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ABSTRACT. The utility of microsatellite markers to characterize the genetic diversity of a polyploid species with disomic
inheritance is often hampered by the impossibility of determining allele frequencies and the complexity of inheritance
patterns. The objective of this study was to solve these problems in the allotetraploid Prunus serotina Ehrh. by finding
genome-specific primers (i.e., primers that are specific to one of the two genomes that initially formed the species).
Sixty-seven microsatellite primers described in cultivated Prunus L. species were tested for cross-amplification in
P. serotina, and evidence that conserved markers were genome-specific was found by demonstrating their typical
Mendelian diploid inheritance in embryos resulting from controlled crosses. Among the 67 microsatellite markers
tested, 26 produced successful amplification and five were genome-specific. No linkage disequilibrium was detected
for these loci, but evidence was found for the presence of a null allele at one locus. We found both a high number of
alleles per locus (three to 12) and a high mean expected heterozygosity (0.71), which were nonsignificantly different
from the number of alleles and estimates of expected heterozygosity calculated for three non-genome-specific markers
in the same population. The potential use of these genome-specific markers in population genetic studies is discussed.

Prunus serotina is a wild, fast-growing tree native to North
America (Marquis, 1990) which has been widely planted in
European forests and has spread from plantations to invade
several types of woodlands and open habitats on poor soils
(Muys et al., 1992). Prunus serotina has been classified in
subgenus Padus (Miller) Focke (Rehder, 1940), and molecular
phylogenetic studies of Prunus place the species in a clade
composed of members of that subgenus as well as subgenus
Laurocerasus (Duh.) Rehder (Bortiri et al., 2006). Because P.
serotina is economically important in North America for its
timber quality (Marquis, 1990) and ecologically important in
Europe owing to its invasive status, questions regarding fine-
scale spatial genetic structure, mating system, or gene flow
among populations in both its native and introduced ranges are
of interest to foresters and ecologists. Over previous decades,
microsatellites have emerged as markers of choice in such
analyses because of their high level of polymorphism and their
codominant inheritance (Powell et al., 1996). Analyses of
polymorphic markers such as microsatellites, however, are

hindered in allopolyploid species because of the presence of
more than two alleles at each locus and the resulting complexity
of the inheritance pattern (as reviewed in De Silva et al., 2005;
Ronfort et al., 1998).

Allopolyploids have differentiated pairs of chromosomes
(homeologous chromosomes) which form bivalents at meiosis,
as in their diploid progenitors. Owing to the frequently high
relatedness between the ancestral progenitors, multiple alleles
are often present in more than one copy. The number of copies
at microsatellite loci is, however, impossible to determine
because allele dosage cannot be deduced with certainty from
band intensities or electropherogram peak marker heights based
on a nonquantitative exponential amplification process such
as polymerase chain reaction (Markwith et al., 2006). For
instance, a tetraploid individual displaying phenotype
‘‘ABC’’ can have any of the following genotypes: ‘‘aabc’’,
‘‘abbc’’, or ‘‘abcc’’. Even if allele dosage were known, it would
still be impossible to know at which of two or more duplicated
loci a particular allele is actually segregating without perform-
ing controlled crosses (Obbard et al., 2006).

To analyze allopolyploid data, allelic phenotypes have
therefore been used instead of allelic frequencies to calculate
summary statistics (e.g., Becher et al., 2000; Brochmann et al.,
1992; Chung et al., 1991). With this approach, phenotypes are
treated only as being either different or identical, and it does not
make use of all the information held by microsatellite markers.
Recently, new estimates of genetic diversity were described to
take into account not only the similarity/dissimilarity between
individuals but also the number of alleles shared between two
individuals (Bruvo et al., 2004; Meirmans and Van Tienderen,
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2004; Obbard et al., 2006). These estimates, however, are not
directly comparable to the F statistics (Wright, 1951) more
commonly used in diploid organisms, and these techniques do
not solve the problem that most population genetic software is
written for diploid species.

Not all species that have undergone an allopolyploidization
event during their evolution display multiple alleles in more
than one copy at duplicated loci. In some cases, duplicated loci
may have diverged substantially and may display different
expected allele ranges. The analysis can in these cases be
done by separating alleles in their diploidized loci, and popu-
lation statistics can be calculated using the diploidized data
(Markwith et al., 2006). In other cases, primers only amplify a
single locus of one of the two or more genomes that created the
allopolyploid species (hereafter called genome-specific). This
is, for instance, the case for the vast majority of microsatellite
primers in allopolyploid cultivated species [e.g., Triticum L.
spp. (Korzun et al., 1999), Brassica L. spp. (Saal et al., 2001), or
Pyrus communis L. (Fernandez-Fernandez et al., 2006)], and
the data can be analyzed as if the species were diploids.

So far, five microsatellite markers have been described in
black cherry (Downey and Iezzoni, 2000; Pairon and Jacque-
mart, 2005), among which two amplified both duplicated loci
with overlapping expected allele ranges (M4c, Ps12a02), one
amplified both loci with different allele ranges (pchpgms3), and
two (pchgms2, PceGA34) were genome-specific (Pairon and
Jacquemart, 2005).

The main goal of this study was to find additional genome-
specific markers in black cherry by selecting conserved micro-
satellite markers and studying their inheritance patterns in
progenies from controlled crosses. The potential usefulness of
these genome-specific markers is then tested by characterizing
their diversity in 20 individuals from a different population and
comparing their information content to that of three previously
described non-genome-specific markers in the same population.

Materials and Methods

Detection of genome-specific markers
PLANT MATERIAL AND DNA EXTRACTION. Five controlled

crosses were performed on P. serotina using five pollen
receivers and two pollen donors in June 2004 in an invasive
population in Belgium (lat. 50�41#18$N, long. 4�43#33$E).
Five to 10 twigs of pollen receiver trees, each bearing five up to
13 racemes, were enclosed in nylon mesh bags before anthesis,
and crosses were performed by brushing stamens of the pollen
donor flowers across the stigma of receptive flowers (details in
Pairon and Jacquemart, 2005). Bags were removed when all
stigmas of the enclosed racemes were no longer receptive, and
fruit were collected unripe in early Aug. 2004 to prevent them
from falling and being eaten by birds. DNA was extracted from
buds of the seven trees used as pollen donors and receivers
using a CTAB extraction protocol (Doyle and Doyle, 1990),
and DNA from 30–36 embryos of seeds resulting from the five
crosses was extracted using the extraction procedure of Cheung
et al. (1993). DNA was extracted from embryos instead of
leaves because going through germination would have led to
considerable time and seedling loss as fruit had been collected
unripe.

PCR AMPLIFICATION AND MICROSATELLITE ANALYSIS Sixty-
seven microsatellite primer pairs originally designed in Prunus
persica (L.) Batsch, Prunus avium L., and Prunus cerasus L.

(Ahmad et al., 2004; Cipriani et al., 1999; Dirlewanger et al.,
2002; Sosinski et al., 2000; Struss et al., 2003; Testolin et al.,
2000) were tested for cross-species amplification in P. serotina
on the seven individuals used as parents in controlled crosses.
PCR reactions were performed in 15 mL containing 15 ng of
template DNA, 2.5 mM MgCl2, 0.2 mg�mL–1 BSA, 0.1 mM of
each dNTP, 0.5 mM of each primer, 0.6 U of Taq DNA
polymerase (Roche Diagnostics, Basel, Switzerland), and 1.5
mL of the Taq buffer using a temperature of 94 �C for 4 min,
then 35 cycles of (94 �C for 25 s, 56 �C for 45 s, and 72 �C for
45 s), and finally 72 �C for 7 min. Amplification products were
electrophoretically separated on 2% agarose gels.

Forward primers of the 26 primer pairs that successfully
produced amplified fragments in P. serotina were then fluo-
rescently labeled with either 6-FAM or HEX (Sigma-Aldrich,
St. Louis, MO). The same PCR conditions were used and the
same seven individuals amplified, and PCR products were
analyzed on an ABI-3100 Genetic Analyzer and sized using
GeneMapper 3.5 (Applied Biosystems, Foster City, CA).

Because the aim was to find genome-specific markers,
inheritance patterns were tested only for loci displaying a
maximum number of two alleles in any of the seven parents by
genotyping progenies of one controlled cross. The controlled
cross to use for each locus was chosen in such a way that the
genotypes of the two parents shared no more than one allele
at the given locus (Table 1). In these cases, it is possible to
determine the frequencies of alleles inherited from each of the
two parents in the progenies. Thirty to 36 progenies were
screened per marker to evaluate the frequencies of alleles
inherited from each of the two parents separately. These
observed values were then compared with allelic ratios ex-
pected under the diploid hypothesis using c2 goodness-of-fit
tests (SAS version 8.2; SAS Institute, Cary, NC).

Genome-specific markers genetic diversity
and information content

PLANT MATERIAL AND MICROSATELLITE ANALYSIS. To charac-
terize the overall genetic diversity of genome-specific markers
and to compare the information content of the genome-specific
markers found in this study to that of non-genome-specific
markers previously described (pchpgms3, M4c, M12a) (Pairon
and Jacquemart, 2005), leaves of 20 unrelated P. serotina
individuals were collected in a second invasive population (lat.
50�79#03$N, long. 4�70#73$E), and DNA was extracted using
the same CTAB protocol as that used for buds (Doyle and
Doyle, 1990).

PCR conditions for amplification of the genome-specific
makers were as described above, and the three non-genome-
specific markers were as described in Pairon and Jacquemart
(2005).

DATA ANALYSIS. The genetic variability of the genome-
specific markers was estimated by computing the number of
alleles (Na), the observed heterozygosity (Ho), and the expected
heterozygosity (He) using GeneAlEx (Peakall and Smouse,
2006). The fixation index (FIS) of Weir and Cockeram was
computed using GenePop 3.4 (Raymond and Rousset, 1995).
Exact tests for departure from Hardy–Weinberg proportions
and tests for linkage disequilibrium were performed using
GenePop 3.4.

Because we wanted to test how informative the newly found
genome-specific markers were compared with previously
defined non-genome specific markers, we computed Na, Ho,
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and an estimate of He (HPHEN) for the non-genome-specific
markers. The observed heterozygosity (Ho) was computed
assuming that an individual was heterozygote when it displayed
a minimum of two different alleles at a locus. HPHEN was
computed using allelic phenotypes instead of allelic frequen-
cies as follows:

HPHEN = ð1�
X

g2
i Þ [1]

where gi is the frequency of the ith phenotype. Note that this is
equal to the equation of the discrimination power (e.g.,
Kloosterman et al., 1993). For comparison purposes, HPHEN

was also evaluated for the genome-specific markers using Eq. [1].
Student’s t tests were performed to compare values of Na,

Ho, and HPHEN for the genome-specific and non-genome-
specific markers (SAS version 8.2).

Results

DETECTION OF GENOME-SPECIFIC MARKERS. PCR amplifica-
tion was considered to be successful when an amplicon of sharp
intensity and in the expected size range was visible on agarose
gels. Using such a criterion, 26 out of 67 (39%) microsatellite
loci gave apparently correct PCR amplification in P. serotina.

Of the 26 primer pairs that yielded specific bands of sharp
intensity on agarose gels, five were monomorphic, three

displayed unreliable PCR amplifica-
tions, 13 gave a maximum number of
four alleles per individual (Table 2),
and five (19%) displayed a maximum
number of two alleles per individual
(Table 3). The patterns observed were
not correlated to the species in which
the primer pairs were initially devel-
oped. Markers designed for P. avium
and P. persica displayed all four pat-
terns described above.

Inheritance patterns were tested for
the five loci displaying a maximum of
two alleles per individual. The alleles
inherited from each of the two parents
by 30–36 progenies per locus were
compared with the allelic ratios
expected in a diploid species (Table 3).
There was no difference between
expected and observed ratios as P val-
ues of c2 tests were all nonsignificant
(Table 3). Locus UCD-CH24 was dif-
ferent from the four other loci because
of a particular pattern observed in the
allele segregation of one of the two
parents. The pollen donor displayed a
homozygote phenotype with a unique
allele (F) at this locus. However, this
unique allele was only found in 56% of
the progenies, instead of being found in
100% of the progenies as would be ex-
pected from a homozygote genotype (ff).
The only way to explain these propor-
tions is to account for a null allele in the
pollen donor genotype (f–) (Table 3).

GENOME-SPECIFIC MARKERS’ GENETIC

DIVERSITY AND INFORMATION CONTENT.
The genetic variability of these genome-specific markers was
tested by screening 20 individuals in a second population. They
all showed high information content, with a total number of
alleles ranging from three to 12 and average observed and
expected heterozygosities of 0.56 and 0.71, respectively (Table
4). The presence of a null allele at locus UCD-CH24 was further
demonstrated by its significant departure from Hardy–
Weinberg genotypic proportions (P < 0.01) in this pop-
ulation (Table 4). This test was not significant for the
four other genome-specific loci (Table 4), and none of
the locus pairs showed significant linkage disequilibrium
(P > 0.1).

The genetic diversity of these genome-specific markers
was then compared with that of the non-genome-specific
markers on the same 20 individuals. The average number of
alleles per locus and HPHEN were not significantly different
from those of the non-genome-specific markers (P = 0.12,
Table 4). The observed heterozygosity was significantly higher
for the non-genome-specific markers because having a
homozygous genotype is much more likely at genome-
specific loci. In order for Ho to be different from one in the
case of non-genome-specific markers, both duplicated loci
need indeed to be homozygous and have the same allele, which
was never found in all three non-genome-specific loci in our
study.

Table 1. Phenotypes of seven Prunus serotina individuals used as pollen receivers (italic numbers
1–5) and pollen donors (underscored numbers 6 and 7) in the five controlled crosses performed
(1·7, 2·6, 3·7, 4·6, 5·6) to study the inheritance pattern of five putatively genome-specific
microsatellite markers.z

Locus

Allele Individuals

Size (bp) Codey 1 2 3 4 5 6 7

UCD-CH14x 136 ·
138 A ·
142 · ·
148 B · · · · ·
156 C · ·
158 ·
160 ·

UCD-CH24x 78 ·
80 D · · · · · ·
82 F · · ·
84 E ·

UDP96-005w 82 I · · ·
84 G · ·
86 · ·
88 H · ·

UDP98-025v 109 L · · ·
117 J · ·
119 M · ·
121 · · ·
127 K ·

UDP98-405w 111 P ·
113 N · · · · · ·
115 O · · · ·

zAllele sizes are given for the different loci; ‘‘·’’ symbols show the genotypes of the seven
individuals. Shaded cells highlight the two individuals chosen as parents in the controlled crosses
used to test the marker inheritance at each locus.
yLetter code used to characterize the expected and observed allelic ratios in Table 3.
xStruss et al. (2003).
wTestolin et al. (2000).
vCipriani et al. (1999).
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Discussion

We demonstrated here that 39% of microsatellite flanking
regions described in cultivated Prunus species were conserved
in the wild P. serotina. Among the conserved primers that

showed polymorphism, 50% amplified both duplicated loci and
19% were genome-specific.

The primer pairs that were found to amplify only a single
locus from one of the two ancestral genomes present in
P. serotina were derived from P. persica (UDP96-005,
UDP98-025, UDP98-405) (Cipriani et al., 1999; Testolin
et al., 2000) and P. avium (UCD-CH14, UCD-CH24) (Ahmad
et al., 2004; Struss et al., 2003). UDP96-005 and UDP98-405
had previously been tested for cross-amplification in several
cultivated species (Cipriani et al., 1999) classified in different
subgenera of Prunus (e.g., Rehder, 1940). They were shown to
be conserved in species of subgenera Amygdalus (L.) Focke
[e.g., P. persica, Prunus dulcis (Miller) D.A. Webb], Prunus
(e.g., Prunus armeniaca L.), and Cerasus (Miller) Focke (e.g.,
P. avium and P. cerasus), indicating a high degree of conser-
vation across the genus, which was further confirmed by their
utility in P. serotina (subgenus Padus). Recent phylogenetic
studies (e.g., Bortiri et al., 2006) have suggested that species of
subgenera Padus and Laurocerasus form a clade separated
from the rest of the genus, implying greater divergence between
the former species and the crop plants in which the micro-
satellite markers were developed than among the different crop
species and cultivars. This provides a possible explanation as to
why some of the primers were not conserved in one of the two
duplicated loci in black cherry. A more detailed study of the
subgenera is needed, however, to correctly infer the putative
parental species.

All genome-specific markers except UCD-CH14 and UCD-
CH24 have been placed on a map covering the Prunus genome
by Aranzana et al. (2003). They do not seem to be restricted to
one single region of the genome as locus UDP96-005 is found
on G1, UDP98-025 on G2, and UDP98-405 on G7. Therefore,
the presence of genome-specific microsatellite loci does not
seem to be correlated to the locus position in the genome, which
would be expected if part of the genome is becoming diploi-
dized as is sometimes observed with polyploids (Bretagnolle,
1998).

The genetic variability of these new genome-specific
markers was high (mean He = 0.71) when compared with
values reported for cultivated diploid Prunus species [e.g.,

Table 2. Results of cross-amplification tests and level of polymorphism
in Prunus serotina for 21 Prunus persica, Prunus avium, and
Prunus cerasus microsatellite primers that were not genome-
specific but showed good polymorphism (polymorphic), were
monomorphic (monomorphic), or showed unreliable PCR
amplification (poor amplification).

Locus Origin
Amplification
in P. serotina

Size range (bp)
in P. serotina

BBPCT-002z P. persica Polymorphic 179–191
BBPCT-017z P. persica Polymorphic 316–364
BBPCT-024z P. persica Polymorphic 92–96
BBPCT-025z P. persica Polymorphic 188–206
BPPCT-007z P. persica Monomorphic 149
BPPCT-033z P. persica Monomorphic 144
UCD-CH11y P. avium Polymorphic 78–118
UCD-CH13y P. avium Monomorphic 120
UCD-CH15y P. avium Poor amplification —
UCD-CH19y P. avium Poor amplification —
PS01H03x P. cerasus Poor amplification —
PS08E08x P. cerasus Monomorphic 135
PS7A02x P. cerasus Polymorphic 66–92
UDP96-001w P. persica Polymorphic 97–107
UDP96-019w P. persica Polymorphic 202–236
UDP97-402w P. persica Polymorphic 123–145
UDP98-022v P. persica Polymorphic 112–138
UDP98-406w P. persica Polymorphic 77–101
UDP98-408w P. persica Polymorphic 65–406
UDP98-410v P. persica Monomorphic 114
UDP98-416v P. persica Polymorphic 102–106
zDirlewanger et al. (2002).
yStruss et al. (2003).
xSosinski et al. (2000).
wTestolin et al. (2000).
vCipriani et al. (1999).

Table 3. Inheritance analysis results at the five microsatellite loci that displayed a maximum of two alleles in the seven Prunus serotina parental
individuals.z

Locus Parent code
Parent

phenotypey

Putative parent
genotypex

Expected
gamete ratios

Observed gamete
genotype c2 P

UCD-CH14 1 AB ab/– 1a : 1b 17a : 15b 0.13 0.84
7 C cc/– 1c 32c NA

w —
UCD-CH24 3 DE de/– 1d : 1e 14d : 18e 0.5 0.6

7 F f-/– 1f : 1– 18f : 14– 0.5 0.6
UDP96-005 2 GH gh/– 1g : 1h 18g : 18h 0 1

6 I ii/– 1i 36i NA —
UDP98-025 2 JK jk/– 1j : 1k 19j : 15k 0.47 0.61

6 LM lm/– 1l : 1m 20l : 14m 1.06 0.39
UDP98-405 1 NO no/– 1n : 1o 19n : 11o 2.13 0.2

7 NP np/– 1n : 1p 16n : 14p 0.13 0.84
zThe phenotypes of the two parents used for the controlled crosses are given and the observed gamete genotypes are compared with the gamete
ratios expected under the hypothesis of genome-specific marker.
yLetter codes as described in Table 1. Note that cap letters represent phenotypes and lowercase letters represent genotypes.
xThe ‘‘/’’ represents separation between two duplicated loci that segregate disomically at meiosis and that come from each of the two ancestral
genomes that initially formed the allotetraploid.
w‘‘NA’’ is a reminder that c2 tests are not possible when there is only one possible expected value.

J. AMER. SOC. HORT. SCI. 133(3):390–395. 2008. 393

JOBNAME: jashs 133#3 2008 PAGE: 4 OUTPUT: April 22 02:13:34 2008

tsp/jashs/163165/01298



mean He = 0.47 in P. persica (Testolin et al., 2000) or mean He =
0.60 in P. avium (Dirlewanger et al., 2002)], or even for wild
P. avium accessions [mean He = 0.60 (Vaughan and Russell,
2004)].

Interpreting data from non-genome-specific markers as
allelic phenotypes as we did when calculating HPHEN, has
limited use when it comes to comparing estimates of genetic
diversity between diploid and polyploid species. The estimate
of expected heterozygosity, HPHEN, does not recognize the
greater similarity of phenotypes that share more alleles over
those that share fewer (e.g., Obbard et al., 2006). New estimates
that try to take this particularity into account (e.g., Bruvo et al.,
2004; Meirmans and Van Tienderen, 2004; Obbard et al., 2006)
have not been compared with estimates of genetic diversity
traditionally computed in diploid organisms [e.g., F statistics
(Wright, 1951)] in real populations because, to date, no studies
has found both genome-specific and non-genome-specific
markers in the same species. We have shown here that these
two types of markers can be used to generate both genome-
specific genotypes that can be analyzed as diploid genotypes
and non-genome-specific phenotypes for the same populations
of the wild tree species P. serotina. It is therefore possible to
test the difference between allopolyploid estimates of genetic
diversity and differentiation, computed using non-genome-
specific markers, and traditional FST values or other diploid
estimates of genetic diversity, computed using genome-specific
markers on the same individuals. This could be helpful to assess
the quality of estimates of heterozygosity and FST-like statistics
designed for polyploid organisms.

Aside from the potential interest this could have on the study
of estimates of genetic diversity of polyploids in general, the
newly found genome-specific primers can be used together with
the two genome-specific primers previously described
(pchgms2, PceGA34) (Pairon and Jacquemart, 2005) and locus
pchpgms3 that amplified both loci with different allele ranges to
study population genetic structure or perform assignment tests
on P. serotina, with the same power as if the species were

diploid. These will be useful, for instance, to predict and model
the species establishment in new habitats and describe the
overall genetic structure of the species in its native and invasive
ranges to detect founder effects or describe historical patterns of
introduction in Europe.
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wTestolin et al. (2000).
vCipriani et al. (1999).
uYamamoto et al. (2002).
tDowney and Iezzoni (2000).
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