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Abstract

Well-adapted, high quality reproductive material is
key to the success of forest plantations. Consequently in
many countries the collection and trade of forest repro-
ductive material is regulated. Paper documents are usu-

ally the only evidence for the origin of forest reproduc-
tive material. Certification schemes already established
in Germany use genetic inventories to compare refer-
ence samples collected at different steps of the chain-of-
custody. A new approach using DNA-fingerprints effi-
ciently controls the origin of seed sources without these
multiple reference samples. Only a sample of adult trees
within the seed stands is needed. The control is directly
made for each suspicious plant or a group of suspicious
plants by use of multilocus genotype assignment. We
made a field test with samples of adults and seedling
from 5 registered seed stands of Quercus robur in West-
ern Germany. Eight highly variable nuclear microsatel-
lites were used to genotype each individual. We found in
total 255 different alleles at all loci in the adult popula-
tions. The observed levels of genetic variation (Ae= 9.18),
genetic differentiation (delta = 0.187) and population
 fixation (FST = 0.01) were slightly higher than results
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of similar studies. Individual and group assignment
tests were performed with the Bayesian multi-locus
approach. The proportion of correctly assigned seedlings
was 65% for individuals with completely scored geno-
types. In all 5 cases the groups of seedlings were
assigned to the correct seed stand and an additional
sample of seedlings from another stand could be suc-
cessfully excluded with a probability test. The conclu-
sion of the field study is that a large scale application of
this new approach to control of the origin of forest repro-
ductive material is feasible.

Key words: Certification, forest reproductive material, genotype
assignment, nSSRs, seed, tracing origin, Quercus robur.

Introduction

Well-adapted, high quality reproductive material is
key to the success of forest plantations. Thus the collec-
tion and trade of forest reproductive material is regulat-
ed in many countries by laws, regulations and certifica-
tion to promote the use of reproductive material of
known origin and genetic quality for consumer protec-
tion, and the use of material well adapted to a given
region. More economic, efficient methods of identifying
reproductive material are needed to comply with these
regulations. These regulations include the Organisation
for Economic Co-operation and Development’s (OECD)
Scheme for the Certification of Forest Reproductive
Material at the international level, the Council Directive
1999/105/EC for the European Union, and within Ger-
many, the Act on Forest Reproductive Material (FoVG),
its executive regulations and the technical standards of
the German Programme for the Endorsement of Forest
Certification Schemes (PEFC). 

In Germany forest seeds are mainly collected in regis-
tered stands of the category “selected” or “tested”, and to
a lesser degree in seed orchards. Paper documents are
usually the only proof for material origin. Documents
have been repeatedly falsified, resulting in the use of
unsuitable seed sources for a given area, and reduced
growth, poor form, increased mortality, or increased vul-
nerability to disease in forest plantations in Germany

and elsewhere (KONNERT and RUETZ, 2006). Thus there
is an urgent need for an efficient control system using
traits that cannot be manipulated. In the last years two
certifications systems have been successfully estab-
lished in Germany (BEHM and KONNERT, 2000; KONNERT,
2006). These systems use reference samples of forest
reproductive material taken at different steps along the
chain of custody. Gene markers are used to check the
similarity between suspicious probes and reference sam-
ples. The systems work well, but they are time-consum-
ing, involving many reference samples, and the statisti-
cal power of these approaches has never been tested.

In this paper we test a new approach using DNA-fin-
gerprinting that efficiently controls the origin of seed
source without multiple reference samples along the
chain of custody. Only a sample of adult trees within the
seed stands is needed. Multilocus genotype assignment
of individuals or groups of suspicious plants will be used
to control the origin of the material. This approach has
already successfully been used to assign the geographic
origin of plants and animals (HONJO et al., 2008; ODGEN,
2008; WASSER et al., 2004, 2007). We performed a field-
study using DNA-fingerprints based on nuclear micro -
satellites to check the origin of forest reproductive mate-
rial in five sessile oak seed stands in Western Germany.

Material and Methods

Plant material

For the field study five seed tree stands of the pedun-
culate oak, Quercus robur, 8 to 240 km apart were
selected in North Rhine-Westphalia, Germany (NWR)
(Fig. 1, Table 1). In each stand cambium from 56 to 89
adult trees was collected. A punch was cleaned with
ethanol and then hammered into the bark of the target
tree until stopped by the wood. The resultant bark plug
had the cambial zone on the inner surface. These were
kept on ice until further treatment in the lab. For fur-
ther information on this method see (COLPAERT et al.,
2005). Between 27 and 34 seedlings were also collected
randomly within each stand.

Figure 1. – Locations of the studied seed stands of Quercus robur (sessile oak) in
North Rhine-Westphalia  (Germany); Mindener Wald (M), Rumbeck (R), Arnsberg
(Aa), Kottenforst (Ka), Kottenforst (Kc).
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Genetic analyses

DNA-extraction: From the cambium/bark samples of
the adult trees, a very thin disc of tissue was sliced off
using a clean scalpel sterilised between individuals with
70% ethanol. After grinding the frozen plant material
(cambium, leaf, and embryo tissue in liquid nitrogen)
with a Mixer Mill (MM 300, Retsch), DNA was extracted
using the protocol of (DUMOLIN et al., 1995) based on
CTAB/dichlormethane. DNA concentrations were then
measured and dilutions containing 10 ng/µL DNA were
prepared and stored at –20°C.

SSR-Genotyping: Eight microsatellites were analysed
for Quercus robur. A high throughput microsatellite
genotyping method was applied using two sets of primer
pairs. QrSET1 was comprised of four loci (QrZAG11,
QrZAG96, QrZAG110, QrZAG112), and QrSET2 of four
microsatellite loci (QrZAG7, QrZAG20, QrZAG65,
QrZAG87) (KAMPFER et al., 1998; STEINKELLNER et al.,
1997). The microsatellite loci were amplified by multi-
plexing all primers of each set. The cycling conditions
consisted of a denaturation step of 5 min at 94°C;
 followed by 35 cycles of 30 s at 94°C, 30 s at 50°C, 90 s
at 65°C; and a final extension of 10 min at 65°C after
(LEPAIS et al., 2006, 2009), for further information on
amplification conditions see Table 2). Amplified SSR
fragments were analysed with an Amersham MegaBace
1000 capillary sequencer (GE Healthcare, Freiburg) and
individual genotypes were determined with the Frag-
ment Profiler software version 1.2.

Data analysis

Genetic variation and genetic differentiation

Locus allele frequencies (pij), the number of different
alleles (A), observed heterozygosity (Ho), expected

 heterozygosity (He), the effective number of alleles
(Ae = 1/(1-He)), and the fixation index (F = 1-(Ho/He))
were calculated for each as described by (WEIR, 1990).
WRIGHT’s Fst (WEIR, 1990), the standardized Fst(Hedrick) of
(HEDRICK, 2005), and delta (GREGORIUS et al., 2007) were
computed as measures of fixation and genetic differenti-
ation among populations. 

Genetic distance (D0) was computed to measure the
genetic difference between pairs of populations (GREGO-
RIUS, 1978):

where i and j represent two populations, n is the num-
ber of alleles, pik is the relative frequency of the kth
allele in the ith population. Numerical tests based on
Monte Carlo methods were used to estimate the signifi-
cance of D0 (MANLY, 1991). The genotypes of the two pop-
ulations were pooled 1000 times, and from this joint
group the two individual populations were reformed by
random sampling without replacement, and the D0 val-
ues were recalculated for both re-sampled populations
(i and j). For each permutation, the genotypic structure
of each population represented a random mixture of
genotypes from both original populations. The probabili-
ty of significance was estimated from the proportion of
permutations with D0 distances smaller than the
observed.

Genotype assignment

Individual assignment tests and group assignment
tests were performed using the Bayesian multilocus-
approach (RANNALA and MOUNTAIN, 1997) in Geneclass2
(PIRY et al., 2004) and GDA_NT (DEGEN, unpublished).

Table 1. – Seed stands of Quercus robur sampled in North-Rhine Westphalia and
sample sizes for adults and seedlings.

Table 2. – Primer used to amplify the microsatellites for the 5 Quer-
cus robur stands (LEPAIS et al., 2006, 2009).
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The individuals of the adults were self-classified to the
five sampled populations using the leave-one-out
approach (self-assignment). The five samples of juve-
niles were assigned to reference populations once on an
individual and once on a group basis. The assignment of
an individual or group of individuals is based on a crite-
rion relating the individual or group to each reference
population, the best candidate population being the one
with the highest probability. Thus a population is
always designated to which the individual or group can
be assigned, because there is always a most likely popu-
lation in any reference set. However, the set of reference
populations may not include the true population of ori-
gin of the control group (false positive assignment).
Therefore, a measure of confidence that the test individ-
ual or test group truly belongs to a given population is
needed (CORNUET et al., 1999). This can be achieved by
comparing the likelihood value of the test group with
the likelihood of sampled groups that belong to the pop-
ulation. More precisely, we need to locate the criterion
value of the test individual or test group within the dis-
tribution of values for individuals or groups of the
assigned population. If the test individual’s or group’s
criterion is well outside the distribution, the individual
or group does not belong to the population. Further-
more, the proportion of the distribution with values
“worse” (lower probability/likelihood) than the tested
individual’s or group’s value can be considered as a mea-
sure of the probability that this individual/group
belongs to the population. As proposed by MARSHALL et
al. (1998), we used the difference in LOD scores between
the most-likely reference population and the next most-
likely reference population as a test criterion for pater-
nity analysis. In cases where the true population of ori-
gin is among the reference samples, this difference is
clearly larger compared to the situation if the true popu-
lation is not part of the reference samples. 

Results

Field-study

Diversity/differentiation

We found in total 255 different alleles at all loci. The
mean number of alleles (A) per adult population and

locus ranged from 19.75 to 23.12, the mean effective
number of alleles (Ae) ranged from 8.81 to 9.23, and the
values for the observed heterozygosity (Ho) ranged from
0.75 to 0.80 (Table 3). For the adults the fixation-index
was close to 0, indicating that the level of heterozygosity
corresponds to expectations under Hardy-Weinberg.
The genetic differentiation and the fixation between
all samples of adults was moderate (ΔGregorius = 0.187;
FST = 0.008, FST (Hedrick) = 0.091). 

The gene pool distances (D0 Gregorius) varied between
0.200 and 0.265 and most of them were statistically sig-
nificant (Table 4). Only among the two populations from
Kottenforst (Ka, Kc) and between Kottenforst (Ka) and
Mindener Wald (M) did the genetic distance have a sig-
nificance level below 0.9. Spatial and genetic distances
were not correlated for the five populations.

Genotype assignment 

Individual self-assignment tests were performed with
the Bayesian allele frequency estimation method with
the leave-one-out option. Adult individuals were self-
classified to the 5 reference populations. Accuracy of
individual assignment to reference population was, with
37% correctly assigned individuals, relatively low. The
individual assignment of the seedlings was correct in
56% of all cases. If we considered only seedlings with
completely scored genotypes at all 8 loci the accuracy
increased to 65%. The group-wise assignment was cor-
rect in all 5 cases. The probabilities of exclusion for the
correctly assigned reference populations varied between
26% and 99%. The seedling samples from the outside
seed stand got assigned to the population Rumbeck but
the exclusion probability was 100%. Thus it was typed
as a “wrong positive” assignment. 

Table 3. – Estimates of genetic parameters for adults of the five populations of
Quercus robur: A is the mean number of alleles per locus; Ae is the mean effective
number of alleles; Ho is the mean observed heterozygosity; He is the mean expected
heterozygosity; F is the average fixation index. The Gregorius genetic differentia-
tion index (ΔGregorius);Wright’s FST-statistic (FST); and the standardized Hedrick FST
(FST (Hedrick)) are measures of genetic differentiation and fixation based on all groups
of sampled adults and seedlings.

Table 4. – Gene pool distances (D0 Gregorius) among the 5
adult populations (above diagonal) and probability of signifi-
cance (below diagonal).
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Discussion
The five pedunculate oak populations studied in West-

ern Germany had slightly higher levels of genetic varia-
tion (Ae =9.18), genetic differentiation (delta = 0.18) and
population fixation (FST =0.008) than found in similar
studies in oaks using nuclear microsatellites. For four
pedunculate oak populations in Northern Germany, (GRE-
GORIUS et al., 2007) found mean values of Ae =8.2, delta =
0.14, and FST =0.006) based on six microsatellite loci. But
MUIR et al. (2004) observed the same average fixation of
0.008 among Quercus petraea populations in Ireland.
Significant genetic differentiation is required for all

types of genotype assignment. As indicated by the signif-
icant gene pool distances among samples (Table 4), sig-
nificant differentiation could be found in most pair-wise
comparisons of our field study. For these oak popula-
tions, genetic and geographic distances were not signifi-
cantly correlated. This may be due to the common prac-
tise of growing oaks from seeds or saplings from various
seed sources in the past. In our case, the origin of repro-
ductive material and not post-glacial re-colonisation
caused the observed spatial genetic structure (KOENIG et
al., 2002). 
Our field study showed that 8 microsatellites would be

sufficient for highly reliable group-wise assignment of
seedlings to their population of origin. Using the
Bayesian approach implemented in GeneClass2 and
GDA_NT, the group-wise assignment of offspring to the
adult populations was correct in all 5 cases. This under-
lines the power of the proposed approach. In our field
study 65% of all oak seedlings with a completely scored
genotype were assigned correctly. This means for a high-
ly accurate assignment test of single individuals more
than 8 microsatellites would be required. 
Multilocus-genotype assignment based on nuclear or

chloroplast microsatellites and Single Nucleotide Poly-
morphism (SNP) has been used to trace the origins of
fish (ODGEN, 2008), cattle (ORRU et al., 2009), endan-
gered plant species (HONJO et al., 2008) and humans
(XING et al., 2009). NARUM et al. (2008) applied a combi-
nation of microsatellites and SNPs to assign the origin
of salmon. In their study the individual assignment test
accuracy was higher for microsatellites (73.1%) than
SNPs (66.6%), and pooling all 50 markers provided the
highest accuracy (83.2%). The same approach using 16
nuclear microsatellites has been used by (WASSER et al.,
2004, 2007) to assign the geographic origin of African
elephant DNA in order to control the ivory trade. For
the elephant study an individual assignment accuracy of
85% was observed.
Our field study shows that highly variable nuclear

microsatellites and genotype assignment are feasible for
controlling of the origin of forest reproductive material
on a large scale. The group-wise assignment approach is
completely feasible in the trade of forest reproductive
material. The traded seeds or plants are accompanied by
documents with information on the seed stand or seed
orchard of origin. Thus a group of individuals can
always be collected for a control. In case of undeclared
or illegal mixtures of seed material the assignment of
groups to a single seed source will be not successful.
Assignment of individuals would make it possible to
identify false documentation. 
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Abstract

Inadequate knowledge of the population structure and
diversity present often hamper the efficient use of
germplasm collections. Using a high through-put sys-
tem, twelve microsatellite loci were used to analyze
genetic diversity and population structure in a national

field genebank repository of 243 cacao accessions
grouped into 11 populations based on their known
sources. Based on multi-locus profiles, the Bayesian
method was used for individual assignment to verify
membership in each population, determine mislabeling
and ancestry of some important accessions used in
breeding program. A total of 218 alleles was revealed
with a mean number of 18.2 alleles per locus. Gene
diversity (He = 0.70) and allelic richness (4.34 alleles per
locus) were highest in the F1 hybrid population. Differ-
ential mating system was suggested as responsible for
the observed deficit and excess of heterozygotes
observed among the populations. Analysis of molecular
variance showed that within-population variance
accounted for 63.0% of the total variance while the rest
37% was accounted for by the among-population vari-
ance. Cluster dendrogram based on UPGMA revealed
two main subsets. The first group was made up of the
Amelonado/Trinitario ancestry and the other of
Nanay/Parinari ancestry. We found that Nanay and
Parinari populations were the major source of Upper
Amazon genes utilized while a large proportion of genet-
ic diversity in the field genebank remained under-uti-
lized in development of improved cultivars released to
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