Molecular Ecology (2007) 16, 3995-4013

doi: 10.1111/5.1365-294X.2007.03445.x

Diversity and divergence patterns in regulatory genes
suggest differential gene flow in recently derived species
of the Hawaiian silversword alliance adaptive radiation
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Abstract

The impact of gene flow and population size fluctuations in shaping genetic variation
during adaptive radiation, at both the genome-wide and gene-specific levels, is very poorly
understood. To examine how historical population size and gene flow patterns within and
between loci have influenced lineage divergence in the Hawaiian silversword alliance, we
have investigated the nucleotide sequence diversity and divergence patterns of four floral
regulatory genes (ASAP1-A, ASAP1-B, ASAP3-A, ASAP3-B) and a structural gene (ASCAB9).
Levels and patterns of molecular divergence across these five nuclear loci were estimated
between two recently derived species (Dubautia ciliolata and Dubautia arborea) which are
presumed to be sibling species. This multilocus analysis of genetic variation, haplotype
divergence and historical demography indicates that population expansion and differential
gene flow occurred subsequent to the divergence of these two lineages. Moreover, contrasting
patterns of allele- sharing for regulatory loci vs. a structural locus between these two sibling
species indicate alternative histories of genetic variation and partitioning among loci where
alleles of the floral regulatory loci are shared primarily from D. arborea to D. ciliolata and
alleles of the structural locus are shared in both directions. Taken together, these results
suggest that adaptively radiating species can exhibit contrasting allele migration rates
among loci such that allele movement at specific loci may supersede genetic divergence
caused by drift and that lineage divergence during adaptive radiation can be associated
with population expansion.
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The processes underlying adaptive evolution and lineage
differentiation act in concert to yield the most dramatic
examples of organismal diversification: adaptive radiations.
Adaptive radiations are rapidly evolving species groups
that have undergone adaptive ecological differentiation
correlated with elevated morphological and physiological
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divergence among lineages (Schluter 2000). Several of
the most studied dramatic examples of adaptive radiation
include Darwin’s finches on the Galapagos Islands (Lack
1947; Grant 1986; Grant & Grant 1994), West Indian Anolis
lizards on the Caribbean Islands (Irschick et al. 1998; Losos
& Miles 2002), columbines in North America (Aquilegia)
(Chase & Raven 1975; Miller 1981; Hodges 1997; Fulton &
Hodges 1999), and the Hawaiian silversword alliance (Carr
1985; Robichaux et al. 1990; Baldwin & Sanderson 1998,
reviewed in Schluter 2000).

Most studies of adaptive radiations focus on the macro-
evolutionary effects of rapid phenotypic evolution and



3996 A. LAWTON-RAUH, R. H. ROBICHAUX and M. D. PURUGGANAN

correlations of measurable phenotypes with trait utility
and divergence between species (Schluter 2000). Relatively
little is known, however, about genetic variation among
diverging lineages and the historical impact of demographic
factors in adaptive radiations. These demographic factors
include population size fluctuations due to changes in range
availability, and gene flow between diverging lineages.
Such factors are expected to directly impact the mode and
tempo of diversification, especially in the rapid evolutionary
timescales associated with the accelerated speciation rates
of adaptive radiations.

Demographic forces affect genome-wide levels and
patterns of genetic variation and remain difficult to
distinguish from the signatures of natural selection on
specificloci. In general, demographic forces affect every
locus in the genome and impact genome-wide estimates of
effective population size. Additionally, demographic effects
(gene flow in particular) may, in some cases, actually
reinforce lineage divergence by acting as a mechanism
promoting locus-specific allelic differentiation through local
adaptation (Caisse & Antonovics 1978; Church & Taylor
2002; Rieseberg et al. 2004).

Inferring the impact of demographic forces is facilitated
by recent advances in molecular population genetic analyses,
including Bayesian and Markov chain Monte Carlo analytical
approaches (Kuhner et al. 1998; Beerli & Felsenstein 1999;
Nielsen & Wakeley 2001; Rannala & Yang 2003; Wang &
Whitlock 2003; Zheng et al. 2003; Hey & Nielsen 2004), which
examine multilocus patterns of nucleotide polymorphisms
shaped by historical events that affect the entire genome.
These approaches have been employed in a variety of areas,
including reconstruction of phylogeographic divergences
among taxonomic lineages (Yoder & Yang 2004), assessing
conservation strategies for sea fin whales (Palsboll et al. 2004),
Hawaiian groupers (Rivera ef al. 2004), and grasshopper
sparrows (Bulgin ef al. 2003), as well as studying the historical
divergence population genetics in the Drosophila genus
(Hey & Nielsen 2004) and among African cichlids (Hey
et al. 2004).

We have utilized population genetic approaches to
examine the extent of morphological and molecular dif-
ferentiation associated with speciation within the Hawaiian
silversword alliance (Asteraceae-Madiinae). Numerous
studies have explored the phylogeny (Baldwin et al. 1991;
Baldwin & Sanderson 1998; Barrier et al. 1999; Baldwin &
Wessa 2000), cytogenetics (Carr 1978; Carr & Kyhos 1981;
Carr 1985), physiological ecology (Robichaux 1984; Robichaux
& Canfield 1985; Robichaux et al. 1990) and conservation
genetics of the silversword alliance (Friar ef al. 1996, 2000,
2001; Robichaux et al. 1997), yet the variance underlying
molecular and morphological diversification during speci-
ation within the Hawaiian silversword alliance remains
unclear. This molecular population genetic analysis of
several floral regulatory genes and a structural gene in two

recently derived species of the silversword alliance provides
unique insights into the differential impact of demographic
forces across functional loci during the origin and establish-
ment of members of this adaptive radiation. Additionally,
this approach permits an assessment of historical popula-
tion dynamics underlying the rapid speciation processes
responsible for the phenotypic variation displayed among
the Hawaiian silversword alliance species and provides clues
regarding potential multilocus as well as locus-specific
mechanisms partitioning lineages during adaptive evolution.

The Hawaiian silversword alliance

The Hawaiian silversword alliance, which is believed to
rank ‘with the dinosaur extinctions and the origin of our
own species (as) among the most celebrated events in the
history of life’ (Schluter 2000), consists of 30 species in three
genera (Argyroxiphium, Wilkesia, and Dubautia) endemic to
the Hawaiian archipelago (Carr 1985). Silversword alliance
species exhibit remarkable morphological and ecological
differentiation and are extensively described elsewhere
(see, for example: Carr 1985; Robichaux et al. 1990; Baldwin
& Robichaux 1995; Baldwin 1997). Previous analyses of
10 allozyme loci indicate low genetic differentiation
among Hawaiian silversword alliance species (Witter
& Carr 1988). Furthermore, even species that diverged
approximately 5.2 to 1.5 million years ago (Ma) have highly
similar genetic identities, with many Nei genetic identity
coefficients in the range of values expected between
intraspecific populations (I > 0.90; Nei 1972; Witter &
Carr 1988).

This study focuses on two recently derived species
(Dubautia ciliolata subsp. glutinosa and Dubautia arborea) in
the Railliardia lineage of the Hawaiian silversword alliance
that are endemic to the island of Hawaii (Carr 1985;
Baldwin 1997) and exhibit different growth forms and
reproductive architecture features both in the field and
in common garden experiments (see Fig. 1; Carr 1985;
Robichaux et al. 1990). Phylogenetic analysis indicates
that both D. ciliolata subsp. glutinosa and D. arborea are likely
sibling species, and their endemism on the youngest island
of the archipelago suggests that these two species diverged
from each other after the origin of this island approximately
0.5 Ma (Carson & Clague 1995). To examine ancestral vs.
derived variation and to cover the temporal breadth of the
adaptive radiation, this study also includes Argyroxiphium
sandwicense subsp. macrocephalum, which is in the Argyroxi-
phium lineage of the Hawaiian silversword alliance and is
endemic to Haleakala volcano on Maui.

Inferences of historical demography associated with
species differentiation are best accomplished using locus-
specific and combined multilocus analyses. This approach
makes it possible to examine single-locus and multilocus
patterns consistent with demographic models. Additionally,
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comparing loci of different functional classes provides
the opportunity to set up hypotheses that can be more
thoroughly addressed using further data sets regarding
processes partitioning evolutionary forces across loci.
Several nuclear genes have been isolated from members of
the Hawaiian silversword alliance and can be used to assess
multilocus patterns of nucleotide polymorphisms in these
species. The homeologous regulatory genes ASAPI1-A and
-B and ASAP3/TM6-A and -B as well as the chlorophyll
A/Bbinding protein encoding gene ASCAB9 were used in
this study. All five of these loci have been used in other
molecular evolutionary studies of the Hawaiian silversword
alliance (Barrier et al. 2001). The floral regulatory genes in
this study represent functional loci undergoing accelerated
rates of evolution (Barrier ef al. 2001) and divergent evolu-
tionary trajectories between homoeologs (Lawton-Rauh
et al. 2003). Additionally, these studies also indicate that
the chlorophyll A/B binding gene ASCAP9 does not have
patterns consistent with significant accelerated rates of
evolution in the Hawaiians silversword alliance vs. the
progenitor California tarweed lineages (Barrier ef al. 2001).
Nucleotide sequence variation at these loci is used to
evaluate levels of genetic differentiation and migration
rates between species at each locus, as well as provide
evidence for possible different evolutionary histories among
loci in the insular adaptive radiation context. The objective
of this study is therefore to examine nucleotide sequence
diversity and test hypotheses regarding the role of historical
demographic factors in shaping patterns of differentia-
tion in these rapidly evolving loci at the population level
between two recently derived species of this plant adaptive
radiation. The main questions that we address in this study
include the following:

1 Does the partitioning of nuclear gene and morphological
variation among and within populations and species occur
in similar, lineage-specific patterns?
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Fig.1 Approximate relative growth form
sizes among Dubautia arborea (A), Dubautia
ciliolata subsp. glutinosa (B) on Mauna Kea,
Hawaii and Argyroxiphium sandwicense
ssp. macrocephalum (C) in Haleakala crater,
Maui. Inflorescence architecture comparison
(see inset) between D. arborea (single capitu-
lescence shown, left) and Dubautia ciliolata
(multiple capitulescences, each with solitary
capitula shown, right). Photo A courtesy of
David Remington and D. arborea inflorescence
photo in inset courtesy of Gerald Carr.

2 Are patterns of genetic diversity and divergence in
these species consistent with demographic changes,
such as population expansion and gene flow? Does this
pattern differ between the duplicated floral regulatory
genes sampled and the representative structural house-
keeping gene?

3 Do patterns of genetic variation differ between species in
the Argyroxiphium lineage (Argyroxiphium sandwicense)
and members of an active subradiation (Dubautia arborea
and D. ciliolata in the Railliardia clade)?

Materials and methods

Nucleotide sequence data: sample collections and DNA
extraction

Leaf tissue samples were collected from approximately
5-10 individuals per population from three populations of
Dubautia arborea and Dubautia ciliolata (Table 1). The three
populations sampled from D. arborea include individuals
from Puu Laau, Puu Mali and a woodland near Waipa-
hoehoe gulch. The three populations sampled from Dubautia
ciliolata ssp. glutinosa include individuals from Puu Kanaka-
leonui, Puu Kawiiwi and a shrubland near Waipahoehoe
gulch (Table 1). The latter taxon is referred to as D. ciliolata
for the remainder of this study. Leaf tissue samples from
16 plants of Argyroxiphium sandwicense ssp. macrocephalum
were obtained from four localities in Haleakala National
Park, Maui: Silversword Loop, Puu o Pele, Ka Moa o Pele,
and Puu Naue. This species is referred to as A. sandwicense
for the remainder of this study. Genomic DNA isolations
were extracted from young leaf tissues using a modified
rapid plant CTAB (hexadecyltrimethylammonium bromide)
protocol (Saghai-Maroof et al. 1984). EluQuick (Schleicher
and Schuell) glass bead purification was then used on all
genomic DNA extractions to reduce the amount of pectin
and secondary-product contamination.
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Table 1 Nucleotide variation for loci examined in this study

Length Haplotype
Gene Species (bp) n Mocality Npp S Tgilent 0, Tajima’s D diversity
ASAPI-A A. sandwicense 1683 15 8/3/1/3 9 21 0.0044  0.0037 (0.0003)  -0.1100 0.886 (0.069)
D. ciliolata 1661 20 8/6/6 11 27 0.0035  0.0038 (0.0009)  -0.6487 0.900 (0.052)
D. arborea 1680 20 7/6/7 7 8 0.0016  0.0018 (0.0002)  -1.1372 0.732 (0.092)
ASAP1-B A. sandwicense 1709 15 8/2/2/3 11 18 0.0029  0.0026 (0.0003)  -0.7772 0.952 (0.040)
D. ciliolata 1736 24 7/12/5 9 13 0.0019  0.0017(0.0002)  -0.6168 0.880 (0.035)
D. arborea 1735 19 7/5/7 9 18 0.0021  0.0020 (0.0004)  -1.2315 0.871 (0.051)
ASAP3|TM6-A  A. sandwicense 1012 15 8/3/2/2 8 12 0.0036  0.0031 (0.0007)  —0.5782 0.905 (0.046)
D. ciliolata 949 21 8/8/5 13 22 0.0052  0.0043 (0.0007)  -1.2572* 0.905 (0.047)
D. arborea 949 18 6/5/7 10 13 0.0030  0.0033(0.0007)  —0.6855 0.863 (0.064)
ASAP3|TM6-B  A. sandwicense 1230 16 8/3/2/3 5 5 0.0014  0.0015 (0.0002) 0.8234 0.683 (0.091)
D. ciliolata 1247 10 4/4/2 3 2 0.0005  0.0005 (0.0002)  —0.6910 0.511 (0.164)
D. arborea 1247 1 0/0/1 NA NA NA NA NA NA
ASCAB9 A. sandwicense 952 15 7/3/2/3 3 3 0.0011  0.0006 (0.0003)  -1.0095 0.448 (0.134)
D. ciliolata 949 25 8/12/5 15 17 0.0044  0.0033 (0.0004)  -1.0541 0.950 (0.024)
D. arborea 952 16 7/5/4 10 19 0.0075  0.0057 (0.0005)  —0.1989 0.933 (0.040)

n is the number of individuals/alleles sampled.

nlocality

is the distribution of individual/allele sampling by locality:

for Argyroxiphium sandwicense samples: Silversword Loop/Puu o Pele/Ka moa o Pele/Puu Naue.
for Dubautia ciliolata samples: Puu Kanakaleonui/Puu Kawiiwi/Waipahoehoe gulch.
for Dubautia arborea samples: Puu Laau/Puu Mali/Waipahoehoe gulch.

S is the number of observed segregating sites.

Nhap is the number of haplotypes observed in the given data set, all sites considered.

Tgiient 1S NUCleotide diversity at silent sites.

0, (nucleotide diversity) is the average number of nucleotide differences per site between two sequences, all sites considered.

*significant at the P < 0.05 level.

NA (not amplified) refers to lack of ASAP3/TM6-B amplification from all but one D. arborea individual examined.

PCR amplifications and gene sequencing

To limit misin of incorrect nucleotides, the error-correcting
Pwo polymerase (Roche) was used in all polymerase chain
reaction (PCR) amplifications. An error rate calculation
based on multiple amplifications and resequencing of several
genes indicates a rate of less that one error in 7-10 kb and
no apparent PCR recombinants were present (unpublished
observations). Gene-specific amplification primers for ASAPI,
ASAP3/TM6, and ASCAB9 and amplification of these
genes are as previously described (Barrier et al. 1999, 2001;
Lawton-Rauh ef al. 2003). Amplified products from these
outcrossing, heterozygous individuals were cloned into
the pCR-BluntII-TOPO vector using the Zero Blunt TOPO
TA cloning kit (Invitrogen) and screened using a restriction-
digest approach as described in further detail previously
(Lawton-Raubh et al. 2003).

All genes were sequenced by primer walking, using ABI
3700 automated DNA sequence analysers (NCSU DNA
Sequencing Facility, lowa State University Sequencing
Facility, and NCSU Genome Research Laboratory). Sequences
were aligned and edited using the BioLign alignment
and editing suite (Tom Hall, 2000-2001) and the Codon-
Code Phred/Phrap quality index program (CodonCode).

All polymorphic sites were confirmed by visual inspection
of chromatograms. The DNA sequences are available through
GenBank (Accession nos AY259925-AY25993; EU047886—
EU047912).

Sequence data analyses

Nucleotide diversity levels were estimated as mean pairwise
differences, © (Nei 1987). Estimates of haplotype diversity
and nucleotide diversity (8,) at all sites and several tests for
selection were conducted using the DNASP program version
3.53 (Rozas & Rozas 1999), and assumed that all localities
grouped into the same population for each species due to
microsatellite data analyses indicating a lack of population
structure (Friar et al. 2007). The Tajima’s D-test statistic was
used to evaluate deviations from the expectation of the neutral-
equilibrium model (Tajima 1989). The significance of Tajima’s
D-test statistics was evaluated via coalescent simulations in
DNAsP using 10 000 runs, setting the number of segregating
sites and the population recombination parameter estimated
from the data using siTEs (Hey & Wakeley 1997).
Analyses of molecular variance (AMovA) were conducted
to partition molecular variance among species and popu-
lations (in this case, localities) using Kimura 2-parameter
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distances among haplotypes in ARLEQUIN version 2.0
(Excoffier et al. 1992). These analyses were employed in
pairwise comparisons between all three species at all loci.

Haplotype networks for each locus were calculated using
the 95% statistical parsimony support criterion for inferred
gene genealogies (Templeton ef al. 1992) as implemented
in the program tcs version 1.13 (Clement et al. 2000). The
95% connection limit was set to the recommended value of
20 inferred missing haplotypes for every network except
for ASAP1-A and ASAP1-B, where the value was set to 23
in order to connect A. sandwicense haplotypes to the same
network as D. ciliolata and D. arborea.

The likelihood surfaces for the per gene population-
mutation parameter (8) and population growth rate
parameter (g) were jointly estimated and optimized from
silent site data using a Markov chain Monte Carlo approach
implemented in the program FLUCTUATE (Kuhner ef al. 1998).
Analyses were repeated five times at different chain lengths
and step numbers to ensure estimation stability using the
following settings: population-mutation parameter estimated
from the data (Watterson 1975), search among unconstrained
possible exponential growth parameter estimates, randomly
inferred genealogy, and starting growth rates of g =5, 100
and 200 for each initial search. The likelihood ratio test
was used to evaluate consistency with population growth
expectations (g > 0).

The relationship among the estimated parameters of
effective population size (N,), diversity (8), mutation rate
per generation (1), growth rate (), and time in generations
(#) is described by the equation N, = (6F/2u) g9 (Kuhner
et al. 1998). To ensure that the joint estimates were not con-
strained by locus-specific histories (including selection and
correlated divergence between homoeologous loci), these
parameters were estimated separately at each locus rather
than calculated as a converged estimate across loci. The
estimated growth rate parameters were used to estimate
per-generation population growth rate. This was done by
incorporating the mutation rate (1), which was estimated
as an average across all three species employing the equation
u = K/2T using K(JC) at silent sites with Jukes Cantor correc-
tion in DNASP version 3.53 (Nei 1987; Rozas & Rozas 1999).

To examine the relative effects of lineage sorting and
migration on haplotype diversity between species, the
Bayesian Markov chain Monte Carlo framework of the Mmp1v
program (Nielsen & Wakeley 2001) and 1M (Hey & Nielsen
2004) were employed. The MDI1V algorithm estimates the
joint nonequilibrium values of 6 (= 4N 1), migration rate M
(=2N,m) and the time to most recent common ancestor
[TMRCA = t/(2N,)] between taxa and among all alleles. This
procedure was developed to test two alternative hypotheses
regarding the divergence between populations or between
unstructured species: (i) short divergence times with little
migration between taxa vs. (ii) long divergence times with
strong migration. The comparison of these alternatives
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permits testing whether data fit the isolation with subsequent
migration model vs. the incomplete isolation with shared
ancestral allele model. The 1M program is based on the MpIv
algorithm and includes additional joint estimates of direc-
tional migration between the two taxa examined.
Analyses employing the Mp1v and v algorithms utilized
three to eight replicate runs of each pairwise comparison.
Each replicate run used different random seeds while
optimizing prior maximum value inputs for species
divergence time and migration rate both to assess the con-
vergence of estimations and to establish appropriate 95%
credibility intervals. MDIV analyses were run using the recom-
mended settings (Nielsen & Wakeley 2001): Hasegawa—
Kishino—Yano (HKY) mutation model and 2 million parameter
space exploration chains following a burn-in of 50 000
chains. Each 1M analysis was run for three preparatory
runs for 6 h using different priors followed by parallel runs
using similar optimized priors, the HKY mutation model,
6 million burn-in steps, and various random seeds until the
estimated sample sizes and curve shapes were optimized.
The multilocus runs had the following supplemental settings:
five genealogies sampled per chain, two-step heating mode
scheme, first heating parameter of 0.05, and second heating
parameter of 0.10. The starting prior maximum parameter
values differed in each run and the high similarity of posterior
distributions indicates that estimates converged to the
ergodic average. Additionally, to alleviate the possibility of
nonindependence among sites due to significant accelerated
rates of nonsynonymous to synonymous evolution (Barrier
et al. 2001), each locus data set was restricted to silent sites
for analyses of population growth rate and migration rates.

Morphological data: measurements and analysis

Six reproductive traits (number of capitula per capitules-
cence, number of florets per capitulum, receptacular bract
length, sepal length, petal length, and ovary length) and
two vegetative traits (leaf length and maximum leaf width)
were measured to assess the morphological divergence
between D. arborea and D. ciliolata on Mauna Kea. Measure-
ments were recorded from 50 random individuals per
population for each species, with three replicate measure-
ments within each individual. The three populations sampled
from D. arborea and the three populations sampled from
D. ciliolata are the same populations sampled and assessed
for sequence diversity (Table 1).

Analysis of variance (aNova) fitting a standard least squares
means model with random effects at each level was used to
partition the variance in each trait attributable to the follow-
ing effects: among species, populations within species, and
individuals within populations per species, including the
variance from replicate measurements within individuals
as the error term. All morphological data analyses were
conducted using JMP version 4.0.1 (SAS Institute).
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Results

Intraspecific genetic variation in requlatory and
structural genes

The nucleotide sequences of 15-25 sampled alleles were
ascertained for five nuclear genes: ASAP1-A, ASAP1-B,
ASAP3|TM6-A, ASAP3/TM6-B and ASCABY9 from A.
sandwicense, D. ciliolata, and D. arborea. The exception is
ASAP3/TM6-Bin D. ciliolata and D. arborea. We were unable
to amplify this gene from 14 out of 24 individuals in
D. ciliolata and from 23 out of 24 individuals in D. arborea
despite the use of primers that co-amplified this gene with
ASAP3/TM6-A in all species of the Hawaiian silversword
alliance and the North American tarweeds (Barrier ef al. 1999).
These results suggest that a deletion allele for this locus may
be present in these two species (Lawton-Rauh et al. 2003).
The levels of nucleotide polymorphism and haplotype
numbers are shown in Table 1. Estimates of nucleotide
diversity (n ) in all loci in all three species are low, rang-
ing from 0.0005 to 0.0075 (Table 1). The Hudson Kreitman
Aguade test (Hudson et al. 1987) and the McDonald-Kreitman
test of protein evolution (McDonald & Kreitman 1991)
[results not shown], as well as the Tajima’s test (Table 1)
were not significant for all but one gene, suggesting that these
loci are evolving according to the neutral-equilibrium model.
The exception is ASAP3/TM6-A in D. ciliolata, which has
a polymorphism profile previously found to be consistent
with a very recent selective sweep and divergent evolution
from its homoeolog ASAP3/TM6-B (Lawton-Rauh ef al. 2003).

Multilocus polymorphism frequency distributions:
tests for departures from null demographic and neutral-
equilibrium expectations.

The Tajima’s D-test statistic at silent sites as well as
haplotype diversity and nucleotide diversity were estimated
for all genes (Table 1). Tajima’s D reflects the frequency
distribution of polymorphisms within a species, and, except
for ASAP3/TM6-B in A. sandwicense, all values of Tajima’s
D are negative. Tajima’s D for ASAP3/TM6-A in D. ciliolata
is the only negative value that significantly deviates from
neutral-equilibrium model expectation. Haplotype diver-
sity estimates indicate the frequency and number of
haplotypes and these estimates vary between 0.0 and
1.0. Average nucleotide diversity (0,) estimates reflect
the average number of pairwise differences per site within
a sample and these estimates vary from 0.0000 under
no variation to over 0.1000 under very deep divergences
among sampled alleles. In all three species, every locus has
low nucleotide diversity (ranging from 0.0005 to 0.0057)
and high haplotype diversity (ranging from 0.448 to 0.952),
a pattern that can occur following population expansion
(Grant & Bowen 1998).

The nucleotide diversity at silent sites (6p) and growth
rate (¢) under an exponential population growth model in
these three Hawaiian silversword alliance species were
jointly estimated using a maximum-likelihood procedure
(Kuhner ef al. 1998). These parameter estimates and the
conservative log likelihood ratio test results for the
exponential growth vs. no-growth models are shown
in Table 2. In A. sandwicense, joint estimates in all but one

Table 2 Summary of parameter estimates and test statistics examined for demographic trends. The joint estimate of the parameters 6 and
g in FLUCTUATE (Kuhner et al. 1998) followed by the estimated per generation population growth rate based on calculated mutation rates,
and the likelihood ratio assessment of deviation from static growth rate. Numbers in parentheses are standard deviations of estimates

Gene Species Op g Per generation AlnL
ASAPI-A A. sandwicense 0.0076 (0.0019) 461 (214) 7.5x10-7 1.071
D. ciliolata 0.0048 (0.0011) 148 (149) 24x10-7 0.183
D. arborea 0.0010 (0.0003) 38 (601) 0.6 x 10-7 0.001
ASAP1-B A. sandwicense 0.0153 (0.0050) 1452 (371) 21.3x10-7 6.489**
D. ciliolata 0.0047 (0.0010) 2156 (465) 31.7 x10-7 4.454**
D. arborea 0.0083 (0.0024) 1154 (393) 17.0x 107 3.400**
ASAP3/ A. sandwicense 0.0061 (0.0019) 328 (221) 4.1x10-7 0.555
TM6-A D. ciliolata 0.0187 (0.0038) 389 (97) 4.8x10-7 3.081**
D. arborea 0.0082 (0.0028) 563 (259) 7.0x10-7 1.105
ASAP3/ A. sandwicense 0.0003 (0.0001) —488 (721) -49x10-7 0.098
TM6-B D. ciliolata 0.0016 (0.0010) 10000 (4413) 10.1x 107 4.139**
D. arborea NA NA NA NA
ASCAB9 A. sandwicense 0.0030 (0.0009) 3037 (899) 30.7 x 107 3.321
D. ciliolata 0.0581 (0.0072) 1276 (77) 12.6 x 107 21.929**
D. arborea 0.0198 (0.0066) 446 (149) 45x10-7 2.969**
**P <0.01.

0y is the maximum-likelihood estimate of the population-mutation parameter at silent sites jointly estimated with the exponential growth

parameter (g).

NA (not amplified) refers to lack of ASAP3/TM6-B amplification from all but one D. arborea individual.
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locus are not significantly different from the static popula-
tion growth model (g = 0). The only exception is ASAPI-B,
which has a growth rate estimate of g = ~1.5x 103. In D. ciliolata,
four out of five genes examined provide evidence for
exponential population expansion, with values of g ranging
from ~0.4-10.0 x 103. For D. arborea genes, the joint estimates
can only be calculated for four nuclear genes. Two of these
have estimates that are significantly different from expecta-
tions of the no-growth model, with significant growth
rate parameters of ~1.2 x 103 using ASAPI-B and ~0.4 x 103
using ASCAB9.

The pairwise estimates of the time to most recent
common ancestor (TMRCA) of alleles (gene divergence)
and species (species divergence) are presented in Table 3
as jointly estimated with other parameters using MDIV.
Across loci and among pairwise comparisons, estimates of
TMRCA among extant alleles are greater than the estimate
of time since species divergence in all but one case. The
exception is ASAP3/TM6-B between A. sandwicense and
D. ciliolata where species divergence is greater than the
estimate of allele coalescence (Table 3). There is a notable
difference between gene and species coalescence in the
comparisons between D. ciliolata and D. arborea, where
species divergence is fairly low (ranging from 0.18 to 0.89)
and gene divergence is high and similar to gene diver-
gence estimates between both Dubautia species and
A. sandwicense.

Migration rate (M) and the population-mutation parameter
per gene (8) were jointly estimated and are presented in
Table 3. Given the limitations of the Mp1Iv model (Nielsen
& Wakeley 2001), we used silent sites in regions of these
nuclear genes that did not have evidence of effective
recombination (Hey & Nielsen 2004). The silent site,

nonrecombining region fragment lengths are indicated
in Table 3. Migration rate estimates (M =2N_m) are low
between A. sandwicense and both D. ciliolata and D. arborea,
with migration rate estimates ranging from 0.01 to 0.15.
Nucleotide divergence estimates between A. sandwicense
and D. ciliolata ranged from 1.12 to 5.65 substitutions
per gene. Between A. sandwicense and D. arborea, nucleotide
divergence estimates ranged from 1.40 to 7.17 substitutions
per gene. It should be noted that these estimates are
slightly biased upwards because they are at the very edge
of parameter space explored in this algorithm (Nielsen &
Wakeley 2001).

In contrast, the inferred migration rates between D. ciliolata
and D. arborea are high, with values ranging from 0.52 to
18.8. These high rate estimates suggest that migration is at
a level sufficient to overcome genetic divergence between
these two species caused by drift (Griswold & Baker 2002).
This notable level of migration was further examined
for directionality in both the locus-specific and multilocus
contexts using the 1M program. These joint estimates were
translated into immigration rates in each direction between
these two species (M, and M,) and are presented in Table 4.
Estimates of M, (D. ciliolata emigrant alleles into D. arborea)
in the floral regulatory genes (ASAP1-A, ASAP1-B, and
ASAP3[TM6-A) are low and range from 0.0002 to 0.0021
while estimates of M, (D. arborea emigrant alleles into
D. ciliolata) are higher and ranged from 0.2636 to an inflated
3228 in ASAP3/TM6-A. In contrast, in the structural locus
(ASCABY) estimates of M, and M, are high (Table 4). This
suggests that alleles are migrating in both directions in
the structural locus and in only one direction in all three
regulatory loci. The extent of this directionality is shown as
a ratio of M,/M, (Table 4).

Table 3 Mp1v (Nielsen & Wakeley 2001) joint estimates of gene and species divergence times (T = t/2N,), migration rate (M = 2N,m), and
the population mutation parameter (6 = 4N;); 95% credibility intervals are indicated in parentheses. ‘Length of segment’ refers to the length
(bp) of each nonrecombining region (silent sites only) used for each locus in MDIV analyses

Length of Gene Species Migration
Locus segment (bp) divergence divergence rate (M) 0
D. ciliolata vs. ASAP1-A 607 3.21 0.42 (0.18, 9.50) 0.52 (0.02, 2.40) 1.72 (0.86, 3.47)
D. arborea ASAP1-B 1502 1.79 0.89 (0.18, 4.81) 0.87 (0.1, 3.24) 3.44 (2.00, 6.52)
ASAP3/TM6-A 440 3.69 0.18 (0.04, 19.00) 18.8 (2.76, 20.00) 2.03(0.87, 3.64)
ASCAB9 309 3.40 0.65 (0.24, 11.59) 8.13 (2.46, 14.91) 1.30 (0.59, 2.86)
A. sandwicense vs. ASAP1-A 606 3.76 2.81(1.15, 6.92) 0.01 (0.01, 0.39) 4.77 (2.75, 8.54)
D. ciliolata ASAP1-B 1472 421 2.66 (1.30,9.92) 0.02 (0.01, 0.41) 5.65 (2.80, 9.31)
ASAP3/TM6-A 435 3.00 1.56 (0.68, 9.52) 0.04 (0.01, 0.57) 2.72(1.40,5.42)
ASAP3/TM6-B 1083 9.36 10.53 (2.91, 15.00) 0.01 (0.01, 0.33) 1.12 (0.47,2.44)
ASCAB9 332 3.24 1.96 (0.56, 9.54) 0.15 (0.03, 0.93) 1.12 (0.43, 2.58)
A. sandwicense vs. ASAP1-A 619 5.83 4.42 (1.64, 9.86) 0.01 (0.01, 0.34) 2.88(1.57,5.42)
D. arborea ASAP1-B 1472 3.40 2.25(0.91, 4.88) 0.01 (0.01, 0.40) 7.17 (4.45,12.22)
ASAP3/TM6-A 435 4.20 2.94 (1.14, 9.68) 0.01 (0.01, 0.42) 1.40 (0.57, 3.01)
ASCAB9 333 3.30 2.14 (0.56, 9.52) 0.02 (0.01, 0.81) 1.56 (0.70, 3.65)
© 2007 The Authors
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Table 4 1M joint estimates of the population mutation parameter (6 = 4N ), migration rate (m = m/p), divergence times (T = {/2N,), and
subsequent ratios among these parameters. The ‘1’ notation refers to Dubautia arborea, 2" refers to Dubautia ciliolata, and ‘A’ refers to the
common ancestor joint estimates. The 95% credibility intervals for the posterior distributions of the estimated parameters are indicated in
parentheses. 6,/6,,0, /6, and 6, /6, reflect relative population sizes of the representative compared lineages. M, and M, are the population
migration rate estimates [i.e. M; = 2N;m,; = (m, *0,)/2]. M, /M, reflect relative population migration rates between D. arborea and D. ciliolata

ASAPIA ASAP1B ASAP3A ASCAB9 Multilocus
8, 0.010 (0.023, 2.055) 0.031 (0.0306, 1.742) 0.844 (0.282,3.792) 1742 (0.799,16382)  1.026 (0.457, 2.892)
6, 3.400 (1.566,13.623)  3.515(1.681,50.154)  1141.583 (55.465,1615.104) 2130 (1.015,5.485)  2.686 (1.566, 5.681)
0, 0.925(0.3438,14.861)  1.987 (1.070, 59.445) 3.990 (0.811, 32.269) 0.008 (0.412,16.399)  1.890 (0.221,9.521)
m, 0.005 (0.095, 9.515) 0.010 (0.170, 19.150) 0.005 (0.115, 9.505) 15.775 (4.825,48.725)  1.515 (0.185, 8.755)
i, 0.205 (0.055, 4.995) 0.150 (0.070, 7.030) 5.655 (3.045, 27.615) 0.021 (0.024,0.974)  0.205 (0.055, 5.325)
t 4450(0.710,19.470)  5.315(1.135,9.795) 4.950 (4.150, 97.650) 13.025 (2.875,48.725)  1.750 (0.730, 19.450)
6,/6, 34.24 114.86 1352.59 1.22 2.62
0,/ 9.31 64.92 473 0.00 1.84
0,/0, 0.27 0.57 0.003 0.00 0.70
M, 0.0002 0.0003 0.0021 13.7380 0.7773
M, 0.3490 0.2636 3228 0.2180 0.2753
M,/M,  1407.3 861.4 1537000 0.002 035

Table 5 amova and fixation indices for loci examined in this study: Argyroxiphium sandwicense vs. Dubautia arborea (D. arb) and Dubautia
ciliolata (D. cilio)

ASAP1-A ASAP1-B ASAP3/TM6-A ASAP3/TM6-B ASCAB9

Source of variation (%) D. arb D.cilio  D.arb D.cilio  D.arb D.cilio D.arb  D.cilio D.arb D. cilio
Among species 83.24 74.05 78.03 79.52 61.78 43.45 NA 85.43 56.23 55.27
Among populations within species* 0.71 —-0.40 -0.97 -1.29 2.36 -1.08 NA 3.35 3.00 10.23
Within populations 16.05 26.36 22.94 21.77 35.86 57.63 NA 11.22 40.76 34.50
Fixation indices

@ (species total) 0.832 0.740 0.780 0.795 0.618 0434 NA 0.854 0.562 0.553
@ (population/species)* 0.042 -0.016 -0.044 -0.063 0.062 -0.019 NA 0.230 0.069 0.229
@y (population/total) 0.839 0.736 0.771 0.782 0.641 0424 NA 0.888 0.592 0.655

NA (not amplified) refers to lack of ASAP3/TM6-B amplification from all but one D. arborea individual.
*Negative variance measures and fixation indices occur because these values are neither covariances nor correlation coefficients, respectively,

and indicate lack of within-species genetic structure.

Partitioning of molecular covariances and haplotype
distributions among populations and species in requlatory
and structural genes

Analysis of molecular covariance (AMova) was used to
partition haplotype diversity for these loci into among-
species, among-population (locality), and within-population
(locality) variation (Excoffier et al. 1992). AMOvVA comparisons
between A. sandwicense and both D. ciliolata and D. arborea
indicate that most molecular variation is due to among-
species divergence in the five nuclear genes in this study
(Table 5). The only exception is the ASAP3/TM6-A gene
between A. sandwicense and D. ciliolata, where most variation
occurs at the intrapopulation level; among-species variation
accounts for 43.5% of total haplotype variation at this locus.

The fixation index (®) estimates the correlation of haplo-
types within a subgroup drawn from the entire group and

is calculated using the above AMOVA covariance components.
The correlation of interspecific haplotypes drawn from
both species is @, interpopulation haplotypes drawn
within a species is @, and interpopulation haplotypes
drawn from both species is @4 (Excoffier et al. 1992).
The @ and &g molecular fixation indices are high for all
genes in comparisons between A. sandwicense and either
D. arborea or D. ciliolata (see Table 5). The levels of @
between A. sandwicense and D. ciliolata ranged from 0.434
to 0.854, while @ estimates between A. sandwicense and
D. arborea ranged from 0.562 to 0.832.

For the comparisons between D. ciliolata and D. arborea,
most molecular variation is found within species, with
approximately 80% of the haplotype variation occurring
within populations (see Table 6). The interpopulation-total
fixation indices (®gy) are higher than the interspecific-total
indices (@) and the interpopulation-species indices (®g-)
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Table 6 amova and fixation indices for loci examined in this study: Dubautia arborea vs. Dubautia ciliolata

Source of variation (%) ASAP1-A ASAP1-B ASAP3/TM6-A ASCAB9
Among species 18.61 16.74 16.66 4.11
Among populations within species* 1.27 6.26 -5.03 6.45
Within populations 80.13 77.00 88.37 89.44
Fixation indices

@ (species/total) 0.186 0.167 0.167 0.041
@ (population/species)* 0.016 0.075 -0.060 0.067
@ (population/total) 0.199 0.230 0.116 0.106

*Negative variance measures and fixation indices occur because these values are neither covariances nor correlation coefficients,

respectively, and indicate lack of within-species genetic structure.

in ASAP1-A, ASAP1-B, and ASCABY. The interpopulation-
total fixation index (®g;) is notably high in ASAPI-A
and ASAPI-B at 0.199 and 0.230, respectively. There are
moderate levels of ®in ASAP1-A, ASAP1-B, and ASAP3/
TMé6-A (0.167-0.186) with estimates at least fourfold
higher than the value estimated in ASCAB9 (0.041). The
interpopulation-species fixation index (®g.), which
estimates between-population differentiation within
species (as opposed to ®gr,, which estimates differentiation
across all populations regardless of species) is low in
all four genes, ranging from 0.016 in ASAPI-A to 0.075 in
ASAPI-B.

The inferred haplotype networks for all five nuclear genes
are shown in Fig. 2. All inferred nuclear gene haplotype
networks indicate separate clades with no shared haplo-
types between A. sandwicense and either Dubautia species.
In contrast, there is significant haplotype sharing between
the sibling species D. ciliolata and D. arborea for all nuclear
genes except ASAPI-A (see Fig. 2A-E). Additionally, the
inferred haplotype networks for ASAP3/TM6-A and ASCAB9
indicate evidence of homoplasy between two haplotypes
(see Fig. 2C-E). This homoplasy is probably due to recom-
bination and is consistent with the moderate level of estimated
recombination in these two genes (results not shown).

Morphological variance partitioning among populations
and between D. arborea and D. ciliolata

The extent of morphological divergence between two
closely related species can be measured to examine how
the variance of particular phenotypes is partitioned across
hierarchies of population structure as well as to support
taxonomic divisions among species. Eight morphological
traits (six reproductive and two vegetative) were analysed
between the sibling species D. ciliolata and D. arborea to
determine the pattern of phenotypic variance across
hierarchies of population structure and to compare this
pattern to molecular differentiation at multiple loci.
Quantitative measures of these eight morphological
features are shown on Table 7. Nested analysis of variance

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

Table 7 Morphological trait analyses in Dubautia ciliolata and
Dubautia arborea. Morphological trait means with 95% confidence
intervals (CI) and standard errors (SE). All measurements are in
millimetres

Trait Species Trait mean (CI) SE
No. of capitula/ D. ciliolata 3.120 (2.73, 3.51) 0.079
capitulescence D. arborea 15.682 (15.29, 16.07) 0.235
No. of florets/ D. ciliolata 8.646 (8.08,9.21) 0.108
capitulum D. arborea 22.704 (22.14, 23.27) 0.341
Receptacular D. ciliolata 8.039 (7.90, 8.18) 0.055
bract length D. arborea 8.860 (8.72, 9.00) 0.068
Sepal length D. ciliolata 5.147 (5.07,5.23) 0.032
D. arborea 4.389 (4.31,4.47) 0.040
Corolla length D. ciliolata 5.412 (5.33,5.49) 0.031
D. arborea 6.532 (6.45, 6.61) 0.039
Ovary length D. ciliolata 4.407 (4.33,4.48) 0.029
D. arborea 4.836 (4.76,4.91) 0.037
Leaf length D. ciliolata 14.190 (13.4, 15.0) 0.159
D. arborea 47.750 (46.9, 48.6) 0.479
Maximum D. ciliolata 2.940 (2.69, 3.19) 0.029
leaf width D. arborea 13.600 (13.35, 13.85) 0.153

(aNova) indicates that a significant amount of the quantita-
tive variation in morphology is attributable to differences
among populations and individuals within populations
(P <0.001, Table 8). A substantial proportion of the
morphological variation is due to among-species differ-
entiation for two out of the six reproductive traits examined
[number of capitula per capitulescence (R2=74.0%) and
number of florets per capitulum (R2 = 63.6%)] and in both
vegetative traits [leaf length (R2 = 83.1%) and maximum
leaf width (R2 = 83.9%)]. The differences among species
for these traits are significant (P < 0.01). It should be noted
that because the morphological measurements used in
these analyses were not conducted under common garden
conditions (they were measured in the field), we cannot
directly partition the variances attributable to genetic and
environmental components. Analyses of these data can,
however, evaluate the phenotypes used to taxonomically



——®
1,0

2,0

—o—o—o—o—o—o—o—o—o—@

4004 A. LAWTON-RAUH, R. H. ROBICHAUX and M. D. PURUGGANAN

2,
/
O

001
0O

()

0,10

?

®,
N\

[ F

Q

3

®2,0 '
o—o—o—o —0

0,1

N

—_—0—0—
1.2

Al

-0

\N S/
\0/
o 9
[=]
I
[x]—[x]
/0
N
o\
%
/
m m1
o

/@,0

|

3,0

N

-—-Q-—-0-—0—0—0—0—0—0—0—0—0—0—0—0=—0=—0=—0=—0=—0=—0=—0 —

—f]

1

—_ mz_
[i]

o

o

o

0 =—0

AN

_oo,s

e0,1

— Q= =0 — O —

@,
1,0

A

0

0

£,
¢
:
®

\ €.
/®1~0 1,

@

1‘0\\<?)
§G
¥O

© 2007 The Authors

Journal compilation © 2007 Blackwell Publishing Ltd



DIFFERENTIAL GENE FLOW IN ADAPTIVE RADIATION 4005

Table 8 anova of morphological traits in Dubautia ciliolata and Dubautia arborea. VarComp values are estimates of variance components for
each random effect level of variation, with the total model variance in parentheses; % total values are the percentages of each component
out of the total model variance in the VarComp column

Trait Source of variation DF MS Fratio Prob>F R? VarComp % total
No. of capitula/  Species 1 351701 1922 0.0002 0740  78.40 84.82
capitulescence Populations within species 4 183.0 6.8 <0.0001  0.015 1.05 1.14
Individuals within population per species 294 26.91 4.5 <0.0001  0.167 7.02 7.60
Error 595 5.96 0.075 5.96 (92.4) 6.45
No. of florets/ Species 1 44343 232 0.0086  0.636  95.05 74.38
capitulum Populations within species 4 1922.0 47.7 <0.0001  0.110 12.65 8.90
Individuals within population per species 294 40.4 4.1 <0.0001 0170  10.24 8.02
Error 595 9.9 0.084 9.85(127.8) 771
Receptacular Species 1 151.1 4.3 0.1065  0.089 0.26 12.61
bract length Populations within species 4 35.1 9.7 <0.0001  0.083 0.21 10.25
Individuals within population per species 294 3.6 6.5 <0.0001  0.632 1.03 49.99
Error 595 0.6 0.197 0.56 (2.06)  27.15
Sepal length Species 1 127.5 42 0.1096  0.193 0.22 24.79
Populations within species 4 30.3 32.3 <0.0001  0.184 0.20 22.50
Individuals within population per species 294 0.9 4.3 <0.0001 0418 0.24 27.25
Error 595 0.2 0.202 022(0.88) 2547
Corolla length Species 1 280.3 215 0.0098  0.365 0.60 51.06
Populations within species 4 13.0 13.3 <0.0001  0.068 0.08 6.91
Individuals within population per species 294 1.0 4.0 <0.0001  0.375 0.25 20.96
Error 595 0.3 0.188 025(1.17)  21.07
Ovary length Species 1 41.8 6.7 0.0615  0.086 0.08 13.48
Populations within species 4 6.3 6.6 <0.0001  0.052 0.04 6.08
Individuals within population per species 294 1.0 4.0 <0.0001  0.575 0.24 40.57
Error 595 0.2 0.288 024059  39.86
Leaf length Species 1 253506 130.5 0.0003  0.831 559.03 90.07
Populations within species 4 1943.2 16.5 <0.001 0.026 12.17 1.96
Individuals within population per species 294 117.6 7.6 <0.001 0.113  34.06 5.49
Error 600 154 0.030  15.39 (620.6)  2.48
Maximum Species 1 25569.1 182.4 0.0002 0.839  56.51 90.72
leaf width Populations within species 4 140.2 121 <0.001 0.018 0.86 1.38
Individuals within population per species 294 11.6 7.2 <0.001 0.111 3.32 532
Error 600 1.6 0.032 1.61(62.29) 258

distinguish these two closely related species and to
examine the relative partitioning of natural trait variation
manifested in the field environment.

Discussion

Adaptive radiation, especially among insular species, occurs
through a dynamic series of ecological interactions across
changing environmental gradients. Examining population

demographic models of adaptive radiations can there-
fore be complex and difficult to separate from the effects
of natural selection, especially without extensive genome-
wide data. For this reason, the evolutionary forces shaping
nucleotide sequence divergence in adaptive radiations has
primarily been assumed rather than empirically investigated
(Schluter 2000). Molecular population genetic analyses,
however, can allow us to infer the influences of factors
such as genetic differentiation, population expansion,

Fig. 2 Statistical parsimony haplotype networks of all genes examined in this study from Argyroxiphium sandwicense, Dubautia arborea, and
Dubautia ciliolata. (A) ASAP1-A, (B) ASAP1-B, (C) ASAP3/TM6-A, (D) ASAP3/TM6-B, (E) ASCABY. Squares indicate A. sandwicense
haplotypes (labelled in lowercase roman numerals) with the number of sampled individuals of each haplotype denoted by subscripted
numbers. Circles indicate D. ciliolata and D. arborea haplotypes (Iabelled in uppercase letters) with D. ciliolata haplotypes depicted as white
circles and D. arborea haplotypes depicted as black circles. Shared haplotypes between D. ciliolata and D. arborea are denoted as pie charts.
The first subscript number below Dubautia haplotypes denotes the number of D. ciliolata sampled individuals with the designated haplotype
and the second subscript number denotes the number of D. arborea individuals with the same haplotype.

*indicates homoplasy between haplotypes G and L in ASAPETALA3/TM6-A. Haplotype labels are cross-referenced with haplotype
sequences shown in the Appendix.
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and migration (hence, allele-sharing) in adaptive radiations
and thus shed some light regarding the relative role of
stochastic and deterministic forces (Wright 1955; Gillespie
2001). We compared the patterns of variance partitioning
between the nuclear loci investigated and several mor-
phological features between two recently derived species.
Using a multilocus approach, we investigated the relative
contributions of isolation and migration as well as the
patterns of historical population size change among multiple
loci across three Hawaiian silversword alliance species.

Genetic variation and signatures of population expansion
in the Hawaiian silversword alliance

The patterns of nucleotide polymorphisms across five
nuclear genes suggest the hypothesis that all three species
have undergone recent population expansion. The negative
values of Tajima’s D (see Table 1) indicate an excess of low
frequency polymorphisms within species, and the consis-
tently negative value of D across the multiple genes in these
species can be interpreted as evidence for historical popu-
lation expansion (Tajima 1989). This hypothesis of popu-
lation expansion is also supported by examining the relative
levels of nucleotide and haplotype diversity (Grant &
Bowen 1998). For all genes within each species, haplotype
diversity estimates are high and nucleotide diversity
estimates are low (see Table 1), a pattern associated with
recent population expansion (Grant & Bowen 1998).
Further analyses suggest that this expansion is consistent
with an exponential growth model in D. ciliolata, even
after Bonferonni correction for multiple testing (results
not shown). The pattern of nucleotide polymorphisms in
one out of five loci in A. sandwicense, four out of five loci in
D. ciliolata and two out of four in D. arborea rejects a no-
growth model in favour of an exponential growth model
under an estimated growth parameter (P < 0.01, Table 2).
In contrast to D. ciliolata, these results in D. arborea and
A. sandwicense are mixed, possibly reflecting population
expansion histories that do not follow the dramatic
exponential model. All three species have experienced
recent human-mediated population decline with the last
200 years. Thus, the levels and patterns of observed nucle-
otide polymorphisms in these species represent the effects
of events that occurred prior to this decline (and subsequent
recovery) (see also Friar et al. 2001). Furthermore, comparison
of estimated population sizes between each Dubautia species
vs. their most recent common ancestor (reflected in 6, /6,
vs. 0,/6, in Table 4) suggests that population expansion
occurred at a higher rate in D. ciliolata than in D. arborea.
This population expansion may be associated with the
colonization of new ecological niches that presumably arise
from the dynamic geology of the Hawaiian archipelago
(Carson & Clague 1995). The difference in rates of popula-
tion expansion between D. arborea and D. ciliolata suggests

that these taxa were subjected to contrasting colonization
restrictions, perhaps through different ecological vulnera-
bilities or lineage divergence times.

Variance partitioning in nuclear loci and morphological
traits within and between recently diverged species

The three taxa used in this study represent species that
have diverged both relatively early and recently from each
other in this adaptive radiation. Argyroxiphium sandwicense
last shared a common ancestor with the two Dubautia species
approximately 5.2 Ma (Baldwin & Sanderson 1998). D. ciliolata
and D. arborea are species that appear to be among the
most recently derived species of the Hawaiian silversword
alliance and both are endemic to Hawaii, the youngest island
of the Hawaiian archipelago (Baldwin & Robichaux 1995).
This island emerged approximately 0.5 Ma, suggesting
a very recent origin of these species (MacDonald et al. 1983;
Carr 1985; Witter & Carr 1988; Carson & Clague 1995;
Baldwin & Sanderson 1998). Moreover, there is at least
one hybrid zone on Mauna Kea containing what appear to
be members of both species and early generation hybrids
between these species (Remington & Robichaux 2007).

Remarkably high levels of morphological differentiation
(Carr 1985; Robichaux et al. 1990) and low levels of genetic
differentiation (Witter & Carr 1988) characterize the Hawaiian
silversword alliance. Our morphological analyses of six
reproductive traits and two vegetative traits show that the
rapid morphological divergence characterizing the Hawaiian
silversword alliance adaptive radiation is significant, even
between the recently diverged Dubautia species. Analysis
of variance (aANova) for each trait between the sibling
species D. ciliolata and D. arborea indicates significant quantita-
tive divergence in five of these morphological traits (see
Tables 7 and 8). Interestingly, morphological trait variance
partitioning follows the same general pattern found in
the regulatory gene Amova calculations in Table 6. The
regulatory loci in this study also have higher fixation
indices occurring among species vs. total (@) compared
to the structural gene. This fixation index in the structural
gene is similar to indices estimated based on AFLP and
allozyme loci (Witter & Carr 1988; Remington & Robichaux
2007), suggesting that the duplicated regulatory loci in
this study may have a pattern that differs from other loci.
We hope to test this hypothesis using a significantly larger
multilocus data set containing more nuclear genes of
different functions.

Significant morphological differentiation between D. arborea
and D. ciliolata is observed despite low levels of genetic
differentiation. Analyses of neutral markers including
allozymes (Nei’s genetic distance = 0.058; Witter & Carr
1988), microsatellites (Friar et al. 2007), and AFLP markers
(Fgp = 0.086; Remington & Robichaux 2007) indicate that
D. ciliolata and D. arborea are not strongly differentiated at
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the geneticlevel. Our molecular population genetic analyses
of gene-encoding nuclear loci reinforce these studies. AMova
assessing covariation in the four loci examined in this study,
however, provides mixed results. Species differentiation
(®p) between these two sibling species is low in the
structural housekeeping gene ASCAB9 but is moderate in
the three floral regulatory genes (ASAPI1-A, ASAP1-B, and
ASAP3/TM6-A) [see Table 6].

The moderate levels of ®.; between these two species
occur despite the lack of fixed differences and the presence
of shared haplotypes in most nuclear genes, resulting in a
lack of reciprocal monophyly in the haplotype networks.
While there are no fixed molecular differences between
D. ciliolata and D. arborea, haplotype networks indicate
several species-specific haplotypes (see Fig. 2) as well as
differences in the frequencies of shared haplotypes within
each species; together, these contribute to the observed
levels of nucleotide differentiation between D. ciliolata and
D. arborea. Thus, although previous allozyme and AFLP
studies indicate that overall genetic divergence between
these two species is low, the distributions of haplotypes
suggest a greater degree of nucleotide sequence differentia-
tion in these loci between the sibling species in this study.

Gene flow within the adaptive radiation

Gene flow (i.e. allele migration), by contributing to allele
exchange, has been hypothesized to impede or prevent
species differentiation (Mayr 1942). Paradoxically, however,
it has also been suggested that, in some cases, it may actually
promote divergence between lineages (Caisse & Antonovics
1978; Church & Taylor 2002; Rieseberg et al. 2004). Migra-
tion between incipient species has been documented in
several cases, including sympatric smelt (Saint-Laurent et al.
2003), African cichlids (Hey et al. 2004), and sunflowers
(Rieseberg et al. 2004), suggesting that gene flow can occur
during the speciation process. Our results here further
suggest that despite clear phenotypic differentiation
between members of the Hawaiian silversword alliance,
the impact of gene flow is still observed at the molecular
level between recently diverged species and that this
may occur through differential allele-sharing among loci
(Table 4).

Migration rates between the two distantly related groups
(A. sandwicense and the two Dubautia species) are negligible
and are at the limit of parameter space in this MDIV analysis
(Table 3). In contrast, migration rates are fairly high between
the two Dubautia species, which may account for at least
some fraction of the observed shared haplotypes for nuclear
genes (Fig. 2). Furthermore, the direction of allele-sharing
between D. arborea and D. ciliolata occurs in different direc-
tions between the floral regulatory loci studied (ASAP1-A,
ASAP1-B, and ASAP3-A) and the structural locus studied
(ASCAB9Y; see Table 4). For the floral regulatory loci,

© 2007 The Authors
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there are essentially no alleles migrating from D. ciliolata to
D. arborea (no immigrant alleles in D. arborea, indicated in
the low range of M, from 0.0002 to 0.0021), yet alleles move
at a moderate-to-high rate from D. arborea to D. ciliolata
(M, ranges from 0.2636 to 3228). The opposite is true for the
structural locus: allele migration is apparent in both direc-
tions, with a much larger number of alleles migrating from
D. ciliolata to D. arborea (M,/M, = 0.002).

Allele movement between these two species is not
surprising. D. ciliolata and D. arborea are interfertile and their
species ranges overlap on Mauna Kea. Additionally, at
least one hybrid zone between these two species is known
(Carr & Kyhos 1981), which indicates that hybridization
between the two species can occur and may serve as the basis
for historical and current gene flow. It is not uncommon for
divergent taxa to share alleles following lineage separation
(Hey et al. 2004). Recent studies of sympatric host races
of the larch budmoth even suggest that selection-driven
genetic divergence during ecological speciation can coincide
with gene flow and may even be a common feature of the
speciation process (Emelianov et al. 2003).

Our results of gene flow directionality suggest that
speciation in the Hawaiian silversword adaptive radiation
may coincide with differential gene flow resulting in
alleles at some loci being shared differently than alleles at
other loci. Divergent selection during adaptive differentia-
tion accompanied by high rates of allele-sharing among
sympatric taxa has also been documented in a recent study
of sympatric smelt (Saint-Laurent et al. 2003). The latter study
indicates that gene flow has not prevented a directional
effect of selection on phenotypic divergence between two
smelt ecotypes (Saint-Laurent et al. 2003).

In the context of the differentiation between D. ciliolata and
D. arborea, gene flow may moderate the extent of adaptive
divergence between species, but divergent selection appears
to have been strong enough to maintain phenotypic dif-
ferentiation despite high rates of migration. Additionally,
our analyses of floral regulatory loci and a structural locus
indicate that mechanisms may exist to partition allele-
sharing among loci of different function. To our knowledge,
our results indicating alternative directions of allele-sharing
across loci, especially of presumably different gene classes,
are the first of their kind and present an exciting hypothesis
regarding the historical molecular population genetic mech-
anisms underlying adaptive diversification. We hope to test
this hypothesis, and related extensions of this hypothesis,
using future, more exhaustive multilocus sampling.

One extended hypothesis for the mechanism responsible
for the observed differential rate of allele-sharing between
the regulatory loci and the structural locus is that the high
outcrossing rate exhibited in most Hawaiian silversword
alliance species (Friar et al. 2007) may result in an increased
rate of effective recombination (Wright et al. 2002), thus
permitting the partitioning of locus-specific differences in
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allele migration and allowing alternative directions of allele-
sharing among different loci. These differences in rates of
effective recombination could therefore lead to differences
in potential allele exchange through the process described
as ‘genetic draft’ (Gillespie 2001), leading to ‘mosaic’ genomic
differentiation between diverging species (Wu 2001). Perhaps,
itis through such alternative rates of allele exchange among
lineages that certain loci of larger phenotypic effect can
become locally adaptive and even lead to the accelerated
rate of speciation associated with adaptive radiations. This
is particularly interesting in light of contrasting patterns of
molecular covariance partitioning and allele-sharing in the
floral regulatory genes vs. the structural gene, microsatellite
markers (Friar et al. 2007), and AFLP markers (Remington
& Robichaux 2007). The differences in variance partitioning
and allele movement of floral regulatory genes between
species, when considered in the background of high
outcrossing and moderate recombination rates, suggest that
these loci (or linked loci) could be under positive selection
in D. ciliolata or under weak purifying selection in D. arborea.
If these loci are under positive selection in D. ciliolata,
then allele-sharing between these two species may be a
mechanism increasing allele frequency in D. ciliolata more
quickly than if the two species were completely isolated
from each other. This would be an example of collective
evolution, where moderate levels of gene flow between
species may actually accelerate divergence of lineages
(Morjan & Rieseberg 2004). Alternatively, if these loci are
under weak purifying selection in D. arborea, then allele-
sharing between these two species may simply prevent
total loss of the alleles under purifying selection. Future
among- and within-population studies utilizing multiple
loci representing greater portions of the genome will be
necessary to address the hypotheses presented above.
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Appendix I

Nucleotide sequences of ASAPI-A haplotypes. Position in alignment is indicated by top numbers. Labels are cross-referenced with specific
haplotypes in Fig. 2A. Haplotypes A-R refer to Dubautia ciliolata and Dubautia arborea haplotypes and haplotypes i-ix refer to Argyroxiphium
sandwicense haplotypes
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Appendix II

Nucleotide sequences of ASAP1-B haplotypes. Position in alignment is indicated by top numbers. Labels are cross-referenced with specific
haplotypes in Fig. 2B. Haplotypes A-P refer to Dubautia ciliolata and Dubautia arborea haplotypes. Haplotypes i—xi refer to Argyroxiphium
sandwicense haplotypes.
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Appendix III

Nucleotide sequences of ASAP3-A haplotypes. Position in align-
ment is indicated by top numbers. Labels are cross-referenced
with specific haplotypes in Fig. 2(C). Haplotypes A-U refer to
Dubautia ciliolata and Dubautia arborea haplotypes and haplotypes
i—viii refer to Argyroxiphium sandwicense haplotypes.

Appendix IV

Nucleotide sequences of ASAP3-B haplotypes. Position in align-
ment is indicated by top numbers. Labels are cross-referenced
with specific haplotypes in Fig. 2D. Haplotypes A-C refer to
Dubautia ciliolata and Dubautia arborea haplotypes and haplotypes
i-v refer to Argyroxiphium sandwicense haplotypes

0000000000000000000000000011111111111112222222 00000111111111122
0022224555556666666677777744455555566670111122 23336446678899902
2478997224991122236712256724944567826609012439 72446491174912993
0266074894584556916243690876179026034607173381 23025811472584119
A TAGGTGT--TGCTACCCGAGACCGGTACGGGATATAACCGAGTGTT A CGAAACGCAGCTCCTCG
B B P B T
c L —. . Al At c Ao,
D ... — . R .
1 ..CC.AATTA. .AG.T.
E ... ACC....... L ..
F C..ACC....... et e e e e - - CCTATTA. .AG.T.
111 .ACC.AATTA. .AG.T.
G C..ACC....... Covtiiii i i C ---.GC .
v TACC.AATTA. .AG.T.
H C..ACC....... CC.viiiiiaaa C ---.GC
v . .CC.AATTA.CAGGT.
1 CC.ACC....... Covnniniiii e C ---.GC
J C C..ACC....... [ C ---.GC
K C.o..... ACC....... Covtiiii i i C ---.GC
) ACC....... Covniiiiii e C ---.GC
M L ACC..... L C ---.GC. Appendle
N ... ACC....... [ C...-—--AGC.
o ... EEEEED T..Comeii e C...TAT..C.... Nucleotide sequences of ASCAB9 haplotypes. Position in align-
rpo R T..Comvvnnnt A...C..... T..C...C ment is indicated by top numbers. Labels are cross-referenced
Q Covnn R T..Comvviiint Coooen T..C.... with specific haplotypes in Fig. 2E. Haplotypes A-T refer to
R Cooonnn e T..Comvviint C..... T..C..C. Dubautia ciliolata and Dubautia arborea haplotypes and haplotypes
S C.A T T..Comeiines C..... T..C iiii refer to Argyroxiphium sandwicense haplotypes.
T C..AL..——..... T Covvnnnn c
u . -—.A...T..C..... C.C.T.T..C.G...... CccC 00000000000000000000000000000000
....... GC...........G...A.......C..-.....C.A.- 00011112222333444455666667788899
1 T..... GC...oviit. G...A....... C..—..... C.A.- 26623461683458015615127783627815
m ... GC..T....T...G...A....... C.oo—oon C.A.- 00782946991186216194926740630473
v .. GC..T....T...G...A..... T.C..—..... C.A.-
Vo GC..T....T...G...A.T..... Covmennn. C.A.- A TTCTACACCCATAATCCCATTAACCTTTATCT
Vi ... GC..T....T..AG...A....... C..—..... C.A.- B SRR
vii ...l GT..T....T...G...A....... Covmnnnn. C.A.- C ERRRRRREE
viiik ..., AGC G...... G.T.A...... TCG.T..... C.A.- D A
E ... B
k.. L
Gc L Ao, oot
H G e e e e
1 L
] Bt c.G
K CAiiiiiinan.. N
L C.A...... Gttt e
M C.A...... Gooovvnnn C A......
N CA..Govviiininnn C. A......
o il Govevnvnn C....A......
P Cuoveeeeaane
Q - N A.... Coviiain
R C..... C.G
S Covinnnn. CGG..... CC..viiii..
T Covvinnn CGG..... CC...ott. A
i Aot cC.T..C
i . A..... T.o.o.o... C.T..C
iii T A C.T..C...G
© 2007 The Authors

Journal compilation © 2007 Blackwell Publishing Ltd




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 120
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 120
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


