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Abstract Juglans x intermedia (Juglans nigra X
Juglans regia) is considered the prototype walnut for
quality wood production in Europe. Hybridization
between the parental species is rare under natural
conditions and difficult using controlled pollination
because of phenological and genetic incompatibili-
ties. The identification of hybridogenic parents is the
first step toward obtaining hybrid progeny. We report
the application of microsatellite markers for DNA
fingerprinting and parentage analysis of half-sib
families collected in a natural mixed population for
which no phenological and morphological data were
available. Ten nuclear, neutral, simple sequence
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repeat markers were used to analyse 600 samples.
The high levels of polymorphism detected positively
influenced the exclusion and identity probabilities.
The assignment analysis revealed the presence of 198
diploid J. x intermedia hybrids among the seedling
progeny. Maternity checks were performed on all
individuals and few errors of sampling were found.
Four distinct hybridogenic mother trees were identi-
fied, each showing different reproductive success
rates. The 198 diploid hybrids belonged to four open-
pollinated families based on an analysis of paternity
using a likelihood approach. Differential male repro-
ductive success was observed among pollen donors
within the research site. Forty-nine of the 198 diploid
hybrids detected in four progenies were sired by only
three J. regia genotypes. Backward selection might
be used to establish new seed orchards for inter-
specific F; hybrid production using genotypes with
demonstrated compatibility.
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Introduction
The importance of intra- and inter-specific hybrid-
ization for the genetic improvement of forest trees

has been evident for at least 50 years (Zobel and
Talbert 2003). Nevertheless, tree improvement often
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has been narrowly focused on selection and breeding
within a single native species. As suggested by
Schreiner (1960), inter-specific hybridization also
provides the maximum genetic diversity needed for
greatest genetic improvement. Sometimes inter-spe-
cific hybrids may be difficult to obtain, however, even
with the use of controlled pollination. This is the case
for hybridization between Juglans nigra L. and
Juglans regia L. that produces Juglans x intermedia
Carr. Compared to the parental species, most J. X
intermedia hybrids show increased vegetative vigor,
distinct disease resistance, high wood quality, and
greater winter-hardiness than Juglans regia (Fady
et al. 2003). Consequently there is great demand for
J. x intermedia for forestry, especially in Northern
Europe.

Generally, the female parent of J. x intermedia is
J. nigra and the male is J. regia. The difficulty
obtaining hybrids of the two species could be the
result of an incompatibility in flowering phenology
or some mechanism(s) of genetic incompatibility
(Sartorius 1990) such as inadequate chromosome
pairing in megaspore and microspore mother cells
(McKay and McKay 1941), failure of fertilization
(pre-zygotic factors) or embryo abortion (post-
zygotic factors). In addition to synchrony of flower-
ing, hybridization rate may be affected by air
temperature, which influences pollen germination
and penetration through the stigma and the style to
the J. nigra ovary. Luza et al. (1987) found clear
differences in temperature optima for pollen germi-
nation and tube grow in J. nigra and J. regia.

The identification and selection of “hybridogenic”
parents is the first step toward obtaining hybrid
progeny. Although some trees are hybridogenic under
natural conditions, it has been difficult to produce
hybrids using controlled crosses (McKay 1965;
Scheeder 1990). Breeders have encountered difficul-
ties obtaining sufficient common walnut pollen at the
time J. nigra pistillate flowers are receptive. No
suitable and simple method for pollen storage and
viability testing is available for Juglans (Luza and
Polito 1985, 1988a, b). In addition, pistillate flower
abscission (PFA), caused by excessive pollen load,
has been reported in Persian (McGranahan et al.
1994) and black walnut (Beineke and Masters 1977).
PFA may decrease the final nut set.
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Seed orchards for hybrid production generally
deploy one plus tree as a female parent and several
plus trees as males to ensure enough pollen pressure.
The oldest and best known European J. x intermedia
(NG23 x RA) was obtained in France by the open-
pollination of the female J. nigra NG23 with four J.
regia plus trees RA984, RA996, RA331, RA295 as
male parents (Becquey 1990). However, selection by
phenological observations and clonal (graft) propa-
gation of hybridogenic parent trees required more
than 10 years (Jay-Allemand et al. 1990). Recent
increases in industrial demand for wood have led to
expanded planting areas and the establishment of new
seed orchards for production of J. x intermedia
trees. Application of the short-term marker-assisted
breeding tactic developed by Grattapaglia et al.
(2004) in Eucalyptus spp. could reduce the time
needed to identify hybridogenic parents and to
produce new hybrid genotypes in walnut. Grattapa-
glia et al. (2004) carried out SSRs-based paternity
tests of superior hybrid progeny (E. grandis x E.
urophylla) in forest stands established with open-
pollinated seeds from an orchard. Parents displaying
the highest reproductive success rates were identified,
and a retrospective selection of parents was carried
out.

Over the last 6 years in the framework of the
national Project RL.SEL.ITALIA, the CNR. Institute
of Agro-environmental and Forest Biology (Porano)
has been intensively evaluating walnut germplasm in
Italy. As a result of these efforts, a promising mixed
population, including J. nigra, J. regia and some
J. x intermedia hybrids, was discovered in Northern
Italy and analyzed by SSR markers (Pollegioni et al.
2009). In this study, we report the detailed analysis
of half-sib families collected in this population with
the specific objectives of (1) detecting the presence
of J. x intermedia in these progenies, (2) identifying
J. nigra mother trees that spontaneously crossed with
J. regia (hybridogenic mothers), and (3) verifying
the differential reproductive success (DRS) of
J. regia male parents (hybridogenic fathers) for
production of hybrid offspring genotypes. By using
backward selection after parentage analysis we hope
to establish new seed orchards for hybrid production
quickly using genotypes with demonstrated
compatibility.



Mol Breeding (2009) 24:321-335

323

Materials and methods
Plant material

We examined a mixed population, including J. nigra,
J. regia and some J. X intermedia plants growing in
the Veneto region, Villa Mezzalira Park, Bressanvido
(Northern Italy 45°39'0”N, 11°38'0"E). A total of 139
plants were sampled and previously genotyped using
SSR markers (Pollegioni et al. 2009). DNA finger-
printing analysis classified 49 J. regia individuals, 82
J. nigra genotypes, 7 diploid J. x intermedia plants
and one triploid hybrid showing two parts J. nigra
genome and one part J. regia. Forty-nine J. regia, 8 J.
nigra, 3 diploid hybrids, and a triploid (N21) are
adult trees growing in the Park (Table 1; Fig. 3); 15
J. nigra adults plants (J. nigra NC) were located
outside the park; 59 J. nigra and 4 diploid hybrids
were 6-year old plants grown at the Veneto regional
nursery (Montecchio Precalcino, Vicenza) from seeds
collected in the Park. Parentage analysis of the trees
in the Park indicated that J. nigra N17 was the
hybridogenic mother plant of the seven diploid
hybrids (Table 1) (Pollegioni et al. 2009).

In October 2005, seeds were collected from seven
adult J. nigra trees and the triploid hybrid plant in
Villa Mezzalira Park. The J. nigra N5 tree died and no
offspring genotypes were available. The seeds were
planted in a field atthe CRA Institute for Silviculture
(Arezzo), and eight open-pollinated progenies (461
seedlings) were obtained: 41 seedlings from plant N3;
29 from N24; 88 from N17; 24 from N18; 76 from
N22; 71 from N23; 114 from N24, and 18 from the

triploid N21 (Table 3). In July 2006, mature leaves
were sampled from each plant, immediately frozen in
liquid nitrogen and then held at —80°C until this
analysis. In total 600 walnut samples were obtained.

DNA extraction

Genomic DNA was extracted from all 600 samples
including 461 progeny and 139 plants (already
genotyped) for analysis. Samples were prepared for
DNA isolation by grinding 100 mg of leaf tissue in a
2-ml microcentrifuge tube containing a 5 mm steel
bead. The leaf tissue was homogenized in a Mixer
Mill 300 (QIAGEN) cooled with liquid nitrogen.
Genomic DNA was extracted and purified using the
DNeasy96 Plant Kit (QIAGEN) according to the
manufacturer’s instructions (http://www.qiagen.com),
and stored at —20°C. DNA quantity was assessed by
comparing all samples against six standardized solu-
tions of A phage DNA (15, 31, 63, 125, 250, 500 ng/
pl; Life Technologies), in a 1% agarose gel stained
with ethidium bromide and visualized with UV light.
The DNA in the samples was brought to a working
concentration of 5 ng/pl.

Microsatellite analysis

Ten microsatellite loci (WGA1, WGA4, WGAY9,
WGA69, WGAS9, WGA118, WGA202, WGA276,
WGA321, WGA331) already sequenced and used for
the preliminary genetic characterization of J. nigra,
J. regia and J. x intermedia (Pollegioni et al. 2009)
were amplified in all samples. The reproducibility of

Table 1 Characteristics of 139 plants sampled in Villa Mezzalira Park, Bressanvido (Northern Italy 45°39' 0"N, 11°38'0"E)

previously genotyped using SSR markers (Pollegioni et al. 2009)

Species Group Adult Genotype label 6 year old  Genotype label Total
Trees (N) Trees® (N)
J. nigra L. J. nigra N 8 N3, N4, N5, N17, N18, 59 N25-N83 67
N22, N23, N24
J. nigra NC* 15 NC1-NC15 - - 15
J. regia L. J. regia 49 R6-R16, A.E., B2-B20, V1-V17 - - 49
J. x intermedia Carr.  Diploid hybrid 3 HI1, H2, H19 4 IMP3, IMP4, 7
IMP9, IMP18
Triploid hybrid 1 N21 - - 1
Total 76 63 139

 Fifteen black walnut adults plants located outside the park were labeled J. nigra-NC

b 6-year old plants growing at the Veneto regional nursery (Montecchio Precalcino, Vicenza), Italy, from seeds collected inside the park
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the SSR markers was verified by comparison with
samples already genotyped. Polymerase chain reac-
tion (PCR) was performed using 20 ng of DNA
template, 10 mM Tris—HCI (pH = 8.0), 50 mM KCl,
1.5 mM MgCl, reaction buffer, 200 uyM dNTP
(each), 0.2 pM primer (both), 0.008 g BSA and
0.4 U of Taq polymerase (Roche Applied Science).
Total reaction volume was 20 pl. Reactions were
performed in a GENEAmp 9700 Thermocycler
according to the following procedure: an initial
denaturation at 94°C for 5 min, followed by 35
cycles of 45 s at 94°C, 45 s at the optimum annealing
temperature for each couple of primes, and 1 min at
72°C; then a final extension step at 72°C for 7 min.
A 5 ul of the amplified fragment was checked by
electrophoresis in 1.8% agarose in 0.5x TBE buffer,
and stained with ethidium bromide. To determine the
exact size of the amplified microsatellite fragments,
samples were diluted up to 1:10 in water and 1 pl of
the diluted PCR product was mixed with 0.3 pl of
a 500 bp internal-lane size standard (Gene Scan™
—500 ROX, Applied Biosystem) and 9.7 pl of pure
deionized-formamide, denatured in a thermocycler at
95°C for 5 min, and immediately chilled on ice. PCR
amplification fragments were resolved by capillary
electrophoresis with an ABI PRISM 3100 Genetic
Analyzer (Applied Biosystem) (Table 2).

The amplified SSR fragment data were collected
using Gene Scan Analysis version 3.7 Software and
genotype profiles were assigned with the Genotyper
version 3.7 NT Software (Applied Biosystem). In this
study the typical co-dominant expression of SSR
markers was complicated by the triploid state of some
samples. Therefore, alleles were scored and recorded
in a presence/absence matrix (0/1).

Data analysis

On the basis of this binary code the simple match’s
similarity coefficient (SM—Sokal and Sneath 1963)
was calculated between all pairwise combinations of
individuals in order to evaluate the genetic relation-
ships between genotypes. We used Principal Coordi-
nate Analysis (PcoordA) based on the SM matrix to
display the relative genetic distances among the 600
genotypes in a bi-dimensional plot (Rohlf 2001,
NTSYSpc version 2.1 software package). After
removing three triploid samples from the matrix raw
data, diploid hybrid identification was definitively
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performed by assigning the offspring genotypes to one
of the four classes (J. nigra N, J. nigra NC, J. regia
and J. x intermedia). Two assignment tests were
conducted using GENECLASS 2 software (http://
montpellier.inra.fr/CBGA/softwares/): the Paetkau
et al. (1995) frequency method, and Rannala and
Mountain’s (1997) partial Bayesian method. Both
approaches removed the individual being assigned
(leave one out procedure), computed the allelic fre-
quencies in all candidate populations (assuming the
HWE), calculated the likelihoods of the individual’s
multilocus genotypes occurring in each population
(independence of loci), and assigned the individual to
the population with the highest likelihood. Missing
alleles were assigned anarbitrary nonzero frequency
(0.01). The Rannala and Mountain (1997) method is
comparable with the frequency method, but uses a
Bayesian approach to estimate the allele frequencies
of the population. In this study we applied these two
tests incorporating, in addition, the exclusion-simu-
lation approach of Cournet et al. (1999) to obtain a
confidence level for each individual assignment (P-
value = 0.01). The statistical threshold was calcu-
lated simulating 1,000 genotypes by the novel Monte
Carlo resampling method (Paetkau et al. 2004).

Standard genetic diversity parameters, number of
alleles per locus (N,), effective number of alleles
(N.), observed (H,,) and expected (Hg) heterozygosity
were calculated at each locus and over all loci for all
139 adult trees and the 459 offsprings assigned to the
four classes. Departures from Hardy—Weinberg
expectations at each locus were tested by a Chi-
square test (Hedrick 2000). In studies requiring
individual identification (DNA fingerprinting), the
power of SSR markers to identify individual should
be quantified. The unbiased probability of identity
(PIynp), the probability that two unrelated trees drawn
at random from a population would have identical
genotypes at multiple loci, was computed according
to Paetkau et al. (1998). In highly sub-structured
populations and especially in populations containing
many large families, the theoretical equation of Pl
could underestimate the true probability of finding
identical genotypes. Therefore, we also calculated the
probability that two randomly selected full-sibs
would exhibit identical genotypes (Pl;,) following
the formula by Evett and Weir (1998). All calcula-
tions were performed using GenAlEx version 6
software (Peakall and Smouse 2005).
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Table 2 List of ten nuclear microsatellites previously
sequenced and used for the preliminary genetic characteriza-
tion of J. nigra, J. regia and J. x intermedia (Pollegioni et al.

2009). For each SSR the sequence, the repeat length, the
annealing temperature and the Genebank accession number are
shown

Locus SSR Primer sequence (5’ — 3') Repeat motif Ta® (°C) GeneBank
accession
number
WGAI1 F: ATTGGAAGGGAAGGGAAATG (GA)sGCA(GA);GCA(GA); 53 AY465952
R: CGCGCACATACGTAAATCAC

WGA4 F: TGTTGCATTGACCCACTTGT (GT)5(GA);5,(GA)11 53 AY465953
R: TAAGCCAACATGGTATGCCA

WGA9 F: CATCAAAGCAAGCAATGGG (GA)16 55 AY465954
R: CCATTGGTCTGTGATTGGG

WGAG69 F: TTAGATTGCAAACCCACCCG (GA)4ATATAA(GA) 6 58 AY333953
R: AGATGCACAGACCAACCCTC

WGAS89 F: ACCCATCTTTCACGTGTGTG (GT)13(GA)y;, 55 AY352440
R: TGCCTAATTAGCAATTTCCA

WGAI118 F: TGTGCTCTGATCTGCCTCC (GA)13(GT)1; 55 AY479958
R: GGGTGGGTGAAAAGTAGCAA

WGA202 F: CCCATCTACCGTTGCACTTT (GA)»g 58 AY479959
R: GCTGGTGGTTCTATCATGGG

WGA276 F: CTCACTTTCTCGGCTCTTCC (GA) 14 63 AY479961
R: GGTCTTATGTGGGCAGTCGT

WGA321 F: TCCAATCGAAACTCCAAAGG (GA)14 53 AY479962
R: TGTCCAAAGACGATGATGGA

WGA331 F: TCCCCCTGAAATCTTCTCCT (GA)13 53 AY479963

R: CGGTGGTGTAAGGCAAATG

? The annealing temperature
Assignment of parentage

Maternity of the J. nigra trees in eight families was
first checked by the simple exclusion method, based
on the Mendelian rules of inheritance. Paternity
analysis for each diploid hybrid offspring (the
assignment of a J. regia father to previously deter-
mined J. nigra mother—J. X intermedia offspring
pair) was carried out using CERVUS version 2.0
(Marshall et al. 1998), a software based on the
maximum-likelihood method (Meagher 1986). The
haplotype of the putative male parent of each
offspring was inferred by subtracting the female
contribution from its multilocus genotype. The male
haplotype was then compared with all possible
haplotypes corresponding to the 49 J. regia adult
trees in the Park. The maternal data were included to
estimate selfing rate. Paternity was assigned to the
male with the highest log-likelihood ratio (LOD
score) among non-excluded males. The likelihood

ratio represents how much more likely it is that the
alleged father, rather than an arbitrary male, passed
his genes to the offspring (Aitkin 1995). If two or
more males were equally likely, paternity was
deemed unassigned. Marshall et al. (1998) defined a
A- statistic to assess the statistical confidence in the
paternities that were assigned; where A value corre-
sponded to the difference in LOD scores between the
most-likely male and the second most-likely male.
A large number of computer simulations (10,000)
were used to find critical values of A for strict (95%)
and relaxed (85%) confidence levels. In this study we
assumed the absence of genotyping errors in the
microsatellite analysis and that the probability of
mutation between parents and offspring was negligi-
ble. Progenies that were not assigned to a specific
known pollen parent were classified as generated
from a J. regia male located outside the study area.
To detect sampling errors, maternity was re-assigned
by combining the exclusion method with the
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maximum-likelihood approach (identifying one par-
ent with no information about the other).

Two parental exclusion probabilities (EP1 and
EP2) were also calculated for each locus and over all
loci with CERVUS software. Exclusion probability
second parent (EP2), was the probability that an
unrelated male, randomly sampled, would be
excluded as a pollen donor in a paternity analysis
when the mother’s genotype is known; whereas
exclusion probability first parent (EP1) represented
the probability that an unrelated tree, randomly
sampled from the population, would be excluded as
a parent of the offspring.

Pollination pattern

The distance between the mother tree (black walnut)
and all assigned fathers (Persian walnut) for each
progeny was measured to determine whether male
reproductive success was influenced by the spatial
arrangement of the adults trees. A Kruskal-Wallis H
nonparametric test was used to compare the mean
pollination distances of the hybridogenic J. nigra
mother plants from each J. regia tree. The Spearman
rank correlation between the probability that a tree
was a pollen donor and its distance from each J. nigra
mother tree was determined using XLSTATS
software.

Results
DNA fingerprinting analysis

The 600 total samples analyzed with ten SSRs
generated 129 alleles, an average of 12.9 alleles per
locus, ranging from nine alleles in WGA69 and
WGA9, to 23 in WGA276 (Table 3). The Principal
Coordinate Analysis performed on the Simple
Match’s similarity coefficient computed using 129
alleles (binary code) revealed distinct J. nigra and
J. regia clusters and the presence of several interme-
diate individuals. Three main groups were detected
(Fig. 1); two that included 49 J. regia and 82 J. nigra
trees were clearly separated by the first principle
coordinate, which accounted for 19.89% of the
variance. The second principal coordinate, explaining
8.22% of the variance, divided the J. nigra trees in
two subgroups. J. nigra-NC plants, located outside
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the Park, were found to be genetically distinct from
the other eastern black walnut trees planted inside the
Park. Seven diploid hybrids (H1, H2, H19, IMP3,
IMP4, IMP9 IMP18) were incorporated in the third
main group, located in an intermediate position
between black and common walnut. As expected,
the triploid hybrid plant (N21), with two genome
parts of J. nigra and one part of J. regia, was placed
between black walnut and the hybrid groups. Cluster
analysis showed that the third group was composed of
genotypes genetically distinct from individuals of the
two parental species, but this placement does not
prove the trees in this group are all interspecific
hybrids. The identification of diploid hybrids was
definitively performed by assigning 459 offspring
genotypes to four putative classes, corresponding to
two black walnut (J. nigra N, J. nigra NC), one
J.regia, and one J. x intermedia group. The assign-
ment tests, the Paetkau et al. (1995) frequency
method and Rannala and Mountain (1997) partial
Bayesian method, combined with the exclusion-
simulation significance test of Cournet et al. (1999),
assigned 198 progeny seedlings to J. X intermedia
Carr. class and the remaining 261 offspring geno-
types to J. nigra N with a high statistical level of
confidence. A total of 205 diploid hybrid plants were
identified among the germplasm collected in Villa
Mezzalira Park. As described in detail below, two of
the putative offspring hybrids displayed a triploid
genotype at only one microsatellite locus and for this
reason were excluded from the population assignment
analysis.

The microsatellite loci revealed a high level of
variability in the tested samples (Table 3). As
expected, deviations from Hardy—Weinberg equilib-
rium (HWE) were significant in the J. X intermedia
group, consistent with more frequent departures from
random mating in the hybrid population. An hetero-
zygote excess was detected for nine loci (average:
H, = 0.887, Hg = 0.628). No significant deviation
from HWE was found in J. nigra NC and J. regia
genotypes, and in the J. nigra N group only WGAS89
showed significant deviation from Hardy Weinberg
equilibrium. The probability that two unrelated
individuals would share the same genotypes (Pl,,p)
and the probability that two full-sibs will have
identical genotypes (PlLg;,) were extremely low in
most cases. Across all 10 loci, PI,,;, and Pl values
ranged from 2.3 x 107 (J. nigra N) to 1.8 x 107'°
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Fig. 1 Principal Coordinate Analysis of 600 Juglans individ-
uals based on genotypic similarity as determined by simple
match coefficients based on 10 SSR loci. O J. regia (N = 49),
O J. nigra N (N = 67), A J. nigra NC (N = 15), x N21
triploid hybrid, <& diploid hybrids (N = 7) and % J. nigra
offspring (N = 461)

(J. nigra NC) and from 0.003 (J. nigra N) to
7 x 10™* (hybrid 2n), respectively. The chance of
finding two individuals with the same genotypes in
each group was almost nil. Correspondingly, the
probability that an unrelated male would be excluded
as a sire in a paternity analysis where the maternal
genotype is known (EP2), and the probability that an
unrelated tree would be excluded as a parent of the
offspring (EP1), was high for all populations. The
combined power of exclusion, (probability consider-
ing all ten loci) ranged from 0.976 (J. nigra N) to

0.999 (J. nigra NC) for EP2 and from 0.828 (J. nigra
N) to 0.986 (J. nigra NC) for EP1, indicating that the
levels of polymorphism were sufficient for the
subsequent parentage analysis beyond any reasonable
doubt. Nevertheless, for locus WGAG69, only one
allele private to J. nigra was amplified in each hybrid
tree. Thus, the presence of a null allele in J. regia was
postulated. The null allele could be due to a mutation
in the primer annealing sites (Pollegioni et al. 2009).
Therefore, WGA69 which was useful for the mater-
nity checks (J. nigra trees), was excluded from the
parentage analysis because the occurrence of the null
allele could cause mistakes in the paternity assign-
ment (false exclusions of J. regia trees).

Parentage analysis

A check of maternity based on simple exclusion using
ten microsatellite loci was carried out on all 461
offspring divided into eight open-pollinated proge-
nies (N3, N4, N17, N18, N21, N22, N23, N24).
Progenies with alleles not found in the presumed
maternal parent were considered to have resulted
from accidental seed mixture. Results of maternity
analysis in each half-sib family (Table 4) showed that
mother-offspring mismatches occurred for only 12
seedlings, 9 in N18 and 3 in N22 progeny; no hybrid
seedlings were involved in the above sampling errors.
Maternity analysis of these offspring genotypes was
resolved by the maximum-likelihood approach. Nine
were reassigned to the half-sib family N17 and three

Table 4 Maternity analysis and identification of the hybridogenic mother trees

Maternal tree Number of Non-maternity Maternity Total number Hybrid progeny
putative offspring (seed mixture) assignmentb of offspring J. x intermedia Carr (N)°
N3 41 0 - 41 0
N4 29 0 - 29 0
N17 88 0 - 97 68 (70%)
NI18 24 9 N17 (9) 15 0
N21 18 0 - 18 15 (83.3%)*
N22 76 3 N23 (3) 73 0
N23 71 0 - 74 17 (22.9%)
N24 114 0 - 114 100 (87.7%)

* Two hybrids offspring, N21-14 and N21-15, triploid for one locus, were included

° The maternity was re-assigned combining the exclusion method based on Mendelian segregation rules with maximum-likelihood

approach (Marshall et al. 1998)

¢ Based on genotyping eight half-sib progenies using ten microsatellite loci
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Table 5 SSR genotypes for 18 seedling offspring of N21 (triploid hybrid): 13 diploid hybrid (hyb 2n), two hybrids triploid at one

locus (hyb 3n), and three J. nigra genotypes

SSR Locus WGA1 WGA4 WGA9 WGA69 WGA89 WGAL118 WGA202 WGA276 WGA321 WGA331
Al A2 A3 Al A2 A3 Al A2 A3 Al A2 A3 Al A2 A3 Al A2 A3 Al A2 A3 Al A2 A3 Al A2 A3 Al A2 A3

N21 Mother 187 185 180 250 248 233 247 247 239 471 171 * 201 207 211 221 226 198 252 246 260 153 149 189 [244 244 226 181 181 270
N21-14  hyb3n 187 180 250 231 239 247 m * 201 221 226 198 252 267 244 239 181 274
N21-15  hyb 3n 248 233 247 247 m * 207 215 226 183 2521 265 149 191 239 181 270
N2I-1  hyb2n 185 192 248 233 239 247 ¥ 201 211 221 196 252 267 153 189 244 226 181 270
N21-2  hyb2n | 187 180 248 233 239 247 ¥ 207 221 221 198 252 267 153 189 244 226 181 270
N21-4  hyb2n 187 190 248 233 239 247 ¥ 201 215 221 198 246 275 149 177 244 226 181 270
N21-5  hyb2n 185 190 250 233 243 247 ¥ 207 215 226 196 2528 265 149 189 244 243 181 270
N21-6  hyb2n (185 190 250 233 239 247 m * 207 215 226 196 246 275 153 189 244 243 181 274
N21-7  hyb2n 187 190 250 233 243 247 m * 207 211 221 196 246 265 149 177 244 239 181 270
N21-8  hyb2n [ 187 192 248 233 239 247 m * 201 215 226 198 246 275 153 173 244 226 181 270
N21-9  hyb2n 187 192 2501 231 247 247 m * 207 215 226 183 246 265 153 189 244 239 181 270
N21-10  hyb2n [ 187 180 250 233 239 247 m * 207 211 226 198 2528 275 149 189 244 243 181 270
N21-11  hyb2n [ 185 180 250 233 239 247 ¥ 207 211 221 198 252 265 149 189 244 226 181 270
N21-12 hyb2n [ 187 180 248 233 247 247 ¥ 2011 221 221 198 246 265 153 189 244 239 181 274
N21-13  hyb2n 185 190 2501 231 239 247 ¥ 207 215 226 196 246 267 149 177 244 243 181 270
N21-16  hyb2n [185 190 248 | 233 239 247 ¥ 2011 221 221 196 246 265 149 189 244 239 181 270
N21-3  J.nigra | 187 187 248 252 228 247 171 171 207 190 221 221 252 260 144 149 246 244 181 195
N21-17  J.nigra | 187 185 248 240 255 247 171 171 207 201 221 221 246 256 153 153 244 244 181 181
N21-20 J.nigra 185 185 248 250 2281 247 171 175 207 190 221 223 252 252 153 161 244 244 181 181

Al = Allelel; A2 = Allele2; A3 = Allele3

Allele length in base pairs (bp), * indicates a null allele. Shading: 50% gray for J. nigra-private alleles, 25% gray for J. regia-private

alleles, unshaded cells for common alleles
Al Allelel, A2 Allele2, A3 Allele3

to N23 with 95% confidence. As indicated in Table 4,
analysis of the progenies revealed the presence of
four hybridogenic mother trees. One-hundred eighty-
five out of the 198 diploid hybrid offspring were
grown from seeds harvested from N17, N23 and N24
J. nigra trees. The proportion of seedlings from these
tree mothers resulting from crosses with J. regia was
70% (68/97) for the family N17, 22.9% (17/74) for
N23 and 87.7% (100/114) for N24 (Table 4). Finally,
15 out of 18 seedlings from the N21 (triploid hybrid
tree) family were identified as J. x intermedia,
including two atypical hybrid samples (Table 5).
The genotypic profile of N21-14 and N21-15 plants
showed one J. nigra and two J. regia private alleles at
locus WGA276 and WGALI, respectively. In both
cases, the most likely explanation is the presence of
an unreduced gamete that inherited two maternal
alleles, one J. nigra (185 bp and 149 bp for N21-15
and N21-14, respectively) and one J. regia private
allele (180 and 189 bp for N21-15 and N21-14,
respectively). In addition, for the primer pair
WGA321, no J. nigra and only one J. regia private
allele was amplified in plant N21-15. Unfortunately,
because N21-14 and N21-15 died 6 months after

@ Springer

germination, their chromosome number was not
verified with a full cytological analysis.

Results of paternity assignment for 198 diploid
hybrid seedlings in four half-sib families (N17, N21,
N23, N24) showed there was no self-pollination in
the samples (Table 6). All four hybridogenic mother
trees were pollinated by a remarkably high numbers
of pollinators located outside the study site. Ninety-
five hybrid seedlings were produced by immigrant
pollen, the remaining 103 plants had pollen donors
within the research site. The proportion of hybrid
seedlings resulting from crosses with J. regia trees
growing inside the Villa Mezzalira’s park was
58.83% for family N17, 61.5% for N21, 32.29% for
N23, 49% for N21 (mean = 51.15%). The paternity
of four offspring (three genotypes of N24 and one of
N17) was left unassigned because two males were
equally likely. Twenty-six (53%) out of the total 49
J. regia genotypes sampled in the research site were
pollen donors (Fig.2). Among identified pollen
donors, only 10 (V5, V7, V15, B4, B6, B7, B12,
B13, B17, B19) (20.0%) sired more than two
seedlings; the maximum values were 22 offspring
for B6, 17 for V15 and 10 for B7, over all females.
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Table 6 Paternity analysis of 198 diploid hybrid offspring identified in four half-sib families (N17, N21, N23, N24)

Maternal Diploid

Offspring sired Offspring sired Within-site

Most-likely fathers (cases)® Mean distance

tree (J. hybrid by J. regia by J. regia (J. regia) (m)*
nigra) offspring outside study within study pollen
N) site (N) site (N) donors (N)
N17 68 28 (41.17%) 40 (58.83%) 16 V3 (1), V4 (1), V5 (1), V7 (1), V15 (10), 38.75 £ 6.96

N21 13 5 (38.5%) 8 (61.5%) 8
N23 17 11 (64.70%) 6 (35.29%) 6
N24 100 51 (51%) 49 (49%) 18

V16 (1), B3 (2), B4 (1), B6 (9), B7 (2),
B8 (1), B10 (1), B12 (1), B13 (4), B17
(2), B19 (1)

V1 (1), V5 (1), V7 (1), V15 (1), B5 (1), B6 98.23 + 3.96
(1), B12 (2)

V17 (1), B4 (1), B14 (1), B17 (1), B19 (1), 74.58 + 12.23
R10 (1)

V3 (1), V4 (1), V5 (1), V7 (2), V11 (),
V12 (1), VI5 (6), B3 (1), B4 (1), B6
(12), B7 (7), B13 (2), B14 (1), B17 (3),
B19 (1), R7 (1), R9 (2), AE (1)

46.98 + 19.37

# Mean distance between the mother and the most-likely assigned father

® Paternity analysis based on most-likelihood approach (Marshall et al. 1998; CERVUS software)

A detailed analysis of each progeny showed the
highest number of fertilizations from a single pollen
donor was ten (male V15) for N17 (female), 12 (male
B6) for N24 (female) and 2 (male B12) for N21
triploid hybrid female tree. No pollen donor sired
more than one offspring among the 74 N23 progeny.

The mean distance of pollen donors from female
partners varied among female trees; males sampled
by tree N21 (98.23 4+ 3.96 m) and N23 (74.58 £+
12.23 m) were farther away than the successful males
for trees NI17 (38.75 £ 6.969 m) and N24
(46.98 £ 19.m) (Table 5). These were highly signif-
icant  differences (Kruskal-Wallis H tes,
P =38e’). The distribution pattern of mating
distance illustrated that 22 out of the 36 J. regia
trees located in the eastern side of the park sired 96%
of the seedlings (Fig. 3). We found no significant
correlation between reproductive success of common
walnut trees and distance from black walnut mother
plants (N17, r; = 0.194 ns; N21, r, = —0.612 ns;
N23, r, = 0; N24, r, = —0.00384 ns) using Spear-
man rank correlation.

Discussion
SSR markers are characterized by hypervariability,

abundance, high reproducibility, Mendelian inheri-
tance, and co-dominant expression. These positive

features make them suitable tools for parentage
analysis (Streiff et al. 1999; Tabbener and Cottrell
2003). We found that the ten SSR primer pairs used
to perform the DNA fingerprinting and parentage
tests in this study efficiently discriminated among
black and common walnut genotypes and their
interspecific hybrids (J. nigra x J. regia) and
detected hybridogenic J. nigra female trees that
spontaneously cross with J. regia trees (hybridogenic
males).

As reported for other species, the high levels of
polymorphism, typical of microsatellite loci, posi-
tively influenced the exclusion and identity probabil-
ities (Streiff et al. 1999; He and Smouse 2002; Chaix
et al. 2003). The allelic richness and the observed
heterozygosity measured for each locus in the tested
samples provided high combined power of exclusion
and low probability of identity, reflecting the corre-
lation among these functions. Nevertheless, the range
of PI (both PI,;, and Pl;,) and EP (both EP1 and
EP2) detected in this study were lower than the
corresponding values reported for 39 open-pollinated
families of J. nigra species collected in ten different
American states (Robichaud et al. 2006). This result
was not surprising, given the relative sizes of the
respective populations evaluated; nevertheless, our
study clearly demonstrated the power of the SSR
markers we employed for DNA fingerprinting and
parentage analysis.
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Fig. 3 a Locations of the 61 adult walnut trees growing in the
Villa Mezzalira Park: 8 J. nigra (@), 4 J. x intermedia Carr.
(x) and 49 J. regia (LJ) plants. Geographic distribution of
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pollen donors for four hybridogenic mother trees, N17 (b), N21
(c), N23 (d), N24 (e) detected in Villa Mezzalira’s Park
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We identified 198 diploid J. x intermedia among
459 progeny. Maternity checks detected a small
number of sampling errors (0.06%), probably result-
ing from accidental mixing of the seeds during the
collection of the progenies. The identification of four
(instead of only one) distinct hybridogenic J. nigra
mother trees living in the Villa Mezzalira park was an
important practical result. Indeed, the genetic
improvement, especially of long living plants,
requires the availability of selected “plus” genotypes
able to produce a consistent quantity of hybrid
progeny. Our approach also permitted the quantifica-
tion of the differential reproductive success of each
mother. Thus, even though these results should be
confirmed by observations over additional years, we
can already point to two plants with a relatively high
rate of hybrid production: N24 (87%) and N17 (70%).

We found that the triploid hybrid plant N21
produced fertile female flowers, although the number
of progeny was limited (18 total seedlings: 15 hybrid
and 3 J. nigra genotypes). As described by Funk
(1970) some J. x intermedia trees flower profusely
but never bear much seed. In addition two hybrid
plants out of 15 displayed a unusual and fatal
karyotype: N21-14 and N21-15 plants showed one
J. nigra and two J. regia private alleles at WGA276
and WGAI, respectively. Moreover, N21-15 revealed
no J. nigra and only one J. regia private allele at
locus WGA321. The most likely explanation for
these microsatellite profiles is irregular meiosis in the
original triploid hybrid and subsequent elimination/
addition of chromosomes.

In this study we demonstrated the use of micro-
satellites to quickly identify male parents that spon-
taneously and frequently contribute to hybrids.
Paternity of 198 diploid hybrids in four open-
pollinated families was inferred by using a maximum
likelihood approach (Marshall et al. 1998) based on
nine microsatellite loci. We found that a considerable
proportion of the hybrid offspring (mean value
51.15%) was sired by common walnut trees growing
outside the research site. Clearly the research site was
not spatially isolated from other populations, and
there was a high proportion of pollen flow into the
study site. Heavy pollen contamination, ranging from
21.6 to 63%, has been observed in a number of
studies of wind- and insect-pollinated species, includ-
ing Eucalyptus grandis (Chaix et al. 2003), Quercus
mcrocarpa (Dow and Asley 1998), Fagus crenata

(Asuka et al. 2005), Magnolia obovata (Isagi et al.
2004) and Juglans mandshurica (Bai et al. 2007). The
large proportion of pollen donors from outside the
stand confirmed that common walnut pollen regularly
moves long distances, as far as mile, although
effective natural pollination is generally limited to
60-100 m according to Griggs (1953). As reported by
Impiumi and Ramina (1967), when wind speed was
low (0.5 m/s), common walnut pollen showed uni-
form density for 160 m surrounding a source. In our
study the mean distance of pollen donors within the
site ranged from about 39-98 m, and the immigrant
pollen traveled at least 110 m.

Differential male reproductive success was
observed among pollen donors within the research
site. In the production of hybrid progeny, male
reproductive success was unevenly distributed both
in genotypes and in space. J. regia trees located near
the eastern edge of the study site were more successful
at fertilizing J. nigra hybridogenic genotypes growing
in the center of the stand than those on the western
edge. Ten of the 36 common walnut trees at the eastern
side of the park were effective pollinators, siring more
than two hybrid offspring each, whereas 14 individuals
provided no male gametes to hybrid progenies at all. In
particular, 49 (47.5%) of the diploid hybrids with fully
assigned parentage detected in four half-sib families
were sired by three J. regia genotypes only (B6, V15
and B7). Uneven male contribution has been demon-
strated in many plants (e.g., He and Smouse 2002;
Chaix et al. 2003; Isagi et al. 2004; Grattapaglia et al.
2004). Although we did not record phenological data
for the individuals in the research site, and our
experimental design could not differentiate among all
possible reasons for unequal paternal success, the
results do guide speculation. Juglans nigra generally
blooms later than J. regia, so the amount and timing of
pollen shed, distance of pollen donor from seed trees,
plant size, and weather conditions, may have had a
profound effect on the distribution of male reproduc-
tive success (Asuka et al. 2005; Wheeler et al. 2006).
We did not find a significant correlation between
reproductive success of common walnut trees and
distance from black walnut mother plants. Spatial
factors may have influenced pollination in our study,
but they were probably not a major determinant of male
success. The timing of pollen release and the presence
of some mechanisms of genetic incompatibility could
be plausible explanations for the observed fertilization
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pattern. The paternal plants may have been the only
trees releasing pollen when the maternal trees had
receptive stigma (synchronous flowering). On the other
hand, pre-zygotic factors, such as pollen germination
and tube growth rate, or post-zygotic factors, such as
genetic complementation, could have affected male
reproductive rate and may have been particularly
relevant in this case where inter-specific crosses were
made (Wheeler et al. 2006).

Although fluctuations in pollen production can
occur among years, and the experiment was carried
out on a relatively small sample of parent trees,
parentage analysis of half-sib families based on
microsatellite markers permitted the identification
of new interspecific hybrids and, at the same time
provided a rough idea of which walnut genotypes
might be useful for establishing new seed orchards
for inter-specific F; hybrid production. The use of
genotypes with demonstrated compatibility may
increase the efficiency of F; production. This method
should also provide a powerful tool to evaluate the
barriers to hybridization between Juglans species and
to detect the factors that reduce hybrid fertility.
Finally the retrospective selection of hybridogenic
trees is a valid approach for the identification of new
parental combinations when no phenological and
morphological data of the trees are available.

In conclusion, in this study we successfully
applied parentage analysis supported by microsatel-
lite genotyping to identify hybridogenic mother trees
and the most reproductively successful male parents.
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