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Abstract.—A molecular phylogenetic study of the plant genus Coreocarpus was conducted using nuclear (ITS) and
plastid (rpl16 intron) DNA sequences, with phylogenies of the nuclear and plastid sequences highly congruent in
defining a monophyletic group of six species (core Coreocarpus), although three other species often placed within
the genus were excluded. Relationships within the genus are largely but not totally concordant with prior biosystematic
studies. Despite strong molecular support, no morphological characters uniting the six species of core Coreocarpus
have been identified; retention of plesiomorphic characters and the genetic lability of characters are two probable
factors contributing to lack of consistent defining characters. The age of the core Coreocarpusis estimated at 1 million
years because the basal species is endemic to a volcanic island that emerged in the past million years. Mapping the
results of earlier breeding studies on the molecular phylogeny showed that use of cross-compatibility as a criterion
for species delimitation would result in the recognition of paraphyletic species. Prior field, morphological, and bio-
systematic studies provided no indication of past hybridization in the evolution of Coreocarpus, and species in the
genus appeared to be well defined morphologically. However, three instances of incongruence were observed. Two
of these were between the nuclear and plastid partitions, and the third was between the morphological species as-
signment of one accession and the molecular data. If hybridization accounts for incongruence between the nuclear
and plastid data, it occurred between species that now appear to be cross-incompatible and allopatric. The incongruence
between morphological species assignment and the molecular data could be the result of parallel fixation of characters
that have a simple genetic basis. This study suggests that the evolutionary history of Coreocarpus is much more
complex than indicated from prior biosystematic investigations and that biosystematic and molecular phylogenetic

studies may complement each other for elucidating the evolution and phylogeny of a group.
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Molecular data are useful in identifying monophyletic
groups, a necessary prerequisite for examining patterns and
processes of evolution (e.g., Soltis et al. 1996; Wojciechows-
ki et al. 1999), and can provide detailed information on bio-
geographic patterns and the timing of divergences and ra-
diations (Parks and Wendel 1990; Baldwin et al. 1998; Baum
et al. 1998; Hahn and Sytsma 1999; Wen 1999; Xiang et al.
2000; Richardson et al. 2001). The resulting molecular phy-
logeny can then be used to better understand the evolution
of morphological and other traditional characters and to de-
termine the extent to which they circumscribe monophyletic
groups (Freudenstein 1999; Seelanan et al. 1999; Aareset al.
2000; Inamura et al. 2000). However, less attention has been
paid to the question of how breeding relationships map onto
phylogenies and to the timing of the development of cross-
incompatibility between lineages within a monophyletic
group. Because the ability to interbreed is a plesiomorphic
character, the use of such data to understand evolutionary
relationships has been predicted to result in paraphyletic
groups (Rosen 1978, 1979), but this prediction has not been
adequately tested in plants. Furthermore, although there have
been numerous studies documenting incongruence between
nuclear and plastid phylogenies resulting from introgression
(Rieseberg et al. 1996), there are, to our knowledge, very
few if any studies that have evaluated the extent to which
cross-incompatibility among extant taxa can be used as ev-
idence against introgression as an explanation of discordance
between independent molecular markers.
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The plant genus Coreocarpus (family Asteraceae, tribe
Coreopsideae) is well suited to address some of these issues.
A previous biosystematic study (Smith 1989) provided in-
formation on the distribution of Coreocarpus species, dis-
cussion of the characters typically used to define the group
and delimit species, and cross-compatibility data. Several of
the species are relatively widespread as well as morphol og-
ically and ecologically diverse, and samples from different
populations could be obtained to examine the coherence of
these species. One species of Coreocarpus is endemic to an
island of known age, thus allowing estimation of the timing
of reproductive isolation among species (Richardson et al.
2001). Thisis something that can rarely be accomplished for
a continental group. Finally, a molecular phylogenetic study
of the genus would help to resolve ongoing taxonomic dis-
agreements as to the limits of the genus and would allow an
examination of homoplasy in the evolution of key morpho-
logical characters.

MATERIALS AND METHODS

The Genus Coreocarpus

A biosystematic study of the genus (Smith 1989) focused
on nine diploid species of annuals, suffrutescent perennials,
or shrubs. The distributions of six of the species recognized
by Smith (1989), which comprise core Coreocarpus (as dis-
cussed below) are shown in Figure 1. Three additional species
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Fic. 1. Geographic distribution of the six species of core Cor-
eocarpus. Both C. dissectus and C. parthenioides exist on several
islands off the coast of Baja in the Gulf of California.

exist further south, with C. congregatus present in the states
of Sinaloa and Durango, whereas the two species C. cron-
quistii and C. hintonii are disjunct far to the south in the state
of Guerrero (for exact localities, see Smith 1989). Coreo-
carpus has been recognized on the basis of an array of mor-
phological features, with different species having different
subsets of characters but sharing no single synapomorphy.
Thisled Smith (1989) to question the ‘‘ naturalness’’ (mono-
phyly) of the group and has resulted in some disagreement
as to the limits of the group. Smith (1989) suggested that the
two species C. cronquistii and C. hintonii might be better
placed in the large genus Bidens, but chose not to transfer
them; Melchert and Turner (1990) transferred them to Bidens.
Even more problematic has been Coreocarpus congregatus,
which Smith (1983) had, with reservations, transferred from
the genus Coreopsis to Coreocar pus. Smith (1989), Melchert
and Turner (1990), and Turner (1991) all commented that it
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is a discordant element in Coreocarpus but had doubts as to
where it should be placed. Turner (1996) also questioned
whether C. insularis is properly placed in Coreocarpus.

DNA Extraction, Amplification, and Sequencing

Total DNA was isolated from fresh material using the
method of Doyle and Doyle (1987). Polymerase chain re-
action (PCR) amplification of the entire ITS region was ob-
tained using primer I TS4 (White et al. 1990) and a modified
version of the White et al. (1990) primer ITS5 (Kim et al.
1999). Amplification of a portion of the rpl16 intron (rpl16i)
was obtained using F71 (Jordan et al. 1996) and R622 (Les
et al. 2002). PCR amplifications were performed using stan-
dard cycling conditions. Negative controls were run to detect
contamination. PCR products were purified using QIAquick
PCR Purification Kit (Qiagen, Inc., Valencia, CA) or by use
of an equal volume of PEG:NaCl (20%:2.5 M).

For one taxon, Coreocarpus sanpedroensis, we could not
obtain unambiguous sequences for the ITS region due to a
single nucleotide deletion in some I TS copies. Therefore, the
PCR product for the ITS region was cloned into pT-Adv
(Clontech, Inc., Palo Alto, CA). Plasmids were then purified
using QIAqgprep Plasmid Miniprep Kit (Qiagen, Inc.), and
the purified plasmids from four independent clones were se-
quenced. Because the clones did not differ significantly from
each other and did not show additivity, the sequence used in
these analyses was a consensus of the four clones, with the
appropriate ITUPAC ambiguity codes used for differences
among the clones. Sequences from PCR products also ex-
hibited ambiguities and thus were comparable to the C. san-
pedroensis consensus sequence.

Sequencing reactions were performed using Big Dye Ter-
minator kit (Perkin-Elmer Applied Biosystems, Foster City,
CA). Manufacturers recommendations were followed except
that reaction volumes were reduced to one half or one fourth
of the recommended volume. Sequence reactions were per-
formed using the amplification primers described above, as
well astwo internal primersfor ITS (primersITS2 and ITS3;
White et al. 1990). Sequences were analyzed on an ABI Prism
310 genetic analyzer (Perkin-Elmer Applied Biosystems).
Chromatographs were examined individually, then assembled
into double-stranded contiguous sequences.

Taxon Selection and Sequence Alignment

Representatives of all Coreocarpus species considered by
Smith (1989) were included, as well as outgroup taxa (Table
1). Outgroup taxa were determined from Kim et al. (1999)
as well as from a preliminary analysis of the Coreocarpus
data compared to a larger set of ITS sequences from tribe
Coreopsideae (R. T. Kimball and D. J. Crawford, unpubl.
data). For ITS, outgroup sequences were from Kim et al.
(1999; accession numbers for these sequences are listed in
Table 1). All Coreocarpus sequences and outgroup rpll16i
sequences were collected as part of this study. Both ITS and
rpl16i sequences wereinitially aligned in Clustal W (Thomp-
son et al. 1994), then optimized by eye.
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TaBLE 1. Taxon and accession information.

Species Source'? ITS rpl16 intron
Coreocarpus (as circumscribed by Smith 1989)
C. arizonicus 1 (var. pubescens) Smith 3977 AF330092 AF330071
C. arizonicus 2 (var. arizonicus) Van Devender s. n. AF330090 AF330069
C. arizonicus 3 (var. arizonicus) Smith 3976 AF330091 AF330070
C. congregatus 1 Smith 3959 AF330089 AF330067
C. congregatus 2 Smith 3956 AF330088 AF330066
C. cronquistii Smith 3944 AF330102 AF330080
C. dissectus Smith 3924 AF330099 AF330077
C. hintonii Villasefior and Soto s. n. AF330101 AF330079
C. insularis Levin 1790 AF330100 AF330078
C. parthenioides 1 (var. parthenioides) Smith 3915 AF330093 AF330072
C. parthenioides 2 (var. heterocarpus) Smith 3921 AF330094 —
C. sanpedroensis Smith 3929 AF330098 AF330076
C. sonoranus 1 Smith 3971 AF330095 AF330073
C. sonoranus 2 Starr 676 AF428041 AF428039
C. sonoranus 3 Daniel 1955 AF428042 AF428040
C. sonoranus 4 Smith 3928 AF330097 AF330075
C. sonoranus 5 Smith 3964 AF330096 AF330074
Outgroup taxa

Bidens pilosa Ganders s.n. U67106 AF330081
Bidens segetum Ganders s.n. u67112 FA 330082
Coreopsis bigelovii Crawford et al. 1477 GSDB:S:1386360, 1386403 AF330086
Coreopsis cyclocarpa Crawford et al. 1395 GSDB:S:1386358, 1386401 AF330087
Coreopsis petrophila Crawford et al. 1389 GSDB:S:1386345, 1386488 AF330085
Coreopsis senaria Stussey et al. 12,600 GSDB:S:1386348, 1386491 AF330084
Cosmos bipinnatus MK 152 uU67114 AF330068
Dahlia coccinea Saar 784 AF165830 AF330083

1 For Coreocarpus ITS sequences and all rpl16 intron sequences.

2Voucher specimens are deposited at University of Arkansas Herbarium, The Ohio State University Herbarium, University of British Columbia Herbarium,

and Northern Illinois University Herbarium.

Phylogenetic Analyses

All analyses were performed using PAUP* 4.0b8 (Swof-
ford 1999) and factory default settings were used in PAUP*,
unless otherwise noted. Trees were rooted with Coreopsis
cyclocarpa (see Kim et al. 1999 for justification).

To obtain the most parsimonious (MP) tree using equally
weighted parsimony, a heuristic search with 100 random se-
guence additions was performed. The reliability of specific
groupings in parsimony was examined using 500 bootstrap
replicates and a heuristic search with 10 random sequence
additions per bootstrap replicate. For bootstrap analyses, the
maximum number of trees saved was set to 10,000. Decay
indices were calculated using AutoDecay 4.0 (Eriksson 1998)
using one of the MP trees and 100 random addition sequence
replicates.

Indels were treated either as missing data or coded into a
separate gap matrix following the simple gap coding tech-
nique of Simmons and Ochoterena (2000). For both indel
treatments, a heuristic search for the MP tree(s), bootstrap
analyses, and calculation of decay indices were conducted as
above.

To determine whether the nuclear and plastid partitions
represented different genealogical histories, we performed
the partition homogeneity test (incongruence length differ-
ence test; Farris et al. 1995) using only the informative sites,
with 1000 replicates and 10 random sequence additions per
replicate. The maximum number of saved trees was set to
10,000. Tests were run on all accessions for which we had
both ITS and rpl16i data, as well as on a smaller dataset that
excluded Coreocarpus arizonicus 3, C. sonoranus 4, and two

outgroup taxa (see results for justification). Once datasets
were obtained for which congruence could not be rejected,
the data were combined and MP bootstrap analyses were
performed as above.

To test for stationarity in base composition, we cal culated
the 8 statistic of Gillespie (1986) for each pair of sequences.
When sequences diverge under a stationary model of se-
quence evolution, the expected value of 8, should remain
below one, regardliess of the time since divergence. Values
greater than one thus provide evidence against stationarity.

The appropriate models for maximum likelihood (ML)
analyses were determined using the hierarchical likelihood-
ratio test as implemented in MODELTEST 3.04 (Posada and
Crandall 1998). Once the appropriate model was chosen, we
used the parameters estimated by MODELTEST, including
estimates of base composition, in a heuristic search with 10
random addition sequence replicates.

To determine whether the sequences evolved in aclocklike
manner, we used the ML model estimated above and the
topology obtained in the ML search, and re-estimated param-
eters assuming a molecular clock, rooting the tree to the
outgroup with ingroup monophyly enforced. We then used
the likelihood-ratio test (Felsenstein 1988) to determine
whether the null hypothesis of a molecular clock could be
rejected. We calibrated the molecular clock assuming that
Socorro Island was colonized soon after it breached the sur-
face of the ocean an estimated 1 million years ago (Bohrson
et al. 1996; W. A. Bohrson, pers. comm.) and that coloni-
zation of the island corresponded with the speciation of C.
insularis. Ninety-five percent confidence intervals on the mo-
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TABLE 2. Comparison of ITS and rpl16 intron, coding indels as missing or in a separate matrix.
ITS* rpl16 intron

Missing Matrix Missing Matrix
Number of sites 652 687 547 567
Number of variable sites 256 291 55 75
Percent variable sites 39.3 42.4 10.1 13.2
Number informative sites 149 163 29 40
Percent informative sites 22.9 23.7 5.3 7.1
Cl, informative sites only 0.5820 0.5806 0.8293 0.8182
RI 0.7664 0.7680 0.9271 0.9180
Number of MP trees 126 126 7 6
ML tree length 0.85693 — 0.12049 —

1 Excludes Coreocarpus parthenioides 2.

lecular clock were calculated using a Poisson model of evo-
lution as described in Kimball et al. (2001).

To estimate the rate of evolution of ITS and rpl16i, an ML
tree length was obtained by summing the branch lengthsfrom
the ML tree for each partition. For this comparison, we ex-
cluded all taxa that were incongruent between the ITS and
rpl16i phylogenies or absent in one dataset.

To test specific hypotheses regarding evol ution within Cor-
eocarpus, we used the SOWH test (Swofford et al. 1996;
Goldman et al. 2000). This test compares the test statistic &
(the difference in likelihood values) for the ML tree and an
alternative topology. The alternative topology was deter-
mined using an ML heuristic search in which the position of
one or more taxawas constrained to test a specific hypothesis
(e.g., al Coreocarpus constrained to be monophyletic). To
determine whether the alternative topology is statistically
worse than the ML topology, a null distribution of the test
stati stic was generated using 100 simul ated datasets. For each
SOWH test performed, we simulated datasets based upon the
complete ITS data using Seg-Gen 1.1 (Rambaut and Grassly
1997), with parameters and branch length information esti-
mated using the alternative ML topology being tested in that
specific SOWH test. For each simulated dataset, a heuristic
search was used to find the ML tree (as performed on the
raw data above). Parameter estimates for each simulated da-
taset were estimated using ML and the topology of the tree
that had been used to simulate the data, as recommended by
Goldman et al. (2000). The 3 test statistic generated from the
simulated datasets was used to establish the null distribution
for this statistic, and we rejected the null hypothesis (that the
ML and the alternative topology were not significantly dif-
ferent) if fewer than 5% of the simulated datasets had &-
values greater than the observed 3-value.

REsuLTS
Molecular Evolution of ITS and rpl 16i

The ITS alignment contained 652 sites (Table 2). The sim-
plest model with a good fit to the data, as determined by
MODELTEST, was TN93 (two transition rates, one trans-
version rate, and variable base composition) with a y-distri-
bution to accommodate among-site rate heterogeneity. ITS
exhibited moderate among-site rate heterogeneity (o = 0.50).
Similar results were obtained when C. parthenioides 2 was
deleted from analyses (see results in Table 2). The rpl16i

alignment had 547 sites (Table 2). The best model was F81
(transition rate equals transversion rate and variable base
composition) with a y-distribution to accommodate among-
site rate heterogeneity. rpl16i exhibited more among-site rate
variation (« = 0.14) than did ITS.

The percent of variable and parsimony-informative sites
in ITS was much greater than in rpl16i (Table 2). Comparing
the degree of divergence using the ML tree lengths (Table
2), it appears that ITS has diverged about seven times faster
than rpl16i.

The base composition of the two markers differed. The
base composition of all sites in ITS was not very skewed
(21.8% A, 26.4% C, 26.8% G, and 25.1% T), and did not
differ substantially from the composition of variable sites
(21.1% A, 27.3% C, 20.8% G, and 30.8% T). In contrast,
the base composition of rpl16i was A-T skewed (41.9% A,
13.2% C, 17.8% G, and 27.2% T), although the composition
of the variable sites showed less skew (24.9% A, 19.0% C,
24.1% G, and 32.0% T).

Results of the stationarity tests suggested that the data
could largely have evolved under a stationary model. For the
ITS sequences, most pairwise estimates of dy; were less than
one, consistent with stationarity. The only exceptions were
estimates involving one outgroup taxon (Coreopsis bigel ovii).
For rpl16i, all pairwise estimates of 5, were less than one.
Deviation from stationarity appears to have little effect on
phylogenetic reconstruction unless it is quite strong (Conant
and Lewis 2001), suggesting the extremely modest deviation
observed in the ITS sequences is unlikely to affect our con-
clusions.

Phylogeny of Coreocarpus

For both the nuclear and the plastid datasets, the topology
of the ML tree was identical to one of the MP trees. In
addition, MP analyses treating gaps as missing data or in a
separate gap matrix produced similar topologies (inclusion
of the gap matrix resolved one additional node in a strict
consensus of the rpl16i MP trees). Because the gap matrix
provided additional information, we used it in the results
shown. Our conclusions were not altered when gaps were
treated as missing data.

Both the ITS and rpl16i phylogenies had a well-supported
core group that included six species of Coreocarpus (Figs.
2, 3). In contrast, C. cronquistii and C. hintonii occurred in
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Fic. 2. A maximum likelihood phylogram of the ITS data. Values
at nodes are maximum parsimony bootstrap values (above branches)
and decay indices (below branches) using the I TS plus gap matrix.
Bootstrap values < 50% are not shown.

astrongly supported clade with Mexican and South American
Bidens species in both the nuclear and plastid phylogenies
(Figs. 2, 3). Coreocarpus congregatus was found in a clade
with Cosmos in the ITS tree (Fig. 2). The rpl16i sequences
are not highly informative on the relationship of C. congre-
gatus (Fig. 3), but the combined sequences provided moderate
support for a relationship with Cosmos (Fig. 4). Using the
SOWH test, we found that the ML tree in which we con-
strained the nine species Smith (1989) included in Coreo-
carpus to form a monophyletic group was significantly worse
than the unconstrained ML topology, in which three Cor-
eocarpus species were excluded (8 = 133.77, P < 0.01).
Coreocarpusinsularisis sister to the remainder of the core
Coreocarpus in ML and MP analyses of both ITS and rpl16i
phylogenies (Figs. 2, 3). Because island endemics are often
thought to be derived compared to their continental relatives
(Carlquist 1995; Baldwin et al. 1998) and because we wanted
to be certain of the placement of C. insularis to calibrate a
molecular clock, wetested the possibility that the basal place-
ment of C. insularis was an artifact of long-branch attraction,
which may occur in both parsimony and likelihood analyses
(Felsenstein 1978; Hillis et al. 1994). To examine this issue,
we used the SOWH test (for a description of the application
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Fic. 3. A maximum likelihood phylogram of the rpl16i data. Val-
ues at nodes are maximum parsimony bootstrap values (above
branches) and decay indices (below branches) using the rpl16i plus
gap matrix. Bootstrap values < 50% are not shown.

of the SOWH test to long-branch attraction see Huel senbeck
et al. 1996), in which we simulated data using a topology
where we forced a monophyletic clade that included all core
Coreocarpus except C. dissectus. Assuming monophyly of C.
insularis and the core Coreocarpus, to the exclusion of C.
dissectus, was significantly worse than placing C. insularis
as sister to the other core Coreocarpus (8 = 24.64, P < 0.01),
suggesting that this placement reflects evolutionary history
and not phylogenetic artifact.

Incongruence among Core Coreocarpus

The ITS and rpl16i phylogenies agreed in many respects,
but there were several exceptions (Figs. 2, 3). Consistent with
this, the ILD test indicated the two data partitions reflected
different genealogical histories (P = 0.001). All three ac-
cessions of Coreocarpus arizonicus formed a well-supported
clade with ITS sequences. Coreocarpus arizonicus 1 was
identical to C. arizonicus 2, and these two sequences differed
from C. arizonicus 3 by a single nucleotide indel. However,
whereas the rpl16i sequences of C. arizonicus 1 and C. ari-
zonicus 2 were identical, C. arizonicus 3 differed by two
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Fic. 4. Maximum parsimony bootstrap consensus tree from the
combined ITS and rpl16i plus gap matrix datasets. Four incongruent
taxa (Coreocarpus sonoranus 4, C. arizonicus 3, Coreopsis petro-
phila, and C. senaria) are excluded. Bootstrap values < 50% are
not shown. Characters of phyllaries (PH: M, monomorphic; D, di-
morphic), cypsela wings (CW: A, absent; C, corky; T, thin), and
ray florets (RF: N, neuter; P, pistillate; V, variable within genus)
are shown. Taxa with the same letter in the CC column are cross-
compatible; no letter indicates the taxa are known or assumed to
be cross-incompatible with all others because several attempted
intergeneric hybridizations in Coreopsideae failed (Smith 1989).

nucleotide substitutions and a single nucleotide indel, rep-
resenting three independent evolutionary events. The rpl16i
sequence for C. arizonicus 3 was instead identical to C. son-
oranus 5.

A similar incongruence was found among the C. sonoranus
sequences. Coreocarpus sonoranus 1, 2, 3, and 4 have iden-
tical ITS sequences, excluding ambiguous sites, but therpl16i
sequence of C. sonoranus 4 differed from the others by three
substitutions and two independent indels, which likely rep-
resent five evolutionary events. The rpl16i sequence of C.
sonoranus 4 was identical to that of C. dissectus. With both
C. arizonicus 3 and C. sonoranus 4, independent PCR am-
plifications of both ITS and rpl16i were sequenced to rule
out contamination.

Incongruence was also seen between species assignment
based on morphology and the molecular phylogenies. This
occurred in C. sonoranus, where C. sonoranus 5 was not
closely related to the other C. sonoranus accessions when

either ITS or rpl16i sequences were examined. Instead, it was
basal to the clade containing C. arizonicus, C. sonoranus, C.
parthenioides, and C. sanpedroensis (e.g., Figs. 2, 3).

We wanted to combine the data partitions to see if we
could obtain better resolution and stronger support for the
core Coreocarpus. Deletion of the two incongruent Coreo-
carpus accessions (C. sonoranus 4 and C. arizonicus 3) and
two outgroup taxathat show incongruence (Coreopsissenaria
and C. petrophila) resulted in data partitions for which con-
gruence could not be rejected (P = 0.87). Therefore, we
combined the two partitions, excluding these four incongru-
ent taxa, so that we had a well-supported phylogeny to use
in understanding the evolution of specific traits (Fig. 4).

Timing of Divergences among Core Coreocar pus

The likelihood value of the ITS data (which exhibited less
rate heterogeneity than the rpl16i data) assuming a molecular
clock (In = —3245.1035) was not significantly worse than
the value estimated without the clock assumption (In =
—3244.0099, df = 23, P = 0.08). Therefore, we used the
results of the ITS ML tree assuming a clock to determine
divergence times within the core Coreocarpus. Assuming So-
corro Island breached the surface of the ocean about 1 million
years ago (Bohrson et al. 1996; W. A. Bohrson, pers. comm.)
and that C. insularis colonized and speciated on the island
shortly after formation, the divergence of ITS is approxi-
mately 3.96 X 10-8 substitutions per site per year. Thus, C.
dissectus diverged from the other species about 307,000
(*£213,000) years ago. The aberrant C. sonoranus 5 diverged
about 176,000 (+162,000) years ago, approximately 35,000
years prior to the divergence of the C. sonoranus-C. par-
thenioides-C. sanpedroensis-C. arizonicus clade. The closely
related C. sonoranus-C. parthenioides-C. sanpedroensis clade
diverged quite recently, approximately 75,000 (=106,000)
years ago.

Discussion

Molecular Phylogenies and the Monophyly of Coreocarpus

Documenting monophyly is a necessary prerequisite to ex-
amining evolutionary patterns and processes within any
group. The phylogenies generated from both ITS and rpl16
sequences suggest that the genus Coreocarpus as recognized
by Smith (1989) is not a monophyletic group (Figs. 2, 3).
Instead, there is awell-supported core group of Coreocarpus,
which excludes C. congregatus, C. cronquistii, and C. hin-
tonii. Smith (1989) discussed features supporting the inclu-
sion of the latter two species in Bidens, but retained them in
Coreocarpus due to the presence of corky-winged cypselas
(fruits of Asteraceae). When this character is mapped onto
the combined molecular phylogeny, it appears to have orig-
inated independently in core Coreocar pus and in the common
ancestor of C. cronquistii and C. hintonii (Fig. 4). Melchert
and Turner (1990) suggested that the corky wingsin C. cron-
quistii and C. hintonii differ developmentally from the true
wings found in the core Coreocarpus and most other Cor-
eopsideae; instead the corky wings in these two species ap-
pear similar to the cypselas of several species of Bidens.
Congruent with this, our data (e.g., Figs. 2, 3) support the
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transfer of the latter two speciesto the genus Bidens (Melchert
and Turner 1990). Due to this possible convergence, it could
prove informative to study the developmental origins of cyp-
selawingsin selected Coreopsideae taxa. Melchert and Turn-
er (1990) likewise considered the neutral ray florets of C.
cronquistii and C. hintonii as additional evidence for remov-
ing them from core Coreocarpus in which all species have
pistillate ray florets (Fig. 4).

The molecular phylogeny also supports removal of Cor-
eocarpus congregatus from Coreocarpus, but the relation-
ships of this enigmatic species remain rather obscure. Neither
Smith (1983) nor Turner (1991) was certain of the position
of C. congregatus. Our results agree with Turner (1991) that
C. congregatus does not belong in core Coreocarpus but our
data suggest that this species is closer to the genus Cosmos
(Fig. 4), rather than in an ‘‘expanded Bidens’ as Turner
(1991) suggested. Coreocar pus congregatus and Cosmos have
neutral ray florets as contrasted with the pistillate ray florets
in core Coreocarpus (Fig. 4).

Although the six species of core Coreocarpus form a
strongly supported monophyletic group in the plastid and
nuclear phylogenies, no apomorphic morphological character
uniting them has been identified. Retention of the plesiom-
orphic character of dimorphic phyllariesin the basal species
C. insularis prevents its use for defining the group (Fig. 4).
Coreocarpus insularis could be removed from Coreocarpus,
resulting in a genus of five species with strong support in
the molecular phylogenies and united by monomorphic (only
one whorl) phyllaries (Fig. 4). It seems best at present to
retain C. insularis within Coreocar pus pending the results of
studies directed toward the identification of morphological
or anatomical characters uniting it with the other species.

Occurrence of the basal species of Coreocarpus on an is-
land of known maximum age (Bohrson et al. 1996) and the
failure to reject the molecular clock hypothesis make it pos-
sible (with the assumptions mentioned earlier) to estimate
the age of the genus and to time the divergence of lineages
within core Coreocarpus. Although the age and divergence
times have been calculated for lineages endemic to oceanic
islands using estimated ages of islands (e.g., Baldwin et al.
1998), it has rarely been possible to obtain estimates for
continental groups by using ages of islands (but see Rich-
ardson et al. 2001). Estimates for core Coreocarpus indicate
that the genus is less than 1 million years old, making it
younger than ages estimated for numerous island endemics
that are often presented as examples of recent and rapid di-
vergence (Baldwin et al. 1998). Estimated divergence times
between lineages are within the last 300,000 years, with some
as recent as the past 75,000 years.

Breeding Relationships: A Molecular
Phylogenetic Perspective

The molecular phylogeny may also be viewed from the
perspective of breeding relationships among species (Smith
1989), both within the core Coreocarpus and speciesformerly
placed in the genus. Smith (1989) demonstrated that C. cron-
quistii and C. hintonii, which are sister taxa (Fig. 4), are
highly interfertile. However, neither would crosswith species
of the core Coreocarpus nor with C. congregatus, and the
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latter species likewise would not cross with core Coreocar pus
(Fig. 4). Cross-incompatibility between these three species
and core Coreocarpus is an apomorphic character and reflects
their divergence from the species of core Coreocarpus. Based
on these results, Smith (1989) suggested these threetaxawere
highly divergent from the core Coreocarpus, although he ac-
knowledged that the crossing data provided no information
on the phylogenetic relationships of the three species.

When the breeding relationships elucidated by Smith
(1989) are mapped on the molecular phylogeny for core Cor-
eocarpus, both retention of the ability to hybridize and several
origins of cross-incompatibility among species may be seen.
Smith (1989) documented that the basal species C. insularis
is cross-incompatible with all other species of core Coreo-
car pus with the notabl e exception of C. sonoranus with which
it has retained the ability to hybridize (Fig. 4). Although
genetic divergence between C. insularis and C. sonoranus
results in F; hybrids that are weak and survive only about
three weeks (Smith 1989), the plesiomorphic condition of
crossability has been retained for an estimated 1 million
years. These two species provide one of the very few illus-
trationsin plants (e.g., Baldwin 1994, 1995) of the point made
initially by Rosen (1978, 1979) that use of cross-compati-
bility as a criterion in species delimitation could result in the
recognition of paraphyletic species.

Smith (1989) obtained highly fertile hybrids among Cor-
eocar pus parthenioides, C. sanpedroensis, and C. sonoranus,
all of which occur in a strongly supported clade in the mo-
lecular phylogeny, but among which the molecular data pro-
vide no resolution of relationships. Thus, despite being mor-
phologically distinguishable, the three speciesin thisstrongly
supported clade (with the exception of C. sonoranus 5) com-
prise a cohesive genetic unit where essentially no postpol-
lination, genetic, or chromosomal isolating factors have
evolved during the past 75,000 years.

In contrast to the retention of cross-compatibility during
the evolution of core Coreocarpus, there have been several
origins of cross-incompatibility. One involves the evolution
of C. dissectus, which will not hybridize with any other spe-
cies (Fig. 4; Smith 1989). A second origin of crossing barriers
occurred later in the evolution of Coreocarpus with the di-
vergence between C. arizonicus and the C. parthenioides-C.
sanpedroensis-C. sonoranus group (Fig. 4). Cross-incompat-
ibility between species of Coreocarpus was determined by
lack of viable seed set in F; hybrids (Smith 1989), and thus
it is not known whether, among the several processes that
can lead to cross-incompatibility (Levin 1978, 2000), the
same factor has operated each time reproductive barriershave
evolved in Coreocarpus.

Morphological Traits and Evolution within
Core Coreocarpus

Within tribe Coreopsideae, cypsela characters have been
given much weight for inferring phylogenetic relationships
(Sherff 1955; Robinson 1981; Ryding and Bremer 1992).
However, several characters of the fruits appear to be under
simple genetic control in Coreocarpus; Smith (1989) pro-
vided a discussion of these characters and their taxonomic
use in Coreocarpus. Similar suites of cypsela characters in
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several genera closely related to Coreocarpus also appear to
be controlled by one or two segregating units (Smith and
Parker 1971; Smith 1973; Ganders et al. 2000). Thus, the
suitability of these characters in phylogenetic studies needs
to be examined. For example, corky wings are clearly ple-
siomorphic within core Coreocarpus. There could have been
development of thin wings in the ancestor of C. arizonicus
and again within C. parthenioides. Alternatively, it is possible
that the common ancestor of these two clades developed thin
wings and there was reversion to corky wings in most mem-
bers of the C. parthenioides-C. sonoranus-C. sanpedroensis
clade (Fig. 4). There is no compelling reason to choose one
hypothesis because both invol ve the same number of changes.
Clearly, cypselawings appear to be labile and caution should
be exercised when using them for inferring evolutionary re-
| ationshi ps.

Fixation of similar combinations of genesin different lin-
eages (Schaal et al. 1998), particularly for traits under simple
genetic control, may lead to species recognized by mor-
phology that do not represent single lineages. Within tribe
Coreopsideae, including Coreocarpus (Smith 1989), many of
the morphological characters used to distinguish subspecies
(or varieties) and species may have a simple genetic basis
(Crawford 1970a,b, 1971; Gillett and Lim 1970; Smith and
Parker 1971; Smith 1973, 1989; Ganders et al. 2000), making
it possible that morphological species could represent more
than one lineage. The position of C. sonoranus 5 in both the
ITS and rpl16i phylogenies relative to the other four (ITS)
or three (rpl16i) accessions of C. sonoranus appears to rep-
resent a case of parallel fixation of several characters. Cor-
eocarpus sonoranus 5 is not morphologically divergent from
other collections of C. sonoranus, although it was collected
approximately 350 km southwest of the other four C. son-
oranus accessions. An alternative hypothesis to explain the
incongruence between the position of C. sonoranus 5 in the
molecular phylogenies and taxonomic assignment based on
morphology is that there has been retention of plesiomorphic
traits in typical C. sonoranus (i.e., accessions 1-4) that are
also in C. sonoranus 5.

Incongruence and Evolutionary Processes in the
Core Coreocarpus

As discussed above, the phylogenies produced from the
nuclear and plastid sequences are largely congruent, and both
in turn are in agreement with morphological and biosyste-
matic data (Smith 1989; Melchert and Turner 1990). How-
ever, there are certain incongruences, and these provide pos-
sible insights into historical and evolutionary processes that
were not suspected in spite of earlier extensive morpholog-
ical, chromosomal, and biosystematic studies. Biological
causes of the incongruences between the nuclear ITS and
plastid rpl16i phylogenies could be hybridization or lineage
sorting, and choosing between these two alternativesis often
difficult (Wendel and Doyle 1998; Holder et al. 2001). Our
results do not provide a clear choice between these alterna-
tives, and it is possible that both have been involved.

Any discussion of possible processes generating the in-
congruences must include a consideration of biological as-
pects of the plants. Coreocarpus sonoranus 4, with an rpl16i

sequence identical to C. dissectus (Fig. 3) likely diverged
from C. dissectus approximately 300,000 years ago, whereas
C. arizonicus 3 and C. sonoranus 5 (the former has the rpl 16i
sequence of the latter) diverged approximately 180,000 years
ago. In both cases, the two species are currently allopatric
(Fig. 1) and appear cross-incompatible (Smith 1989). Thus,
if hybridization does account for the observed incongruences,
it ostensibly occurred prior to genetic and spatial divergence
with retention of the cpDNA polymorphism within nearby
populations of C. sonoranus (C. sonoranus 2, 3, and 4 are
from the same locality) and C. arizonicus (C. arizonicus 1
and 3 are from the same local area). Although there are nu-
merous examples in which hybridization has been implicated
as an important process in generating incongruences between
nuclear and plastid phylogenies (Rieseberg et al. 1996), Cor-
eocarpus represents one of the few (if not only) examples of
incongruences between closely related species that have been
shown to be cross-incompatible. There are no apparent mor-
phological featuresor any evidencein I TS sequencesin either
C. sonoranus 4 or C. arizonicus 3 suggesting past gene ex-
change. The lack of evidence for hybridization could be at-
tributed to repeated backcrossing, or, for ITS, either con-
certed evolution (Wendel and Doyle 1998) or genetic drift.

Alternatively, the apparent absence of morphological ev-
idence for hybridization may result from absence of past gene
exchange between species and the incongruences are instead
caused by lineage sorting. The strong cross-incompatibility
between the species showing the incongruences (C. dissectus
and C. sonoranus; C. arizonicus and C. sonoranus) also sug-
gest lineage sorting may be more likely than hybridization.
However, if lineage sorting has occurred, not only has
cpDNA polymorphism been maintained, but it is interesting
that no mutations have accumulated in the rpl16i sequences
of either C. sonoranus 4 or C. arizonicus 3 since divergence
from C. dissectus and C. sonoranus 5, respectively.

Conclusions

This study has identified a strongly supported monophy-
letic group in the genus Coreocarpus and allowed el ucidation
of the proper generic placement for two species formerly
placed in Coreocarpus. A third species traditionally placed
in Coreocarpus is excluded from it in the molecular phylog-
enies, but its relationships are not well resolved so it is re-
tained pending additional study. Our resultsillustrate the ben-
efits of doing molecular phylogenetic studies in groups such
as Coreocarpus in which extensive biosystematic research
has previously been conducted. For example, the limitation
of breeding relationships for species delimitation was dem-
onstrated by the retention of cross-compatibility between the
basal and one highly derived species, which would result in
the recognition of paraphyletic species. In addition, the two
incongruences between nuclear and plastid phylogenies for
Coreocarpus involve species that biosystematic studies
showed to be cross-incompatible. This means that if hybrid-
ization accounts for the incongruences, then it occurred prior
to the evolution of breeding barriers between the species. In
another instance, an accession did not appear with other con-
specific accessions in either the nuclear or plastid phyloge-
nies. The cause (or causes) of this molecular-morphological



60

incongruence remains to be elucidated, but biosystematic
studies demonstrated a simple genetic basis for several char-
acters used to distinguish species, and the incongruence may
result from parallel fixation of similar charactersin different
lineages. Overall, this study demonstrates that patterns of
evolution in genera such as Coreocarpus may be much more
complex than previously suggested from rigorous biosyste-
matic investigations and that data from biosystematic and
molecular phylogenetic studies may be complementary for
revealing the phylogeny and evolution of a group.
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