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Abstract We present an approach to infer the number of
pollen donors directly from genotype data of open-
pollinated progeny of Quercus robur (pedunculate oak),
a highly outcrossing tree species. The approach is based
on closely linked, highly polymorphic codominant mi-
crosatellite markers. Initially the close linkages between
three previously mapped microsatellite loci were con-
firmed by studies of linkage disequilibrium (LD). Then
an approach to track the pollen donors contributing to
maternal half-sib families (open-pollinated families) was
developed by analysing haplotype arrays of closely
linked microsatellite markers transmitted from the fa-
thers to the progeny. Simulated data of five linked micro-
satellite loci segregating in eight open-pollinated fami-
lies were used to study the relationship between the
number of paternal chromosomes detected by this “hap-
lotype approach” and the number of diploid fathers con-
tributing to the families. The results showed that the
number of diploid pollen donors can be expressed as an
exponential function of the number of paternal chromo-
somes inferred from the progeny. The 95% confidence
interval of this regression function is used to determine
the minimum number of fathers contributing to a geno-
typed open-pollinated family of Quercus robur. Finally
this open-pollinated family is used to demonstrate the
resolution obtained with the “haplotype approach”. Six
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independent microsatellite loci were used to study relat-
edness among all pairs of pollen gametes that share a
haplotype of three linked markers. The results suggest
that the majority of such gametes are identical by de-
scent from the same father. The “haplotype approach”
presented here can be used to monitor the number of
contributing pollen donors in commercial seedlot sam-
ples from oak or any other outcrossing tree species for
which closely linked, highly polymorphic, codominant
genetic markers are available.

Key words Oak - Quercus - Relatedness - Linkage
disequilibrium - Microsatellites

Introduction

Seed material for the artificial regeneration of outcross-
ing tree species is usually composed of maternal half-sib
families collected in natural stands or seed orchards
(Fineschi et a. 1991; Hattemer 1993). Half-sib family
structure within the seed material arises because seeds
are harvested from a certain number of mother trees
(seed parents) and because the seeds of each mother tree
arise by mating events with a certain number of fathers
(pollen donors).

In European forestry it is widely recognised that a
broad genetic base is necessary for the long-term stabili-
ty of forests (Anonymus 1990; Anonymus 1993). Genet-
ic diversity at the within-stand-level is increasingly con-
sidered to be a mgjor factor in determining the quality of
forest seed material (Geburek and Heinze 1998; Anony-
mus 19964, b). Given the half-sib family structures with-
in the seedlots, measures to ensure a minimum level of
genetic diversity within the seed material will have to fo-
cus on two key features: (1) the number of mother trees
from which seeds are harvested and (2) the number of fa-
ther trees contributing to the families. Concerning point
(1), in a recent publication we demonstrated that the
number of different maternal oak trees (Quercus robur)
can be inferred directly from the microsatellite data of



extremely small anonymous acorn samples of five to
eight acorns per family, given that the seeds from each
putative mother tree have been supplied separately
(Lexer et al. 1999). As no genotype information on the
parent population is required, these approaches will al-
low the monitoring of the number of seed parents includ-
ed in commercial acorn seedlots.

In the investigation described here we extended mi-
crosatellite analysis to the number of father trees (pollen
donors) contributing to open-pollinated families of ped-
unculate oak (Q. robur). Our objective was to develop an
approach that is suitable for application in practice, i.e.
the monitoring of commercial seedlots. In order to be of
practical value, such an approach should require no gen-
otype information of the parent population, and it should
be based on a moderate number of easily scorable poly-
merase chain reaction (PCR)-based genetic markers. We
chose pedunculate oak (Quercus robur) as a model tree
species due to its abundance and economic importance in
Europe and because suitable genetic markers are avail-
able. Highly polymorphic, codominant microsatellite
markers isolated from the genomes of Quercus petraea
(Steinkellner et al. 1997) and Quercus robur (Kampfer et
al. 1998) were used for genetic analysis.

The approach presented here focused on a group of
closely linked microsatellite markers chosen from a ge-
netic map of Q. robur (Barreneche et a. 1998). As these
nuclear microsatellites are transmitted from the fathers to
the progeny with very limited recombination, they allow
the tracking of the fathers by analysis of the pollen
hapl otypes received by each of the progeny. Such pollen
haplotypes can be identified easily because (1) it has
been shown previously that the maternal alleles can be
reconstructed from microsatellite data of open-pollinated
progeny of oak even if no a priori information is avail-
able on the mother tree (Lexer et a. 1999); (2) once
identified, the maternal alleles can be subtracted from
the progeny genotypes, revealing the contributions that
were inherited from the different fathers (Dow and Ash-
ley 1998; Streiff et a. 1999); (3) the genetic variability
of the closely linked markers can then be combined to
define pollen haplotypes. Since recombination between
these closely linked markersis very rare, this step issim-
ilar to an analysis of haplotypes in the chloroplast ge-
nome, where recombination is assumed to be completely
absent (see Demesure et al. 1996; Dumolin-Lapégue et
al. 1997 and Bucci et a. 1998 for recent applications on
forest trees). Close linkage between nuclear genetic
markers, often perceived as a factor complicating genetic
analysis (Thompson 1991; Thompson and Meagher
1998), serves as a simplifying factor in this particular sit-
uation as it allows the tracking of the unknown pollen
donors.

Since the approach presented here is based on close
linkage between loci, our experiments were designed in
the following manner. (1) First the close linkages be-
tween the microsatellite loci were confirmed by studies
of linkage disequilibrium (LD) in a diploid population
sample and a haploid sample of pollen gametes of Q.
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robur. (2) The simulated data of open-pollinated families
were then used to develop and test an approach to ana-
lyse the pollen donors based on closely linked microsat-
ellites. The simulation studies gave us an opportunity to
study families with an identified number of pollen do-
nors. (3) Finally, the approach was applied to data of a
genotyped open-pollinated family of Q. robur.

We present an approach that may be used to infer the
number of pollen donors directly from open-pollinated
seeds of oak (Q. robur) using closely linked microsatel-
lite markers.

Materials and methods

Plant materials and microsatellite analysis

The following samples were genotyped in the course of this study:
(2) 40 seedlings from one natural population of Q. robur and (2)
43 open-pollinated progeny of Q. robur including their mother
tree. The open-pollinated family originates from an arboretum
with about 40 potential pollen donors on the site. For both sam-
ples, DNA was isolated from leaf material following techniques
described in Lexer et al. (1999).

The two samples were genotyped for nine microsatellite mark-
ers. The microsatellite loci have been isolated from the genomes
of Q. petraea (Steinkellner et al. 1997) and Q. robur (Kampfer et
al. 1998), respectively. All of them have been located on a genetic
linkage map of Q. robur (Barreneche et a. 1998). The same nine
markers were selected for a genetic analysis of maternal half-sib
families of oak in a previous study (Lexer et a. 1999). We select-
ed the loci from the genetic map as follows: three loci from a clus-
ter of closely linked microsatellites on linkage group 2, namely
ssrQpPZAG 46, 36 and 104, and six moderately linked or unlinked
loci. PCR amplification and electrophoresis of the microsatellites
were conducted as described in Barreneche et a. (1998) and Lexer
et al. (1999).

Simulated datasets

Data of five linked microsatellites segregating in eight open-pollinat-
ed families were generated by computer smulations. Initially, a dip-
loid population of 10000 individuals was simulated over 500 genera-
tions under the assumption of random mating. This was done in or-
der to creste polymorphism comparable to that found within a large
natural population. The starting allele frequencies for the simulations
were taken from the population sample of 40 seedlings (dataset i),
using data of the markers ssrQpZAG 46, 36 and 104. These input da-
ta consisted of 10-18 aleles per locus occurring in roughly equal
frequencies. The mutation rate was set to 10-3 for each locus using a
single-step stepwise mutation model in which each allele x; can give
rise to x;+1 or x;-1, where x is the number of microsatellite repeat
units (Vades et a. 1993; Goldstein and Pollock 1997). The recombi-
nation rates between the markers were set according to the previous
mapping experiments (Barreneche et a. 1998), where a cluster of
five closely linked microsatellites was identified on linkage group 2.
The linear order and the recombination rates of the first three mark-
ers on the simulated chromosome were Locus 1- (0.011) — Locus 2 —
(0.044) — Locus 3, corresponding to ssrfQpZAG 46, 36 and 104, re-
spectively. Locus 4 and 5 were introduced smply to investigate the
increase in resolution when more than three linked markers are used.
These two loci were simulated using again input allele frequencies
derived from ssrQpZAG 46 and 36, respectively. The simulated or-
der and the recombination rates of the markers were Locus 3 —
(0.020) — Locus 4 — (0.020) — Locus 5. These latter recombination
frequencies are fictitious, but the whole region of five linked markers
isvery similar to the one observed in the mapping experiments.

After simulating for 500 generations, eight open-pollinated
families of sample size 40 were created by mating a specified
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Table 1 Characterisation of the two samples used for calculating linkage disequilibrium between pairs of microsatellite markers (data-
sets 1 and 2). The three closely linked markers that are essential to this study are indicated in boldface (n.s. not significant)

Diploid population sample:

Haploid pollen sample:

Locus Fixation index Significance (HW)a Gene diversity Observed no. of aleles
ssrQpZAG 46 -0.03 n.s. 0.88 14
ssrQpZAG 36 -0.11 n.s. 0.85 10
ssrQpZAG 104 -0.06 n.s. 0.88 14
ssrQpZAG 110 -0.11 n.s. 0.62 6
ssrQpZAG 15 -0.28 n.s. 0.78 7
ssrQpZAG 1/5 +0.04 n.s. 0.78 9
SsrQPZAG 9 +0.07 n.s. 0.83 9
ssrQpZAG 3/64 +0.13 P<0.05 0.90 12
ssrQrZAG 112 -0.08 n.s. 0.87 14

aHW: Hardy Weinberg equilibrium. Significance levels have been adjusted for multiple tests

number of pollen donors from that population randomly to one
mother tree. The number of pollen donors per family was chosen
to increase from 5 to 40 in steps of 5. The simulations were pro-
grammed using the C language.

Data analysis
Linkage disequilibrium between microsatellite loci

The population sample (dataset 1) and the open-pollinated family
(dataset 2) were used to confirm the close physical linkages be-
tween three microsatellite loci by studies of genotypic and gametic
linkage disequilibrium (LD), respectively.

Initially, both samples were characterised using standard popu-
lation genetic procedures. This was considered to be necessary be-
cause preferential sampling of related individuals can result in sig-
nificant LD values even in the absence of physical linkage. The
population sample was characterised by exact tests for Hardy-
Weinberg disequilibrium using cenepop 1.2 (Raymond and Rousset
1995). Furthermore, we calculated the fixation index F for each
locus as 1-Hg/Hg, according to Nei (1987), in order to detect de-
partures from random mating. The open-pollinated family was
characterised as follows. First, haploid pollen data were derived
from the progeny by subtracting the known maternal alleles from
the progeny genotypes (described below, section: analysing a real
open-pollinated family). The haploid pollen sample was then char-
acterised by counting the observed number of aleles A, and by
calculating genetic diversity according to Nei (1987).

Tests for genotypic and gametic LD were conducted as exact
tests based on Markov chain simulations (Guo and Thompson
1992) in cenepop 1.2. The Markov chain was set in such a way
that the standard error of each P-value was always below 0.006.
Finally, the resulting P-values were adjusted for multiple tests us-
ing Bonferroni procedures as described in Weir (1996, pp 133—
135).

Analysing the simulated data — The haplotype approach

Initially the simulated population was characterised by counting
the observed number of alleles A, and by calculating genetic di-
versity according to Nei (1987). After drawing different simulated
families from that population, we obtained haploid pollen data for
each family by subtracting the maternal alleles from the simulated
progeny. This step was simplified in the simulation study because
in the simulated progeny the maternal and paternal contributions
were ordered. Therefore, it was possible to identify the paternal al-
lele for each individual at each locus. In real datasets, a certain
subset of missing data will arise because some of the individuals
will bear, at a given locus, the same 2 aleles as the mother tree.
For these individuals the paternal alleles will not be identified un-

equivocally. However, the simplified procedure chosen here may
cause no severe deviation from reality, as suggested by our experi-
ences with areal open-pollinated family (see below).

An approach to estimate the number of paternal chromosomes
contributing to open-pollinated progeny was developed using the
haploid pollen data of the simulated families in the following
manner. First, the genetic variability of the closely linked micro-
satellite loci was combined in order to count paternal haplotypes.
The haplotype sorting and counting was conducted with the soft-
ware exceL 97 (Microsoft Corporation). Next, the haplotype count
was corrected for rare recombination events between the linked
markers. To obtain this correction, we assumed that every recom-
bination event in one of the father trees mimicked a new paternal
haplotype. This simplifying assumption was based on the high
levels of diversity observed at these loci in previous studies
(Streiff et al. 1998, 1999; Lexer et a. 1999) and in the simula-
tions. According to this assumption, the number of paternal haplo-
types that were expected to arise solely due to recombination was
calculated as Thetaxng, where Theta is the recombination rate in
the chromosomal interval under consideration, obtained in the pre-
vious mapping experiments, and n, is the total number of pollen
gametes studied. The number of paternal chromosomes detected
(ny), corrected for rare recombination events, is therefore given by
n. = N, — (Thetaxng), where ny, is the number of paternal haplo-
types counted. The resulting value was adjusted to give discrete
numbers of paternal chromosomes. A standard error for the esti-
mate was derived from the standard error of Theta as calculated by
the computer programme JoiInmMAP 1.3 (Stam 1993) during the pre-
vious mapping experiments. This approach (from now on: haplo-
type approach) was used to count the number of paternal chromo-
somes for the simulated datasets and for a genotyped open-
pollinated family (dataset 2).

For the simulated data the haplotype approach was employed
using different combinations of linked microsatellites in order to
study the effect of the number of linked markers. Then the results
were compared to the (known) number of fathers in each dataset.
Regression analysis and curve estimation were conducted using
the SPSS 8.0 software package (spss, Chicago).

Analysing a real open-pollinated family

The genotyped open-pollinated family (dataset 2) was used to ap-
ply the haplotype approach to real data. First haploid pollen data
were obtained by subtracting the (known) maternal alleles from
the progeny genotypes. In one case a seedling had the same 2
aleles as the mother tree, so the paternal alleles were not identi-
fied and the genotype for that locus was treated as missing data.
Next the number of paternal chromosomes was calculated from
the haploid pollen data following the haplotype approach. Finally,
the number of diploid fathers was estimated using the regression
function obtained with the simulated data.



Table 2 Results of exact tests
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for linkage disequilibrium (LD) Locus-paira Genotypic disequilibri umb  Gametic disequilibriumb  Thetatstandard-
in the diploid population sam- (population sample) (pollen sample) error

ple (dataset 1) and the haploid

pollen sample (dataset 2). Pair- ST Qp36-Qp46 0.00023** 0.00000** 0.011+0.008
wise comparisons between the ~ SSrQp36-Qp104 0.00196 0.00061* 0.044+0.021
three closely linked markers ssrQp46-Qpl04 0.03073 0.00086* 0.056+0.024
that are essential to this study ssrQpl/5-Qp9 0.23553 0.00162 0.227+0.031
areindicated in boldface. The Unlinked comparisons  0.33686 0.11112 Theta>0.400
recombination rate Thetatstan- ~ (Mean):

dard error is given to show
concordance between the LD
results obtained here and the
linkage results obtained previ-
ously

* P<0.05; ** P<0.01

assrQpZAG 46, 36 and 104 are closely linked on linkage group 2, ssr QpZAG 1/5 and 9 are moder-
ately linked on linkage group 7 of the Q. robur genetic map. Comparisons between completely un-
linked markers are represented by their mean values

b Asterisks indicate significant p-values after correction for multiple tests

In order to demonstrate the level of resolution obtained with
three linked markers, we calculated genetic relatedness (Queller
and Goodnight 1989) among pairs of pollen gametes. This related-
ness measure was applied to all pairs of pollen gametes that shared
a haplotype at a given combination of linked markers. The calcu-
lations were based on the six independent microsatellites listed in
Table 1 using the computer programme kinsHIP 1.2 (Goodnight
and Queller 1999). The rationale behind this procedure was as fol-
lows: if gametes share the same haplotype of linked markers due
to identity by descent from the same father, then relatedness
among them, based on a set of independent reference markers, will
be about 0.5. This will be the case because at each of the indepen-
dent loci, the pollen gametes will receive 1 of the 2 possible al-
leles of that father with a probability of about 0.5, given that the
father is heterozygous. In case of the father being homozygous,
the pollen gametes will receive this paternal alele with a probabil-
ity of 1. On the other hand, if gametes share the same haplotype of
linked markers just by chance, then relatedness based on a set of
highly polymorphic independent reference markers is expected to
be lower than 0.5. Therefore, such relatedness calculations can
provide basic information on the potential of a set of linked micro-
satellites to assign a given gamete to a specific father.

The relatedness results were confirmed by likelihood calcula-
tions with kinsHIP 1.2, testing the hypothesis of full-sib ship
(r=0.5) over that of being unrelated (r=0). To compare a given pair
of gametes, we calculated reference allele frequencies using the
haploid pollen data, excluding each time the pair of individuals
under consideration.

Results and discussion
Linkage disequilibrium between microsatellite loci

Characterisation of the population sample (dataset 1) and
the pollen sample (dataset 2) revealed no strong tendency
of inbreeding or close relatedness among the sampled in-
dividuals. For the population sample, exact tests of Hardy-
Weinberg proportions revealed only one significant depar-
ture (P=0.05) among the nine loci used in this study. The
fixation indices for the nine loci ranged between —0.28
and +0.13. The F values were not concordant across loci.
However, the low proportion of positive F values (3 out of
9 loci) suggests that there is no severe inbreeding among
the sampled individuals (Table 1). For the pollen sample,
genetic diversity ranged from 0.62 to 0.90 at each locus,
the largest observed number of alleles per locus was 14
(Table 1). Based on these results, both samples were con-
sidered to be suitable for the LD studies.

In Table 2, the P values of pairwise tests for LD as
well as their significance after correction for multiple
tests are compared to the recombination rate Theta as ob-
tained in the course of the previous mapping experi-
ments. It can be seen that the P values of exact tests for
LD between pairs of markers follow the same pattern as
Theta. This trend can be observed for the population
sample (genotypic LD) and for the open-pollinated prog-
eny (gametic LD). In each of the two samples, the P val-
ues are smallest for the three closely linked loci
ssrQpZAG 46, 36 and 104, reflecting the close physical
linkage of these markers. The P values for the moderate-
ly linked marker pair ssrQpZAG 9 and 1/5 are intermedi-
ate in each of the two samples, whereas the probabilities
for the unlinked marker pairs, represented by their mean
values, are generally large. In each of the two samples,
only 1 out of 32 comparisons between unlinked loci re-
sulted in a "false-positive” significant LD (not shown).
Our results confirm the close physical linkage between
the microsatellite markers ssrQpZAG 46, 36, and 104.
Based on our results, these three markers were chosen
for our analysis of the pollen donors contributing to
open-pollinated families. The six unlinked or moderately
linked microsatellites were used as a reference set of in-
dependent markers later in this study.

Analysis of the pollen donorsin simulated families

Genetic diversity in the simulated family after 500 gen-
erations ranged between 0.77 and 0.93, and between 9
and 31 alleles per locus were observed. These levels of
polymorphism are comparable to those observed for mi-
crosatellite loci in a mixed stand of Q. robur and Q. pet-
raea (Streiff et al. 1998). As the input alele frequencies
for the simulation study were derived from areal popula-
tion sample, the differences in polymorphism between
the simulated loci reflect the locus-specific polymor-
phism that was found in nature.

For each of the eight open-pollinated families that
were drawn from this population the number of paternal
chromosomes was first calculated by the haplotype ap-
proach (see Materials and methods), and then the num-
ber of paternal chromosomes was compared to the simu-
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Fig. 1A-D The relationship between the number of paternal chro-
mosomes detected and the number of fathersin different simulated
datasets. The datapoints represent the results of eight different
simulated families of 40 progeny each. Solid lines represent the
logarithmic regression curve, dashed lines represent perfect collin-
earity. A One locus, B two linked loci, C three linked loci, D five
linked loci

lated number of fathers in each family by regression sta-
tistics. Figure 1 shows the results of regression analysis
for different combinations of linked loci. The number of
paternal chromosomes detected is plotted as a function
of the number of fathersin each dataset. For each of the
locus combinations it is possible to fit a logarithmic
function of the general formula y=by+b;xIn(x) to the da-
ta, where x is the number of fathers in the dataset and y
is the number of paternal chromosomes detected. The re-
gression coefficient r2 for the relationship between the
two variables ranges between 0.91 and 0.99, depending
on the number of loci employed.

In order to validate the haplotype approach, we plot-
ted the 1:1 line relative to the observed data for each lo-
cus combination. Any estimate that is completely collin-
ear to the number of fathers in the dataset would be lo-
cated on this line. As expected, using information from
just one locus (i.e. counting paternal alleles at that locus)

R*=0.93 ,
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results in estimates that are far from the 1:1 line and are
therefore far from the number of fathers in the dataset
(Fig. 1A). When haplotypes are counted for two linked
markers, the estimates are located closer to the 1:1 line
(Fig. 1B) and after information from three linked loci is
combined the observed data are scattered even more
closely around that line (Fig. 1C). When four or five
linked loci are employed, the increase in resolution is
only small (only the results of 5 linked loci are shown;
Fig. 1D). Note that for each locus combination the num-
ber of paternal chromosomes detected moves towards a
plateau as the number of fathers approaches 40.

It would be beyond the scope of the present study to
investigate in detail al of the causa relationships that
are responsible for the shape of the observed function.
Such investigations would require additional simulation
studies, including different degrees of linkage between
loci, in order to characterise the effect of linkage on the
observed plateau effect. However, leaving linkage aside
it seems obvious that the number of paternal chromo-
somes detected is influenced primarily by two variables:
(1) the number of loci employed and (2) the number of
fathers in the dataset. With respect to point (1), in this
simulation study the number of paternal chromosomes
detected increased only marginally when more than three
linked loci were used. The importance of point (2) is best



Predicted no. of fathers

0O 5 10 15 20 25 30 35
No. of paternal chromosomes detected

40

Fig. 2 Exponentia regression curve and 95% confidence interval
for the number of fathers as predicted from the number of paternal
chromosomes detected with three linked loci. The datapoints are
identical to the onesin Fig. 1C, only the axes have been swapped.
Dashed lines are projections marking the 95% confidence interval
for the number of fathers predicted for a genotyped open-pollinated
family (dataset 2)

described by following the shape of the curve for three
or five linked loci (Fig. 1C or 1D): when the number of
fathers in the dataset is small, each father is likely to be
represented by both of its complementary haplotypes.
Therefore, for small numbers of fathers the haploid chro-
mosome estimate tends to exceed the number of diploid
fathers, and the estimate is located above the 1:1 line. As
the number of fathersin the dataset increases, it becomes
more likely that each father is represented by only one of
its two complementary haplotypes. Then the chromo-
some estimate tends to reflect the real number of fathers
in the dataset more closely, and the curve approaches the
1:1 line. On the other hand, as the number of fathersin
the dataset increases, the potential of the linked markers
to resolve al of the paternal chromosomes becomes
smaller, leading to the above-mentioned plateau effect.
Therefore, the shape of the curve may be interpreted as
the combined effect of linkage, the number of linked
markers and the number of fathersin the dataset.

In Fig. 1 the number of paternal chromosomes detect-
ed was placed on the y-axis for better visualisation.
However, in a real dataset the number of fathers will be
the unknown variable, and the number of paternal chro-
mosomes detected will be the independent variable ob-
tained from the genotype data. In such a situation it is
desirable to express the number of fathers as a function
of the chromosome count (Fig. 2). The relationship be-
tween the two variables can then be described by an ex-
ponential function of the general formula y=byxebl*x,
where x is the number of paternal chromosomes detected
and y is the number of fathers. This definition of the re-
lationship is simply the inverse of the logarithmic func-
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tion presented in Figure 1C. It alows the construction of
confidence intervals for the number of fathers as predict-
ed from the chromosome count (Fig. 2). The lower 95%
confidence limit may then be used as a measure for the
minimum number of fathers present in the dataset. Based
on the simplifying assumptions of our simulations, we
obtained a model to predict the minimum number of fa-
thers contributing to open-pollinated progeny using hap-
lotype counts of closely linked microsatellites.

Analysis of the pollen donorsin areal family

In order to validate the haplotype approach using "rea”
data, we studied an open-pollinated family whose pater-
nal contributions were unknown (dataset 2). Combining
genetic variability at the three closely linked microsatel-
lites ssrQpZAG 46, 36 and 104 resulted in 35 haplotypes
of linked markers among the 43 progeny. This number
was subsequently corrected for recombination events be-
tween the linked markers as described above, resulting in
an estimate of 33 (1) paternal chromosomes; two haplo-
types were assumed to arise solely due to recombination
events.

The exponential model derived from the simulations
was used to estimate the number of diploid fathers con-
tributing to the progeny. If the exponential model is
also valid for our real data, then the 33 chromosomes
detected translate into a lower 95% confidence limit of
27 fathers (Fig. 2). Therefore, at least 27 fathers may
have contributed to the progeny, a prediction that is
compatible with the circumstances of our study site.
About 40 potential pollen donors are located on the
study site, and additional potential fathers are located
in close vicinity.

Ideally such aresult should be confirmed by compari-
son to the genotypes of the contributing fathers, but this
was not possible for our study family. Given the high
levels of pollen flow in temperate oaks (Dow and Ashley
1996, 1998; Streiff et a. 1999), we expected many of the
pollen donors to be located outside our study site, mak-
ing it difficult to obtain genotype information from all
potential fathers. For this reason we did not attempt to
identify the fathers by a "classical” paternity analysis.
Nevertheless we considered it important to demonstrate
the level of resolution achieved by combining three
linked microsatellites in a real open-pollinated family.
Therefore we chose an approach based on genetic relat-
edness at the six unlinked microsatellite loci described in
detail above.

Figure 3A shows the distribution of genetic related-
ness values among all pairs of pollen gametes sharing an
dlele at locus ssrfQpZAG 104. This locus was
chosen as an example because it was the most polymor-
phic locusin this family. Figure 3B and 3C show the dis-
tribution of relatedness values among al pairs of pollen
gametes sharing a haplotype at the linked locus combina-
tions ssrQpZAG 46-36 (2 linked loci) and ssrQpZAG
46-36-104 (3 linked loci), respectively.
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Fig. 3A—C Distribution of pairwise relatedness values among
pairs of pollen gametes of a genotyped open-pollinated family (da-
taset 2). Relatedness was calculated among al pairs of pollen ga-
metes that shared an allele at locus ssrQpZAG 104 (A) or a haplo-
type at the linked markers ssrQpZAG 46 and 36 (B) or a haplotype
at the linked markers ssrQpZAG 46, 36 and 104 (C). Relatedness
was calculated using six independent microsatellite loci

It can be seen that pollen gametes sharing aleles
at locus ssrQpZAG 104 are only moderately related
(Fig. 3A). Relatedness increases dramatically, when two
closely linked loci are used in combination to define
haplotypes (Fig 3B), and it increases even further when
three linked loci are employed (Fig. 3C); mean genetic
relatedness among the gametes is then about 0.5
(Fig. 3C). Note that the absolute number of pairwise
comparisons decreases as more linked loci are added.

This is the case because adding additional linked loci in-
creases resolution and therefore leads to a decrease in the
number of pollen gametes that share a haplotype of
linked markers.

The results shown in Fig. 3 were supported by likeli-
hood statistics. The proportion of positive log likelihood
ratios, indicating that a relatedness of r=0.5 among the
gametes is more likely than being unrelated (r=0.0), in-
creased dramatically as more linked loci were added.
Only 1 pairwise comparison had a negative log likeli-
hood ratio when three linked loci were used in combina-
tion for definition of the haplotypes (not shown).

The results suggest that the majority of pollen ga-
metes sharing a haplotype of three linked markers are
identical by descent from the same father. We do not
conclude that this is the case for all pairs of gametes
sharing a haplotype at the loci ssrQpZAG 46, 36 and
104. The pairwise relatedness calculations based on six
independent microsatellites would not even allow such
conclusions. Furthermore, some of the pollen gametes
may share the same alele due to (unknown) family
structures among the pollen donors rather than by identi-
ty by descent from the same father. However, Fig. 3 cer-
tainly demonstrates the increase in resolution when the
genetic variability of closely linked microsatellites is
combined. How many linked loci are employed in prac-
tice to detect the paternal chromosomes will depend on
the number of closely linked loci available and on the
precision desired.

Practical considerations

We have presented an approach to estimate the number
of paternal chromosomes contributing to open-pollinated
families of Q. robur. Furthermore, we have used simulat-
ed data to construct a regression function that relates the
haploid chromosome count to the number of diploid fa-
thers in the dataset. Our data suggest that the approach
may be useful for the sample sizes that were chosen in
the present contribution. However, the results also show
that the number of chromosomes detected with linked
markers reaches a plateau very quickly when the number
of fathersincreases (Fig. 1). Therefore, the haplotype ap-
proach may be useful for moderate sample sizes like the
ones chosen here.

The haplotype approach to detect paternal chromo-
somes may be highly useful to monitor the number of
pollen donors in commercial acorn seedlots. The method
is designed for a small number of PCR based markers
(3 to 5 linked microsatellites). Furthermore, no genotype
information is required of the parent population. There-
fore, it should be applicable to practical situations with
limited financial resources and a need for quick answers.

In particular, the approach presented here may help to
decide whether a certain population should be included
in the list of approved stands for commercial seed har-
vest or not. Such lists of approved stands for seed
harvest are common in several European countries



(Geburek and Heinze 1998). If a stand repeatedly shows
very low numbers of pollen donors per mother tree, then
it may in some situations be wise to take it off the list
and replace it by other stands. For instance, this may be
the case for isolated stands with limited pollen flow from
outside the stand.

Furthermore, if experimental samples are collected
from the same mother trees over severa years, it may be
possible to relate fluctuations in the number of pollen
donors to variations in the masting behaviour or to other
factors. As no genotype information of the parent popu-
lation is required, such studies are no longer restricted to
model stands but can be conducted for a wide range of
stands under more diverse conditions.

Finally, the approach presented here may be useful for
genetic analyses of seedlots from other outcrossing tree
species as well. Here, we have used Quercus robur as a
model because numerous microsatellites are available for
this species and because they are being mapped geneti-
cally. However, our approach should be applicable to any
outcrossing tree species once closely linked highly poly-
morphic microsatellite markers have been identified.
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