-
clear-plastid data sets by setting a uniform prior for branch lengths
(prset brlenspr = clock:uniform). Convergence was confirmed by at
least two independent analyses. Each gene tree partition was eval-
uated as described above for Bayesian gene trees. Species clado-
grams were created by using a dummy matrix of the same
length as the original data set, with one sequence per species, to
summarize the species tree files created by BEST.

To test a total-evidence approach, we created a concatenated
matrix with one record per species (32 ingroup tips) that combined
nucleotide sequences for nrDNA (see below), and morphological
characters (see below) with the nucleotide sequences and indel-
coding characters for our eight plastid and three nuclear loci, yield-
ing 10,694 total characters (Table 2). Our multiple-accession data
set was collapsed by creating one consensus sequence for each spe-
cies with variable nucleotide positions re-coded using [IUPAC ambi-
guity codes. Thus, these species consensus records condensed the
heterozygosity observed in low-copy nuclear loci as well as the
variation observed across multiple individuals within each species.
Variable indel coding positions were scored as missing data. Then,
plastid data for the six species we identified with cytonuclear con-
flict (see Section 3.3) was re-coded as missing data as a compro-
mise. For parsimony analyses, ambiguity coding was set to
variable (i.e. pset mstaxa = polymorphic in PAUP*). For Bayesian
analyses where a model to account for ambiguity coding is not
available, we converted variable nucleotide positions to missing
data. We concatenated one nrDNA sequence per species from a
previous published study (Wagner et al., 2005): nucleotide se-
quences for ITS (GenBank accessions AY517655-AY517686) and
ETS (GenBank accessions AY517688-AY517717). The ETS region
for S. laui was sequenced for this study (GenBank accession
GQ279733), but is missing for S. nuttallii. Outgroup sequences were
available for H. peploides (ITS: AY517653 and AY517654; ETS:
AY517687), Minuartia spp. (ITS: AY517679 and AY517650), and
Wilhelmsia physodes (ITS: AY517652). Due to ambiguous align-
ment, we followed the submitting authors in excluding ITS posi-
tions 1-74 and 356-517 and ETS positions 1-25. We used 61
morphological characters described in Appendix 3 of the mono-
graph (Wagner et al., 2005). Seven partitions were defined for
the 32-allele matrix as described above for Bayesian analyses
(Table 2). We used FigTree vers. 1.2.3 (Rambaut, 2010a) to modify
all of our tree figures. Trees were outgroup rooted and the ‘cartoon’
option was used to collapse conspecific alleles. Each graphic file
was exported from FigTree as a Windows Enhanced Metafile.
Annotations and branch support graphics were added manually.

2.6. Dating

The plastid (rather than the nuclear) partition was selected to
estimate divergence dates for several reasons. First, our plastid tree

provides more resolved nodes than our nuclear gene trees (see Sec-
tion 3.2). Second, modeling is simpler with a single partition that
supports a single topology. Third, longer sequence lengths are an
important factor in estimating ages (Brown and Yang, 2010) and
our plastid data set contained many more nucleotides than our nu-
clear partition (6793 for eight plastid loci cf. 2424 for three nuclear
loci; Table 2). Because reticulate evolution has affected Schiedea,
this molecular clock represents how plastid lineages, not necessar-
ily species, have diverged over time. Nonetheless, this is a useful
exercise for Schiedea as the plastid lineages can be used to infer
the age of the original colonization and, perhaps, the age of the
crown radiation. As described above, individuals with putatively
introgressed plastid genomes were excluded, but S. spergulina
was retained in order to estimate the timing of plastid transfer.
Ages were estimated using ‘Bayesian evolutionary analysis by sam-
pling trees’ (BEAST) vers. 1.5.4 (Drummond and Rambaut, 2007,
Heled and Drummond, 2009) with a simple HKY nucleotide substi-
tution model, a UPGMA starting tree, a Yule tree prior (assuming
constant speciation rate per lineage), 30 million generations, sav-
ing one tree every 1000 generations. Bayes factor comparisons in
preliminary runs supported our selection of the uncorrelated re-
laxed lognormal rather than a strict clock model for this data set.
Priors for the time to most recent common ancestor (TMRCA) were
provided for two nodes to represent ages of the islands of Kauai
(4.7 Ma) and O&hu (3.7 Ma; Clague, 1996). We tested three dates
for the age prior on the root node. First, we set the root at 23 Ma
to test the possibility that species could have island-hopped to
newly formed islands dating back to the creation of Lisianski
(Clague, 1996). We abandoned this calibration (and did not
attempt the even older possibility of 30 Ma for the age of Kure)
because we could not obtain resolved estimates for substitution
rates among branches. Second, we assigned a prior for the root at
7.3 Ma to represent the age of Nihoa (Clague, 1996). This island,
while old and eroded, currently supports one Schiedea species
(S. verticillata). Third, we set a prior for the root at 4.7 Ma, the
age of Kaual. Runs were repeated with increasing numbers of
generations and with parameter adjustments (e.g. window size)
suggested by BEAST until the ‘effective sample size’ statistic was
greater than 200 for each parameter. We used Tracer vers. 1.5
(distributed with the BEAST package) to summarize BEAST output,
discarding 3 million generations as burn-in. One maximum clade
credibility tree was created for each calibration scenario using
TreeAnnotator vers. 1.5.2 (distributed with the BEAST package)
with a 0.5 posterior probability limit, discarding 3000 trees as
burn-in.

3. Results
3.1. Data matrices

The eight plastid loci had an aligned length of 6793 nucleotides
and 117 indel codes for a total of 6910 characters, 329 of which are
parsimony-informative (PI); the one-allele matrix for ncpGS had
845 nucleotides and 23 indel codes for a total of 868 characters
(96 PI); NIA had 964 nucleotides and 101 indel codes for a total
of 1065 characters (262 PI); and PepC had 615 nucleotides and
25 indel codes for a total of 640 characters (75 PI; Table 2). The
two-allele data sets that were used to construct gene trees for nu-
clear loci yielded more PI characters than the one-allele matrices
(Table 2). We did not detect genetic recombination in any of the
tests for the three nuclear loci. We deposited 1284 new sequences
in GenBank as accession numbers GQ223800-GQ225083. The nu-
clear BEST data set had 2424 nucleotides (363 PI) for 91-alleles,
the total-evidence data set had 10,506 nucleotides, 128 indel-cod-
ing characters, and 61 morphological characters for a total of
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10,695 characters (888 PI), while the nuclear-plastid BEST data set
had 9217 nucleotides (624 PI) for 91 accessions (Table 2).

Nucleotide diversity for individual loci ranged from 7 = 0.00425
(SD = 0.00052) in rpS16 to 7 = 0.03278 (SD = 0.00217) in NIA (Sup-
plementary Table S2). The total nucleotide diversity across the
eight plastid loci that we combined for a plastid gene tree was
7 =0.00640 (SD = 0.00038). Based on the absence (or at least ex-
treme rarity) of genetic recombination in circular plastid genomes,
the lack of dramatic rate variation among our eight loci (Supple-
mentary Table S2), the limited phylogenetic information in each
plastid locus for these closely related species, and poor resolution
in preliminary comparisons of phylogenies between individual
plastid loci (data not shown), we chose to present analyses with
these eight plastid loci concatenated as a single partition.

3.2. Gene trees

Parsimony searches for each of the four individual gene trees hit
the maximum tree limit, returning 100,000 equally parsimonious
trees. For Bayesian analyses, stationarity was generally reached
early, and we discarded 2000 of 20,000 trees from each run as
‘burn-in’ except for the PepC gene tree, where we discarded 4000
trees.

For the plastid lineage, Bayesian and parsimony methods re-
solve essentially identical topologies (Fig. 1). Except for S. globosa
and S. kauaiensis (see Section 3.3), the 91 accessions sampled in
this study are largely (but not exclusively) resolved on the plastid
gene tree into 32 clades that are consistent with species that have
been recognized using a combination of morphological and nuclear
characters (Wagner et al., 2005). In contrast, some of the slightly
deeper nodes are poorly resolved on the plastid gene tree. Six of
eight previously described taxonomic groups (see Plate 2 in
Wagner et al., 2005) are recovered in the plastid gene tree: sections
Alphaschiedea, Alsinidendron, and Nothoschiedea (Alp, Als, N; Fig. 1)
as well as three monotypic sections: Leucocalyx (S. attenuata),
Polyneura (S. verticillata) and Anestioschiedea (S. apokremnos).
Sections Schiedea and Mononeura, which comprise the bulk of the
species in the radiation, are polyphyletic on the plastid gene tree
(S, MI, MII; Fig. 1).

For each nuclear gene tree, the topology of the parsimony strict
consensus was similar to Bayesian estimates from the same data
set (not shown). We chose to present the two-allele results from
Bayesian analyses in order to show the full range of intraspecific
variability (Supplementary Figs. S1-S3). Unlike the plastid gene
tree, most species do not achieve complete monophyly on these
trees. Paraphyly is particularly evident on the tips of the shallowest
branches. However, the pattern on the nuclear gene trees,
particularly within species assigned to sections Schiedea and
Mononeura, is largely one of allele sharing among close relatives.
Sections Alphaschiedea, Alsinidendron, and Nothoschiedea (and
monotypic sections Polyneura (S. verticillata), and Anestioschiedea
(S. apokremnos)) are resolved on each nuclear gene tree; monotypic
section Leucocalyx (S. attenuata) is resolved on NIA and PepC, but
not ncpGS trees. Section Schiedea is recovered on the ncpGS and
PepC trees but is paraphyletic on the NIA gene tree. Conversely,
section Mononeura is monophyletic in the NIA gene tree, but is
polyphyletic on the other two gene trees. An early-branching clade,
consisting of sections Alsinidendron and Nothoschiedea, S. attenuata,
and S. verticillata, was recovered on the plastid, ncpGS, and NIA
gene trees (‘B’ in Fig. 1, Supplementary Figs. S1 and S2). On the
PepC gene tree (Supplementary Fig. S3), the B clade only differs
in the placement of S. verticillata as a sister to S. apokremnos and
in the placement of these species as sister to section Schiedea
rather than an early-branching lineage. Previous evidence from
nrDNA and morphology recovered a similar B clade, except for a

reversed branching order between S. attenuata and S. verticillata
(Wagner et al., 2005).

3.3. Cytonuclear discordance and identification of introgression events

There are four major conflicts between the plastid (Fig. 1) and
nuclear gene trees (Supplementary Figs. S1-S3), plus two potential
conflicts with weak or equivocal support. The first strongly sup-
ported case for chloroplast capture is the unequivocal placement
on the plastid tree of three S. spergulina accessions (section
Schiedea) within a clade of Kauaian endemics belonging to section
Mononeura (MII, Fig. 1). There is strong support for a sister relation-
ship between S. spergulina and S. stellarioides plastid lineages. This
relationship is dramatically different than the placement of
S. spergulina within section Schiedea based on nuclear gene trees
(Supplementary Figs. S1-S3) and in a previous phylogeny (Wagner
et al., 2005). Based on the monophyly of S. spergulina on the plastid
gene tree, supported by a moderate branch length, we can
conclude that historical, rather than recent, introgression is highly
likely (Sang and Zhong, 2000). However, the direction of the
transfer (i.e. from section Schiedea to section Mononeura or vice
versa) is equivocal.

The second example of strongly supported introgression is
found in the S. globosa populations on Oahu. Schiedea globosa
has extant populations on Oahu, Maui, Moloka‘i, and Hawai‘i,
was formerly distributed on Lana‘i, and has the widest distribu-
tion of any species in the lineage (Wagner et al., 2005). On our
plastid gene tree, three S. globosa individuals from Odhu resolve
strongly supported as sister to a rare Odhu endemic, S. adaman-
tis, while the other two accessions are strongly supported as clo-
ser to all other members of section Schiedea (Fig. 1). On the
ncpGS gene tree (Supplementary Fig. S1), one of the S. globosa
Oahu) accessions is sister to one of the S. adamantis accessions,
although without branch support. In the other nuclear gene trees
(Supplementary Figs. S2 and S3), all five S. globosa accessions are
monophyletic, and are not part of the clade containing
S. adamantis. Based on the topology of the plastid gene tree
(Fig. 1), the plastid lineage found in S. globosa accessions from
Odhu appears to be derived from S. adamantis.

The third strongly supported case of plastid introgression in-
volves two closely related but morphologically distinct members
of section Schiedea: S. lydgatei and S. sarmentosa. Our plastid gene
tree resolves a clade containing all six accessions of both species
(Fig. 1). One S. sarmentosa allele joins S. lydgatei on the ncpGS gene
tree, but not on the NIA or PepC gene trees (Supplementary
Figs. S1-S3). With the evidence at hand, the introgression of nucle-
ar genes and the direction of the transfer remain ambiguous. We
arbitrarily selected S. lydgatei to suppress plastid information in
the compromise data set.

The fourth strongly supported case of plastid introgression is
the monophyletic lineage shared by all five of our S. hookeri and
S. mannii accessions (Fig. 1). Nuclear alleles from these same acces-
sions do not cluster (Supplementary Figs. S1-S3), congruent with
findings from a previous phylogeny (Wagner et al.,, 2005). The
source populations for two of our S. hookeri collections are sympat-
ric with S. mannii (between Wai‘anae and Makaha valleys on
0Oahu), although the third S. hookeri collection (Kaluakauila gulch)
is ca. 2 km from the nearest documented S. mannii populations
on ‘Ohikilolo Ridge (Wagner et al., 1995). Our results suggest one
or more historic hybridization events that lead to a single plastid
lineage persisting in both species. The lack of resolution on the
plastid gene tree does not clarify which parental chloroplast
persisted, so our decision to suppress the plastid sequences for S.
mannii was arbitrary.

More obscure evidence for chloroplast introgression was ob-
served for S. kauaiensis (section Mononeura), which is paraphyletic
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Fig. 1. Bayesian majority-rule gene tree using nucleotide sequences and indel-coding characters for eight plastid loci in 92 accessions (Table 2). Thick branches are PP > 90
and parsimony BS > 70. Conspecific alleles collapsed into triangular cartoons. For polyphyletic species, the number of individuals is in parenthesis. Asterisks mark plastid
data that was suppressed in the compromise data sets (see Section 3.3). Clade abbreviations: Alp, Alphaschiedea; Als, Alsinidendron; B, an early-branching clade; MI,

Mononeura I; MIl, Mononeura 1I; N, Nothoschiedea; S, section Schiedea.

on the plastid gene tree (Fig. 1). One accession from the Mahanaloa
Valley, Kauai, (KW7430) nests within an unresolved clade contain-
ing S. helleri and S. membranacea (section Alphaschiedea). On the
ncpGS gene tree (Supplementary Fig. S1), S. kauaiensis is also para-
phyletic, but in this case the KW7430 accession is the only one that
resolves in the expected position as sister to the morphologically
similar S. stellarioides. Schiedea kauaiensis is also paraphyletic on
the NIA gene tree, but in yet a different pattern (with four of the
six alleles monophyletic and a single allele clustering with its close
relative and morphologically similar S. perlmanii, and a single allele
clustering with alleles from S. jacobii and S. kaalae in the MI clade

(Supplementary Figs. S2). The PepC alleles for S. kauaiensis form an
unresolved polytomy with the monophyletic S. perlmanii alleles in
the PepC gene tree (Supplementary Fig. S3). Thus, S. kauaiensis
exhibits characteristics that could be explained by either retention
of ancestral polymorphism or introgression. Because of the possi-
bility that the paraphyletic plastid accession (KW7430) may be
due to chloroplast capture, our compromise excluded its plastid
data. However, the direction of the transfer is equivocal. The place-
ment of Alphaschiedea on the plastid tree (Fig. 1; sister to MII spe-
cies that are sympatric on the island of Kaua‘i) rather than as an
early-branching lineage (Wagner et al., 2005) and on the nuclear
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BEST tree (see Section 3.4) suggests that S. helleri and S. membran-
acea, the only two extant species of Alphaschiedea, may have ac-
quired a chloroplast lineage from the younger Mononeura group.
Although a previous study (Soltis et al., 1996) reported poten-
tial chloroplast transfer between S. ligustrina and S. kealiae, we
observed only weak evidence for introgression. On our plastid
gene tree, (Fig. 1), there is very weak support for their sibling
status (BS<50; PP =55; depicted as unresolved in Fig. 1). The
three accessions of S. kealiae are not polyphyletic on the PepC
gene tree (Supplementary Fig. S3), but no sister relationship with
S. ligustrina is supported. Schiedea kealiae alleles are unresolved
on the ncpGS and NIA gene trees (Supplementary Figs. S1 and
S2). Because our results are not inconsistent with evidence for
plastid introgression (Soltis et al., 1996), we chose to exclude
the plastid information for S. kealiae in our compromise data set.
Based on these cytonuclear conflicts, we re-coded the plastid
partition as missing data in the compromise data set for the follow-
ing accessions: (i) all accessions of S. spergulina; (ii) all accessions
of S. mannii; (iii) all accessions of S. lydgatei; (iv) three S. globosa

accessions from Oahu; (v) one accession of S. kauaiensis, and (vi)
and all accessions of S. kealiae (asterisks, Fig. 1). This compromise
scenario was used for the total-evidence data set and to estimate
a nuclear-plastid species tree using BEST.

3.4. Species trees

Although the nuclear BEST tree (Fig. 2), the nuclear concate-
nated tree (Fig. 3), the total-evidence concatenated trees
(Fig. 4a, 4b, 4c), and the nuclear-plastid BEST tree (Fig. 4d) each
resolve similar major clades (Alp, Als, B, MI, MII, N, and S), they
differ in their placement. The parsimony analysis is unique
among the total-evidence trees in its placement of Alphaschiedea
in a basal position (Fig. 4a) in agreement with the nuclear BEST
and nuclear concatenated trees (Figs. 2 and 3). The nuclear BEST
and nuclear concatenated trees are also unique in resolving a
monophyletic section Mononeura. The nuclear BEST tree (Fig. 2)
strongly supports S. spergulina as sister to the remaining section
Schiedea. The nuclear concatenated tree (Fig. 3) is less resolved
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Fig. 2. Nuclear BEST species tree using three nuclear loci (Table 2). Thick branches are PP > 90. Clade abbreviations as described in Fig. 1, plus M, Mononeura.
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Fig. 3. Bayesian majority-rule nuclear concatenated species tree using nucleotide sequences in 92 accessions (Table 2). Thick branches are PP > 90 and parsimony BS > 70.
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Alsinidendron; B, an early-branching clade; M, Mononeura; N, Nothoschiedea; S, section Schiedea.

than the nuclear BEST tree (Fig. 2) at deeper nodes correspond-
ing to taxonomic sections. For example, section Schiedea resolves
as a grade (Fig. 3). In contrast, the nuclear concatenated species
tree resolves several paraphyletic nodes that are not supported
by other methods (thick lines indicate PP > 90 in Fig. 3).

3.5. Genealogical sorting Indices
For the plastid gene tree, nineteen species are monophyletic

(gsi=1.0; Supplementary Fig. S4a). The nuclear gene trees have few-
er monophyletic species: ncpGS has eleven (Supplementary

Fig.S4b), NIA has fifteen (Supplementary Fig. S4c), and PepC has eight
(Supplementary Figs. S4d). Although twelve species have gsi < 0.5 on
the plastid gene tree, the gsi for all 32 Schiedea species is statistically
significant. In contrast, each nuclear gene tree reveals several species
that lack significant gsi results (Supplementary Figs. S4b-d, unfilled
square symbols). Three species (S. diffusa, S. verticillata, and
S. viscosa) have a gsi=1.0 in every gene tree. At the other end of
the scale, six species (S. hookeri, S. kaalae, S. kauaiensis, S. ligustrina,
S. lydgatei, and S. mannii) have gsi < 0.5 in every gene tree. Although
fourteen species have gsi < 0.5, the ensemble statistic estimates a
significant gsi for every species (Fig. 5).

Please cite this article in press as: Willyard, A., et al. Estimating the species tree for Hawaiian Schiedea (Caryophyllaceae) from multiple loci in the presence
of reticulate evolution. Mol. Phylogenet. Evol. (2011), doi:10.1016/j.ympev.2011.04.001



http://dx.doi.org/10.1016/j.ympev.2011.04.001

12 A. Willyard et al. / Molecular Phylogenetics and Evolution xxx (2011) XxX—Xxxx
adamantis — adamantis — adamantis — adamantis
(a) { (b) (c) (d)
lydgatel alobosa L kealiae globosa
hookeri sarmentosa globosa haleakalensis
sarmentasa hooken ] sarmentosa hookeri
F ligustrina kealiac menziesii kealiac
salicaria menziesil lydgatei S ligustrina
- [
L menziesil lydgatei salicaria lydgatei
globosa salicaria hookeri mannii
{ i
kealiac — ligustrina - ligustrina menziesii
i S i . S |z
spergulina haleakalensis haleakalensis salicaria
mannii mannii mannii sarmentosa
haleakalensis spergulina spergulina spergulina
pentandra pentandra pentandra hawatiensis
pubescens pubescens pubescens <‘— Jacobii
p— p—
—
hawanensis hawaiiensis kaalae —— kaalac
|: Jjacobii Jacobii hawailensis ~ —— MI laui
laui laui Jacob ﬂ{ pubescens
M + kaalae kaalae laui —— nuttallii
e
nuttalli — NI nuttalli MI nuttallil L——— pentandra
diffusa diffusa diffusa diffusa
kauaicnsis perlmanii perlmanii kauaiensis
I
M1l perlmanii stellarioides stellarioides MII perlmanii
L
i ) MII - .
stellarioides kauarensis kauaiensis stellarioides
Ml lychnoides MII helleri i
¥ Al Alp heller A Ip hellen
viscosa membranacea [ membranacea membranacea
obovata apokremnos apokremnos N lychnoides
AlSL trinervis N lychnoides N lychnoides { viscosa
attenuata L viscosa |-_ viscosa obovata
Als
verticillata obovata g ;
i Als #i obovata trinervis
apokremnos trinervis trinervis B attenuata
B
Alp helleri — attenuata attenuata verticillata
[ membranacea verticillata verticillata apokremnos
outgroup (outgroup pruned) (outgroup pruned) (outgroup pruned)

40.0 0.009 0.02

Fig. 4. Schiedea species trees based on compromise data sets that suppress plastid sequences with putative introgression (see Fig. 1; Table 2): (a) 32-allele total-evidence:
parsimony (single shortest tree); (b) 32-allele total-evidence: Bayesian majority-rule; (c) 32-allele total-evidence: maximum likelihood; (d) 91-allele nuclear-plastid BEST
species tree. Thick branches are BS > 70 or PP > 90. Clade abbreviations as described in Fig. 1.

Please cite this article in press as: Willyard, A,, et al. Estimating the species tree for Hawaiian Schiedea (Caryophyllaceae) from multiple loci in the presence
of reticulate evolution. Mol. Phylogenet. Evol. (2011), doi:10.1016/j.ympev.2011.04.001



http://dx.doi.org/10.1016/j.ympev.2011.04.001

A. Willyard et al./ Molecular Phylogenetics and Evolution xxx (2011) XXx—xXx

13

1.0
0.9

0.8

0.7

0.6 |-

0.5
0.4
0.3

gsi

0.2 -t

0.1
0.0

adamantis
apokremnos

attenuata

diffusa
globosa
helleri

haleakalensi
hawaiiensis

hookeri

jacobii
kaalae

kauaiensis

kealiae
laui
ligustrina

lychnoides

mannii

lydgatei

nuttallii
obovata
pentandra
perlmanii

g=!
=
2
=2
E
=

membrancea

pubescens

N s = N
n
@S § & v o oo 5
= A el -]
5§83k S8 ¢
S =2 = 2 = o
2 5 2 c ¥ 5 @
= 8 g 28 ¢
88 3EL
E gz 5
o 1 ‘2 =

Fig. 5. Comparison of the degree of exclusive ancestry (gsi; genealogical sorting index) among accessions of each Schiedea species. The ensemble statistic weights the gsi from
each of the four gene trees with its probability. A gsi of 1.0 indicates monophyly. Filled squares denote significant indices at P = 0.05 level. See Supplementary Fig. S4 for the gsi

of each independent gene.

Prior
1.3

Prior

4.7

n

Prior
3.7

6.3

4.1

0.6

MI

0.8

0.4

0.3

adamantis O
kealiae O
lydgatei M
sarmentosa M
haleakalensis M
salicaria M
globosa M
menziesii M
kaalae O
nuttallii O
hawaiiensis H
jacobii M
laui M
pubescens M
pentandra O
mannii O
hookeri O
ligustrina O

diffusa M

MiII

kauaiensis K
perlmanii K
spergulina K
stellarioides K

helleri K

0.2

-~ membranacea K

wn

7.9

>

3.1

apokremnos K
lychnoides K
viscosa K
obovata O
trinervis O

attenuata K

verticillata N

outgroup

7
AM3N

o

MITK

3
370

3

2
AMOM

1
0 Ma
0.5 H — Island Ages

Fig. 6. Plastid phylogeny drawn proportional to median ages inferred from BEAST. Data set was reduced (see Section 3.3 and Fig. 1) to exclude putative introgression, except
that Schiedea spergulina was included here. Three prior parameters were specified in BEAST for the ‘time to most recent common ancestor’ (TMRCA): the age of Nihoa (7.3 Ma)
for the root, the age of the island of Kauai (4.7 Ma), and the age of the island of Odhu (3.7 Ma) as indicated on the tree. For nodes with >0.5 posterior probability, the median
inferred age is shown. Supplementary Table S3 presents the 95% highest posterior density intervals for these age estimates. Geographic source of accessions used is
abbreviated next to taxon name: N, Nihoa; K, Kauai; O, Odhu; M, Maui Nui; H, Hawai'‘i. Clade abbreviations as described in Fig. 1.

Please cite this article in press as: Willyard, A., et al. Estimating the species tree for Hawaiian Schiedea (Caryophyllaceae) from multiple loci in the presence
of reticulate evolution. Mol. Phylogenet. Evol. (2011), doi:10.1016/j.ympev.2011.04.001



http://dx.doi.org/10.1016/j.ympev.2011.04.001

14 A. Willyard et al. / Molecular Phylogenetics and Evolution xxx (2011) XxX-Xxx

3.6. Node ages and substitution rates

With priors of 7.3 Ma and 4.7 Ma for TMRCA of the root, we ob-
tained mean plastid rates of 1.02 x 10~° substitutions per site per
year (SE =4.54 x 107'2) and 1.40 x 10~° substitutions per site per
year (SE = 6.42 x 10~'2), respectively. In the 7.3 Ma calibration sce-
nario, the root and the deepest two nodes have median ages that
predate the age of Kauali, the oldest current high island (Fig. 6). This
would suggest that Schiedea plastid lineages might have arisen on
older, currently eroded islands. However, 95% confidence intervals
(Supplementary Table S3) are wide, allowing the possibility that
the crown radiation arose after Kauai was above water. In the
4.7 Ma root calibration scenario, median ages estimated for all
nodes representing inter-island divergences are more recent than
the age of the currently inhabited island (Fig. 7; Supplementary
Table S3). The TMRCA for section Schiedea is estimated at 1.3 Ma
using the 4.7 Ma calibration scenario (Fig. 7). For the 7.7 Ma cali-
bration scenario, the age of the TMRCA for section Schiedea is

unclear, falling between nodes aged at 2.5 Ma and 1.8 Ma (Fig. 6).
Both estimations suggest a surprisingly ancient origin for the 12
closely related species in section Schiedea.

4. Discussion
4.1. Species monophyly

By the criterion of a significant ensemble genealogical sorting
index (gsi), all 32 extant taxonomic species of Schiedea are mono-
phyletic and therefore ‘good’ species based on the gene trees pre-
sented here. The gsi calculated from four individual gene trees, as
well as the ensemble gsi calculated by weighting indices by their
probability on each tree, suggest a high degree of common ancestry
for named taxonomic species of Schiedea. The weighting scheme
provided in the ensemble gsi statistic appears to be a useful way
to incorporate the uncertainty in heterogeneous gene trees. For
example, S. adamantis, S. kealiae, S. pentandra, S. salicaria, and S.
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spergulina each receive a non-significant gsi (Supplementary
Fig. S4) on one gene tree that can be attributed to a lack of
resolution rather than support for polyphyly. The high ensemble
statistic for each of these species (gsi=1.0) results from their
higher probabilities for monophyly on the other gene trees. This
appears to be a better reflection of species monophyly than might
be apparent from an independent evaluation of each poorly re-
solved gene tree. Thus, a comparison of gsi scores among partitions
may offer an efficient method to screen for potential reticulate
evolution in large data sets.

Despite strong cytonuclear conflict, it appears that plastid intro-
gression in Schiedea is mainly historical, and that putatively intro-
gressed plastid lineages have become fixed in most (but not all)
species that exhibit evidence of past introgression. In fact, only
two species (S. globosa and S. kauaiensis; discussed below) display
plastid paraphyly. Coalescence times for plastid alleles are ex-
pected to be four times faster than for nuclear alleles, and given
likely relatively small ancestral effective population size (for rare,
insular species with small population sizes), strong species mono-
phyly for plastid alleles in Hawaiian Schiedea is not surprising.

Strong species monophyly in Schiedea is likely fostered by ex-
treme topographic variation in the Hawaiian Islands, leading to
allopatric divergence of populations and species. Wallace et al.
(2009) reported convincing evidence for allopatric divergence of
populations, potentially leading to incipient speciation among pop-
ulations of the most widespread species in the lineage, S. globosa.
Additionally, many closely related Schiedea species are allopatric
and occur on different islands. Several morphologically similar spe-
cies groups are characterized by strong allopatry. For example,
within the closely related species of section Schiedea, S. ligustrina
and S. adamantis bear close morphological resemblance, but cur-
rently occur on different mountain ranges on Oahu. Schiedea lyd-
gatei and S. salicaria occur on different islands now and different
parts of the Maui Nui complex historically. Schiedea kealiae, S. men-
ziesii, S. sarmentosa and S. hookeri occur on different islands or on
different parts of the Waianae Mountain range on Oahu, on differ-
ent islands, or on different parts of Maui Nui historically.

In addition to allopatric divergence of Schiedea populations and
species, interspecific gene flow may have been prevented in some
cases by differences in breeding systems among several groups of
sympatric or potentially sympatric species. Examples include
S. obovata (a facultatively autogamous hermaphrodite) and
S. nuttallii (an outcrossing hermaphrodite) which occur in sympa-
try in the Waianae Mountains of Odhu, and S. viscosa (facultatively
autogamous hermaphrodite) and S. stellarioides (outcrossing her-
maphrodite with a relatively high selfing rate) which occur in
sympatry in the Waialae Falls area of the central highlands on
Kaual. When naturally occurring morphological intermediates
have been found (e.g. between S. lydgatei and S. sarmentosa on Mol-
oka‘i, or S. salicaria and S. menziesii on west Maui), the reproductive
systems are at least partially outcrossing in both species (Weller
et al.,, 2001). As a result, differences in breeding systems among
different species of Schiedea may also have played a role in main-
taining species boundaries, and contributed to strong monophyly
of named taxonomic species.

4.2. Hybridization, introgression, and reticulate evolution in Schiedea

Evidence for species monophyly notwithstanding, our results
strongly support scenarios of historical hybridization within the
Schiedea radiation, observed as cytonuclear conflicts that occur at
both deep and shallow nodes in the tree. Because of these well-
supported chloroplast capture events, we did not combine nuclear
and plastid data for species tree inference except when attempting
the total-evidence and nuclear-plastid BEST analyses. Additional
evidence for introgression is also present, but less well supported.

Once multiple loci were sampled and gene trees compared, it ap-
peared to be relatively straightforward to identify both major cases
of introgression (i.e. those involving species not known to be
sister species, and in some cases occupying very divergent posi-
tions among different sections/lineages) and those with only weak
or equivocal support for introgression of the plastid genome. In all
of these instances, the plastid partition was inferred to be
introgressed or potentially introgressed. In three of six cases
(S. sarmentosa, S. kauaiensis and S. kealiae), our results were equiv-
ocal in also supporting introgression of nuclear alleles. We chose to
leave those equivocal nuclear alleles in all of our species tree esti-
mations because: (a) the nuclear genome has a four times slower
rate of coalescence than the plastid genome, supporting the notion
that lack of strong support for monophyly of nuclear alleles in
those three species is more likely due to retention of ancestral
polymorphisms than introgression; and (b) recent studies have
indicated that organelle genes are often preferentially introgressed
across species boundaries due to reduced gene flow incurred as a
result of their uniparental inheritance (Currat et al., 2008). Indeed,
organellar introgression is supported exclusively in three of the six
cases (S. spergulina, S. globosa on Odhu and S. mannii). Currat et al.
(2008) demonstrated that chloroplast transfer typically occurs
from a local species to an invading species. Given the degree to
which invasions in the form of colonization of new islands and of
new areas on islands are likely to have figured in the history of this
insular lineage, our observed pattern of predominantly organellar
introgression seems reasonable.

4.2.1. S. spergulina and S. stellarioides

These two species are partially sympatric, although no morpho-
logical intermediates have been reported (Weller et al.,, 2001).
Schiedea stellarioides, presumed extinct until rediscovered in
1991, is genetically depauperate (Weller et al., 1996) and only
two extant populations are known. Both species likely had larger
distributions in the past, with potential for extensive areas of
sympatry. We note that all three of our S. spergulina accessions
are from the Waimea Canyon; the populations from Lawai (S. sper-
gulina var. leiopoda Sherff) were not sampled in this study. Because
S. spergulina is the only member of section Schiedea that inhabits
the oldest island of Kauai, its relationship to other species in sec-
tion Schiedea is critical to understanding the direction of plastid
introgression (Fig. 1). If S. spergulina represents a back-colonization
from ancestors that inhabited one of the younger islands, it may
have obtained a plastid lineage from S. stellarioides, perhaps while
conspecifics were still rare. This would fit a pattern of an invading
species acquiring the organelle lineage of a local species (Currat
et al., 2008). Alternatively, if S. spergulina is sister to all other
species in section Schiedea, as strongly supported by our nuclear
BEST tree (Fig. 2), by our Bayesian and ML total-evidence trees
(Fig. 4b, 4c), and weakly supported by our nuclear concatenated
tree (Fig. 3), then it may represent the sole progenitor of section
Schiedea that has persisted on Kauai. This implies that the
hybridization event may have occurred concurrent with the onset
of the rapid radiation of section Schiedea, a lineage containing all
but one of the florally dimorphic Schiedea species. Interestingly,
S. spergulina is dioecious. Its basal position within section Schiedea
suggests dimorphism occurred early in section Schiedea. Alterna-
tively, the occurrence of gynodioecy in S. apokremnos, one of the
earliest diverging species in the lineage (Fig. 2), suggests that
dimorphism may have been present in ancestors of the section
Schiedea lineage.

4.2.2. S. globosa and S. adamantis

Schiedea globosa reveals the most disparate gene trees of any
species in our study: complete monophyly in ncpGS and PepC, in
contrast to low (but significant) gsi on the plastid and NIA gene
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trees. In conjunction with gene tree incongruence patterns, this
adds to the evidence that introgression has affected S. globosa. Pop-
ulations of S. globosa follow the progression rule for island biogeog-
raphy (Funk and Wagner, 1995), such that S. globosa populations
on the older island of Odhu appear to represent the ancestral geno-
types (Wallace et al., 2009). Based on the prediction that organelle
introgression tends to occur from a local species into an invading
species (Currat et al., 2008), the asymmetric introgression of the
plastid genome from S. adamantis into S. globosa would suggest
that S. globosa invaded the range of the former species on Oahu
after the colonization of the younger islands.

4.2.3. S. lydgatei and S. sarmentosa

Putative hybrids between these two species are intriguing be-
cause S. lydgatei, a shrub with diffuse inflorescences that grows
in dry shrublands, was suggested to have reverted to a hermaphro-
ditic breeding system from a gynodioecious ancestor (Norman
et al,, 1995, 1997). Schiedea sarmentosa is a gynodioecious peren-
nial with contracted inflorescences that grows on rocky cliffs.
While numerous morphological intermediates have been reported
where these species’ habitats meet (Wagner et al., 2005), our re-
sults infer that introgression may be largely limited to the plastid
lineage. Incomplete lineage sorting likely obscures the pattern of
introgression in the nuclear genomes of these closely related
siblings.

4.2.4. Alphaschiedea and Mononeura

The direction of introgression for one important cytonuclear
conflict was not obvious in a comparison of the plastid (Fig. 1)
and three nuclear gene trees (Supplementary Figs. S1-S3). On the
total-evidence trees, Alphaschiedea is placed in a basal position
by parsimony (Alp; Fig. 4a) but not Bayesian, ML or BEST methods
(Fig. 4b, 4c, 4d). This conflict might be explained by long branch
attraction in parsimony. What is more, the paraphyletic placement
of S. kauaiensis (see Section 3.3) suggests that the KW7430 acces-
sion acquired a plastid lineage from Alphaschiedea. However, the
nuclear BEST tree (Fig. 2) and the nuclear concatenated tree
(Fig. 3) recover a basal position for Alphaschiedea, in agreement
with previous nrDNA and morphological trees (Wagner et al.,
2005). Cytonuclear conflict between the plastid tree and the nucle-
ar BEST tree (Fig. 1 vs. Fig. 2) suggests that plastid introgression oc-
curred in the opposite direction: i.e. a Mononeura-style plastid into
the rather divergent Alphaschiedea lineage. This deep discordance
was unexpected, and our decision to suppress the paraphyletic S.
kauaiensis plastid allele rather than the Alphaschiedea alleles makes
our total-evidence and nuclear-plastid BEST trees positively
misleading.

4.2.5. Effects of Introgression on phylogeny

While most of the cases of plastid introgression detailed above
appear relatively straightforward to characterize, introgression of
nuclear alleles cannot be discounted in several instances. The
majority of the nuclear conflicts are among very closely related
species within a single taxonomic section. Several recent studies
concluded that BEST may be fairly robust to potential violations
of the assumption that no gene flow occurred after speciation.
Belfiore et al. (2008) suggested that narrow hybrid zones may form
between sympatric Thomomys subgenus Megascapheus pocket go-
pher species, but determined that population structure combined
with low dispersibility and low density populations have contrib-
uted to rapid genetic drift and hence, “cohesiveness” of taxa within
the lineage. Brumfield et al. (2008) and Liu et al. (2008) have re-
ported low levels of introgression among closely related or sister
species of manakins and suggested that hybridization may not af-
fect the results of their estimation of species trees using BEST when

it has occurred between very closely related species, affecting
branch length rather than topology for those sister species.
Methods to incorporate models of reticulate evolution in algo-
rithms for species tree estimation are recognized as important
goals (Edwards et al., 2007), reflecting the notion that reticulate
events, as well as cladistic events, contribute to the history of a
group (Moore et al., 1995). The possibility remains that additional
Schiedea plastid lineages that are not clearly identified as introgres-
sed are tracking geography rather than hierarchical events. Fur-
ther, the actual extent of introgression in the Schiedea nuclear
genome remains unknown and the relative sensitivity of the BEST
method to increasing levels of violation also remains untested.

4.3. Schiedea species trees

Simulations by Maddison and Knowles (2006) demonstrated
that three nuclear loci may be sufficient for inferring a species tree
for a recently diverged group when three individuals per species
are sampled. However, our 91 accession data set far exceeds their
largest simulation (27 individuals in each of eight species). Further,
ours is among the largest data set analyzed to date using the BEST
method. To our knowledge, only Linnen and Farrell (2008) ana-
lyzed more samples. Although we had to use a uniform clock prior
in BEST in order to achieve convergence, the results appear to be
stable based on multiple runs. The BEST Schiedea species tree
(Fig. 2) provides a better resolution at the sectional level than
the nuclear concatenated tree (Fig. 3), but despite utilizing 2424
characters from three nuclear loci, infers a nine-species rake within
section Schiedea and a four-species rake within section Mononeura
(Fig. 2). Finer relationships supported on the concatenated nuclear
species tree for these sections may have merit, but they are diffi-
cult to interpret for a species hypothesis because this tree resolves
accessions of S. kealiae, S. ligustrina, S. lydgatei, S. mannii, and S. sal-
icaria as polyphyletic (Fig. 3). The relatively low gsi indices for
these five species (Fig. 5), does not conflict with their polyphyletic
placement on the nuclear concatenated tree.

We also tested the BEST species tree for robustness by compar-
ing it with (1) a nuclear-plastid BEST species tree; and (2) a total-
evidence method that incorporates information from nuclear,
plastid, nrDNA, and morphological partitions into a single spe-
cies-tree analysis. Due to our observation of chloroplast capture,
these latter two methods used a compromise data set to suppress
some plastid data (see Section 3.3). While it is not possible to
directly compare the results of the total-evidence and nuclear-
plastid BEST analyses because different data sets were used, the
most striking comparison is that all of the concatenated total-
evidence species trees are much more resolved than the nuclear-
plastid BEST tree. These trees also display conflicting resolutions
that can be attributed to analytical method (Fig. 4a-c). A few of
the conflicts are strongly supported, even among terminal taxa
(also see Section 4.5). On the other hand, the total-evidence and
nuclear-plastid BEST trees agree with each other and with nucle-
ar-only species trees on some aspects of the topology, particularly
for deeper taxonomic sections. We found consistent support for
monophyletic sections Alphaschiedea, Alsinidendron, and Nothos-
chiedea described by Wagner et al. (2005). A monophyletic section
Schiedea is recovered on all species trees except the nuclear concat-
enated tree, where a section Schiedea grade can be attributed to
lack of resolution rather than support for paraphyly (Fig. 3).

The divergent plastid lineage exerts an influence beyond the
identified examples of cytonuclear conflict. First, all of the total-evi-
dence trees, the nuclear-plastid BEST species tree, and the plastid
tree (Fig. 1) resolve section Mononeura as paraphyletic with section
Schiedea (MI, MII; Fig. 4a—-d). In contrast, section Mononeura is mono-
phyletic on both nuclear species trees (Figs. 2 and 3) and on a smaller
data set of nrDNA and morphology (Wagner et al., 2005). This
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suggests a historical chloroplast transfer of the plastid lineages be-
tween sections Schiedea and Mononeura that is creating this para-
phyletic resolution in every data set where plastid nucleotides are
present. Similarly, both nuclear species trees reveal a basal resolu-
tion of Alphaschiedea (Figs. 2 and 3), even though NIA (Supplemen-
tary Fig. S2) is the only gene tree with this topology. This
placement for Alphaschiedea agrees with previous reports (Wagner
et al., 2005). For the total-evidence species trees, only parsimony
(Fig. 4a) recovers this placement. Notably, our plastid tree resolves
Alphaschiedea sister to the MII clade (Fig. 1). The simplest explana-
tion for these results is that one of our compromise assumptions
(that the plastid lineage from Alphaschiedea had been transferred
to S. kauaiensis) is incorrect. Despite ambiguous placement of
Alphaschiedea on individual nuclear gene trees (Supplementary
Figs. S1-S3), the nuclear species trees (Figs. 2 and 3) clearly resolve
the lineage as expected from nrDNA and morphology. Therefore, the
placement of Alphaschiedea in our compromise scenarios appears to
be driven by its plastid lineage. Further, both nuclear species trees
(Figs. 2 and 3) resolve S. diffusa and S. hawaiiensis as sister taxa.
The resolution of S. diffusa as sister to remaining Mononeura on the
total-evidence and nuclear-plastid BEST trees (Figs. 4a-d) also
appears to be driven by the topology of the plastid lineage (Fig. 1).

Schiedea apokremnos (monotypic section Anestioschiedea) is re-
solved as sister to the B clade in the nuclear BEST, total-evidence
parsimony, and nuclear-plastid BEST species trees (Figs. 2 and 4a
and d). The plastid tree (Fig. 1) places S. apokremnos sister to mem-
bers of sections Schiedea and Mononeura, resembling a previous
nrDNA and morphology tree (Wagner et al., 2005). Schiedea
apokremnos is known only from valleys and ridges of the Napali
Coast on northwestern Kauai, the oldest part of the oldest current
high island in the chain. In this case, our improved nuclear data set
clearly places this species among the basal lineages of the radia-
tion, consistent with its geographical location.

Within section Schiedea, the nuclear BEST tree (Fig. 2) supports
S. spergulina, then S. hookeri and S. kealiae, as sister to the remain-
ing members of the section. This is not in conflict with the poorer
resolution for this node on the concatenated nuclear species tree
(Fig. 3). This position clarifies the direction of introgression that
we can infer from cytonuclear conflict. The basal position of S. sper-
gulina within section Schiedea suggests that it represents the sole
surviving species on the older island of Kauai, with the remainder
of the radiation occurring as part of a migration onto the younger
islands of Odhu and Maui Nui.

Hard polytomies for remaining species in section Schiedea on
both the nuclear BEST (Fig. 2) and the nuclear-plastid BEST
(Fig. 4d) species trees, several paraphyletic species on the concat-
enated nuclear species tree (Fig. 3), conflicting resolution for these
species based on methodology for the total-evidence species trees
(Fig. 4a vs. Fig. 4b vs. Fig. 4c), taken together with weak resolution
based on nrDNA and morphology (Wagner et al., 2005), suggests
that their biologically realistic topology is very close to a hard poly-
tomy. While the plastid lineage is more clearly resolved, it appears
to be partly tracking geography rather than species lineages
(Fig. 6). We emphasize that plastid conflict is located deep in the
tree (Alphaschiedea), at the tips (e.g. S. globosa on Oahu), and in
intermediate positions (e.g. S. diffusa), requiring great caution in
the interpretation of the chloroplast lineage. This finding is of great
importance, as whole-plastome sequencing techniques currently
being applied to other species, e.g. (Parks et al., 2009), will be allur-
ing for their potential to resolve polytomies in groups such as
Schiedea.

4.4. Original colonization and inter-island migrations

A molecular clock can be used to infer the age of a taxonomic
group; reviewed by Sanderson et al. (2004). For Hawaiian archipel-

ago radiations, an inference of the age of the root allows a ball-park
estimate of how long ago the original colonization took place
(Fleischer et al., 1998; Givnish et al., 2009; Jordan et al., 2003;
Russo et al., 1995). The substantial divergence of the Schiedea
chloroplast lineage from the species lineage (see Sections 3.3 and
4.3) needs to be considered in the interpretation of inferred node
ages. Although there is clearly a geographic pattern, the Schiedea
plastid lineage does not appear to be mainly tracking geography
rather than species (Petit et al., 1993). Based on presumed mater-
nal inheritance, chloroplasts are unlikely to accomplish inter-
island migrations except within a species. Thus, their lineage can
be used in Schiedea for a rough estimate of island progression.

Despite being rather well resolved at deeper nodes, our plastid
phylogeny exhibits considerable rate heterogeneity among
branches (see Section 2.6). This required the use of a relaxed log-
normal clock that yields wider confidence intervals than expected
from a clock-like tree (Supplementary Table S3). Although we were
able to exclude root ages of 23 Ma and earlier based on a severe
distortion of rates (see Section 2.6), root calibrations at 7.3 Ma
and 4.7 Ma infer mean substitution rates (1.02 and 1.40 x 10~°
substitutions per site per year, respectively) that are near the range
of 1.1-1.6 x 1072 reported for plastid loci across plants (Wolfe
et al.,, 1987). Thus, we cannot use the criterion of unreasonable
rates to exclude an original colonization of the Schiedea progenitor
onto either Nihoa or Kauai. Nonetheless, our BEAST results clarify
several inter-island migration patterns.

All of our species trees (Figs. 2 and 4a-d) and the plastid tree
(Fig. 1) place S. verticillata, a distinctive endemic from the leeward
island of Nihoa, within the B clade. This topology is similar to a pre-
vious nrDNA and morphology tree (Wagner et al., 2005), except
that our data infers that S. verticillata, rather than S. attenuata, is
sister to remaining members of the B clade. Because we have con-
firmed the earlier branching of Alphaschiedea, S. verticillata is
nested within the tree rather than representing the basal position
that would be expected of a progenitor. We estimate the diver-
gence of S. verticillata from the other members of the B clade at
ca. 3 Ma (Figs. 6 and 7). This is more recent than the age of Kauai
and more recent than some other plastid lineages currently distrib-
uted on Kauai. This suggests that S. verticillata represents a back-
colonization from Kauai to Nihoa rather than the maintenance of
an ancestral lineage from the older islands.

Each of our analyses infers a migration of the ancestors of sec-
tion Alsinidendron (S. obovata and S. trinervis) from Kauai to Oahu.
Regardless of calibration scenario, Alsinidendron is inferred to have
diverged from Nothoschiedea 1.7 Ma (Figs. 6 and 7). The plastid
lineage shared by S. spergulina and S. stellarioides split ca. 0.5-
0.9 Ma (Figs. 6 and 7). There is also a general consensus that the
progenitor of the lineage leading to sections Schiedea and Monone-
ura migrated from Kauai to Odhu or from Kauai to the islands of the
Maui Nui complex ca. 2.5-2.1 Ma (Figs. 6 and 7). However, the pat-
tern of inter-island dispersals within sections Schiedea and
Mononeura to Odhu and to the younger islands of Maui Nui is lar-
gely obscured by short branches and poorly resolved nodes that
appear to be biologically realistic.

4.5. How old are the conflicting nodes?

Our BEAST results suggest that the TMRCA for the plastid line-
age leading to the 19 species in section Schiedea and the MI clade
(excepting S. diffusa) is at least 1.3 Ma (Fig. 7). We used this in-
ferred age to judge whether these species would be expected to
demonstrate incomplete lineage sorting for nuclear genes under
a coalescent model. A coalescent time for 95% of loci to reach reci-
procal monophyly can be estimated using a large population size
(N=10,000) and a reasonable generation time for Schiedea (g = 5;
Wallace et al., 2009) to yield a conservative estimate (Maddison
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and Knowles, 2006). Applying formulas of ‘ONg’ and ‘12Ng’
(Hudson and Coyne, 2002), we calculate a span of 450,000-
600,000 years until reciprocal monophyly is expected. Only a few
Schiedea species pairs are inferred to have diverged within this
timeframe (Fig. 7). It is also likely that Schiedea ancestral effective
population sizes (for rare, insular species) were relatively small
and we know that the typical census size for extant Schiedea spe-
cies is much smaller than 10,000 (Wagner et al., 2005). Thus, the
expected coalescent time may be considerably less than
450,000 years for Schiedea. Unless the original colonization was
much more recent than our inference (Figs. 6 and 7) or Schiedea
species lineages diverged much more recently than their plastid
lineages, then our lack of reciprocal monophyly in nuclear gene
trees within section Schiedea (Supplementary Figs. S1-S3) is unli-
kely to be due to incomplete lineage sorting alone. One explanation
for this phenomenon is that reticulate evolution has played a major
role in the radiation of section Schiedea. Additional, undetected,
nuclear introgression may be masquerading as incomplete lineage
sorting in this group.

We also considered whether the conflicting support inferred by
parsimony and ML for different pairs of taxa in the total-evidence
trees (Figs. 4a and b) is likely to be due to an anomaly zone created
by short internal branches. Our conservatively calibrated plastid
clock (Fig. 7) infers a TMRCA for these taxa pairs of 1.3 Ma
(S. salicaria, S. ligustrina); 1.1 Ma (S. adamantis, S. lydgatei and
S. kealiae, S. ligustrina); and ca. 0.65 Ma (S. lydgatei, S. salicaria).
Using a population size of N=10,000 and a generation time of
g=>5, the total branch lengths in coalescent units (t/2N) can be
roughly estimated at 6.5, 11, and 13, respectively. These branch
lengths are much longer than ones expected to form an ‘anomaly
zone’ (Kubatko and Degnan, 2007; their Fig. S1). Thus, anomalous
trees that are distorted by short internal branches are unlikely to
fully account for the conflict we observe in concatenated methods.
Again, undetected introgression could offer an alternative explana-
tion. Obviously, this coarse estimate ignores many complexities,
including extinctions and short branches nested within the clade.
We propose that these exercises are helpful by connecting
empirical results with simulations in order to improve our
understanding of real-world problems.

4.6. Evolution of breeding systems

An interest in reconstructing the pattern of breeding system
shifts remains an important goal of a resolved phylogeny of
Schiedea. Our placement of S. apokremnos sister to clade B (Fig. 2)
differs from previous results (Wagner et al., 2005; Weller et al.,
1998) and confirms that gynodioecy arose independently in this
species. At minimum, one additional shift to dimorphic breeding
systems occurred in section Schiedea. Unfortunately, the lack of
resolution within this clade does not support a formal reconstruc-
tion of breeding system character states. In fact, incongruence
among our four independent genetic partitions should suggest
caution in using a single genetic partition to infer character states
in section Schiedea. We cannot reject either possibility: (i)
hermaphroditism as the plesiomorphic state for the section and
an unknown number of shifts to dimorphy; or (ii) dimorphy as
the plesiomorphic state for the section and up to three reversals
to hermaphroditism (S. lydgatei, S. menziesii, and S. hookeri). The
nuclear BEST tree (Fig. 2) places the hermaphroditic S. hookeri out-
side the rake, but this is not supported by our nuclear concatenated
tree (Fig. 3). None of our species trees places either of the other two
hermaphroditic species (S. lydgatei and S. menziesii) on an early
branch within the section. In fact, the dioecious S. spergulina is
basal in the nuclear BEST tree (Fig. 2). A likelihood ratio test con-
straining the three hermaphroditic species to monophyly (and
hence representing one reversal) is not statistically different than

an unconstrained tree (data not shown) suggesting that such a sce-
nario is not unwarranted. Although the pattern of interspecific
breeding system shifts in section Schiedea remains complex, intra-
specific studies of gynodioecious Schiedea species are a useful sys-
tem in which to study the transition from hermaphroditism
toward dioecy (Campbell et al., 2010; Rankin et al., 2002).

5. Conclusions

Although all 32 extant Schiedea species are monophyletic, our
trees reveal patterns of introgression suggesting that interspecific
hybridization has exerted a strong influence, despite being appar-
ently infrequent. An example of reticulate evolution occurs deep in
the lineage of this genus, and there are several more examples to-
ward the tips. The use of cytonuclear conflict among individual
gene trees was not reliable for identifying divergent plastid lin-
eages to remove from this data set. In particular, the paraphyletic
nature of S. kauaiensis was a misleading clue. A comparison of
the plastid tree with better-resolved nuclear species trees indicates
that the lateral transfer of a plastid lineage likely occurred in the
opposite direction, i.e. that the basally-branching section Alphas-
chiedea acquired a chloroplast lineage from the more recent section
Mononeura. Our results are equivocal for nuclear introgression.
Molecular clock calibrations suggest an unexpectedly ancient age
(ca. 2-2.5 Ma) for the chloroplast lineage of the crown radiation
of sections Mononeura and Schiedea. Because this timeframe ex-
ceeds the expected coalescence time for species with small effec-
tive population sizes, the lack of resolution among section
Schiedea species has likely been driven, at least partially, by addi-
tional chloroplast transfers.

In the presence of this level of reticulate evolution, the plastid
lineage, our nuclear-plastid BEST tree, and our total-evidence ap-
proach are positively misleading in their inferred species trees, de-
spite our use of a ‘compromise’ data set. Further, we obtained
stronger sectional resolution with a nuclear BEST tree compared
with a concatenated species tree method. Whether other nodes
on the nuclear concatenated tree that lack support on the nuclear
BEST tree will withstand remains to be seen. In any case, it appears
that additional nuclear evidence, and perhaps the application of
population-structure models, will be needed to tease apart the pat-
tern of breeding system evolution within section Schiedea.
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