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Polyploidy plays a prominent role in the speciation process in plants. Many species are known to be part of agamic complexes

comprising sexual diploids and more or less exclusively asexual polyploids. However, polyploid formation has been studied in very

few cases, primarily because of the challenges in examining these cases phylogenetically. In this study, we demonstrate the use of a

variety of phylogenetic approaches to unravel origins and infer reticulation history in a diploid—-polyploid complex of black-fruited

Crataegus. The tree approaches are shown to be useful in testing alternative hypotheses and in revealing genealogies of nuclear

genes, particularly in polyploid organisms that may contain multiple copies. Compared to trees, network approaches provide a

better indication of reticulate relationships among recently diverged taxa. Taken together, our data point to both the autopolyploid

and allopolyploid origins of triploids in natural populations of Crataegus suksdorfii, whereas tetraploids are formed via a triploid

bridge, involving the backcross of allotriploid offspring with their diploid C. suksdorfii parent, followed by gene introgression

from sympatric C. douglasii. Our findings provide empirical evidence for different pathways of polyploid formation that are all

likely to occur within natural populations and the allopatric establishment of neopolyploids subsequent to their formation.

KEY WORDS: Allopatric establishment, allopolyploidy, autopolyploidy, Crataegus, haplotype network, gene duplications.

Polyploidy, or the multiplication of entire genomes, has played an
important role in the diversification of species lineages and has
been found common in plants as well as, increasingly, in fish and
amphibians (Ptacek et al. 1994; Becak and Becak 1998; Bowers
et al. 2003; Comber and Smith 2004; Cronn and Wendel 2004;
Soltis et al. 2004; Meyers and Levin 2006). Two fundamental
types of polyploids, autopolyploids and allopolyploids, have been

described (Stebbins 1971). Autopolyploidy refers to the multipli-
cation of the whole genome within a species, resulting from the
formation and fertilization of unreduced gametes in crosses be-
tween conspecific individuals. There is abundant evidence that au-
topolyploidy is an important mechanism of sympatric speciation,
particularly in plants (for a recent review see Soltis et al. 2007).
Allopolyploidization also may involve fertilization of unreduced
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gametes (i.e., the triploid bridge; Ramsey and Schemske 1998).
Much more rarely, somatic chromosome doubling of a homo-
ploid hybrid may also occur (Ramsey and Schemske 1998; Mallet
2007), but in both these cases two or more divergent genomes are
involved, as a result of crosses between different species.

In angiosperms, approximately 2-4% of speciation events
involve polyploidization (Otto and Whitton 2000). Studies of
species-level phylogenies indicated that many speciation events
are associated with a change in ploidy level (Soltis et al. 2007,
Soltis and Burleigh 2009). Modern genome studies suggested that
nearly all angiosperms likely have polyploidy in their evolution-
ary history (Cui et al. 2006) and the rate of polyploid formation in
extant plant species may be comparable to or exceed the genic mu-
tation rate (Ramsey and Schemske 1998). In the Rosaceae, Vamosi
and Dickinson (2006) concluded that the increased species rich-
ness observed in clades with many polyploids was due to the
polyploidization itself, and to the ensuing reproductive isolation
from the parental clade(s). Polyploids may establish repeatedly
within a species (Ramsey and Schemske 1998; Husband 2004;
Husband et al. 2008) and many plant species, including those of
Crataegus (Talent and Dickinson 2005), have been reported to
contain different intraspecific cytotypes (e.g., Burton and Hus-
band 2001; Baack 2004; Stuessy et al. 2004; Nakagawa 2006).

The transition from diploidy to polyploidy may result in
correlated changes in breeding system, for example, from self-
incompatibility to self-compatibility (Campbell et al. 1991; Mable
2004; Marhold and Lihova 2006; Dickinson et al. 2007; Husband
et al. 2008), or from sexuality to apomixis (Mable 2004; Horandl
2006; Whitton et al. 2008). Moreover, such a transition may sig-
nificantly change the ecological interactions with animal herbi-
vores and pollinators within a community (Thompson et al. 2004).
Other related changes, such as those related to genome structure
and gene expression patterns, have been shown to influence phe-
notype and fitness of an individual, and thus contribute to adapta-
tion (see references in Otto 2007). Although there is an increas-
ing amount of data highlighting the important consequences of
polyploidy, studies that address evolutionary relationships among
cytotypes in natural populations are still quite limited, mainly due
to the challenges in applying phylogenetic methods to their study.
Accurate documentations of the origins and reticulate history of
diploid and polyploid taxa will facilitate our understanding of how
polyploidy influences the speciation process (Otto and Whitton
2000; Soltis et al. 2007) and will help uncover patterns and cor-
relates of evolution associated with polyploidy throughout plant
history (Otto 2007; Soltis and Burleigh 2009).

Within last two decades, the advent of sequencing technolo-
gies and computational methods has substantially enhanced phy-
logenetic reconstructions in a large number of organisms, gener-
ally resulting in bifurcating hierarchical trees. Nevertheless, there
are many phenomena in nature in which genetic material is not
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transferred in a hierarchical way (Rieseberg et al. 2000; Posada
etal. 2002; Richardson and Palmer 2007) and the concept of “tree”
may oversimplify our view of evolution. One such event involves
the formation of polyploids. In theory, an autopolyploid inherits
genomes only from a single progenitor species, and so it will
appear as sister to the progenitor of a lower ploidy level on a bi-
furcating tree. On the other hand, allopolyploidy produces species
with a network-like history that cannot be properly represented
by bifurcating trees (Funk 1985; McDade 1992; Vriesendorp and
Bakker 2005). Forcing reticulation to be displayed in a branch-
ing topology might lead to the lack of support for the resolved
clades and/or collapse of hierarchical structure (Cassens et al.
2005; Vriesendorp and Bakker 2005; Huber and Moulton 2006).
Hence, a network approach using orthologous nuclear genes has
become common when examining reticulate relationships (e.g.,
Oxelman and Bremer 2000; Smedmark et al. 2003; Linder and
Rieseberg 2004; Popp et al. 2005; Huber et al. 2006; Brysting
et al. 2007).

In this study, we ask two broad questions: (1) what is the
extent of reticulate evolution in the black-fruited hawthorn com-
plex and (2) how do reticulate evolution and allopatric establish-
ment of cytotypes contribute to the polyploid speciation process?
Here, we employ both tree and network approaches to construct
a reticulation model that shows the possible routes to the forma-
tion of Crataegus suksdorfii cytotypes. In particular, we sought
to distinguish auto- versus allopolyploid origins of black-fruited
hawthorn triploids and tetraploids from closely related diploids
(all assignable to C. suksdorfii) and from more distantly related
tetraploids (C. douglasii). The role of allopatric establishment in
the polyploid speciation process is also discussed in the context of
the present-day distributions of cytotypes. In addition, we com-
pare the outcomes of a variety of approaches and suggest how they
may be employed when constructing genealogical relationships
with taxa that involve hybridization and polyploidy.

Materials and Methods

PLANT MATERIALS

Crataegus suksdorfii and C. douglasii were sampled at a total of
16 sites (Table 1) in the western United States and eastern Canada.
Diploids are found only in C. suksdorfii, together with triploids
and tetraploids (Talent and Dickinson 2005; Lo et al. 2009a).
Diploids occur at lower elevations in northern California and
western Oregon, Washington, and British Columbia (Dickinson
et al. 2008). Triploids are widespread and locally abundant at
higher elevations and further east in Washington and Idaho.
Tetraploids, however, are of sporadic occurrence (Dickinson et al.
1996; Lo et al. 2009a). Over parts of their range, polyploid cy-
totypes of C. suksdorfii are sympatric with exclusively tetraploid
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Table 1. Summary of C. douglasii and C. suksdorfii individuals included in amplifications of the two nuclear gene regions PEPC and
PISTILLATA. Two duplicated paralogs, labeled S and L respectively, were identified in each gene. The total number of clones sequenced from
each individual and number of clones found for each paralog (in parentheses) are indicated. Bolded letters indicate locality abbreviation
used in the text.

Nuclear gene regions—PEPC and PISTILLATA

Species Label State/Province; County; Locality No. of PEPC No. of PISTILLATA
clones (S-, L-copy) clones (S-, L-copy)

Ploidy level C. douglasii Lindl.

4x CA3 2006-13 California; Shasta; Hat Creek 10 (8, 2) 9(5,4)
4x ON20 EL11 Ontario; Grey; Big Bay, Colpoy’s range 9(7,2) 14 (7,7)
4x ON20 EL15 Ontario; Grey; Big Bay, Colpoy’s range 8 (5, 3) 8(3,5)
4x ID2 EL138 Idaho; Latah; Little Boulder Creek 13 (8, 5) 10 (5, 5)
4x ID6 EL166 Idaho; Adams; Last Chance Campground, 11 (8, 3) 11 4,7)
near Meadows
dx ID6 EL170 Idaho; Adams; Last Chance Campground, 9(6,3) 9(,4)
near Meadows
4x ID15 EL197 Idaho; Lemhi; US 93 S of Gibbonville 11 (5, 6) 8(5,3)
4x ID20 EL121 Idaho; Nez Perce; Little Potlatch Creek 10 (7, 3) 9(4,5)
4x MT2 EL32 Montana; Powell; Kleinschmidt Flat 11 (6, 5) 11 (5, 6)
dx MT2 EL39 Montana; Powell; Kleinschmidt Flat 15 (12, 3) 9(4,5)
4x MT2 EL41 Montana; Powell; Kleinschmidt Flat 8(6,2) 84,4)
4x WAS5 S0703 Washington; Chelan 11(7,4) 11 (3, 8)
4x WA22 EL155 Washington; Whitman; South of Colfax 11 (9, 2) 8(@3,5)
4dx WA21 EL89 Washington; Thurston; Mound Prairie 12(7,5) 8(@3,5)

C. suksdorfii (Sarg.) Kruschke

2x CA52006-16 California; Siskiyou; Fay Lane 8(5,3) 84,4
2x CA5 200622 California; Siskiyou; Fay Lane 8 (6,2) 8 (6,2)
2x OR1 EL70 Oregon; Linn; Cogswell Foster Reserve 9(6,3) 9(7,2)
2x OR1 EL72 Oregon; Linn; Cogswell Foster Reserve 8(7,1) 8(5,3)
2x OR1 EL75 Oregon; Linn; Cogswell Foster Reserve 84,4 74, 3)
3x ORG6 EL50 Oregon; Lane; Patterson Mountain Prairie 9(5,4) 9(4,5)
3x ORG6 EL57 Oregon; Lane; Patterson Mountain Prairie 159, 6) 8(@3,5)
3x ORG6 EL62 Oregon; Lane; Patterson Mountain Prairie 13 (10, 3) 84,4
3x ORG6 EL65 Oregon; Lane; Patterson Mountain Prairie 12 (8, 4) 13(7,6)
2x OR11 EL104 Oregon; Columbia; Sauvie Island 9 (6, 3) 9(5,4)
2x OR11 EL115 Oregon; Columbia; Sauvie Island 8(3,)5) 7@3,4)
3x ID6 EL165 Idaho; Adams; Last Chance Campground, 10 (6, 4) 12 (8, 4)
near Meadows
3x ID6 EL172 Idaho; Adams; Last Chance Campground, 11 (8, 3) 9(3,6)
near Meadows
3x ID6 EL173 Idaho; Adams; Last Chance Campground, 9 (6, 3) 8(@3,)5)
near Meadows
3x ID5 EL188 Idaho; Valley; North Beach, Payette Lake 13 (7, 6) 11 (8, 3)
4x MT2 EL26 Montana; Powell; Kleinschmidt Flat 14 (12, 2) 12 (6, 6)
dx MT2 EL30 Montana; Powell; Kleinschmidt Flat 13 (10, 3) 14 (7,7)
4x MT2 EL36 Montana; Powell; Kleinschmidt Flat 12 (8, 4) 14 (6, 8)
4x MT?2 EL45 Montana; Powell; Kleinschmidt Flat 13(9,4) 12 (7, 4)
2x WA7 718485 Washington; Clark - 74, 3)
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C. douglasii. These two species can be distinguished morpholog-
ically by variation in the number of stamens per flower (approx.
20 in C. suksdorfii, and approx. 10 or fewer in C. douglasii).
Some of the C. douglasii individuals can be ascribed to segre-
gate species, such as C. castlegarensis and C. okennonii (Phipps
and O’ Kennon 1998, 2002; Dickinson et al. 2008), but for our
purposes here such distinctions are unnecessary given the lack of
genetic distinctiveness among these segregates (Lo et al. 2009a).
Individuals used here are part of a larger sample of individuals
reported elsewhere (Dickinson et al. 2008) and are vouchered by
specimens deposited in the Green Plant Herbarium at the Royal
Ontario Museum (TRT). Nuclear DNA content of all studied indi-
viduals was measured by flow cytometry and is reported as ploidy
level (Table 1).

GENE MARKERS AND SEQUENCING STRATEGY

Given that our major aims were to examine the extent of reticu-
late evolution as well as to infer the genetic relatedness between
diploid and polyploid taxa, different sampling strategies were ap-
plied to the nuclear and chloroplast sequences. Two unlinked nu-
clear genes, PISTILLATA and Phosphoenolpyruvate Carboxylase
(PEPC), which were suggested to be single copy in other plants
(Matsuoka and Minami 1989; Goto and Meyerowitz 1994; Bailey
and Doyle 1999), were used in this study. Our sampling strategy
sought to fully capture the allelic variation of these nuclear gene
loci within individuals, especially those of polyploids in our stud-
ied sites. Thus, for these two genes from each individual, 8-15
clones were sequenced, respectively, but only one to four individ-
uals per site were included (Table 1). On the other hand, because
chloroplast markers are uniparentally inherited and each individ-
ual, regardless of its ploidy level, should contain only one copy,
no cloning was necessary to capture variation within individuals.
However, to increase the probability of accurately identifying ma-
ternal donors, we sought to maximally recover variation among
individuals within sites. Therefore, a total of 132 individuals rep-
resenting C. douglasii and C. suksdorfii from the 16 sites were
sequenced for psbA-trnH and trnH-rpl2 (Table 2). Details of DNA
extraction, primers information, PCR conditions, and cloning pro-
tocols were described in Lo et al. (2009b).

SEQUENCE ANALYSES

Alignments were first produced automatically with ClustalX
(Thompson et al. 1997) and then edited manually with Sequence
Alignment Editor version 1.d1 (SE-Al; Rambaut 2002). Indels
were coded as multistate characters (Simmons and Ochoterena
2000) with SeqState version 1.32 (Miiller 2005) and appended to
the sequence matrix for phylogenetic analyses. Because the two
chloroplast spacers are linked on a haploid genome, sequences
were combined and treated as a single marker for analyses; the
two nuclear datasets were treated separately.
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Table 2. Summary of haplotypes detected in C. douglasii and
C. suksdorfii individuals. Locality labels can be referred to Table 1.
The number of individuals (N) included from each site are in-
dicated. Statistical parsimony networks of these haplotypes are
shown in Figures 1 and 2B.

Distribution of haplotypes

Ploidy level  Site N Chloroplast ~ PEPC-L
C. douglasii
4x ID2 11 MNPW FKO
4x ID6 11 MNOPX FHKM
4x ID15 7 MPT FHM
4x ON20 9 PQ FJ
4x MT2 12 JLPV FQKL
4x WA22 5 PR F
4x WA21 6 RS FN
C. suksdorfii
2x CAS 5 DF BG
2x OR1 9 ABCEG ABDEF
3x OR6 20 ABCH AC
2x OR11 9 ABEGU ABDEF
3x ID5 2 OP FM
3x ID6 16 IO0P FGHIMP
4x MT2 13 IJKLOP FILQ

Sequence recombination caused by PCR errors is expected
to be more common in polyploids when more than one copy is
available (Bradley and Hillis 1997; Judo et al. 1998; Cronn et al.
2002). This occurs when the DNA polymerase stops functioning
or detaches from the template before elongation is complete. The
partially extended product may prime to another allele in a subse-
quent cycle and result in a recombinant sequence. To identify and
exclude potential recombinant sequences from the alignment ma-
trices before phylogenetic analyses, the aligned sequences from
all clones of each individual were compared using the pairwise
scanning method implemented in the recombination detection
program (RDP) version 2b.08 (Martin and Rybicki 2000) in con-
junction with TOPALI version 2 (Milne et al. 2004). Sequences
detected with recombinant points and/or showing incongruent po-
sitions among partitions were excluded from the analyses.

PHYLOGENETIC TREE AND NETWORK
CONSTRUCTIONS

To compare the performances of tree and network approaches
in revealing reticulation history, the phylogenetic relationships
between diploid and polyploid taxa were constructed using dif-
ferent algorithms for all three datasets. Trees were constructed us-
ing maximum parsimony (MP) in PAUP* 4.0b (Swofford 2002),
maximum likelihood (ML) in RAXML version 7.0.4 (Stamatakis
et al. 2005), as well as by means of Bayesian inference (BI) using
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Mr. Bayes 3.0b4 (Huelsenbeck and Ronquist 2001). For parsi-
mony analyses, heuristic searches for the most parsimonious (MP)
trees with equally weighted data were performed with 1000 ran-
dom additions, tree bisection-reconnection (TBR) branch swap-
ping, and with no more than 10 trees saved per replicate. The tree
output was then used as a starting point for a second round of
searches with the same settings except with MULTREES on.

Substitution models for the DNA datasets were selected
from the 56 models implemented in ModelTest 3.7 (Posada and
Crandall 1998) by employing the Akaike information criterion
(AIC). Models selected for the chloroplast, PEPC, and PISTIL-
LATA matrices were TVM + I, GTR + I'+ I, and GTR + T,
respectively. For ML analyses, bootstrap support (BS) was as-
sessed with 1000 replicates with the rapid bootstrap algorithm
implemented in the RAXML (Stamatakis et al. 2008). Bayesian
analyses were performed with four Markov chains each initiated
with a random tree and run for 10,000,000 generations, sampling
every 100th generations. Likelihood values were monitored for
stationarity with Tracer version 1.4.1 (Rambaut and Drummond
2007). Trees and other sampling points prior to the burn-in cut-off
were discarded and the remaining trees were imported into PAUP*
to generate a majority-rule consensus. Posterior probability (PP)
values (Ronquist and Huelsenbeck 2003) were used to evaluate
support of all nodes in the Bayesian trees.

The second approach we used for inferring relationships is
network reconstruction using the statistical parsimony (SP) and
neighbor-net (NN) algorithms. The network approach is particu-
larly useful when there is contradictory signal or reticulation in
the data that cannot be unambiguously represented by a dichoto-
mous phylogeny. The statistical parsimony method of Templeton
et al. (1992), as implemented in TCS version 1.13 (Clement et al.
2000), has been shown to be the least erroneous among existing
network methods (Woolley et al. 2008). It estimates haplotypes
based on the uncorrected p-distances above which the parsimony
principle is violated with more than 5% probability. All con-
nections are iteratively joined among haplotypes only when the
parsimony has a probability of at least 0.95 of being true as deter-
mined by coalescence theory, starting with the shortest distance
until all haplotypes are joined or the distance exceeds the parsi-
mony limit (Clement et al. 2000). Hence, this method emphasizes
what is shared among haplotypes that differ minimally (Posada
and Crandall 2001). Here, haplotypes were set to be connected
by mutational steps with 95% confidence limits and the “gaps =
missing” option. To assess support for these connections, we per-
formed Bayesian analyses using a subset of samples representing
all the observed haplotypes to obtain PP values. In addition to
the haplotype-based analyses, we also generated an allele-based
network to examine the level of reticulation in our nuclear data
and to evaluate the potential impact of such to the level of reso-
Iution and topological confidence in our resulted trees. This was

done with the neighbor-net method as implemented in SplitsTree
4.10 (Huson 1998), which generates a collection of compatible
splits through iterations of agglomerative processes similar to the
neighbour-joining method (Bryant and Moulton 2004). The result
is presented as a splits graph and the shape of the graph is inter-
preted as a reflection of the extent of reticulation among taxa. To
compare reticulations, splits graphs were generated separately for
four diploid and polyploid combinations including: (1) 2x, and
3x from OR; (2) 2x, and 3x from ID; (3) 2x, and 4x from MT;
(4) all 2x, 3x, and 4x taxa. Internode support was estimated by per-
forming 1000 bootstrap replicates with the genetic distances and
model parameters found in ModelTest for respective datasets.

TESTING ALTERNATIVE HYPOTHESES

To compare the statistical support for auto- versus allopoly-
ploid origins of triploid and tetraploid C. suksdorfii, we used
the Shimodaira—Hasegawa (SH) test (Shimodaira and Hasegawa
1999) as implemented in PAUP* (Swofford 2002) to compare
the best ML trees recovered from the respective nuclear data
with the constraint trees constructed in MacClade (Maddison and
Maddison 1992). Autopolyploidy was considered to be the null
hypothesis. According to this hypothesis, all the alleles of a given
polyploid cytotype are expected to be inherited only from the
diploid taxon. Hence, the unconstrained trees should be statis-
tically indistinguishable from the constrained ones in which the
autopolyploid origin was imposed. Three cytotype combinations
were constrained to be monophyletic: (1) 2x, and 3x from OR;
(2) 2x, and 3x from ID; (3) 2x, and 4x from MT. The constrained
trees were loaded separately as a backbone for ML analyses.
Heuristic searches were conducted using the parameters from
ModelTest to find the optimal trees compatible with the con-
straint. The likelihood scores of the constrained trees were then
compared with the scores of the best unconstrained trees using
the one tailed nonparametric SH tests.

Results
CHLOROPLAST GENEALOGIES
The two chloroplast spacers gave a total aligned length of 652 bp
in which 23 of the 63 variable positions and six indels were
parsimony informative. Although MP analyses (trees not shown)
showed very little resolution of our taxa, ML and Bayesian trees
(Fig. S1) indicate a strong association of 2x and 3x C. suksdorfii
from Oregon (BS 93%; PP 100%). However, the 3x (ID5, ID6)
and 4x (MT2) C. suksdorfii, as well as the 4x C. douglasii were
not resolved. Compared with the tree results, the network analyses
(Fig. 1) reveal clearer patterns of haplotype relationships.

A total of 24 haplotypes labeled as A—X (Table 2) were de-
tected and they were distinguished from each other by—one to
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[ ]2x-C. suksdorfii
[ ]3x-C. suksdorfii (OR)
B 3x-C. suksdorfii (ID)
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B 4x-C. douglasii

Mg

ID

=aQp-e»>

QOQQ=EHQ

lol=lololTe!
QP> QR

Figure 1. Statistical parsimony network of chloroplast haplotypes A-X (Table 2) obtained from 132 sequences representing diploid and
polyploid individuals of C. suksdorfii and C. douglasii from 16 localities (Table 1). Ploidy level, locality, and number of individuals that

share the same haplotype are indicated in each circle. Sizes of circles are approximately proportional to the number of individuals with

the given haplotype. Bars on lines between circles represent site changes between haplotypes under the statistical parsimony criterion.
Shaded outlines and percentages indicate clades and their level of support in Bayesian analyses.

eight mutation steps in the phylogenetic network (Fig. 1). Diploid
C. suksdorfii (sites OR1, OR11, and CAS) contains eight haplo-
types that were more or less connected except F and G (Table 2;
Fig. 1). Three of these haplotypes (A—C) were shared with 3x C.
suksdorfii from Oregon (OR6). Although haplotype H appeared
to be unique among the Oregon triploids, it was differentiated
from haplotype B by only one mutation. Haplotype I observed in
3x C. suksdorfii from the Idaho (ID5, ID6) and 4x C. suksdorfii
from Montana (MT2) was found neighbour to haplotype H. The
connection of haplotype I to A—H is shown to be supported in
the tree analyses (BS 81%; PP 88%; Figs. 1 and S1). Tetraploid
C. douglasii contains 13 haplotypes (Table 2). Haplotype P was
the most common one, found in 41 individuals in total, including
not only 4x C. douglasii (N = 27), but also 3x (N = 11) and
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4x (N = 3) C. suksdorfii. Apart from haplotype P, haplotypes J,
L, and O were also shared with either 3x C. suksdorfii from the
Idaho (IDS, ID6) or 4x C. suksdorfii from Montana (MT2), or
both (Table 2; Fig. 1). Haplotype K was found uniquely in 4x C.
suksdorfii (MT2), and to be neighbor to haplotype Q detected in
Ontario C. douglasii (ON20).

NUCLEAR GENEALOGIES

In this study, we detected two clearly distinguishable copies of
PISTILLATA and PEPC genes in all of our samples, polyploids
as well as diploids. This is not surprising in Crataegus, or in
any other members of Rosaceae tribe Pyreae. This tribe ap-
pears to have originated as diploidized, hybrid tetraploids from
Gillenia-like ancestors (Evans and Campbell 2002; Smedmark
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et al. 2003; Freeling and Thomas 2006; Campbell et al. 2007).
Other nuclear genes such as GBSSI (Evans et al. 2000) and LEAFY
(Wada et al. 2002; Esumi et al. 2005) have also been reported to
contain multiple copies in the Pyreae genera.

PEPC

Of the total of 332 sequences obtained from the 34 individuals,
19 were detected with significant recombinant points and showed
incongruent positions among trees of different partitions, and
hence were removed from further analyses. Amplicons of the
partial PEPC genes are of approximately 740 bp in size. Despite
intensive cloning efforts, only two copies were detected across all
individuals, designated here as L (long) and S (short) copies based
on the length (indels) and nucleotide differences. Open reading
frames (ORFs) were identified in their exon sequences, suggest-
ing functionality of both copies. The L and S copies of PEPC
are resolved as two distinct clades in all tree analyses (Figs. 2A
and S2).

In the clade containing the L copy (Fig. 2A), very little resolu-
tion is obtained from the tree analyses, except the clade containing
sequences of 2x and 3x C. suksdorfii from Oregon (BS 85%; PP
98%). By contrast, the network analyses provide a better indica-
tion of taxon relationships. Seventeen haplotypes labeled as A—Q
were identified from the 88 PEPC-L sequences (Table 2; Fig. 2B).
Diploid C. suksdorfii contains haplotypes A, B, D, E, F, and G.
Triploid C. suksdorfii from Oregon (ORO6) either shares the same
haplotype A or contains related haplotype of A in the diploids
(BS 85%; PP 98%), supporting their close association as shown
in the chloroplast data (Figs. 1 and S1). On the other hand, indi-
viduals of 3x (ID5, ID6) and 4x (MT2) C. suksdorfii were found
to share, either separately or in combination, multiple haplotypes
with 2x C. suksdorfii (F and G) and 4x C. douglasii (F, H, I, L, Q,
and M; Fig. 2B), reflecting a higher level of heterogeneity within
these individuals. In addition, Neighbor-Net (NN) analyses show
that 2x and 3x (OR6) result in a star-like topology, whereas 2x
and 3x (ID5, ID6) as well as 2x and 4x (MT2) both produce a
much more reticulated topology (Fig. 3A-D). Differences in the
shape of these NN-splits graphs are consistent with the lack of
reticulation or a single origin of 3x from Oregon, but multiple
origins of 3x from Idaho and 4x from Montana (whose sequences
are found to be scattered in the total network; Fig. 3D).

Compared to the L copy, the S copy is shown to be more
variable and resolved taxa into three moderately supported sub-
clades A, A, and Az within the large clade A (Figs. 2A and S2).
All sequences of 3x individuals from Oregon (OR6) are found to
be monophyletic with the 2x C. suksdorfii (OR1, OR11) in clade
A, (BS 80%; PP 99%), which supports a single origin of these
triploids. However, sequences of 3x (ID) and 4x (MT) from other
sites are found to be polyphyletic and nested in clades such as A

(BS < 50%; PP 68%) and Az (BS 76%; PP 86%) together with 2x
C. suksdorfii (OR) and 4x C. douglasii (ID, MT, WA). In the re-
mainder of the S-copy clade (labeled as clade B), only sequences
of 4x C. douglasii (CA, ID, MT, ON, and WA) and 4x C. suksdorfii
(MT) are observed (BS 78%; PP 91%; Figs. 2A and S2). Simi-
larly, topologies of the NN-splits graphs (Fig. 3E-H) indicated a
greater reticulation when 3x (ID) and 4x (MT) C. suksdorfii se-
quences were included, consistent with the PEPC-L results. The
total network (Fig. 3H) suggests a considerable introgression of
alleles between polyploid C. suksdorfii and C. douglasii.

PISTILLATA

Of the total of 321 sequences obtained from the 34 individuals,
13 were detected with significant recombinant points and showed
incongruent positions among trees of different partitions, and
thus were removed from the subsequent phylogenetic analyses. In
the partial PISTILLATA gene of 1150 bp, about 140 bp in the first
intron were deleted from all analyses because a hypervariable
AT-rich region was detected that could not be aligned unambigu-
ously. As with PEPC, despite intensive cloning only two copies
of PISTILLATA were detected. They are designated as S (short)
and L (long) and can be clearly identified based on indels and nu-
cleotide differences. The PISTILLATA-L copy is shown to be more
variable than the S copy (parsimony informative sites: 157 vs. 69)
and no clear ORF was observed in their exons, thus suggesting
that this is a pseudogene copy. Trees of PISTILLATA reveal two
distinct and strongly supported clades, corresponding to the S
and L copies (Figs. 4 and S3). Sequences of the S copy are almost
completely unresolved regardless of the phylogenetic methods
used (results not shown). By contrast, phylogenetic resolution was
observed with the L copy where sequences are divided into clades
A (BS 75%; PP 86%) and B (BS 93%; PP 97%). Within clade
A, the subclade A; contains only sequences of 4x C. douglasii
(ID, MT, ON, and WA) and 4x C. suksdorfii (MT) (BS 100%; PP
100%; Figs. 4 and S3), equivalent to clade B of PEPC-S (Figs. 2A
and S2). The remainder of clade A is a mixture of sequences
from 2x (OR), 3x (ID), and 4x (MT) C. suksdorfii together with
those from 4x C. douglasii that are also poorly resolved. Sister to
clade A is clade B that shows a monophyly of all 3x C. suksdorfii
from Oregon (OR6; N = 18) together with 2x C. suksdorfii se-
quences from Oregon and California (OR1, CAS5; N = 5; Fig. 4),
supporting the single origin of these triploids. A comparable TCS-
network constructed from PISTILLATA-L sequences was found
to contain an excessive number of haplotypes and no clear pattern
could be detected. Although the overall level of reticulation shown
in the NN-splits graphs (Fig. S4) is not as high as those based
on the PEPC data, similar trends can still be observed among
comparisons.
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autotriploidy
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duplication event
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[ 3x-C. suksdorfii (OR)
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Figure 2. (A) Schematic representation of the strict consensus of MP trees for the L and S copies of PEPC (for details, see Fig. S5A,B).
Bootstrap (left) and posterior probability (right) values are indicated on branches. Numbers in parentheses represent the number of
sequences found in selected clades. Locality labels are indicated in Table 1; (B) Statistical parsimony network of nuclear haplotypes A-Q
(Table 2) obtained from 91 PEPC-L paralog sequences representing diploid and polyploid individuals of C. suksdorfii and C. douglasii.
Ploidy level, locality, and number of sequences found in the same haplotype are indicated in each circle. Sizes of circles are approximately
proportional to the number of sequences with the given haplotype. Bars on lines between circles represent site changes between

haplotypes under the statistical parsimony criterion. Shaded outlines and percentages indicate clades and their level of support in
Bayesian analyses.
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0.001

PEPC-S

0.001

Figure 3. Neighbor-net splits graphs based on the PEPC-L (A-D) and PEPC-S (E-H) sequences showing limited reticulation (starbursts) in
(A) and (E), and extensive reticulation elsewhere (B-D, F-H). In (A) and (E), Oregon 2x Land3x Oc suksdorfii; in (B) and (F), Oregon
2x l:l and Idaho 3x . C. suksdorfii; in (C) and (G), Oregon 2x D and Montana 4x . C. suksdorfii. In (D) and (H), inclusion of 4x
C. douglasii M indicates the way in which this taxon is also implicated in the reticulation seen here.

TESTING ALTERNATIVE TOPOLOGIES

SH tests based on each of the nuclear datasets failed to reject the
null hypothesis that 2x and 3x individuals from Oregon form one
monophyletic group (P > 0.1; Table 3). These results are consis-
tent with the tree and network analyses (Figs. 1-4), and support
the autopolyploid origin of these 3x individuals. On the contrary,

the likelihood scores between the unconstrained trees and trees
constrained to fit the null hypothesis were significantly different
for the other two comparisons involving 2x and 3x from Idaho and
2x and 4x from Montana (P < 0.01). Instead, as suggested by the
tree and network findings (Figs. 1-4), these polyploids contain
more heterogeneous gene pools with polyphyletic origins.
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Figure 4. Schematic representation of the strict consensus of MP trees for the S and L copies of PISTILLATA (for details, see Fig. S6).
Bootstrap (left) and posterior probability (right) values are indicated on branches. Numbers in parentheses represent the number of
sequences found within clades. Locality labels are indicated in Table 1. Sequences of the S-copy obtained from all examined individuals
(Table 1) are unresolved and are thus represented by a triangle. Two clades (A and B) were identified for the L-copy.

Table 3. Likelihood scores and level of significance of the Shimodaira—Hasegawa tests based on nuclear data. Asterisks denote significant
differences in likelihood scores between the unconstrained ML trees and the ML trees constrained to fit the null hypothesis that the
groups are monophyletic.

Nuclear data Groups constrained Likelihood Differences P-value
to be monophyletic score
PEPC-L No constraint —1869.14 - -
{2x and 3x (OR)} —1855.67 4.46 0.3
{2x and 3x (ID)} —1919.77 59.63 0.002*
{2x and 3x (MT)} —1901.63 41.49 0.006*
PEPC-S No constraint —2150.96 - -
{2x and 3x (OR)} —2156.66 5.70 0.245
{2x and 3x (ID)} —2239.77 88.82 0.004*
{2x and 3x (MT)} —2242.86 91.91 0.003*
PISTILLATA-L No constraint —4003.82 - -
{2x and 3x (OR)} —4017.88 13.98 0.115
{2x and 3x (ID)} —4242.41 230.58 0.0001*
{2x and 3x MT)} —4409.36 405.54 0.0001*
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Figure 5. A summary model synthesized based on the results of the sequence and flow cytometry data, indicating parental lineages

and gene flow in the diploid-polyploid complex of C. suksdorfii and C. douglasii. Solid lines indicate topologies resulting from PEPC data
whereas dotted lines indicate PISTILLATA data. Four routes for polyploid formation are inferred (see Discussion for details). Branches in
gray indicate hybridization between 2x C. suksdorfii and 4x C. douglasii. Branches in bolded indicate the backcrossing of the allotriploids
with their diploid progenitors. Lines with arrows indicate recurrent gene flow between the sympatric 4x C. suksdorfii and 4x C. douglasii.

Discussion

MODELLING POLYPLOID FORMATION

Based on all of our findings, including the evolutionary relation-
ships inferred from the nuclear and chloroplast genes (Figs. 1-4),
as well as ploidy-level determinations (Table 1), Figure 5 was syn-
thesized to illustrate the following routes of polyploid formation
and reticulate evolution.

Route 1: Autotriploidy

Triploid individuals of C. suksdorfii from Oregon were shown to
be monophyletic and closely associated only with 2x C. suksdorfii
in the chloroplast and nuclear data (Figs. 1-4). These 3x indi-
viduals also display a relatively lower haplotype diversity than
the others (Table 2), which is to be expected, considering that
these triploids are either sterile or less fertile than diploids and
tetraploids (Dickinson et al. 1996). Both the nuclear and organelle
genomes of the Oregon triploids were inherited only from the 2x

C. suksdorfii with no other taxa involved (Fig. 5). We infer that
fertilization of an unreduced egg (2x ¢) by a reduced sperm (1x
d), in both cases from diploid parents, is one possible mechanism
for this autotriploid formation. In Crataegus, the preponderance
of evidence supports this scenario, because pollen from diploids
typically is reduced (Talent and Dickinson 2007), even though
cases of unreduced mate gametes in diploids are seen in other
groups (Orjeda et al. 1990; Maceira et al. 1992; Ortiz et al. 1992;
Ramsey 2007). Moreover, unreduced female gametes produced
by these 3x individuals (Dickinson et al. 1996), and gametophytic
apomixis generally provide a mechanism for both a degree of re-
productive isolation as well as means of reproductive assurance
if pollen and/or pollinator services are available.

Route 2: Allotriploidy
Unlike the Oregon triploids, sequences of 3x C. suksdorfii from
Idaho are consistently associated with both 2x C. suksdorfii and 4x
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C. douglasii (Figs. 1-4) and reveal a greater amount of haplotype
variation (Table 2). The reticulation detected in the data (Figs. 3
and S4) coupled with the rejection of the monophyly (Table 3)
points to their allopolyploid origin. Allotriploids could be derived
from the fusion of reduced gametes from both 2x C. suksdorfii and
4x C. douglasii (Fig. 5; Talent and Dickinson 2007). Chloroplast
findings suggest that both species have served as the maternal par-
ent, but with the clear preponderance of maternal influence from
4x C. douglasii (Figs. 1 and S1). It is unclear whether the bias
in the direction of hybridization is caused by differences in the
relative abundance of the parental species in sites where these al-
lotriploids were formed, or by environment-dependent selection
on the progeny between reciprocal crosses of the two parental
species. These factors, either separately or together, were sug-
gested to influence the frequency of a species to mother hybrids
within sympatric populations in flowering plants (Tiffin et al.
2001 and references therein).

Route 3: Backcrossing to tetraploidy

Tetraploid C. suksdorfii (MT2) and allotriploids (ID) share the
same chloroplast haplotypes (I and O; Fig. 1). Sequences of
these 4x individuals are found in polyphyletic lineages in the
nuclear data (Figs. 2—4). One likely pathway for the origin of 4x
C. suksdorfii is backcrossing between the allotriploid (unreduced
3x @ gametes) and their 2x progenitors (reduced 1x & gametes;
Fig. 5), given that allotriploids can be nearly as fertile as diploids
and tetraploids and are capable of setting seeds (Dickinson et al.
1996). Our results provide additional empirical evidence for the
hypothesis of triploid bridge in tetraploid formation (Ramsey and
Schemske 1998), as also documented by Husband (2004), Joly
and Bruneau (2004), Ayres et al. (2008), and Slotte et al. (2008).

Route 4: Gene flow between sympatric tetraploids

Subsequent to the formation of 4x C. suksdorfii, these individ-
uals interbred with 4x C. douglasii, as evidenced by the unique
associations detected in the chloroplast and nuclear data (e.g.,
haplotypes J and L in Fig. 1; clade B in Fig. 2A; haplotypes Q and
L in Fig. 2B). Individuals of these two taxa occur in sympatry at
our Montana site (Table 1) where there is no obvious niche sepa-
ration between them. In addition, pollen of both taxa is known to
be highly stainable at this site (64—82% in C. suksdorfii and 86%
in C. douglasii; Dickinson et al. 1996) so that crossing between
these taxa at this ploidy level is possible (Lo et al. 2009a).

SYMPATRIC FORMATION AND ALLOPATRIC
ESTABLISHMENT OF POLYPLOIDS

Polyploidy is an important mechanism of sympatric speciation
because polyploid descendants are thought to be reproductively
isolated from their diploid progenitors (Coyne and Orr 2004; Tate
et al. 2005; Ortiz-Barrientos and Rieseberg 2006; Mallet 2007).
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Our results, as well as those from some other studies (e.g., Ramsey
and Schemske 1998; Husband 2004; Slotte et al. 2008) demon-
strate that triploid plants (especially allotriploids) may not be
completely sterile and can function as seed parents, given game-
tophytic apomixis, and so can provide a triploid bridge that facil-
itates gene flow between diploids and at least some tetraploids.
Gametophytic apomixis and the production of viable pollen, par-
ticularly in Ranunculus, some Rosaceae, and some Asteraceae, are
thus key components of polyploid speciation (Van Dijk 2003; Joly
and Bruneau 2004; Horandl 2006; Thompson and Whitton 2006;
Talent and Dickinson 2007). In addition, physiological differences
between polyploids and their diploid progenitors (Stebbins 1971;
Ramsey and Schemske 1998), could contribute to allopatric estab-
lishment within a species complex. In the case of hawthorns, this
will be promoted by their dispersal syndrome and ruderal habit.
For instance, C. suksdorfii diploids appear to be restricted to
lower elevations to the west of the Cascades, whereas polyploids
are widespread and often abundant in the Cascades and eastward
into the Rocky Mountains (Dickinson et al. 2008). Although our
results indicate that polyploids have been derived repeatedly from
diploid progenitors, in fact we have no data for the co-occurrence
of these diploid and polyploid plants. In the case of C. suksdorfii
there is also a degree of morphological differentiation (Dickinson
etal. 2008) that accompanies the genetic differentiation seen in the
microsatellite data (Lo et al. 2009a). To the extent that the estab-
lishment of newly formed polyploids may take place more often
in allopatry, or are at least found in allopatry with their diploid
progenitors, it may be more accurate to see polyploidization as
a mechanism leading to allopatric speciation, if geographically
isolated cytotypes are recognized as separate species.

Allopatric distribution of cytotypes has been reported in
other groups (e.g., Baack 2004; Stuessy et al. 2004; Grundt
et al. 2005; Nakagawa 2006) and this could be advantageous
for polyploid establishment in two ways. First, the success of
neopolyploids in populations of their diploid progenitors is not
necessarily automatic. In the absence of uniparental reproduction
(e.g., by selfing and apomixis), rare polyploids may suffer from
frequency-dependent selection (“minority cytotype exclusion;”
Levin 1975; Husband 1998). The ability to colonize areas where
parental cytotypes are absent can reduce competition and enhance
survivorship. Second, polyploids may be more tolerant than
diploids of less-favorable abiotic conditions (Ehrendorfer 1980;
Levin 2002). In contrast to our diploid C. suksdorfii that occur in
mesic lowlands, autotriploid, allotriploid, and tetraploid cytotypes
of this taxon are found in colder and/or more xeric environments
(Dickinson et al. 2008; E. Y. Y. Lo et al., unpubl. ms.). Autopoly-
ploidy and allopolyploidy could thus both be viewed as processes
that facilitate range expansion of diploid progenitors whose poly-
ploid descendants are better adapted to new and less-favorable
environments.
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THE COMPLEMENTARY ROLES OF TREE

AND NETWORK METHODS

It has been long recognized by biologists that there are many
instances in natural evolution in which the genetic material is
not transferred in a hierarchical way, These include events such
as hybrid speciation (Rieseberg et al. 2000; Mallet 2007), hori-
zontal gene transfer (Bergthorsson et al. 2003; Richardson and
Palmer 2007), and recombination (Posada et al. 2002; Ruths and
Nakhleh 2005). The concept of “bifurcating trees” may oversim-
plify our view of evolution. For this reason, a variety of methods
has been developed based on different strategies to deal with these
reticulate phenomena (e.g., Strimmer et al. 2001; Nakhleh et al.
2004; Holland et al. 2005; Huson and Bryant 2006; Morin and
Moret 2006). Our study demonstrates that the network and tree
approaches play a complementary role for inferring evolutionary
history of polyploids at the interface of inter- and intraspecific
levels.

With a pool of sequences representing two or more paralo-
gous lineages, tree reconstructions provide a hierarchical set of
relationships enabling us to not only identify monophyletic groups
but also to position gene duplication events and to infer the number
of putative gene copies. This is particularly useful when employ-
ing nuclear gene markers in polyploid organisms. Although the
tree approach may convey less information than the network when
examining closely related taxa, the attempt to search for the opti-
mal tree with a model-based algorithm may reveal a more accurate
topology. In addition, alternative topology testing by likelihood
methods (e.g., the SH tests; Table 3) provides statistical evalua-
tion of competing evolutionary hypotheses, which cannot be done
with the network approach at present.

On the other hand, with a pool of sequences representing or-
thologous alleles inherited from more than one genome, network
constructions provide alternative views (i.e., anastomoses instead
of bifurcations) enabling us to infer reticulate relationships, as
well as to evaluate the extent of reticulation. For instance, in the
absence of reticulation, as in our 2x and 3x from Oregon (Fig. 3),
taxa are united as a well-supported clade in tree analyses (Figs. 1,
2A, and 4). However, when there is a considerable level of retic-
ulation, as detected in the 3x from Idaho and 4x from Montana
(Fig. 3), taxa either form a polytomy or receive weak support, if
resolved in the trees (Figs. 1, 2A, and 4). These outcomes cor-
roborate the predictions from simulation studies (e.g., Cassens
et al. 2005; Huber and Moulton 2006; Woolley et al. 2008). In
these cases, the network approach appears to be more suitable for
resolving or visualizing reticulate relationships.

Although networks have been successfully and frequently
applied for modelling molecular evolution with gene expression,
single nucleotide polymorphism, and protein data (see Morrison
2005 and references therein), this approach is not yet common
for inferring reticulation history among organisms in evolution-

ary studies. One potential reason for this is that the ability of
the network approach to accurately estimate the true underlying
genealogical relationships has only been examined in a limited
number of studies (e.g., Cassens et al. 2005; Woolley et al. 2008).
Another reason is that existing network construction software
for DNA sequence data mostly employ parsimony (e.g., Clement
et al. 2000; Jin et al. 2007; Than et al. 2008) or distance (e.g.,
Bandelt et al. 1999; Makarenkov 2001; Bryant and Moulton 2004)
rather than a model-based method. An extension of a likelihood
or Bayesian framework with nucleotide data, which allows model
specification or testing of particular hypotheses, would yield ac-
curacy to reflecting genealogical relationships and gain popularity
to be used in evolutionary studies.
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