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† Background and Aims The taxonomic complexity of Crataegus (hawthorn; Rosaceae, Maleae), especially in
North America, has been attributed by some to hybridization in combination with gametophytic apomixis and poly-
ploidization, whereas others have considered the roles of hybridization and apomixis to be minimal. Study of the
chemical composition and therapeutic value of hawthorn extracts requires reproducible differentiation of entities
that may be difficult to distinguish by morphology alone. This study sought to address this by using the nuclear ribo-
somal spacer region ITS2 as a supplementary DNA barcode; however, a lack of success prompted an investigation to
discover why this locus gave unsatisfactory results.
† Methods ITS2 was extensively cloned so as to document inter- and intraindividual variation in this locus, using
hawthorns of western North America where the genus Crataegus is represented by only two widely divergent
groups, the red-fruited section Coccineae and the black-fruited section Douglasia. Additional sequence data from
selected loci on the plastid genome were obtained to enhance further the interpretation of the ITS2 results.
† Key Results In the ITS2 gene tree, ribotypes from western North American hawthorns are found in two clades.
Ribotypes from diploid members of section Douglasia occur in one clade (with representatives of the east-Asian
section Sanguineae). The other clade comprises those from diploid and polyploid members of section Coccineae.
Both clades contribute ribotypes to polyploid Douglasia. Data from four plastid-derived intergenic spacers demon-
strate the maternal parentage of these allopolyploids.
† Conclusions Repeated hybridization between species of section Douglasia and western North American members
of section Coccineae involving the fertilization of unreduced female gametes explains the observed distribution of
ribotypes and accounts for the phenetic intermediacy of many members of section Douglasia.

Key words: Reticulate evolution, nrITS, cpDNA, Crataegus, Douglasia, Coccineae, Rosaceae, hawthorn,
gametophytic apomixis, allopolyploid, autopolyploid, concerted evolution, hybrids, taxonomy.

INTRODUCTION

North American hawthorns (Crataegus L., Rosaceae) are well
known for being taxonomically difficult. ‘The Crataegus
problem’ consists of having large numbers of species, often with
very limited geographical ranges, that are distinguishable only
by relatively minor morphological differences (Palmer, 1932;
Camp, 1942). Palmer and Camp were able to point to limited evi-
dence implicating apomixis, hybridization and polyploidy in the
origin of these difficulties, but it is only in the past 35 years that
all three of these processes have been causally linked to each
other (Dickinson et al., 2007; Whitton et al., 2008), and poly-
ploidy and gametophytic apomixis are now well documented
in this genus (Muniyamma and Phipps, 1979a, b; Talent and
Dickinson, 2005, 2007a, b, c). Also, molecular data have provided
evidence for hybridization and auto- and allopolyploidization in
Crataegus (Lo et al., 2009b, 2010). Taxonomic revision of the
genus has employed numerical phenetics in order to place mor-
phological taxonomy on a sound footing (e.g. Dickinson et al.,

2008), and many species names have been placed in synonymy
on this basis (e.g. Phipps, 1998).

Because of the potential therapeutic value of hawthorn-
derived natural health products (NHPs; Guo et al., 2008;
Edwards et al., 2012), we have collaborated with natural
product chemists, physiologists and growers in comparing
Crataegus spp. native to the Pacific Northwest with some of
the Eurasian taxa used in the manufacture of most commercial
NHPs. Such a study requires reproducible differentiation of en-
tities that may be difficult to distinguish by morphology alone.
Moreover, certification of hawthorn NHPs will require taxon-
specific markers with which to authenticate the species compos-
ition of the NHPs. As described elsewhere (M. Zarrei et al.,
unpubl. res.), we investigated the utility of plant DNA barcode
loci as possible markers. The loci tested included the second
nuclear internal transcribed spacer (nrITS2), and our lack of
success with this locus came as a surprise, given the results
obtained earlier with ITS by Lo et al. (2007, 2009a) and others
in phylogenetic studies.
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Here we describe the results of extensively cloning ITS2 so as
to document inter- and intraindividual variation in this locus.
Additional sequence data from selected loci on the plastid
genome further enhance our interpretation of the ITS2 results.
Specifically, we ask (1) whether ITS2 sequences are homoge-
neous within individuals; (2) whether sequence variation in the
plastid loci parallels that seen in ITS2; and (3) whether ITS2
homogeneity varies with taxon, ploidy and breeding system.
Answers to these questions are evaluated in the light of data
from recent hybrids of known parentage and data on ITS2 sec-
ondary structure. In turn, we use our results to evaluate the role
of reticulate evolution in a group of mainly western North
American hawthorns. In this way, our results will help us to
evaluate the way in which taxonomists have minimized the
role of hybridization in Crataegus (e.g. Phipps, 2005) in describ-
ing new taxa for the genus from the Pacific Northwest.

MATERIALS AND METHODS

Plant materials

Our exploration of inter- and intraindividual ITS2 variation
focuses on individuals (our operational taxonomic units;
OTUs) of the diploid and polyploid black-fruited hawthorns of
western North America, Crataegus section Douglasia Loud.
(Table 1; Supplementary Data Table S1). Because this is a geo-
graphically relatively isolated group, it has been intensively
studied, and is now probably the best known group of hawthorns,
especially with respect to its cytotypic, molecular and morpho-
logical variation (Dickinson et al., 1996, 2008; Talent and
Dickinson, 2005, 2007a, b; Lo et al., 2007, 2009b, 2010).
Section Douglasia is also a group in which recent botanical ex-
ploration in western North America has led to the description
of several new species over the past 20 years (Table 1; Phipps,
1998, 1999; Phipps and O’Kennon, 1998, 2002, 2007). Several
of these newly described species exemplify the concerns referred
to above in having limited geographical ranges (Table 1), and
being distinguishable only by relatively minor morphological
differences.

Our use of two of the older, well-established names in the
section warrants comment. Crataegus gaylussacia is understood
here in the restricted sense of the original description by Heller
(1903), rather than in the wide sense employed in the standard
list for Canada (Brouillet et al., 2010 +). We argue elsewhere
(T. A. Dickinson et al., unpubl. res.) that this narrower circum-
scription is warranted because individuals corresponding to the
entity seen by Heller in California (without determining the
number of stamens per flower) are ecologically and cytologically
distinct from other 20-stamen, black-fruited hawthorns of
western North America. For this reason, Crataegus suksdorfii
is understood here in the wide sense of Dickinson et al. (2008)
as encompassing 20-stamen, black-fruited diploid, triploid,
tetraploid and pentaploid cytotypes found from northern
California to central British Columbia, and as far east as the con-
tinental divide. Elsewhere (T. A. Dickinson et al., unpubl. res.)
we justify this wide circumscription by noting that it includes
the type material of the first 20-stamen black-fruited entity to
be described (C. douglasii var. suksdorfii Sarg.).

Based on previous phylogenetic results (Campbell et al.,
1997; Lo et al., 2007), we used Amelanchier, Pyrus, Malus,

Cotoneaster and Sorbus as outgroups, obtaining sequences
from individuals in earlier studies deposited in GenBank
(Benson et al., 2011; Supplementary Data Tables S2 and S3).
We also included black- and red-fruited members of Crataegus
sections Brevispinae, Coccineae, Crataegus, Mespilus (previ-
ously considered as a distinct genus) and Sanguineae to
provide context for our Douglasia results. Only a few of the
red-fruited species that are numerous and abundant in eastern
North America have ranges that extend into the Rocky
Mountains and farther west (Phipps, 1998), and we included
these in our sample in order to be able to evaluate hypotheses
of hybridization (Table 1). We also included naturalized
diploid C. monogyna (section Crataegus; Table 1) and its two
documented hybrids (Christensen et al., 2014) with native
diploids in sections Coccineae (C. punctata; Wells and Phipps,
1989) and Douglasia (C. suksdorfii; Love and Feigen, 1978).
By including sequences from known hybrid accessions and
from the parental species, we are able to observe the effects of
recent hybridization on intraindividual variation in recoverable
ITS2 sequences, and the extent of their concerted evolution.
Inclusion of additional species from section Coccineae enables
us to test whether one or more of the entities in section
Douglasia could have also arisen as intersectional hybrids, as
suggested by Brunsfeld and Johnson (1990) and Talent (2009).
Our current sampling thus encompasses representatives of all
major Crataegus clades (Table 1; Lo et al., 2007, 2009a) and
almost all Crataegus taxa found in western North America.

To infer the maternal phylogeny of species studied for ITS2,
four plastid intergenic spacers were analysed here: trnL-F,
trnG-trnS, rpl2-trnH and rpl20-rps12. For these markers, only
one accession per species per ploidy level was studied (as indi-
cated by an asterisk in Supplementary Data Table S1).

Molecular methods

Total genomic DNAs were extracted from young silica-gel
dried leaves (Chase and Hills, 1991) and occasionally from herb-
arium specimens using a method modified from that of Tsumura
et al. (1995). All genomic DNAs were further purified using a
Bio Basic EZ-10 Spin Column PCR purification Kit (Bio
Basic Inc., Markham, Canada) to remove polysaccharides and
polyphenols that prevent amplification, particularly if the
tissues were collected later in the growing season (Demeke and
Adams, 1992).

Amplification of ITS2 and portions of downstream and up-
stream regions of ITS2 used the previously published primers,
ITS-S2F (Chen et al., 2010) and ITS4 (White et al., 1990).
Plant systematic studies at lower phylogenetic levels often use
the entire nrITS region. However, only ITS2 was adopted as
one of the supplementary universal markers for plant DNA bar-
coding purposes (Yao et al., 2010). Our interest in this particular
region was aroused by the difficulties we encountered in using it
for barcoding (Dickinson et al., 2011). In addition, there is an ex-
tensive database available for ITS2 that provides information on
secondary structure (Koetschan et al., 2012). Amplification of
four plastid markers (trnL-F, trnG-trnS, rpl2-trnH and
rpl20-rps12) used the previously published primers as follows:
c and f of Taberlet et al. (1991) for trnL-F; trnG (UCC) and
trnS (GCU) of Hamilton (1999) for trnG-trnS; rpl2 and trnH
of Vaillancourt and Jackson (2000) for rpl2-trnH; and rpl20
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TABLE 1. Ingroup species included in the current study for ITS2 and plastid locus sequencing (Table 2)

Section Series Species
Ploidy

(x ¼ 17) Distribution Accessions

Brevispinae Beadle ex
C.K.Schneid.

Brevispinae (Beadle) Rehder C. brachyacantha Sarg. & Engelm. 2x Regional (LA, TX) 3

Coccineae Loudon Crus-galli (Loud.) Rehder C. crus-galli L. 2x E North America 1
Chrysocarpeae J.B. Phipps C. chrysocarpa Ashe 4x N America 2
Macracanthae (Loud.) Rehder C. macracantha Lodd. ex Loud. 4x N America 3
Punctatae (Loud.) Rehder C. punctata Jacq. 2x E North America 3
Triflorae (Beadle) Rehder C. triflora Chapm. 4x SE USA 1

Crataegus Crataegus C. monogyna Jacq. 2x W Eurasia 4
Pentagynae (C.K. Schneid.) Russanov C. pentagyna Waldst. & Kit. 2x W Eurasia 1
Pinnatafidae (Zabel ex C.K. Schneider)
Rehder

C. pinnatifida Bunge 2x E Asia (China, Korea) 3

Douglasia Loud. Cerrones J.B.Phipps C. erythropoda Ashe 4x Regional (CO, NM; SK?) 2
C. rivularis Nutt. 4x Regional (CO, ID, UT, WY) 5
C. saligna Greene 2x Regional (CO, UT) 3

Douglasianae (Loud.) Poletiko C. castlegarensis J.B. Phipps & O’Kennon 4x Regional (Pacific Northwest) 4
C. douglasii Lindl. 4x Pacific Northwest, Great Lakes basin 13

5x Local (BC) 1
C. gaylussacia A. Heller 3x Marin and Sonoma Counties, CA 5
C. okennonii J.B. Phipps 4x Regional (BC, ID, MT, WA) 2
C. shuswapensis J.B. Phipps & O’Kennon 4x Local (BC, MT) 1
C. suksdorfii (Sarg.) Kruschke 2x W of Cascades (CA, OR, WA) 14

3x Regional (Pacific Northwest) 5
4x Local (ID, MT) 1
5x Local (BC) 2

Montaninsulae J.B. Phipps & O’Kennon C. rivuloadamensis J.B. Phipps & O’Kennon 4x Local (Cypress Hills) 1
C. rivulopugnensis J.B. Phipps & O’Kennon 4x Local (Cypress Hills) 1

Purpureofructi J.B. Phipps & O’Kennon C. aquacervensis J.B. Phipps & O’Kennon 4x Local (Cypress Hills) 1
C. atrovirens J.B. Phipps & O’Kennon 4x Local (BC) 1
C. cupressocollina J.B. Phipps & O’Kennon 4x Local (Cypress Hills) 1
C. enderbyensis J.B. Phipps & O’Kennon 4x Local (BC) 2
C. okanaganensis J.B. Phipps & O’Kennon 4x Regional (BC, ID, WA) 1
C. orbicularis J.B. Phipps & O’Kennon 4x Local (BC) 1
C. phippsi O’Kennon 4x Regional (BC, MT, WA) 1

Mespilus (L.) T.A. Dickinson & E.Y.Y. Lo C. germanica (L.) Koch 2x W Eurasia 2
Sanguineae Zebel ex Schneid. Nigrae (Loudon) Russanov C. kansuensis E.H.Wilson 4x E Asia (China) 1

C. maximowiczii C.K.Schneid. 2x E Asia (China, Japan, Korea, Mongolia,
Russia)

2

C. nigra Waldst. & Kit. 2x Central Europe 1
Sanguineae (Zebel ex Rehder) C.K.
Schneid.

C. wilsonii Sarg. 2x E Asia (China) 1

Hybrid C. × cogswellii K.I.Chr. & T.A.Dickinson 2x Local (OR) 2
Hybrid C. × ninae-celottiae K.I.Chr. & T.A.Dickinson 2x Local (ON) 2

The infrageneric classification follows Phipps et al. (1990), Phipps and O’Kennon (1998, 2007) and Lo et al. (2007); also shown are ploidy level (Talent and Dickinson, 2005; Lo et al., 2007, 2010;
J. Coughlan and N. Talent unpubl. data), geographical distribution [Christensen, 1992; Gu and Spongberg, 2003 (online version); Phipps et al., 1990; and specimens in TRT, including the J. B. Phipps
Hawthorn Research Collection], and the number of individuals studied per species (see Supplementary Data Table S1 for voucher information and outgroup taxa).Crataegus kansuensis and two C. douglasii
accessions sampled from Montana (JC281 and JC296; Table S1) were not amplified for the plastid markers. Crataegus triflora was not amplified for ITS2.
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and 5′-rps12 of Hamilton (1999) for rpl20-rps12 (see Heinze,
2007 for PCR primer sequences). Polymerase chain reaction
(PCR) volumes of 25 mL were prepared following the protocol
detailed in Stefanović et al. (2007). DMSO (dimethylsulphox-
ide; 4 % final concentration) was added to ITS2 PCR to reduce
problems common in this region due to secondary structure
(Winship, 1989; Baldwin et al., 1995; Zarrei et al., 2009). The
amplicons were purified using a Bio Basic EZ-10 Spin Column
PCR purification Kit (Bio Basic Inc.).

By direct sequencing of ITS2 amplicons, variation in both the
sequence length and additive polymorphic sites (APS) was
detected. Because of complete conservation of the ITS2 flanking
regions and presence of no clear variation patterns in the ITS2, it
was not possible to design specific PCR primers to target differ-
ent copies selectively. To ensure that all distinct copies of ITS2
were amplified, different sets of PCR amplifications including
changes in annealing temperature, elongation time, and DMSO
and MgCl2 concentrations were tested. Highly denaturing PCR
conditions with DMSO, for example, have been shown to
amplify both low- and high-stability paralogues of ribosomal
DNA well (Buckler et al., 1997). Amplicons were carefully
checked on agarose gels, but no sign of significant length vari-
ation (40 + bp) was found. All purified amplicons were cloned
using the AccepTorTM Vector cloning kit (Novagen, EMD
Chemicals Inc., CA, USA). ITS2 was amplified from the suc-
cessfully transformed colonies using the vector primers. To
maximize the probability of capturing the allelic variation in
the genome, we sequenced a minimum of eight, 12, 16 and 20
clones from diploid, triploid, tetraploid and pentaploid indivi-
duals, respectively. The PCR products were then cleaned using
the 96-well silica plate system (Wizardw SV 96 PCR Clean-Up
System; Promega, Madison, USA). Given the relatively short
length of ITS2, generally only one strand was sequenced.
However, a number of amplicons were sequenced for both
strands to ensure accuracy. Plastid amplicons were directly
sequenced using both the forward and reverse PCR primers.
Cycle sequencing reactions were performed using the BigDyew

Terminator v3.1 kit (Applied Biosystems Inc., Foster City, CA,
USA). Cleaned cycle sequencing products were sequenced on
an ABI 3730 (Applied Biosystems) DNA Analyzer at the Royal
Ontario Museum (Toronto, Canada). Sequences were proofed
and edited using either Sequencher 4.1 (Gene Codes, Corp.) or
Geneious Pro. v.5.6 (Drummond et al., 2012), and assembled
using BioEdit v.7.0.5.3 (Hall, 1999) or Geneious Pro. v.5.6
(Drummond et al., 2012).

In ten cases out of the 1247 ITS2 clones, DNA sequences
showed extremely high divergence compared with ingroup
and outgroup taxa. We conducted BLAST searches for those
sequences against GenBank. In most of these cases, the
matches came back from only distantly related families,
with a low percentage identity (78–88 %) and coverage (80–
89 %); in some cases, no similarity was found to the database.
We suspect that those sequences might result from PCR arte-
facts such as: PCR-generated chimeras, high number of PCR
cycles and template concentration (see the Discussion in Qiu
et al., 2001; Acinas et al., 2005) or be derived from highly di-
vergent pseudogenes. These sequences would not fold into the
secondary structure known for angiosperms (Mai and Coleman,
1997). All of them were removed from subsequent data
analyses.

Sequence analyses

A total of 1237 ITS2 and 175 plastid DNA sequences were
analysed. The sequences were submitted to, and accession
numbers were obtained from, GenBank (Supplementary Data
Tables S2 and S3). Sequences were aligned with CLUSTAL_X
(Thompson et al., 1997) or the Geneious alignment option in
Geneious Pro v.5.6 (Drummond et al., 2012). This initial align-
ment was adjusted manually in BioEdit v.7.0.5.3 or Geneious Pro
v.5.6 to minimize steps in the most-parsimonious trees (e.g.
Koch et al., 2010).

To reduce uninformative repetition in the ITS2 matrix, all
sequences identical to each other for any given accession were
collapsed into a single ribotype using DnaSP v.5 (Librado and
Rozas, 2009). The matrix reduced in this fashion consists of
874 ITS2 ribotypes. The ribotype diversity per individual (Rd;
Nei, 1987), nucleotide diversity per site (Nd; Jukes and
Cantor; Nei, 1987), sequence length variation and guanine plus
cytosine (GC) content were calculated for each accession using
DnaSP v.5. A recombination test was performed using RDP4
Beta 4.14 (Martin et al., 2010). No signs of recombination
were detected in the data set. In addition, the Phi test (Bruen
et al., 2006) was performed using SplitsTree v.4.12.3 (Huson
and Bryant, 2006). This test also failed to find statistically signifi-
cant evidence for recombination (P ¼ 0.797).

Initially, separate parsimonyanalyses were conducted foreach
plastid region to investigate possible incongruence between data
sets (Bull et al., 1993). Because no substantial incongruence was
detected, and because all four plastid markers used in this study
are linked together on a single chromosome, the concatenated se-
quence matrix was analysed.

Indels were coded as separate binary characters for both
nuclear and plastid data sets using SeqState version 1.4.1
(Müller, 2005) with a modified complex coding option
(Simmons and Ochoterena, 2000). Lastly, the ITS2 sequences
were annotated following Keller et al. (2009). The secondary
structure of ITS2 was then predicted using the hidden Markov
model-based method (Keller et al., 2009) and the web interface
ITS2 prediction tool (Koetschan et al., 2012). The presence of
the five structural motifs (see the Results) was investigated for
all ribotypes. The secondary structures were displayed with
PseudoViewer v.3 (Han et al., 2002).

Phylogenetic analyses

Three different phylogenetic analyses were run for the ITS2 and
plastid data sets: (1) maximum parsimony (MP) analyses using
PAUP* v.4b10 (Swofford, 2002); (2) Bayesian analyses (BI;
Yang and Rannala, 1997) using MrBayes v.3.2.0 (Ronquist and
Huelsenbeck, 2003; Ronquist et al., 2010), and (3) Neighbor-Net
(NN; Bryant and Moulton, 2004) network reconstruction using
SplitsTree v.4.12.6 (Huson and Bryant, 2006).

The original ribotype matrix contained more than twice as
many ribotypes compared with the number of characters (874
ribotypes; 369 characters). This prevented the production of
meaningful bootstrap support and reaching convergence in the
Bayesian analysis even after 35 million generations. A safe dele-
tion rule, originally introduced as the safe taxonomic reduction
(STR) strategy by Wilkinson (1995) and modified by Zarrei
et al. (2012), was used to reduce the size of the original data
set. In this fashion, the only sequences retained for a given
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individual were those that were found in different clades in one of
the most-parsimonious trees. The reduced matrix, containing
299 ribotypes, including those from the seven outgroups, was
used for further phylogenetic analyses. The concatenated
plastid matrix included 47 OTUs, including four outgroups.

For the Fitch parsimony analyses (Fitch, 1971), the character
state changes were equally weighted and character changes were
interpreted under ACCTRAN optimization (Agnarsson and
Miller, 2008). A two-stage search strategy was undertaken follow-
ing Stefanović et al. (2007). First, analyses involved 1000 repli-
cates of random taxon addition sequences (RAS), tree bisection
and reconnection (TBR) branch swapping and MULTREES
option off to search for multiple islands of the most-parsimonious
trees (Maddison, 1991). To reduce search time, ten trees per repli-
cate were saved. The second round of analyses was performed on
all trees saved in memory with the same settings, except the
MULTREES option in effect. Both stages of analyses were con-
ducted either to completion or until a minimum of 100 000 trees
were found. The bootstrap support (BS) was estimated using
1000 bootstrap pseudoreplicates (Efron, 1979; Felsenstein,
1985; Holmes, 2003) with simple taxon addition and TBR swap-
ping but permitting only ten trees per replicate to be held. The con-
sistency index (CI), rescaled consistency index (RC), and Farris’
(1989) retention index (RI) were calculated to measure the
amount of homoplasy in the data set.

The general time reversible (GTR; Yang, 1994) model of DNA
evolution, with rate variation among sites following gamma dis-
tribution and proportion of invariable sites (GRT + G + I), was
selected as the best fit model for the ITS2 nucleotide sequence
partition by Akaike information criterion (AIC; Akaike, 1974),
as implemented in MrModeltest v.2.3 (Nylander, 2004). The
best fit model for the concatenated plastid data set selected by
AIC was GTR + I. The Markov k-state (Mk) model, a general-
ized JC69 model, allowing any particular changes to be equally
probable (Lewis, 2001), was used for the indel partition for
both plastid and nuclear data sets.

For the Bayesian analyses, two simultaneous runs with four
chains each were run for 36 million generations for ITS2 and for
2 million generations for the plastid data sets. All shared para-
meters were unlinked between DNA sequence and coded indel
partitions. In each run, every 2000th and 200th tree was
sampled, resulting in 36 000 and 20 000 trees for the ITS2 and
plastid matrices, respectively. The completion of the Bayesian
analysis was assumed when the average standard deviation of
split frequencies was ≤0.05 (Ronquist and Huelsenbeck, 2003)
for the two runs combined, and the convergence between the
Bayesian MCMC (Markov chain Monte Carlo) runs was
reached. Convergence of an independent search was further
explored by plotting likelihood scores vs. generations using
Tracer v.1.5 (Rambaut and Drummond, 2007). The effective
sample size (ESS) values ≥ 200 were considered the absolute
convergence between runs. The burn-in phase for each run (the
first 25 % of sampled trees far after 2lnL stationary distribution
has been achieved) was discarded, and the 50 % majority rule con-
sensustreeof the remaining trees (27 000trees for ITS2and15 000
trees for plastid data) was computed using PAUP*. Support for
Bayesian topologies was estimated using node posterior probabil-
ities (PP) from the posterior distribution of topologies.

To investigate the relationships further, the network recon-
struction using the NN algorithm with uncorrected P-distances

was used for ITS2. Due to the maternal inheritance of the
plastid genome, no network reconstruction was performed for
these markers in this study. The network analyses were per-
formed on both the original ribotype matrix (874 ribotypes)
and the reduced matrix of 299 ribotypes.

RESULTS

Sequence divergence and ribotype diversity

All hawthorn taxa investigated here, including diploids, possess
more thanoneribotype.Theminimumnumberofdistinct ribotypes
found was three, in C. suksdorfii (2n ¼ 3x) collected from Idaho
(EL-172), and the maximum number was 20, in C. douglasii
(2n¼ 5x) collected from British Columbia (2010-31),
(Supplementary Data Table S1). No sign of APS or electrophero-
gram displacements (indicating the presence of indels in the ampli-
con) was detected in the plastid sequences. Moreover, the cloned
sequences for trnL-F in pentaploid C. douglasii sampled from
British Columbia (2010-38; Supplementary Data Table S1)
showed no sign of the potential biparental plastid inheritance pro-
posed by Zhang and Sodmergen (2010). Only three private purine
transitional mutations were found in five clones sequenced.
Considering 4750 bp sequences (five clones × 950 bp for the
trnL-F length) and that the frequency of error introduced by Taq
polymerase was probably 1 in 1500 bp (Eyre-Walker et al.,
1998), these mutations were probably not genuine mutations.
Allopolyploids exhibited greater nucleotide diversity than diploids
and autotriploids (Fig. 1A). Ribotype diversity exhibited a similar,
but less marked, contrast (Fig. 1B). A total of 586 unique ribotypes
(47 % of the total sequences) were found in the entire data set when
the identityof accessions was not considered. This number was 874
(71 % of the total sequences)when the identitiesofaccessionswere
considered separately. The GC content of triploids and pentaploids
was lower than in diploids and tetraploids (Fig. 1C; Table 2).
Because differences in GC content do not appear to be significant
(Fig. 1C), they will not be discussed further.

ITS2 secondary structure

All analysed ITS2 sequences recovered from each accession
are considered to be functional because they all returned the pre-
dicted secondary structure (Fig. 2) as characterized for Rosaceae
(Mai and Coleman, 1997). The proximal stem of ITS2 structure is
conserved across the entire range of ribotypes studied here. The
24-nucleotide motifs (A and B, Fig. 2) at the 3′ end of 5.8S and the
5′ end of 26S are also each conserved across all ribotypes. Only
one private mutation in 0.08 % of sequences for motif B is
observed without any particular pattern. This point mutation is
probably due to PCR error (Eyre-Walker et al., 1998) as evi-
denced by the lack of a compensatory mutation in motif A. The
fourth nucleotide from the 5′ end of 5.8S (equal to position 63
in the alignment) was mutated from G to C in all ribotypes
belonging to C. series Cerrones ribotypes. These mutations are
not located in the hybridized segment of the stem and hence
they do not alter the structure of the proximal stem of ITS2. A
cytosine (C)-free nucleotide at position 21 of 5.8S and a
thymine (T)-free nucleotide at position 11 of 26S are conserved
in all ribotypes investigated here (Fig. 2). The highly conserved
UGGU motif (preceding the 5′ side to the apex of the third helix)

Zarrei et al. — Reticulate evolution in North American black-fruited hawthorns 257

http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcu116/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcu116/-/DC1


ABC

2x
(n

=
42)

3x-au
(n

=
8)

3x-al
(n

=
2)

4x
(n

=
43)

5x
(n

=
3)

0 .64

0 .66

0 .68

GC content Ribotype diversity (Rd)

0 .3

0 .4

0 .5

0 .6

0 .7

0 .8

0 .9

1 .0

Nucleotide diversity (Nd)

0

0 .01

0 .02

0 .03

0 .04

0 .05

F
IG

.
1

.
T

h
e

d
istrib

u
tio

n
o
f

v
ario

u
s

g
en

etic
v
alu

es
(n

u
cleo

tid
e

d
iv

ersity
,

rib
o
-

ty
p
e

d
iv

ersity
an

d
G

C
co

n
ten

t)
as

a
fu

n
ctio

n
o
f

p
lo

id
y.

A
u
to

trip
lo

id
(in

d
icated

b
y

3
x-au

)
an

d
allo

trip
lo

id
(in

d
icated

b
y

3
x-al)

C
.

su
ksd

o
rfi

i
w

ere
an

aly
sed

sep
-

arately
.

(A
)

B
o
x

p
lo

t
o
f

p
lo

id
y

v
s.

n
u
cleo

tid
e

d
iv

ersity
,

(B
)

b
o
x

p
lo

t
o
f

p
lo

id
y

v
s.

rib
o
ty

p
e

d
iv

ersity
,

(C
)

b
o
x

p
lo

t
o
f

p
lo

id
y

v
s.

G
C

co
n
ten

t.
A

rro
w

h
ead

s
in

-
d
icate

(A
)

C
.

b
ra

ch
ya

ca
n
th

a
sam

p
led

fro
m

L
o
u
isian

a
(2

0
1
1
-0

2
),

(B
)

C
.

su
ksd

o
rfi

i
sam

p
led

fro
m

Id
ah

o
(E

L
-1

7
2
)

an
d

(C
)

C
.

b
ra

ch
ya

ca
n
th

a
sam

p
led

fro
m

L
o
u
isian

a
(2

0
1
1
-0

2
)

an
d

C
.

su
ksd

o
rfi

i
sam

p
led

fro
m

O
reg

o
n

(JC
1
1
7
).

TABLE 2. Comparison of sequence variation among different markers utilized for the current study (outgroups excluded)

Matrix No. of sequences Ungapped length of sequences* Gapped length of sequences % pairwise identity % identical sites % GC content
Nucleotide frequencies

A C G T

ITS2 Original matrix 1237 265 (342.2+6.3) 352 386 93.6 3.5 60 0.155 0.361 0.316 0.169
Haplotype matrix 874 272 (342.3+5.7) 352 357 95.5 9.2 64.9 0.155 0.361 0.316 0.169
Reduced matrix 291 295 (342.4+5 .8) 345 346 95.9 44.5 67.1 0.155 0.36 0.316 0.168

Plastid trnL-F 43 936 (938.6+2.8) 942 950 99.3 96.7 30.3 0.364 0.156 0.151 0.329
trnG-trnS 43 638 (654.3+16) 688 703 97.1 86.7 30.4 0.397 0.129 0.169 0.304
rpl2-trnH 43 264 (323.8+77.9) 533 623 77.3 40.1 13.1 0.411 0.13 0.121 0.338
rpl20-rps12 42 740 (744.2+3.3) 760 760 99.2 95.7 32.6 0.29 0.182 0.151 0.376
Concatenated 43 2579 (2598+94.4) 2707 2707 97.5 66.1 30 0.355 0.156 0.155 0.328

The ungapped sequence lengths are shown as minimum (mean+ s.d.) maximum.
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FI G. 2. The predicted secondarystructure of ITS2 forone accession of ribotypes of triploid C. suksdorfii sampled from Haida Gwaii (2010-42; GenBank accession no.
KC173907). Annotation from HMMs of the 3′ 5.8S motif and 5′ 26S are displayed as solid lines in the proximal stem of ITS2. The free C nucleotide on the 5.8S subunit
and the free T nucleotide on the 26S subunit are shown. The start of the structure and the end of structure are numbered. Four common helix structures, with the third as

the longest, UGGU, triple-A motifs and the U–U mismatch were predicted for the entire data set studied here.
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and the triple-A motif (between helices II and III) are present in
all ribotypes. Positions 152 and 153 at the 5′ side of helix II and
positions 175 and 176 at the 3′ side of helix II correspond to the
U–U mismatch. Position 176 is conserved, whereas position 174
had mutated to C in 10 % of ribotypes.

Phylogenetic analyses

The aligned ITS2 data matrix comprised 369 positions (in-
cluding 23 coded characters for indels) of which 198 were vari-
able, including outgroups (194 excluding outgroups), and 120
were potentially parsimony informative over the entire sample
(93 for the ingroup alone). The second stage of parsimony ana-
lysis was stopped when it reached 100 000 trees, each with 458
steps, a consistency index (CI) of 0.55 (CI ¼ 0.44, excluding un-
informative characters), a rescaled consistency index (RC) of
0.50 and a retention index (RI) of 0.92. Poorly supported
branches in the main clades are drawn as polytomies for discus-
sion of ploidy evolution. The majority-rule consensus tree
obtained from the Bayesian analysis, run under the GTR + I +
G evolutionary model, was topologically congruent with the
MP consensus tree (not shown). Bayesian PP estimations were
superimposed on one of the most-parsimonious trees together
with bootstrap values (Fig. 3).

The four concatenated plastid markers comprised 2707 char-
acters (including 26 coded characters from indels); 127 of
these were variable over the entire sample, including outgroups
plus the ingroup. Seventy-one characters were variable when
outgroups were excluded, and 48 of these were potentially parsi-
mony informative over the entire sample. Only 34 characters
were potentially parsimony informative when outgroups were
excluded. The second stage of parsimony analysis generated
five trees, each with 183 steps, a CI of 0.87 an RC of 0.81 and
an RI of 0.93. The majority-rule consensus tree obtained from
the Bayesian analysis, run under the GTR + I evolutionary
model, was topologically congruent with the MP consensus
tree (not shown). Bayesian PP estimations were superimposed
on one of the most-parsimonious trees together with bootstrap
values (Fig. 4).

Monophyly of the ingroup taxa is well supported (PP ¼ 1.0) in
both the ITS2 and plastid trees. The major clades (A, E, F and H)
were well supported in the plastid tree (Fig. 4; PP 0.99–1.0). The
PP support for the clades A1, A2, A3, B, D and F is high (PP ¼
0.99 and 1.0) in the ITS2 tree (Fig. 3), whereas support for
clades E, and H is relatively weak (PP , 0.82). The overall top-
ology of both trees is comparable with that seen earlier in analyses
of nuclearand plastid loci (Lo et al., 2007, 2009a). In the ITS2 tree
(Fig. 3), the unlabelled branch supporting C. brachyacantha and
C. germanica plus the branches (A1, A2, A3) corresponding to
clade A in the plastid tree (Fig. 4) were retained in the strict con-
sensus tree of . 100 000 most-parsimonious trees and 27 000
Bayesian trees (clade H was not recovered in the Bayesian tree).

Both data sets support the taxonomic structure of the sample
studied here, albeit with slightly different topologies, and in
ways consistent with the matroclinal relationships and hybrid
origins of most polyploids. All members of Eurasian C. section
Crataegus formed a single clade (A) in the plastid tree (Fig. 4),
whereas in the ITS2 tree this clade breaks down into three
chained branches, A1 (C. pinnatifida), A2 (C. monogyna and its
intersectional hybrids C. × cogswellii and C. × ninae-celottiae
plus the individual of C. nigra from C. section Sanguineae) and
A3 (C. pentagyna).

Clades C and D in the ITS2 tree (Fig. 3) collapse in the plastid
tree (Fig. 4) so that the western North American black-fruited haw-
thorns in C. section Douglasia form two sister groups (clades Fand
H) in the unlabelled clade (star, Fig. 4) that together with clade E
make up clade B. Clade F (Figs 3 and 4) comprises the members
of C. series Cerrones, plus the individual of C. shuswapensis
and, in Fig. 3, an allotriploid C. suksdorfii from Haida Gwaii
(2010-42, Supplementary Data Table S1). Clade H comprises
both diploid and polyploid members of C. section Douglasia that
are found in C. series Douglasianae and the exclusively tetraploid
members of C. series Purpureofructi (Figs 3 and 4). In the ITS2
tree, clade H also includes the two tetraploid Cypress Hills ende-
mics with dark red fruit, C. rivuloadamensis and C. rivulopugnen-
sis, that are placed in C. series Montaninsulae (Fig. 3). These two
species are found in clade E in the plastid tree (Fig. 4). All of the
sampled members of Eurasian C. section Sanguineae (including
C. nigra, A2) are found in the unlabelled clade marked with an as-
terisk in the plastid tree (Fig. 4). In the ITS2 tree, with C. nigra in
clade A2, the remaining Sanguineae form clade G, sister to the
Douglasia in clade H (Fig. 3).

In both the ITS2 and plastid trees, members of red-fruited
North American C. section Coccineae are found exclusively in
clade E, with polyploid members of C. section Douglasia
belonging to C. series Douglasianae, Montaninsulae and
Purpureofructi (Figs 3 and 4). Note that in this account of how
taxonomic structure is reflected by our molecular data, we have
placed C. series Montaninsulae in section Douglasia (Table 1);
this series was not placed in a section when first described
(Phipps and O’Kennon, 2007), nor is it placed in a section in
VASCAN (Brouillet et al., 2010 + ).

As discussed elsewhere (Christensen et al., 2014), the hybrid
taxa, C. × ninae-celottiae (C. monogyna × C. punctata) and
C. × cogswellii (C. suksdorfii × C. monogyna) shared their
ribotypes with both of their parents, i.e. each hybrid appears
twice on the ITS2 tree (Fig. 3; C. × ninae-celottiae in clades
A2 and E, and C. × cogswellii in clades A2 and H). However,
as described below, the hybrids differed in terms of which
species was the maternal parent (Fig. 4).

BycloningandsequencingITS2extensivelyand inproportion to
ploidy, we see that almost all of the Crataegus section Douglasia
polyploids are also found twice on the ITS2 tree, with series
Cerrones tetraploids in clades E and F, and series Douglasianae,

FI G. 3. One of the most-parsimonious trees, randomlyselected from .100 000 trees, and obtained from analysis of the data matrix of ITS2 sequences (299 OTUs). Tree
length¼ 458, consistency index (CI)¼ 0.55, rescaled consistency index (RC)¼ 0.5, homoplasy index (HI)¼ 0.45 and retention index (RI)¼ 0.92. Branch lengths
(ACCTRAN optimization) are indicated above branches and bootstrap percentages and posterior probabilities below branches (BS/PP). – indicates branches with
BS ,50 and collapsed in the 50 % majority-rule consensus tree of Bayesian inference. The branches in each main clade were collapsed into polytomies to simplify
the treevisually.Ploidies are those reported inTalentandDickinson(2005),Loetal. (2007,2013)orJ.CoughlanandN.Talent (unpubl.data). ‘C.suksdorfii -3x*’ indicates
the accession sampled from Vancouver Island (JC385; Supplementary Data Table S1), and ‘C. suksdorfii - 3xˆ’ represents the accession sampled from Haida Gwaii

(2010-42; Table S1). An asterisk (*) after PP values below branches indicates the branches collapsed in the strict consensus of .100 000 most-parsimonious trees.
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FI G. 4. One of 25 equally most-parsimonious trees resulted from the analyses of four concatenated plastid markers (trnL-F, trnG-trnS, rpl2-trnH and rpl20-rps12; 47
OTUs, tree length ¼ 182, consistency index (CI) ¼ 0.87, rescaled consistency index (RC) ¼ 0.81; homoplasy index (HI) ¼ 0.12 and retention index (RI) ¼ 0.9256).
The clade coding and classification follow Fig. 3. An asterisk (*) after the species name indicates samples from Vancouver Island (JC385 and JC387), while ˆ indicates

samples from Haida Gwaii (2010-42; Supplementary Data Table S1).
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Montaninsulae and Purpureofructi polyploids in clades E and H
(Fig. 3). Diploid C. saligna appears only once, in clade F
(Fig. 3). Diploid C. suksdorfii (series Douglasianae) and putative
autotriploids (C. gaylussacia and western Oregon triploids) are
found only in clade H. The only exceptions to these patterns are
the tetraploid individual of C. shuswapensis (clades E and F) and
atriploidC.suksdorfii fromHaidaGwaii (cladesE,FandH;Fig.3).

The plastid phylogenetic tree (Fig. 4) enables us to establish
the maternal parentage of the recent hybrids and allopolyploids.
Crataegus monogyna is the maternal parent of the hybrid with
eastern North American C. punctata (clade A; Fig. 4). In contrast,
C. suksdorfii appears to have been the maternal parent of the west
coast hybrid with C. monogyna (clade H; Fig. 4). Tetraploid
members of C. series Cerrones (and C. shuswapensis; clade F)
appear to have C. saligna as their maternal parent, much as the

tetraploids in C. series Douglasianae (and C. enderbyensis) ul-
timately have diploid C. suksdorfii as their maternal parent.
Conversely, tetraploids assigned to C. series Montaninsulae
and Purpureofructi (with the exception of C. enderbyensis)
appear to have had one of the western members of C. section
Coccineae as their maternal parent (clade G; Figs 4 and 5).

In the ITS2 and the plastid phylogenetic trees, other ingroup
taxa were associated with clades the same as or similar to those
in which they were found in earlier studies (Lo et al., 2007,
2009a; Lo and Donoghue, 2012). Crataegus brachyacantha
(section Brevispinae) and C. germanica (section Mespilus) are
sister to the remainder of the genus (Figs 3 and 4). The Eurasian
species C. pentagyna and C. pinnatifida are found with the other
representative of C. section Crataegus in clade A (Figs 3 and 4).
Crataegus nigra is the type of C. series Nigrae in C. section
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FI G. 5. The distribution of ribotypes in C. sections Douglasia and Coccineae and C. monogyna, C. × ninae-celottiae and C. × cogswellii in clades A2 (black), E
(white), F (red) and H (green) on the ITS2 phylogenetic tree (Fig. 3). All proportions sum up to one. Ploidy is shown for each entity studied. Letters inside parentheses
beside each species refer to the directions of ITS2 homogenization (M, biased towards the maternal ribotypes; P, biased towards the paternal ribotypes). Numbers inside
parentheses on the bars indicate the number of accessions analysed. Ploidies in C. suksdorfii are indicated as follows: 3xˆ ¼ allotriploid C. suksdorfii sampled

from Haida Gwaii (2010-42); 3x-au ¼ autotriploid C. suksdorfii; 3x* ¼ allotriploid C. suksdorfiiˆ sampled from Vancouver Island (JC385).
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Sanguineae but is found with other members of section
Sanguineae only in the plastid tree (Fig. 4). In our ITS2 tree,
C. nigra appears together with members of C. section Crataegus
(clade A2, Fig. 3), in contrast to earlier results (Lo et al., 2007).
Crataegus triflora (series Triflorae in C. section Coccineae) is
sister to clade B in the plastid tree. The remaining North
American species (C. crus-galli and C. punctata) are found in
clade E as part of an enlarged C. section Coccineae.

ITS2 composition in hybrids and polyploids

Results of the phylogenetic analyses of the ITS2 and plastid se-
quence data can be summarized graphically so as to contrast
diploids and autotriploids with allopolyploids (Fig. 5). In this
graph the behaviour of the two C. monogyna hybrids illuminates
what is seen in the remainder of the sample: individuals of the
three diploid parent species each contained only the ribotype
found in ‘their’ clade (E, F, H), whereas individuals of each of
the two hybrids contained ribotypes from the clades of both
parents (A2 + E or A2 + H; Figs 3 and 4). The results thus
suggest that hybridization between C. section Coccineae and C.
series Cerrones is responsible for the tetraploids C. erythropoda,
C. rivularis and C. shuswapensis (they contain ribotypes from
clades E and F; Figs 3, 5 and 6). Similarly, hybridization
between C. section Coccineae and C. series Douglasianae appears
to be responsible for the allotetraploids C. aquacervensis,
C. atrovirens, C. castlegarensis, C. cupressocollina, C. douglasii,
C. enderbyensis, C. okanaganensis, C. okennonii, C. orbicularis,
C. phippsii and C. rivuloadamensis (they contain ribotypes from

clades E and H; Figs 3 and 5). The same appears to be true of penta-
ploid C. douglasii, some triploid C. suksdorfii and the tetraploid and
pentaploid C. suksdorfii. On the other hand, C. gaylussacia and some
other C. suksdorfii appear to be autotriploids (clade H ribotypes only;
Figs 3, 5 and 6). A triploid C. suksdorfii from Haida Gwaii appears to
contain ribotypes from all three North American clades (E, F, H;
Figs 3 and 5). The relative proportions of maternal and paternal ribo-
types recovered from each taxon or individual is used to infer the dir-
ection of ITS2 homogenization (Fig. 5).

DISCUSSION

By extensively cloning ITS2, we have captured considerable
ribotype diversity (Fig. 1B; Supplementary Data Table S1)
from a sample that represents all of the major groups in
Crataegus (Table 1). An examination of the secondary structure
of the ITS2 sequences strongly suggests that the ribotype diver-
sity we document is due to variation among orthologues and
paralogues, not to the occurrence of pseudogenes. Visualized
as a gene tree (Fig. 3), not all taxonomic groupings are well sup-
ported, but an NN graph (not shown) provided further evidence
for the observed topological relationships. In addition, the top-
ology of these groups (Fig. 3) corresponds to that seen with
plastid data (Fig. 4) and is consistent with earlier studies based
not only on ITS but also on additional nuclear (Lo et al., 2007,
2009a) and plastid (Lo and Donoghue, 2012) loci. This overall
congruence encourages us to interpret our ITS2 data. We note
that the ribotypes found in diploid individuals from Pacific
Northwest and Rocky Mountain Crataegus section Douglasia

4x C. erythropoda, 4x C. rivularis

2x C. saligna

Crataegus series Cerrones

Crataegus section Coccineae

4x C. macracantha

4x C. chrysocarpa

4x C. douglasii
4x C. castlegarensis
4x C. enderbyensis

4x C. okennoni

2x C. suksdorfii

Crataegus series
Douglasianae

Crataegus series Purpureofructi

4x C. aquacervensis
4x C. atrovirens

4x C. cupressocollina
4x C. okanaganensis

4x C. orbicularis
4x C. phippsii

4x C. rivuloadamensis
4x C. rivulopugnenensis

Crataegus series
Montaninsulae

FI G. 6. A summary model of intersectional hybridization and polyploid formation in Crataegus section Douglasia, based on our analyses of ITS2 and plastid DNA
sequences. This diagram thus does not include theway in which C. douglasii has contributed to the formation of polyploid C. suksdorfii (Lo et al., 2010). It also does not

show the triploid bridges implicitly involved in the formation of tetraploids from crosses between diploid and tetraploid parents.
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occur only in clades F and H (Fig. 3), whereas those found in
polyploid individuals from section Douglasia occur in clades F
and H (Fig. 3), with the diploids, and in clade E with ribotypes
from diploids and polyploids of Crataegus section Coccineae
(Fig. 3).

Clade B received high PP support (1.0 and 0.96 in the ITS2 and
plastid trees, respectively) and comprises all of the taxa belong-
ing to C. sections Coccineae, Sanguineae and Douglasia (Fig. 3).
However, C. nigra of C. section Sanguineae is found in the well-
supported clade A2 in the ITS2 tree (Fig. 3), whereas this species
has an unsupported position in clade B of the plastid tree (Fig. 4).
The reliability of clades E, F and H is high (PP ¼ 0.99 and 1.0) in
the plastid tree.However,onlycladeFhasstrongsupport in theITS2
tree (BS¼ 93; PP¼ 1.0), whereas clades E and H received only
weak support with these sequences (PP ≤ 82). Crataegus series
Montaninsulae and Purpureofructi (except C. enderbyensis)
are found in clade E in the plastid tree, whereas C. series
Douglasianae, except C. shuswapensis, are found in clade H in
the plastid tree.

Direct vs. cloned sequencing of ITS2

For every sample investigated here, the cloned sequences con-
firmed the presence of the APS that were apparent in electropher-
ograms resulting from the direct sequencing. To investigate the
likelihood of possible mistakes incorporated into the DNA
strand by Taq polymerase (Smith et al., 1997; Eyre-Walker
et al., 1998; Nieto Feliner et al., 2004), the direct sequencing
and cloning were performed on the identical pool of amplicons
(accessions EL-32, 2007-03 and 18445; Supplementary Data
Table S1). Moreover, only potentially parsimony-informative
single nucleotide polymorphisms (SNPs) were considered for
this purpose because incorporating private mutational errors at a
single base is more likely than at potentially parsimony-inform-
ative SNPs (Nieto Feliner et al., 2004). All of the samples
showed APS. However, if the frequency of occurrence of one
base in a particular site is ,15 %, only direct sequencing identi-
fied the base with higher frequency in the amplicon pool. This
result emphasizes the limitation of direct sequencing to detect
rare ITS2 ribotypes (see Rauscher et al., 2002; Nieto Feliner
et al., 2004; Koch et al., 2010; Baldwin et al., 2011; Gao et al.,
2012; Gardner et al., 2012). Eight, 12, 16 and 20 clones for
diploid, triploid, tetraploid and pentaploid accessions were suffi-
cient to capture ribotype diversity if the accession arose from hy-
bridization or if multiple ribotypes of ITS2 were present in the
genome.

Incomplete concerted evolution

By documenting the heterogeneous origins of ITS2 paralo-
gues found in an individual, our results also show how concerted
evolution is incomplete (Hollingsworth et al., 2011) in
Crataegus, much as it has been found to be in other Rosaceae,
such as diploid and polyploid Amelanchier spp. (Campbell
et al., 1997), Malus (Feng et al., 2007) and Polylepis (Kerr,
2004). At least three factors appear to be potentially responsible
for this. The presence of several ribotypes in the genome of the
diploid Crataegus taxa studied here suggests that the rate of
mutation among ribotypes is greater than that of concerted evo-
lution (Arnheim, 1983; Nieto Feliner et al., 2004; Nieto Feliner

and Rosselló, 2007). In polyploids the rate of concerted evol-
ution is probably reduced by asexual reproduction, and by
sexual reproduction involving unreduced (apomeiotic) gametes.
Finally, all Crataegus taxa, like those of related genera
(Rosaceae tribe Maleae), probably have greater ribotype diver-
sity than might otherwise be the case because of their ancient
polyploid origin (Campbell et al., 1997, 2007; Evans and
Campbell, 2002).

Allo- and autopolyploidy

We interpret the presence in the C. section Douglasia poly-
ploids, but not in the diploids, of ribotypes of two kinds
(Douglasia-Sanguineae and Coccineae; Fig. 5) as evidence of
allopolyploidy (Figs 5 and 6). This interpretation is strengthened
by the behaviour of the ribotypes found in the recent hybrids
between introduced, diploid C. monogyna (section Crataegus)
and two native diploid species (Fig. 3; Christensen et al.,
2014), one each from section Coccineae (C. punctata) and
section Douglasia (diploid C. suksdorfii). Fehrer et al. (2009)
obtained similar evidence of hybridization in Hieracium using
the external transcribed spacer region (nrETS).

The contribution of parents to the ribotype composition
of diploid hybrids and allopolyploids appears to vary. When
different ITS repeats co-occur in single genomes due to hybrid-
ization or introgression, the speed and the direction of homogen-
ization cannot be predicted, and it is not consistent in different
descendant lineages (discussed in Nieto Feliner and Rosselló,
2007). Preferential PCR amplification (discussed in Bellemain
et al., 2010) was probably not the main cause of the differences
observed (Fig. 5) because different accessions of each ploidy
showed the same pattern. Moreover, preferential PCR amplifica-
tion was substantially reduced by using highly denaturing PCR
conditions (see Buckler et al., 1997; Rudnóy et al., 2011).

In C. × ninae-celottiae more maternal than paternal ribotypes
were recovered, whereas in C. × cogswellii the situation is
reversed (Fig. 5). This could be a genetic effect, in that
C. monogyna is the dominant contributor in both cases, as the
female parent in the hybrid with C. punctata and as the male
parent in the hybrid with C. suksdorfii. To the extent that allopo-
lyploids originated via fertilization of unreduced female gametes
by meiotically reduced male gametes from diploids or tetra-
ploids (Talent, 2009), a greater representation of maternal ribo-
types might be expected, and in fact is seen in more than half
the cases (Fig. 5). However, our sample sizes may be too small
in most cases to distinguish between any pattern and stochastic
variation (and incomplete recovery of all ribotypes present).

A further confounding factor is that in both C. series Cerrones
and C. series Douglasianae, the maternal parent of the allopoly-
ploids is ultimatelyone of the diploid taxa, C. saligna and diploid
C. suksdorfii, respectively. This strongly suggests that some allo-
tetraploids, perhaps those which are most widespread (e.g.
C. castlegarensis, C. douglasii, C. okennonii and C. rivularis),
arose via a triploid bridge (Ramsey and Schemske, 1998), with
the initial triploid arising from the fertilization of reduced
gametes from diploid and tetraploid parents (Fig. 6). The triploid
hybrid would have to have produced unreduced female gametes
that developed into individuals that then took part in backcrosses
with the diploid parent in order to produce allotetraploids with at
least equal representation of the ribotypes of the diploid.
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Otherallotetraploids, perhaps thosewith much more restricted
distributions (e.g. C. aquacervensis, C. cupressocollina,
C. rivuloadamensis and C. rivulopugnensis in the Cypress
Hills; C. atrovirens, C. enderbyensis and C. orbicularis in the
southern interior of British Columbia) may have arisen through
crosses involving only the reduced female gametes of other allo-
tetraploid parents such as the widespread C. douglasii and
members of C. section Coccineae. Seeds from reduced female
gametes are produced much less frequently than from unreduced
gametes in most tetraploid Crataegus (N. Talent, unpubl. data
2013).

Although C. gaylussacia in California (Table 1) appears to
consist exclusively of autotriploids (Figs 3 and 5), autopoly-
ploids are otherwise poorly represented in our sample. The ac-
cession EL-65 (triploid C. suksdorfii; Supplementary Data
Table S1) was collected and studied by Lo et al. (2010), and it
has been shown to be an autotriploid, along with two other acces-
sions identified as autotriploids (EL-172 and EL-188). In the
study of Lo et al. (2010), however, the emphasis lay on demon-
strating the way in which ‘east side’ triploid C. suksdorfii (i.e.
from east of the Cascades) arose as a result of hybridization
between diploid C. suksdorfii and tetraploid C. douglasii. This
conclusion was based on the distribution in C. douglasii and
C. suksdorfii individuals of variants of the short and (or) long
copies of the PEPC and PISTILLATA gene regions. Individuals
of species in Crataegus section Coccineae were not studied by
Lo et al. (2010). Our failure to identify EL-172 and EL-188 as
allotriploids, as Lo et al. did, probably stems from the fact that
we were unable to distinguish between the ITS2 ribotypes that
they obtained from each of their parent species. This would
imply either that due to chance we failed to clone any of the
Coccineae ribotypes that this cytotype received from its
C. douglasii parent or that in these allotriploids ITS2 homogen-
ization was biased toward their paternal C. suksdorfii parent.

A different problem of interpretation is presented by the occur-
rence, in one triploid C. suksdorfii individual from Vancouver
Island (JC385; Supplementary Data Table S1) and in the one in-
dividual of C. shuswapensis in our sample (tetraploid 2007-11;
Table S1), of ITS2 ribotypes indistinguishable from those recov-
ered from individuals in C. series Cerrones (Figs 3 and 5). In the
latter case, plastid sequences also suggest a relationship between
this individual and series Cerrones (Fig. 4). We doubt that these
results are due to hitherto undiscovered floristic connections
between the central Rocky Mountains and southern British
Columbia. Analyses incorporating additional plastid sequences
obtained subsequent to the work described here (M. Zarrei
et al., unpubl. data) suggest that the relationship between
C. shuswapensis and the members of C. series Cerrones is con-
siderably more tenuous than seen in Fig. 4. If instead this relation-
ship is due to long-branch attraction, the ITS2 results might then
be seen as resulting from our cloning a ribotype that has persisted
unaltered by concerted evolution from the common ancestor of
series Cerrones and series Douglasianae.

Hybridization and apomixis: ‘the Crataegus problem’

Elsewhere we will present analyses of leaf, flower and fruit
morphometric data from most of the species studied here
(T. A. Dickinson et al., unpubl. res.) to show that the morpho-
logical variation observed in the entities studied here is

consistent with the occurrence of hybridization. Further, we
note that our interpretation is consistent with flow cytometric
data documenting the ploidy (Table 1) and breeding system
(Talent and Dickinson, 2007a) of the taxa studied here (in
many cases, based on the same individuals from which our mo-
lecular data were obtained). Seeds of all of the polyploid
Crataegus individuals studied to date exhibit embryo–endo-
sperm ratios of nuclear DNA content that are consistent with
their origin predominantly from unreduced female gametes by
means of pseudogamous gametophytic apomixis (Talent and
Dickinson, 2007a). In addition, almost all of the tetraploid
Crataegus studied to date produce highly fertile (i.e. stainable)
pollen at a frequency comparable with that seen in diploids
(Dickinson and Phipps, 1986; Dickinson et al., 1996). We
surmise that this pollen developed from reduced microspores,
as manyof our data from seeds that prove to be biparental are con-
sistent with this origin (Talent and Dickinson, 2007a).

Our interpretation of the results presented here (and earlier,
regarding the origins of polyploid C. suksdorfii; Lo et al.,
2009b, 2010) runs counter to recent suggestions that intersec-
tional hybridization should be rare in Crataegus (Phipps,
2005). This latter conclusion was based on qualitative analyses
of morphological variation in the well-collected Crataegus
flora of Missouri. In other work (e.g. Dickinson and Phipps,
1985, 1986; Phipps, 2013), however, Phipps emphatically recog-
nized the roles played by gametophytic apomixis and hybridiza-
tion in creating the ‘Crataegus problem’, as did earlier workers
including Camp (1942), Rickett (1936) and Palmer (1932).
Nevertheless, entities ascribed to C. section Douglasia (see
above and Table 1), with limited geographical distributions,
that can only with difficulty be distinguished from each other,
with some more widely distributed entities (C. castlegarensis,
C. douglasii, C. erythropoda and C. rivularis; Table 1) have all
proved to be tetraploid, apomictic and demonstrably of hybrid
origin. Apart from the autotriploids we have found, the polyploid
segregates of C. suksdorfii (Table 1) are similar. These Pacific
Northwest hawthorns thus provide a model for better understand-
ing evolution in Crataegus.

As noted earlier (Dickinson et al., 2007), genera such as
Sorbus sensu lato (s.l.) have already shown that this model of hy-
bridization, gametophytic apomixis, pseudogamy and allopoly-
ploidization may be widely applicable to other genera belonging
to Rosaceae tribe Maleae, including Amelanchier, Aronia,
Cotoneaster and Malus. In particular, results from molecular
analyses of Sorbus s.l. parallel our documentation of the extent
to which western North American Crataegus polyploids have
arisen as intersectional hybrids. In Sorbus s.l., two distinct
clades (recognizable as minimally two segregate genera, Aria
and Sorbus; Lo and Donoghue, 2012) have given rise to numer-
ous apomictic, polyploid hybrids within and between these
clades, as documented by morphological, isozyme, RFLP (restric-
tion fragment length polymorphism), microsatellite, plastid DNA
sequence and flow cytometry data (Aas et al., 1994; Nelson-Jones
et al., 2002; Chester et al., 2007; Robertson et al., 2010; Pellicer
et al., 2012). As with some of the Crataegus taxa studied here,
some of the hybrids of Sorbus s.l. have limited distributions,
whereas others are more widely distributed (Chester et al., 2007;
Ludwig et al., 2013). Coincidentally, Sorbus subgenus Sorbus
sections Sorbus and Commixtae both show amphi-Beringean dis-
tributions (McAllister, 2005) comparable with that exhibited by
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clade D in Fig. 3 that supports clades G and H, i.e. C. sections
Douglasia and Sanguineae, that have been recognized as
Crataegus subgenus Sanguineae (Ufimov, 2013).

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford
journals.org and consist of the following. Table S1: voucher in-
formation for the samples analysed for the nuclear ribosomal
spacer ITS2 and plastid data sets. Table S2: GenBank identifiers
for the ITS2 sequences used for the current analyses. Table S3:
GenBank accession numbers for the plastid sequences used for
the current analyses.
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Lo EYY, Stefanović S, Dickinson TA. 2007. Molecular reappraisal of relation-
ships between Crataegus and Mespilus (Rosaceae, Pyreae) – two genera or
one? Systematic Botany 32: 596–616.
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