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The reproductive system is one of the key mechanisms that determine genetic diversity at different biological levels. However,
few attempts have been made to assess the consequences of asexual reproduction by comparing genetic structure and fecundity of
seed families in asexually and sexually reproducing individuals. We have examined two similar hawthorn species, Crataegus crus-
galli and C. punctata, that differ in ploidy level and breeding system. Fecundity (per-fruit seed set) and microsatellite genotypes
for five loci were determined in 18 and 26 seed families of C. crus-galli and C. punctata (totals of 83 and 118 embryos), respec-
tively. Compared with the sexual diploid C. punctata, tetraploid C. crus-galli shows similar fecundity, but lower genotypic diver-
sity within and between seed families. Reproduction in the tetraploid, while predominantly apomictic, is nevertheless accompanied
by outcrossing and selfing. We conclude that in C. crus-galli pollen flow between conspecific individuals is limited, and the com-
bination of pollen fertility, self-compatibility, and pseudogamous apomixis provides reproductive assurance in these tetraploids.
Reproductive assurance, in turn, may explain the derived floral architecture seen in most North American tetraploid hawthorns. We
also discuss analytical approaches for inferring mating-system parameters in tetraploids and for comparing microsatellite variation
across ploidy levels.
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Many 20th-century biologists predicted that the founder ef-
fect and the lack of segregation and recombination in asexual
populations would usually lead to a deficiency in genetic varia-
tion and eventually hamper their potential response to selection
(Stebbins, 1950; Darlington, 1958; Grant, 1981; Lynch and
Gabriel, 1983; Kondrashov, 1993). Molecular data now provide
support for contrasting views such as those of Clausen (1954),
who drew attention to the facultative nature of asexual repro-
duction and pointed out that asexual reproduction would merely
reduce the frequency with which genetic variants arise. Molecular
studies have clearly illustrated varying levels of genetic diversity
in apomicts at the population level (e.g., Carino and Daehler,
1999; Esselman et al., 1999; Van Der Hulst et al., 2000; Paun et al.,
2006; Horandl and Paun, 2007; Whitton et al., 2008). However,
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the influence of asexual reproduction on genetic diversity and
fecundity at the level of seed families remains uninvestigated.

Recurrent gene flow through interspecific crosses (Menken
et al., 1995; Dijk, 2003; Thompson and Whitton, 2006; Hoérandl
and Paun, 2007; Nybom, 2007; Talent and Dickinson, 2007b)
and occasional sexuality (i.e., meiosis and gamete fusion, ei-
ther separately or together) have been suggested as mecha-
nisms for creating and multiplying novel genotypes in
agamospermous plants (Gustafsson, 1942; Clausen, 1954;
Ellstrand and Roose, 1987; Bayer et al., 1990; Thompson et al.,
2008; Whitton et al., 2008 and references therein). The fre-
quency of such events will depend on the amount of pollen flow
between individuals not only for the endosperm fertilization,
which is required in asexual seed formation in pseudogamous
apomicts, but also for embryo fertilization when seeds are pro-
duced sexually (for terminology describing apomixis used here,
see Talent, 2009). However, most studies devoted to population
dynamics of asexual plants have addressed gene flow via seed dis-
persal (e.g., Durand et al., 2000; Garnier et al., 2002; Rogstad etal.,
2002; Storchova et al., 2002; Paun et al., 2006; Thompson
and Whitton, 2006). A notable exception is the paper by Oddou-
Muratorio et al. (2001) on Sorbus torminalis, in which both pollen-
and seed-mediated gene flow were found to be important.

The occurrence of asexual reproduction has been correlated
with several biological and ecological phenomena. These include
the breakdown of self-incompatibility (Mable, 2008; Whitton
et al., 2008) and changes in pollinator densities (Ashman et al.,
2004), abiotic environments (Michaels and Bazzaz, 1989; Dijk,
2003; Houliston et al., 2006), and reproductive fitness (Meirmans
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et al., 2006; Mogie et al., 2007; Voigt et al., 2007; Horandl,
2008). In relatively long-lived woody plants, the consequences
of asexual reproduction at the level of populations are of some
importance because taxonomic conclusions drawn from phenetic
data over the course of a few decades may be based on only one
or a few generations at most. Assumptions about genetic related-
ness and reproductive success of individuals appear to influence
many taxonomic decisions (Dickinson, 1999). In the case of
North American hawthorns (Crataegus L.; Rosaceae subtribe
Pyrinae), their notorious complexity stems mainly from taxono-
mists having recognized morphological variants as species on
the assumption that local aggregations of individuals represent
panmictic populations. Alternatively, these same aggregations
can be seen as comprising large numbers of putatively sibling
individuals that are inferred to have originated apomictically
(Dickinson, 1986). However, direct genetic evidence for this
view is lacking; it is based instead on inferences from morpho-
metric (Dickinson and Phipps, 1985, 1986) and flow-cytometric
data (Talent and Dickinson, 2007a, b).

Hawthorns are ruderal shrubs and small trees with unspecial-
ized insect-pollinated flowers and fleshy fruits (polypyrenous
drupes). Diploid hawthorns resemble other Rosaceae in exhibit-
ing gametophytic self-incompatibility (Dickinson and Phipps,
1986; Dickinson et al., 2007). By contrast, in polyploids asexual
production of seeds (agamospermy) is common and results from
gametophytic apomixis, in which unreduced female gameto-
phytes develop from somatic cells of the nucellus rather than
from megaspores (apospory). The unreduced egg cells develop
parthenogenetically to give rise to embryos that are genetically
identical to their parent plant (Nogler, 1984). Although embryo
development is uniparental, fertilization of polar nuclei by one or
both sperm nuclei is prerequisite for endosperm formation (gen-
erally known as pseudogamy; Muniyamma and Phipps, 1979,
1984; Dickinson et al., 2007; Talent and Dickinson, 2007a).

To examine pollen flow within populations of hawthorns and
test for a difference in genetic variation and per-fruit fecundity
between sexual and apomictic individuals, we present genetic
data from a comparison of sexually and asexually produced seed
families from Crataegus punctata Jacq. and C. crus-galli L., re-
spectively, two species from eastern North America that have
both been ascribed to C. sect. Crus-galli (Phipps et al., 1990).
Specifically, we seek to (1) examine genetic variation of progeny
within and between multiple seed families of the two species; (2)
estimate rates of outcrossing, selfing, and apomixis so as to infer
pollen flow among individuals; and (3) compare seed fecundity
(i.e., the ratio of seeds successfully set per fruit) between the two
species. In addition, we discuss the applicability of three analyti-
cal methods that are helpful when comparing genetic variation
with microsatellite data between ploidy levels.

MATERIALS AND METHODS

Plant materials—In Ontario, Canada, C. crus-galli L. is polyploid, self-
fertile, and facultatively apomictic (Dickinson and Phipps, 1985, 1986),
whereas C. punctata Jacq. is diploid, self-incompatible, and sexual (Dickinson
and Phipps, 1986; Talent and Dickinson, 2007a). Despite differences in the re-
productive strategy of the two species, they both have pollen-to-ovule ratios in
excess of 2000 (Dickinson and Phipps, 1986). Individual local populations of
C. crus-galli were found to be morphologically quite homogeneous. At the
same time, these populations are markedly differentiated from each other with
respect to variation in their flowers, fruits, and leaves (Dickinson and Phipps,
1985; Dickinson, 1986). Such morphological differentiation between popula-
tions is considerably less pronounced in C. punctata (Dickinson and Phipps,
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1986). In this species, within-population morphological variation is greater
than between-population variation (Dickinson, 1986).

Seed families were randomly sampled using an “ignorant person” strategy
(Ward, 1974) at each of two sites in southern Ontario (Table 1). At site ONO4,
all sampled individuals were tagged and identified unambiguously as C. crus-
galli (glossy, unlobed leaves; 10-stamen flowers). At site ON46, all sampled
individuals were tagged and identified unambiguously as C. punctata (pubes-
cent, slightly lobed leaves with secondary venation markedly impressed on the
adaxial surface; 20-stamen flowers). All of the pyrenes in each fruit were
opened, so as to extract any seed present, but only a single seed from each fruit
was selected for DNA extraction (many pyrenes enclosed no seeds at all). For
each tree (i.e., for each seed family), DNA was extracted from four to eight
embryos that were expected to share the same maternal genotypes. This number
varied with the success of obtaining sufficient yields of DNA from a single
embryo. A total number of 83 embryos representing 18 C. crus-galli families
and 118 embryos representing 26 C. punctata families were included in the
analyses. Crataegus crus-galli at sitt ONO4 and C. punctata at site ON46 (Ta-
ble 1) are well documented by many specimens deposited in the Herbarium of
the Biology Department of the University of Western Ontario (UWO) and in
the Green Plant Herbarium of the Royal Ontario Museum (TRT) (Dickinson
and Phipps, 1985).

Measure of per-fruit fecundity—Flowers of C. crus-galli at site ONO4 are
characterized by the presence of (0-)1-2 gynoecial units (i.e., locules and asso-
ciated styles), whereas those of C. punctata at site ON46 and elsewhere have
2-5 gynoecial units (Dickinson, 1983; T. A. Dickinson, unpublished data).
Each gynoecial unit forms a pyrene in the mature fruit that may contain a single
seed. A total of 192 and 264 fruits of C. crus-galli and C. punctata, with 10-37
fruits per tree, were examined for the number of fully developed seeds in each
fruit. For each tree, the total number of seeds obtained is plotted against the
total number of fruits that were opened.

DNA extraction and microsatellite analyses—Seeds of C. crus-galli and
C. punctata are characterized by a large embryo covered with a thin translucent
layer of endosperm usually adhering to the brown seed coat when fully devel-
oped. For each seed, the seed coat and the attached endosperm were carefully
removed, and the remaining white embryo tissue of about 8—13 mg fresh weight
was used for DNA extraction. The extraction protocol described in Lo et al.
(2007) was applied to seed tissues, except that all volumes were reduced by half
and the final DNA pellet was eluted in 20 pL of water. Because of the limited
DNA quantity for each seed sample, only five dinucleotide microsatellite loci
were used, and they are located on linkage groups 12 and 14 of Malus x domes-
tica (Liebhard et al., 2002; Table 2). Details of polymerase-chain-reaction con-
ditions and fragment analyses are described in Lo et al. (2009b). To assess the
dosage of the amplified products (observed alleles) in the samples and desig-
nate genotypic configurations for tetraploid individuals, we used the microsat-
ellite DNA allele counting-peak ratios method (MAC-PR; Esselink et al., 2004)
based on quantitative values for microsatellite allele-amplification peak areas.

Linkage disequilibrium analyses and marker independence—To examine
whether the five SSR loci represent a set of independent markers in the Cratae-
gus genome, genotype linkage disequilibrium (LD) was tested by Fisher’s exact
test for each pair of loci (a total of 10 possible pairwise combinations) with
GENEPOP, version 3.3 (Raymond and Rousset, 1995), using the Markov chain
method with 100 batches and 10000 iterations per batch. Because multiple tests
were involved, the sequential Bonferroni correction was applied to test for sig-
nificance (Rice, 1989). Because of the computational burden that would result
from multiple possible pairwise combinations of alleles in polyploids with
Fisher’s exact test, LD tests were performed only on 2x individuals in our sam-
ple. Therefore, because the same sets of SSR loci are used in 2x and 4x indi-
viduals, we assumed that results of LD among loci based on diploids could also
be applied to 4x C. crus-galli.

Analyses of genetic variation in progeny arrays—Multilocus genotype di-
versity for each family in C. crus-galli (18 families) and C. punctata (26 families)
was estimated using the software GENODIVE, version 2.0b4 (Meirmans and
Tienderen, 2004). The stepwise mutation model (SMM), which is suggested to
be a more accurate model for microsatellite mutations (Morris et al., 1995; Fu
and Chakraborty, 1998; Hardy et al., 2003; Whittaker et al., 2003; Paun and
Horandl, 2006), was used to determine the frequency distribution of pairwise
dissimilarity among embryos of the two taxa. Threshold values have been
shown to vary among species, and differences in the threshold setting may
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TABLE 1.
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Descriptive statistics of genetic variation at the five microsatellite loci (see Table 2) for seed families of Crataegus crus-galli and C. punctata.

Diversity indices were estimated at 0%, 2%, 4%, and 6% threshold limits. G = number of multilocous genotypes, PG = proportion of distinguishable
genotypes, and D = multilocous genotype diversity. In C. crus-galli, G, PG, and D estimates are not significantly different among thresholds. However,
in C. punctata, they increase significantly when the thresholds increase from 0 to 4%. No significant differences are found between estimates at the

thresholds of 4% and 6%.

Species

C. crus-galli L.

C. punctata Jacq.

Province; county; location; coordinates; site code

79°03'40""W; ONO4

Ontario; Regional Municipality of Niagara; Fort
George National Historic Park; 43°14'40"N,

Ontario; Perth; Fullarton Twp; 43°18'54"N,
81°10"18"W; ON46

Ploidy level 4x 2x
Number of families (total progeny size) 18 (83) 26 (118)
Total allele number 24 47
Gene diversity (H,) averaged over families 0.54 £0.15 0.65£0.18

Average G per family (at 0%; 2%; 4%; 6% thresholds)
Average PG per family (at 0%; 2%; 4%; 6% thresholds)
Average D per family (at 0%; 2%; 4%; 6% thresholds)

1;1.12; 1.18; 1.47
0.17;0.19; 0.2; 0.22
0; 0.04; 0.06; 0.17

2.2;2.64; 4.04; 4.08
0.4;0.47;0.73; 0.74
0.4;0.5; 0.81; 0.82

influence estimates of clonal frequency and genetic diversity (Lasso, 2008). For
these reasons, we compared diversity measures obtained from four threshold
limits when assigning genotypes into clonal lineages. These ranged from the
most conserved limit of 0% to the commonly used limits of 2% and 4% (e.g.,
Arensetal., 1998; Winfield et al., 1998; Van der Hulst et al., 2000; Douhovnikoff
and Dodd, 2003) and the limit of 6%, which exceeds the commonly used em-
pirical values. All pairs of embryos below the designated threshold were as-
signed as clonemates. Once the clones were assigned, the following three
parameters were estimated. First, the total number of multilocus genotypes (G)
was determined. Second, the proportion of distinguishable genotypes (PG) was
calculated as the number of genotypes divided by sample size (Ellstrand and
Roose, 1987). Third, Nei’s (1987) genetic diversity corrected for sample size
(also known as Simpson’s diversity index, D) was calculated. This index ranges
from zero, where two randomly picked embryos share a single genotype, to
one, where embryos are genetically different in a family. Probability values
obtained from one-tailed #-tests with Bonferroni correction were used to assess
whether there is a significant difference between the mean diversity indices of
the two taxa under various threshold values.

To increase confidence in the diversity findings, we employed two addi-
tional methods to infer genetic relatedness across progeny arrays. One is to
construct a tree and use the scatter of embryos within a family as a reflection of
intrafamilial dissimilarity. Such a visual display gives a global view of progeny
relationships within and between families. The distances that Bruvo et al.
(2004) calculated on the basis of a two-phase mutation model for microsatel-
lites and scaled by ploidy level, were used to construct a neighbor-joining tree
in PHYLIP, version 3.66 (Felsenstein, 2006), and visualized with TREEVIEW
(Page, 1996). The second method is a comparison of Rousset’s distances (d;
Rousset, 2000), which were calculated on the basis of allele sharing between all
pairs of embryos within a population using SPAGeDI, version 1.2 (Hardy and
Vekemans, 2002). This algorithm estimates the probability of a gene being
identical by descent between two individuals i and j with respect to the mean Q,
over all pairs of sampled individuals defined as d; = (Q, - 0;)/(1 - Q,) and is
an analogue of a kinship coefficient (Rousset, 2000; Vekemans and Hardy,
2004). We compared the relatedness of embryos in three categories—total
samples (ALL), between seed families (BS), and within seed family (WS)—for
the diploid and tetraploid taxa separately. One-way analysis of variance
(ANOVA) with Tukey’s HSD test at the 95% confidence limit was performed
using XLSTAT, version 2007.4 (Addinsoft, New York, New York, USA), to

find whether there was a significant difference in these pairwise d values be-
tween taxa. Although distances are not completely independent and may not
meet the assumptions of an ANOVA, we are making comparisons between
taxon samples that are independent, in order to demonstrate the degree of dif-
ferences as if each distance is an independent observation.

Partition of genetic variation—To determine how genetic diversity is par-
titioned between and within families, we conducted analysis of molecular vari-
ance (AMOVA; Excoffier et al., 1992) with the program GENALEX (Peakall
and Smouse, 2006). The codominant SSR data were first converted to a binary
data matrix by treating an allele’s absence as “0” and its presence as “1.” The
binary data were then summarized using Jaccard’s coefficient (JC), which does not
consider the shared absence of an allele as similarity (Legendre and Legendre,
1983). In this way, we obtained an unbiased estimate of pairwise genetic dis-
tances between embryos. AMOVA analyses were then performed on the JC
matrix with significance tests for 10000 permutations.

Estimation of selfing and apomixis rates—To examine the reproductive
system of the two species in a manner that reflects the genetic variation of their
seed families, we estimated multilocus (7,) and single-locus (#,) outcrossing
rates, biparental inbreeding (z,, — t,, due to matings between closely related in-
dividuals), selfing rate (s), and the rate of apomixis (“a”) from the progeny ar-
rays. For diploid C. punctata, the program MLTR (Ritland, 2002) was used to
estimate #,, and 7,. For tetraploid C. crus-galli, these parameters plus “a” were
estimated with a maximum-likelihood procedure using a modification of the
MLTET program for tetraploids (Murawski et al., 1994), wherein “a” was ad-
ditionally estimated. Standard deviations of the parameters were obtained from
1000 bootstraps with families as resampling units. The modified algorithm for
jointly estimating rates of apomixis and selfing, and a brief discussion of its
properties, are given in Appendix 1.

RESULTS

Marker independence—Linkage disequilibrium with re-
spect to SSR loci in 2x C. punctata was shown not to be significant

TaBLE 2. Nucleotide sequences and information on microsatellite markers used in this study. We developed primers were based on Malus x domestica and
showed that they are applicable to Crataegus species (Liebhard et al., 2002). C = total number of alleles detected in C. crus-galli, P = total number of
alleles detected in C. punctata, and LG = linkage group. Number in parentheses indicates unique alleles detected in each species.

Total Maps on LG
Locus Forward primer sequence (5'-3") Reverse primer sequence (5'-3") alleles C P Size (bp) no.
CHOI1F02 ACC ACA TTA GAG CAG TTG AGG CTG GTT TGT TTT CCT CCA GC 16 10 (4) 13 (6) 145-185 12
CHO3A02 TTG TGG ACG TTC TGT GTT GG CAA GTT CAA CAG CTC AAG ATG A 16 9(2) 13 (7) 124-168 14
CHO4F06 GGC TCA GAG TAC TTG CAG AGG ATC CTT AAG CGC TCT CCA CA 20 10 (1) 18 (7) 128-190 14
CH04G04 AGT GGA TGA TGA GGA TGA GG  GCT AGT TGC ACC AAG TTC ACA 7 3(0) 7(3) 145-159 12
CHO5D04 ACT TGT GAG CCG TGA GAG GT TCC GAA GGT ATG CTT CGA TT 12 512) 11 (6) 166-196 12
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(P > 0.05; after the Bonferroni correction) for the 10 possible
pairwise combinations. Although the five loci are distributed
over only two linkage groups in Malus x domestica (Table 2;
Liebhard et al., 2002), apparently they are located at a suffi-
cient distance from each other in C. punctata that they are
unlinked.

Diversity measures and threshold setting— Although the to-
tal number of alleles detected in all embryos of 2x C. punctata
(Table 1) is about two-fold that found in 4x C. crus-galli, gene
diversity (H,) of C. punctata is not significantly greater than
that of C. crus-galli (t = 0.69, df =42, P = 0.06; Table 1). The
average multilocus diversity indices G, PG, and D of the 18 C.
crus-galli seed families are significantly lower than the average
estimates of the 26 C. punctata seed families, regardless of
which threshold level was set (G: t = 5.24, df =42, P < 0.01;
PG:t=59,df =42, P <0.01; D: t =6.04, df =42, P < 0.01;
Table 1). In C. crus-galli, the three diversity indices did not
indicate significant increase with the rise in thresholds (G: t =
0.76,df =34, P =045, PG: t=1.7,df =34, P =0.09; D: t =
0.78, df =34, P = 0.43). However, in C. punctata, these indices
increase significantly by more or less the same magnitude when
the threshold values increase from 0 to 4% (G: t = 5.36, df = 50,
P <0.003; PG: t=8.54,df =50, P <0.003; D: t =5.35, df = 50,
P < 0.003). No significant differences are found between esti-
mates at the thresholds of 4% and 6% (G: t=0.1,df =50, P=0.9;
PG: t=0.54,df =50, P=0.3; D: t =0.26, df = 50, P = 0.79).

Genetic relatedness and partitioning of genetic variation
among seed progeny—Seed samples of C. crus-galli and C.
punctata are distinguished as two separate clusters in the neigh-
bor-joining dendrogram (Fig. 1). These clusters differ substan-
tially from each other with respect to topology. Embryos of C.
punctata are resolved into several small clusters, and members
of the same family are scattered in different clusters (Fig. 1A).
By contrast, C. crus-galli embryos from a given family are
likely to be found in the same cluster (Fig. 1B).

ANOVA results indicate that the pairwise Rousset’s dis-
tances (d) among all C. punctata embryos (ALL; Fig. 2) are
significantly greater than those among all of the C. crus-galli
embryos (ALL; F = 819.43, df = 1 and 789, P < 0.001; Fig. 2).
Negative d values observed in C. crus-galli indicate a higher
interindividual gene identity compared with the overall sampled
individual gene identity (Rousset, 2000). Partitioning the dis-
tances between embryos into within-seed-family (WS) and be-
tween-seed-family (BS) components indicates that these
components are similar within species but differ significantly
between the two species (WS: F =177.09, df = 1 and 370, P <
0.001; BS: F=235.11,df =1 and 370, P < 0.001; Fig. 2). These
results are consistent with AMOVA results that indicated that
<79% of the variation is partitioned within families of C. punc-
tata, but only 31% within families of C. crus-galli. The amount
of between-family variation in C. punctata (21%) is about one
third that in C. crus-galli (69%).

Breeding system—Multilocus (z,,) and average single-locus
(t,) estimates of the outcrossing rate in C. punctata are high
(0.96 and 0.84; Table 3), which suggests predominant outcross-
ing and, thus, frequent pollen flow between parent trees. More-
over, the estimates of the rates of biparental inbreeding and
selfing are small (0.12 and 0.04; Table 3), revealing little or no
evidence of inbreeding. The rate of apomixis is not estimated
for C. punctata because such estimation is not implemented in
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the program MLTR for diploids. Nevertheless, apomixis is
seemingly insignificant (plus selfing < 0.04) given the high out-
crossing rate (0.96) among their embryos. This is not surprising
in the Rosaceae, or at least in Crataegus, because apomixis is
found almost only in polyploids and not in diploids (Dickinson
et al., 2007; Talent and Dickinson, 2007a). On the other hand,
the MLTET results indicate that the rates of both outcrossing
and selfing in the samples of C. crus-galli were relatively low
(t,,=0.3; s =0.17; Table 3) compared with that of apomixis
(a = 0.47). These results evidently indicate a preponderance of
apomixis and less frequent outcrossing among C. crus-galli
parent trees. Such a reproductive system is consistent with
the lower genetic variation detected within seed families
(Table 1).

Per-fruit seed set—In C. crus-galli, although 118 of 192
fruits contained one seed and 19 contained two seeds, 55 of
the fruits were parthenocarpic (i.e., their pyrenes contained no
mature seeds). In the case of C. punctata, however, 52 of the
264 fruits contained one seed and 184 contained two or more
seeds. Only 28 of the fruits were parthenocarpic. The line rep-
resenting an average of 2.5 seeds per fruit is an approximate
limit for the C. punctata fecundity data (Fig. 3). For C. crus-
galli, however, the corresponding limit represents an average
of one seed per fruit (Fig. 3). These results reflect the differ-
ence in floral architecture between the two species described
above. The maximum per-fruit seed set is two seeds per fruit
of C. crus-galli (mode = 1) and five seeds per fruit of C. punc-
tata (mode = 2 to 3). When the difference in floral architecture
between these two species is taken into account, both species
can be seen to be converting nearly 50% of their gynoecial
units into seed-containing pyrenes under conditions of open
pollination.

DISCUSSION

At the level of seed families, we have shown that in hawthorns
the consequence of asexual reproduction is reduced genotypic
diversity that parallels the reduced morphological variability
observed earlier (Dickinson and Phipps, 1985; Dickinson,
1986). Although genotypic diversity is lower in the embryos of
the apomictic tetraploid than in the sexual diploid, our data sug-
gest that individuals of the two species are equally fecund on a
per-fruit basis.

Genotypic diversity and gene flow via pollen—In the seed
families included in our comparisons, genetic diversity differs
significantly between C. punctata and C. crus-galli (Table 1).
We attribute this difference to the frequency of outcrossing in
C. punctata on the one hand, and to that of apomixis and selfing
in C. crus-galli on the other (Table 3). The greater diversity of
the C. punctata embryos is unlikely to be influenced by intro-
gression from other species, because this species was the domi-
nant hawthorn species at site ON46 (Table 1). The only other
hawthorn found at this site, C. calpodendron, flowers a mini-
mum of 1 week after the sympatric C. punctata (Phipps and
Muniyamma, 1980). In this way, we confirm the predominance
of sexual outcrossing in this species, deduced earlier on the ba-
sis of embryology and self-incompatibility (Muniyamma and
Phipps, 1985; Dickinson and Phipps, 1986). Our results also
corroborate those of Talent and Dickinson (2007b), which were
based on flow-cytometric analyses of individual seeds.
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Fig. 1.

Bruvo et al.’s (2004) distances for microsatellite data, showing the genetic relatedness among embryos of (A) Crataegus punctata and (B)

C. crus-galli in the form of a neighbor-joining tree. Each embryo is represented by a square, and all those belonging to the same family are the same color.
Branches are shown with the same scale for the two taxa. P = C. punctata, P = C. crus-galli.

Because members of a seed family are expected to share the
same maternal genotype, the high genotypic diversity within
families of C. punctata (Table 1) reflects the self-incompatibil-
ity seen in this diploid species, whereas the high genotypic
identity within families of C. crus-galli (Table 1) reflects the
predominance of apomixis and selfing in the polyploid species.
These results support earlier inferences from embryology and
pollination experiments (Dickinson and Phipps, 1986) and cor-
roborate results from flow cytometry (Talent and Dickinson,
2007b). The slightly greater between-seed-family component
of genetic variation detected in C. crus-galli (Fig. 2) and the 7,
estimate of 0.3 in relation to the ¢, of 0.17 (Table 3) suggest that
about 36% of pollen flow was within, rather than between, indi-
viduals. These findings collectively point to a lack of pollen
flow between conspecific individuals. Broadly, scant pollen
flow could be attributed to factors such as pollen limitation, a
lack of suitable pollinators in the colonized region (Rambuda

and Johnson, 2004; Field et al., 2005), or a small founder popu-
lation (e.g., Widén and Widén, 1990; Goodell et al., 1997; Scobie
and Wilcock, 2009). In C. crus-galli, earlier findings that
include data from the same local population as well as the oth-
ers suggest that seed set in this species is limited by the avail-
ability of compatible pollen, regardless of whether the fates of
open-pollinated flowers are compared with those of geitonoga-
mously or xenogamously pollinated ones (Dickinson and
Phipps, 1986). Also, on a per-flower basis, seed set was higher
in open-pollinated flowers of C. punctata than in those of C.
crus-galli (Dickinson and Phipps, 1986). Taken together, these
results suggest that the differences in genetic variability be-
tween C. crus-galli and C. punctata are likely attributable to the
contrast in compatibility relationships between them, combined
with the occurrence of gametophytic apomixis in C. crus-galli
but not C. punctata. In most of these respects, C. crus-galli re-
sembles apomictic species in other genera such as Rubus (Kraft
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Fig. 2. Box plots of pairwise Rousset’s distance (d; Rousset, 2000)
calculated among all embryos (ALL), between seed families (BS), and
within seed families (WS) from Crataegus crus-galli (C) and C. punctata
(P). Asterisks indicate significant differences (P < 0.001) between species
for each category based on the ANOVA comparisons.

et al., 1996; Nybom, 1998), Aronia (Persson Hovmalm et al.,
2004), Hieracium (Shi et al., 1996; Storchova et al., 2002), Ra-
nunculus (Horandl et al., 2001; Paun et al., 2006), and Tarax-
acum (Lyman and Ellstrand, 1998). These examples also exhibit
limited genetic variability in local populations because of self-
ing or an almost complete lack of sexuality.

Breeding system, floral structure, and fecundity in Cratae-
gus—Trees in both the C. crus-galli and the C. punctata popu-
lations produce fruits in which upwards of half the gynoecial
units present in the flowers are converted into pyrenes that con-
tain filled seeds (Fig. 3). Thus, at the per-fruit level, there is no
indication of inbreeding depression associated with apomixis
and self-compatibility having reduced seed set in C. crus-galli.
Rather, we interpret our results in general as demonstrating the
capacity for apomixis and self-fertility to provide reproductive
assurance for individual C. crus-galli surrounded apparently
only by their close relatives. Reproductive assurance, in turn,
may explain the switch to a reduced stamen number (10-stamen
flowers in tetraploids vs. 20-stamen flowers in diploids) and
ovule number that are seen in most North American tetraploid

TaBLE 3. Estimates of outcrossing, selfing, and apomixis rates among
Crataegus punctata and C. crus-galli progenies, including both
multilocus and single-locus estimates from microsatellite data (loci
as given in Table 2). Standard deviations are obtained from 1000
boostraps with families as resampling units.

C. punctata C. crus-galli
Multilocus outcrossing rate (,,) 0.96 £ 0.03 0.3+£0.051
Average single locus outcrossing rate (%) 0.85+£0.035 0.18 £0.053
CHO1F02-based outcrossing rate 0.67 £ 0.076 0.13 £0.054
CHO3A02-based outcrossing rate 0.90 £ 0.094 0.25 £0.067
CHO4F06-based outcrossing rate 0.69 + 0.069 0.16 £ 0.064
CHO04G04-based outcrossing rate 0.71£0.13 0.31 £0.016
CHO5D04-based outcrossing rate 0.96 £ 0.075 0.03 £0.02
Biparental inbreeding (7, — t,) 0.12+£0.035 0.11+£0.028
Rate of selfing (s) 0.036 0.17
Rate of apomixis (a) — 0.47 £0.099
Fixation coefficient (F) 0.07 £0.061 0.3 £ 0.006
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hawthorns (Dickinson et al., 1996). Such a phenomenon war-
rants further investigations in the other species.

In diploids, self-incompatibility may have selected for in-
creased ovule number per flower and, hence, increased numbers
of gynoecial units per flower, as an adaptation to the unpredict-
able transfer of compatible pollen to stigmas (Burd et al., 2009).
In tetraploids like C. crus-galli, self-compatibility could com-
pensate for reduced numbers of gynoecial units per flower as
well as for reductions in stamen number per flower if optimal
pollen transfer to stigmas depends on limiting the amount of
pollen available to pollinators at any one time. This would de-
pend on tetraploids, by virtue of their self-compatibility, being
effectively less spatially dispersed than self-sterile diploids
(Harder and Thomson, 1989; Dickinson et al., 1996).

Some tests of the suggestion that sexual individuals should
have twice the costs of meiosis (Maynard Smith, 1978) and
lower total progeny production than asexual individuals have
failed to demonstrate such a result (e.g., Kearney and Shine,
2005; Houliston et al., 2006). Similarly, there are empirical data
that support the idea that, compared with sexual reproduction,
apomictic reproduction may result in lower fecundity (e.g.,
Voigt et al., 2007; Horandl, 2008). Nevertheless, our findings
provide only limited evidence of such effects. Instead, self-
compatibility (as distinct from selfing) is an integral component
of reproductive success in C. crus-galli, in that it enables seed-
set, given pseudogamous apomixis (Noirot et al., 1997). The
occurrence of diploid C. crus-galli well to the south of the
Pleistocene glacial margin (Talent and Dickinson, 2005) sug-
gests that the tetraploids could be as much as 10000 yr old and
so have had abundant time in which to purge deleterious alleles.
The postglacial migration northward would have likewise pro-
vided ample opportunity to refine reproductive and colonizing
abilities.

Comparisons between the tetraploid C. crus-galli and diploid
C. punctata studied here presently lack a fully resolved phylo-
genetic context. Both species are strongly supported as belong-
ing to the same eastern North American clade on the basis of
phylogenetic analysis of four chloroplast intergenic spacers and
five nuclear loci (clade B; Lo et al., 2009a). However, the exact
relationships within this morphologically diverse group remain
poorly resolved. Although this may render some of the com-
mentary above more speculative, the lack of precise phyloge-
netic context does not affect our conclusions about the extent to
which apomixis and self-compatibility reduce the genetic vari-
ability of seed families in C. crus-galli as compared with those
of a sexual diploid when both taxa are sampled in southern
Ontario.

Caveats for estimating genetic variation in polyploids with
codominant markers—As described in the Appendix, maxi-
mum-likelihood methods can be developed with which to esti-
mate mating-system parameters in polyploids (see also
Murawski et al., 1994; Thompson and Ritland, 2006). Alterna-
tively, if the data are summarized by means of an appropriate
resemblance function, there are descriptive multivariate meth-
ods that can be employed to depict the pattern of variation pres-
ent in the sample. Comparisons of genetic variation across
ploidy levels using existing methods have been problematic be-
cause of the different number of alleles involved and the under-
lying assumption of disomic inheritance. Thus, microsatellite loci
are usually treated as dominant markers that are either present
(““17) or absent (“0”) in many studies of polyploids (e.g., Cai
et al., 2005; Brown et al., 2007; Kloda et al., 2008; Andreakis
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Fig. 3. Scatterplot showing the number of fully developed seeds (i.e.,
embryo covered with endosperm adhering to the brown seed coat) ex-
tracted from samples of mature fruits of Crataegus crus-galli and C. punc-
tata. Each dot represents an individual tree from which a sample of x fruits
was examined so as to obtain y fully developed seeds. Dashed lines depict
1:1 and 2.5:1 ratios of examined seeds to fruits.

et al., 2009; Garcia-Verdugo et al., 2009). Converting genotypes
into binary data can lose valuable information concerning the
manner in which loci are inherited and the composition of indi-
vidual genotypes. Nevertheless, multivariate analysis of con-
verted data appears to be useful in revealing genetic variation
among species of different ploidy levels (e.g., Cai et al., 2005;
Karlin et al., 2008; Kloda et al., 2008) but may be less suitable
for population samples, as in the current study. Here, we have
employed three methods to compare genetic variation between
diploid and polyploid samples that take advantage of the
codominant property of microsatellite markers. First, we use
the stepwise mutation model to estimate genotypic diversity
indices based on single or multiple loci in GENODIVE
(Meirmans and van Tienderen, 2004). Lasso (2008) has discussed
the sensitivity of diversity estimates to threshold setting, which
could vary among species. Although most studies have applied
threshold limits of 2-4%, we recommend that researchers esti-
mate and compare indices across a range of thresholds, as we
did here (see Materials and Methods; Table 1) to examine the
level of differences. Second, we used distance functions to build
phylogenetic trees for visualizing relationships and to evaluate
the degree of dispersion among samples (Fig. 1; Weller and
Sakai, 1999; Persson Hovmalm et al., 2004). Here, caution is
needed in choosing the distance function. Polyploids with more
alleles than diploids may appear to be closer together as an arti-
fact of higher allele numbers and, thus, a higher proportion of
shared alleles. Bruvo et al. (2004) suggested distance measures
that are not only scaled by ploidy level but also take the muta-
tion processes of microsatellites into account. This provides a
fair comparison of relatedness between ploidy levels. Third, we
compared the global and partitioned Rousset (2000) distances
calculated, under the assumption that shared alleles are identical
by descent between two samples (Fig. 2). Unlike the preceding
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methods, this approach compares variation at different hierar-
chical levels, including between populations, between seed
families of a population, and between members of a seed fam-
ily, to obtain statistical support for such comparisons.

Conclusions—Our results are pertinent for the systematics
of long-lived apomicts in general, and for Crataegus systemat-
ics in particular. They lend molecular support to previous infer-
ences based on analyses of morphometric data (e.g., Dickinson
and Phipps, 1985; Dickinson, 1986) about the way in which
limited variation within populations of apomicts, and substan-
tially greater variation between their populations, has contrib-
uted to the recognition of species that are only slightly
differentiated genetically (Dickinson et al., 2008). In addition,
we suggest ways in which increased asexual reproduction and
selfing in polyploids may be related to floral evolution in these
groups. Whether changes in reproductive strategy affect genetic
variation and fitness of a species is an important question whose
answer may determine the evolutionary potential of a species.
Our study demonstrates that agamospermous plants can differ
from sexual ones in their levels of genetic variation, because of
the differential influences of pollen flow and sexuality, and can
achieve short-term reproductive assurance and reproduce as
successfully as sexual ones. However, their long-term evolu-
tionary fate remains in question. Similar fine-scale studies on
other groups are worthwhile for testing whether such phenom-
ena operate widely in apomictic angiosperms or are restricted to
groups like Crataegus in which the reproductive success of
apomicts is intimately linked with self-incompatibility and

polyploidy.
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A. Joint estimation of apomixis and selfing for using multiallelic loci in tetraploids

At multiallelic tetraploid loci, there are a large number of possible genotypes,
and listing each progeny probability is impractical. Following the
appendix of Murawski et al. (1994), we use a general formula for progeny,
conditioned on parentage and type of mating (outcross, self, apomixis).
We denote the maternal parent as A;A;A A, and its offspring as A, A,A A,
The subscripts can take on any integer value, for example A;A;ALA;,
in which case i = j = 1, k = 2, and [ = 3. However, for the purpose of
incorporating apomixis, the alleles are ranked in numerical order in both
parent and progeny data.

Define the indicator variable J;, where J;, = 1 if i = m; otherwise 3;, = 0.
These pairwise 8 values are defined for all ways that a pair of alleles are
sampled, one from the parent and the other from the progeny, and indicate
the identity-by-state of alleles. Likewise, for triplets of alleles, let 3, = 1
if m =n = o0;39,,, = 0 otherwise, etc., and for quadruplets of alleles,
let 3,,,, = 1if m = n = o = p; otherwise §,,,, = 0, etc. The probability of
observing A, A,A, A, given its parentage and that it was a self, is

prob(A, A, A A, T AAAA), self) =

e (A, A, A A A, A
el —mn Py 4 (o (LY 4 (P o
(3)[( > X 12) ( B X 12) ( D X > )j
where
c=24 = 12(3,,+3,,+3,,+3,,+3,,+3,,)
+6(8,,8,, 48,8, 8,8,
16(8 100 18,10 8,10y +8,,) = 338,
and
A,, =(6im +6jm +5/rm +6Im) (6/,7 +5jn +6Im +6/n)

- (5,,6,,+6,,6, +8,,06,, +5,5,), etc.

imQin T O jm O jn

The probability of observing A, A,A A, given its parentage and that it was
outcrossed is

prob(A,A,A A, | AAAA, outcross) =

A A A 10

A
mo + mp + p
5 )P+ (5P + (5

12

/6 B Bep
(e/6(S2p, +( Py + (2P + (S2),)]

where p denotes pollen gene frequencies (e.g. p,,, is the frequency of alleles
m and n in the paternal gamete pollen pool). Finally, the probability of
observing A, A,A,A, given its parentage and that it was produced by
apomixis is simply

prob(A,,,A,zA(,Ap | AiA,AkAl, apomixis) = 9J;, Sjn Oto 611,

(all alleles must match between parent and progeny). The selfing, outcrossing
and apomixis probabilities combine these segregational probabilities to
give the overall probability of an offspring genotype as

prob(A,A,A A, | AAAA) = s prob(A,A,A A, | AAAA, self)
+ ¢ prob(A, A, A A, | AAAA, outcross)
+a prob(A, A, A A, | AAAA,;, apomixis)

where s is the prior selfing rate, ¢ the prior outcrossing rate, and a the prior rate
of apomixis (s + ¢ + a = 1). The multilocus extension of this formula is
of the form

prob(G,4G,,,) = sI1 prob(G,;1G,,, self)
+111 prob(G,![fiIG,”,x,l-, outcross) + all prob(G,|G,,,;» apomixis)
i I '

where G,;; and G,,,; denote offspring and parent genotypes, respectively, at
locus i#; the probs are the single-locus probabilities derived above. At this
point, the standard procedure and assumptions for outcrossing estimation
are applied (see Ritland, 2002).

To ensure that the above likelihood analysis has sufficient information for
joint estimation of these three rates of mating, the information matrix
was calculated by first calculating Fisher information values (second
derivatives of the log-likelihood) across 10° simulated parent—offspring
pairs, then inverting the matrix to find the variance—covariance structure
of estimates. Lack of invertability means that there is not sufficient
information to jointly estimate s, ¢, and a. True values of s, t, and a
were each one third, and gene frequencies were assumed to be equal
for cases of 2, 4, and 6 alleles per locus. The results are summarized in
Appendix 1B.

Appendix 1B shows, first of all, that selfing and apomixis are separable statistical
entities and can be jointly estimated (given that the information matrix was
invertable). For both diploid and tetraploid models, apomixis can be estimated
more accurately than selfing. As expected, additional marker loci reduce the
variance (increase the information) about all parameters in both the diploid
and tetraploid cases. However, asymptotic variances are nearly attained by
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about 2—4 loci (4-6 alleles per locus) or 4-8 loci (2 alleles per locus); at
this point, improvement can occur only by adding more individuals rather
than loci. Appendix 1B also shows that both selfing and apomixis were more
accurately estimated with tetraploid data, given that the number of markers
is doubled in tetraploids. This is partly because dosage was ascertained; if

AMERICAN JOURNAL OF BOTANY

dosage cannot be ascertained, the difference will be less (a program for such
a model has yet to be written). Finally, the statistical correlation between the
joint estimates was strongly negative; this is expected because with more loci
they are close to binomial random variables whose covariance is —sa, or in
this case —(1/3)(1/3) = —1/9 which corresponds to a correlation of —0.5.

Appendix 1B. Statistical variance (per progeny) of joint estimates of the rates of selfing (s) and apomixis (a) as a function of the number of loci, number of alleles per loci,
and mode of inheritance (diploid vs. tetraploid).
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