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Abstract

Black locust (Robinia pseudoacacia L.) is a tree
species native to North America. The multipurpose tree
is cultivated worldwide, but causes problems due to its
partially invasive character. The application of nuclear

microsatellite loci has many aims in population genetic
studies. Here we introduce a very cost-effective method
for combining the information of 14 nuclear microsatel-
lite loci into two multiplex PCR sets as a contribution to
greater standardisation and more comparable results.
Combined non-exclusion probabilities for clone identi-

fication using example populations are estimated at
between 1.37*E-5 and 1.67*E-11, and for paternity
analysis for 1.59*E-4. The detected weak linkage
between some microsatellite loci is not considered to be
a substantial restriction to the reliability of the set of
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markers in providing an appropriate method for finger-
printing and parentage analysis.

Key words: Black locust; SSRs; multiplexing; population genet-
ics; clone identification; paternity analysis; linkage.

Introduction

The tree species black locust (Robinia pseudoacacia
L., Fabaceae) is native to the south-eastern part of the
United States and occurs in mountainous regions as an
early colonizer of disturbed areas. Black locust has vege-
tative propagation ability via root suckers and can per-
form clonal structures in native stands, as was detected
by studies with isozyme markers (MCCAIG et al., 1993;
CHANG et al., 1998). Black locust flowers are pollinated
by insects, and seeds are dispersed by the wind. First
mating system observations to describe the generative
propagation were carried out by SURLES et al. (1990).
Based on a multilocus isozyme study, they mainly found
outcrossing mating, but with remarkable shares of
inbreeding (average outcrossing 0.83, range 0.46–1.00). 

Black locust, as a „multi-purpose tree,“ is of increasing
importance for forestry in many countries. It is cultivat-
ed for its durable timber, and for biomass and honey
production. Numerous breeding efforts in many coun-
tries have been undertaken on the family and clonal
level (SCHRÖCK, 1953; KERESZTESI, 1983; MEBRAHTU and
HANOVER, 1989; BONGARTEN et al., 1992; DINI-PAPANAS-
TASI, 2008), including the development of several meth-
ods for vegetative propagation (NAUJOKS et al., 1999;
RÉDEI et al., 2002). As an early colonizer, black locust is
suitable for recultivation and slope plantings, but this
disposition is also responsible for its partially invasive
character. Black locust can become an invasive species
in some regions, as ascertained, for example, in Ger-
many (BÖCKER and DIRK, 1998; BÖHMER et al., 2001) and
Japan (JUNG et al., 2009). In these countries, clonal
structures have been observed in artificial stands
 (HERTEL and SCHNECK, 2003; JUNG et al., 2009).

The development of highly variable microsatellite
markers by LIAN and HOGETSU (2002, seven markers),
LIAN et al. (2004, three markers) and MISHIMA et al.
(2009, eleven markers) followed the increasing interest
in more detailed knowledge of genetic structures in nat-
ural and artificial, including invasive, black locust
stands and their mating systems, as well as in breeding
material. Two studies were published recently describ-
ing the application of only four microsatellite loci to rec-
ognize clonal structures in artificial populations in
Japan (JUNG et al., 2009; KUROKOCHI et al., 2010). 

GUICHOUX et al. (2011) reviewed the current trends in
microsatellite genotyping and emphasized the need for
standardised protocols to enable more comparable
results in joint projects. This issue is also under discus-
sion for other species being bred and cultivated, i. e.
poplar (RATHMACHER et al., 2009), beech (LEFÈVRE et al.,
2011), tomato and wheat (VOSMAN et al., 2001) or Pacific
salmon (MORAN et al., 2006; ELLIS et al., 2011).

In this study, we developed a cost-effective multiplex
PCR method with 14 loci for further population genetic
studies, including mating system analysis and identifi-

cation purposes, and we present first data on linkage
and variation levels in a larger number of samples to
give a dimension of non-exclusion probabilities for mat-
ing system studies. The presented multiplex sets were
applied in two studies (LIESEBACH, 2012; LIESEBACH and
NAUJOKS, 2012).

Materials and Methods

Plant material

The plant material originates from several samples,
mainly from artificial stands in Germany. Among them
are semi-natural populations which have not been man-
aged for a long time; selected clones; material from actu-
al breeding programs; open pollinated offspring from
single clones, and samples from six planted stands from
several seed sources located in Germany/Brandenburg.
In addition to Robinia pseudoacacia, a few samples of
other Robinia species were tested: an open pollinated
offspring family from R. neomexicana A. Gray (37 indi-
viduals) and the clone ‘Casque Rouge’ (R. � margaretti-
ae Ashe, R. hispida L. � R. pseudoacacia). The previous
total sample size amounts to approximately 1300 indi-
viduals.

Microsatellite genotyping

The isolation of total DNA from fresh or frozen leaves
or from seeds followed a modified CTAB protocol
(DUMOLIN et al., 1995). All 21 available loci were tested
with the exception of Rops15, which was described as
highly somatic instable (LIAN et al., 2004), and RP102,
RP211 and RP165, which were characterized by a low
variation and a significant departure from Hardy-Wein-
berg equilibrium (MISHIMA et al., 2009).

PCRs for the remaining 17 microsatellite loci (Table 1)
were carried out with fluorescent dye-labeled forward
primers (delivered by biomers.net, www.biomers.net)
using the “Multiplex PCR Kit” from Qiagen in accor-
dance with the manufacturer’s instructions. PCRs were
carried out in 15 µl reaction volume with 10–50 ng tem-
plate DNA in the Multiplex PCR Master Mix containing
HotStarTaq DNA Polymerase, buffer, dNTP mix and a
final concentration of 3 mM MgCl2. All primers were
added with equal concentrations of 0.2 µM. PCRs were
carried out in a Biometra TGradient and a Biometra
UNOII thermocycler (Göttingen, Germany) with the fol-
lowing temperature profiles: activation step of 15 min-
utes at 95°C, 28 cycles (denaturation of 30 sec at 94°C,
annealing 90 sec, and extension for 60 sec at 72°C) and
a final extension of 30 min at 60°C. After optimisation,
eight loci were analysed in Multiplex Set 1 at an anneal-
ing temperature of 56°C, six loci were analysed in Mul-
tiplex Set 2 at an annealing temperature of 63° (Table 1)
and the three loci Rops09, Rops10 and Rops18 were
excluded (see below). Amplification products were
detected with a Beckman Coulter CEQ 8000 capillary
sequencer. 

Data analysis 

Population genetic parameters such as number of alle-
les per locus (A/L) and observed heterozygosity (Ho); as
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well as combined non-exclusion probabilities for the
identification of unrelated individuals, sib identity or
the identification of the second parent when the first
parent is known, were calculated with the software
package CERVUS (MARSHALL et al., 1998; KALINOWSKI et
al., 2007). The effective number of alleles Ne was esti-
mated by the reciprocal of expected homozygosity. 

Homozygous genotypes of null alleles were assumed in
the case of repeated missing amplification products in
samples with other detectable loci. A further indication
for null alleles in heterozygote genotypes is mismatch-
ing between mother and offspring individuals when
mother and offspring exhibit different alleles in appar-
ent homozygous genotypes. The software package Micro-

Table 1. – Overview of nuclear microsatellite loci applied on Robinia samples and their variation parameters.

n assumed null allele because of missing amplification products or mismatches between mother and offspring.
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Checker (VAN OOSTERHOUT et al., 2004) was used to esti-
mate null allele frequencies based on Hardy-Weinberg
equilibrium in some example populations. One of the
implemented methods (BROOKFIELD, 1996) considers
missing values as true homozygote genotypes of the null
allele.

Linkage analyses were carried out for some two-locus
combinations derived from available mother-offspring
families. Haploid maternal genotypic data were generat-
ed from the offspring by subtracting the paternal alleles.
Data were omitted in case of identity of maternal and
offspring heterozygote genotype since the maternal
allele cannot be determined. Recombination frequencies
r with standard deviations were calculated as 

where N is the total sample size of two-locus combina-
tions and R is the number of recombinants. Kosambi’s
mapping function was used to calculate map distances
as

The classical LOD scores of linkage analysis was cal-
culated as 

as the decimal logarithm of the likelihood ratio of link-
age between the two loci and of independent segrega-
tion. The common threshold is LOD ≥ 3.0 for significant
linkage as was suggested by MORTON (1955), cited in
GERBER and RODOLPHE (1994).

Results and Discussion

Variation

Initially, 17 microsatellite loci were analysed. After
the first approximately 200 samples, three loci were
excluded from further analysis to concentrate a maxi-
mum of information in a minimum of PCRs. Locus
Rops09 was omitted because of its very low variation
and a putative null allele (observed heterozygosity
0.057). Locus Rops10 has a rather mononucleotide pat-
tern and was omitted because of a putative highly fre-
quent null allele. About 70% of individuals did not
reveal a peak at this locus. Locus Rops18 was excluded
because of its wide range from 137 to 221 bp with no
alleles between 152 and 209 bp, perhaps caused by a
large indel overlaying the dinucleotide pattern. A ten-
dency to allele dropout is suspected because large alleles
do not amplify as efficiently as small alleles. Some
extreme differences in peak height were observed in het-
erozygous genotypes combining alleles shorter than 152
bp and longer than 209 bp. The remaining 14 loci were
combined in two multiplex PCR sets with 8 and 6 loci,
respectively (Table 1). 

All loci more or less fit to a dinucleotide base-pair
periodicity with the exception of locus Rops05 with a

dinucleotide repeat that exhibits an average of 2.2
nucleotides distance between adjacent alleles. This so-
called size shift exists between the observed elec-
trophoretic size and the expected repeat unit difference.
Similar deviations from the expected periodicity were
observed in humans (AMOS et al., 2007), in poplar
(LIESEBACH et al., 2010) and salmon (ELLIS et al., 2011).
Alleles of R. neomexicana also match to the R. pseudoa-
cacia ladders, as was observed in an offspring family.
However, we detected alleles apart from the ladder at
five loci in the clone ‘Casque Rouge’, obviously originat-
ing from the R. hispida parent. 

Even though these 14 loci are suitable for clone identi-
fication, one locus has to be excluded for population
genetic studies, especially mating system and paternity
analysis. Locus RP150 shows an indication for duplica-
tion. It reveals reproducible genotype patterns with 1 to
4 alleles per sample and partially shows behaviour like
a tetraploid locus with a dosage effect, i.e., two small
peaks and one large peak. 

Linkage

Multilocus data evaluations, like the calculation of
several non-exclusion probabilities, assume that the loci
segregate independently. However, no serious bias is
expected in multilocus calculations when loci are not so
tightly linked (MARSHALL et al., 1998). Mapping dis-
tances of 10 cM or more are considered as an indepen-
dent association of markers for fingerprinting and
parentage analysis purposes (SLAVOV et al., 2004).

Here we present first results of linkage analysis in
black locust in offspring families from two openly polli-
nated trees A and B. Forty five two-locus combinations
could be tested from 10 heterozygote loci for each of the
individuals A and B. Table 2 shows five significant link-
ages at the LOD score > 3 criterion. The suggested
threshold value of 3 is very conservative, as was dis-
cussed by GERBER and RODOLPHE (1994). Yet further two-
locus combinations in this study have LOD scores below
1.6 and have to be considered as independent loci. Two
pairs of linked loci Rops05 – RP035 and RP109 – RP200
were observed in both trees A and B, whereas RP106 –
RP01B in tree B (Table 2) seems to be unlinked in tree A
(LOD = 0.0098, recombination frequency 0.489).

Estimation of non-exclusion probabilities

Generally, non-exclusion probabilities should be as
small as possible. This could be achieved by a high num-
ber of loci and a high level of variation. Nevertheless, it
could be advisable to exclude single loci for paternity
analysis in the case of high frequencies of null alleles in
certain populations. Often they cannot contribute infor-
mation because of missing amplification products, or
their apparent homozygous genotype might be a true
heterozygote with the null allele. In the six planted
stands of black locust described here, maximum
observed frequencies of null alleles per population are
18% for locus Rops04; 23% for RP032, and 29% for
RP206. However, such loci can be used as additional
information in paternity analysis to exclude candidate
fathers in the case of more than one possible candidate.
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Some examples for variation parameters and com-
bined non-exclusion probabilities based on 13
microsatellite loci (locus RP150 was excluded because of
duplication) were given for six populations to demon-
strate the power of the presented set of highly variable
microsatellite loci in black locust (Table 3). Calculations
were carried out under the condition of unlinked loci.
Taking into consideration the observed linkage, the com-
bined non-exclusion probabilities might be slightly
underestimated. 

A realistic probability for identifying clones originat-
ing from vegetative propagation in populations or in
breeding materials by their identical multilocus geno-
types might be assumed between the estimates for iden-
tity by chance for unrelated individuals (on average
1.67E-11) and for sibs (on average 1.37E-05). This
implies a highly reliable identification of clones includ-
ing possible full sibs. The application of the set of

microsatellite markers for parentage analysis is not
restricted by linkage despite inexact non-exclusion prob-
abilities. It allows a reliable identification of the pollina-
tor among the candidate fathers or the exclusion of all
candidates in natural or semi-natural populations with
clonal structures or in seed orchards. 

Acknowledgements

The authors thank VOLKER SCHNECK, GISELA NAUJOKS,
JAN ENGEL and DIRK KNOCHE for their assistance in the
collection of R. pseudoacacia plant material and Roland
Graeff for providing the R. neomexicana collection. Par-
tial funding was provided by the Fachagentur
Nachwachsende Rohstoffe e.V. (FNR) of the Federal
Ministry of Food, Agriculture and Consumer Protection
in Germany. The authors also thank two anonymous
reviewers for their constructive contributions to improve
the manuscript.

Table 2. – Linkage of nuclear microsatellite loci in R. pseudoacacia.

Table 3. – Examples of variation parameters and combined non-exclusion probabili-
ties for six artificial R. pseudoacacia stands based on evaluation of 13 highly variable
microsatellite loci.

Liesebach et. al.·Silvae Genetica (2012) 61-4/5, 142-148

DOI:10.1515/sg-2012-0018 
edited by Thünen Institute of Forest Genetics



 147

References

AMOS, W., J. I. HOFFMAN, A. FRODSHAM, L. ZHANG, S. BEST
and A. V. S. HILL (2007): Automated binning of
microsatellite alleles: problems and solutions. Molecu-
lar Ecology Notes 7: 10–14.

BÖCKER, R. and M. DIRK (1998): Distribution and Spread-
ing of Alien Trees and Shrubs in South Western Ger-
many and Contributions to Germination Biology. pp.
285–297. In: Plant Invasions: Ecological Mechanisms
and Human Responses, edited by U. STARFINGER, K.
EDWARDS, I. KOWARIK and M. WILLIAMSON, Backhuys
Publishers, Leiden, The Netherlands.

BÖHMER, H. J., T. HEGER and L. TREPL (2001): Robinia
pseudoacacia L., Black locust. pp. 64–75. In: Fall -
studien zu gebietsfremden Arten in Deutschland – Case
Studies on Alien Species in Germany, Umweltbunde-
samt (Federal Environment Agency), Berlin.

BONGARTEN, B. C., D. A. HUBER and D. K. APSLEY (1992):
Environmental and genetic influences on short-rotation
biomass production of black locust (Robinia pseudoaca-
cia L.) in the Georgia Piedmont. Forest Ecology and
Management 55: 315–331.

BROOKFIELD, J. F. Y. (1996): A simple new method for esti-
mating null allele frequency from heterozygote deficien-
cy. Molecular Ecology 5: 453–455.

CHANG, C.-S., B. BONGARTEN and J. HAMRICK (1998):
Genetic Structure of Natural Populations of Black
Locust (Robinia pseudoacacia L.) at Coweeta, North
Carolina. Journal of Plant Research 111: 17–24.

DINI-PAPANASTASI, O. (2008): Effects of clonal selection on
biomass production and quality in Robinia pseudoaca-
cia var. monophylla Carr. Forest Ecology and Manage-
ment 256: 849–854.

DUMOLIN, S., B. DEMESURE and R. J. PETIT (1995): Inheri-
tance of chloroplast and mitochondrial genomes in
pedunculate oak investigated with an efficient PCR
method. TAG Theoretical and Applied Genetics 91:
1253–1256.

ELLIS, J. S., J. GILBEY, A. ARMSTRONG, T. BALSTAD, E.
CAUWELIER, C. CHERBONNEL, S. CONSUEGRA, J. COUGH-
LAN, T. F. CROSS, W. CROZIER, E. DILLANE, D. ENSING, C.
G. D. LEÁNIZ, E. GARCÍA-VÁZQUEZ, A. M. GRIFFITHS, K.
HINDAR, S. HJORLEIFSDOTTIR, D. KNOX, G. MACHADO-
SCHIAFFINO, P. MCGINNITY, D. MELDRUP, E. E. NIELSEN,
K. OLAFSSON, C. R. PRIMMER, P. PRODOHL, L. STRAD -
MEYER, J.-P. VÄHÄ, E. VERSPOOR, V. WENNEVIK and J. R.
STEVENS (2011): Microsatellite standardization and
evaluation of genotyping error in a large multi-partner
research programme for conservation of Atlantic salmon
(Salmo salar L.). Genetica 139: 353–367.

GERBER, S. and F. RODOLPHE (1994): Estimation and test
for linkage between markers: a comparison of lod score
and X2 test in a linkage study of maritime pine (Pinus
pinaster Ait.). TAG Theoretical and Applied Genetics
88: 293–297.

GUICHOUX, E., L. LAGACHE, S. WAGNER, P. CHAUMEIL, P.
LÉGER, O. LEPAIS, C. LEPOITTEVIN, T. MALAUSA, E.
REVARDEL, F. SALIN and R. J. PETIT (2011): Current
trends in microsatellite genotyping. Molecular Ecology
Resources 11: 591–611.

HERTEL, H. and V. SCHNECK (2003): Untersuchungen zur
genetischen Struktur eines Robinienbestandes (Robinia
pseudoacacia L.) in Brandenburg. pp. 257–263. In:
Bedrohung der biologischen Vielfalt durch invasive
gebietsfremde Arten – Erfassung, Monitoring und Risi-
koanalyse, edited by M. Welling, Landwirtschaftsverlag
GmbH, Münster.

JUNG, S.-C., N. MATSUSHITA, B.-Y. WU, N. KONDO, A. SHI-
RAISHI and T. HOGETSU (2009): Reproduction of a
Robinia pseudoacacia population in a coastal Pinus
thunbergii windbreak along the Kujukurihama Coast,
Japan Journal of Forest Research 14: 101–110.

KALINOWSKI, S. T., M. L. TAPER and T. C. MARSHALL (2007):
Revising how the computer program CERVUS accom-
modates genotyping error increases success in paternity
assignment. Molecular Ecology 16: 1099–1106.

KERESZTESI, B. (1983): Breeding and cultivation of black
locust, Robinia pseudoacacia, in Hungary. Forest Ecolo-
gy and Management 9: 217–244.

KUROKOCHI, H., K. TOYAMA and T. HOGETSU (2010): Regen-
eration of Robinia pseudoacacia riparian forests after
clear-cutting along the Chikumagawa River in Japan.
Plant Ecology 210: 31–41.

LEFÈVRE, S., S. WAGNER, R. J. PETIT and G. DE LAFONTAINE
(2011): Multiplexed microsatellite markers for genetic
studies of beech. Molecular Ecology Resources doi:
10.1111/j.1755-0998.2011.03094.x.

LIAN, C. and T. HOGETSU (2002): Development of
microsatellite markers in black locust (Robinia
pseudoacacia) using a dual-supression-PCR technique.
Molecular Ecology Notes 2: 211–213.

LIAN, C., R. OISHI, N. MIYASHITA and T. HOGETSU (2004):
High somatic instability of a microsatellite locus in a
clonal tree, Robinia pseudoacacia TAG Theoretical and
Applied Genetics 108: 836–841.

LIESEBACH, H. (2012): Genetische Charakterisierung von
Robinienbeständen (Robinia pseudoacacia L.) in Deutsch -
land mit nuklearen Mikrosatelliten-Markern: Erkennt-
nisse zu ihrer Bestandesbegründung (Genetic characteri-
sation of black locust stands (Robinia pseudoacacia L.) in
Germany with nuclear microsatellite markers: back-
ground on population history). Beiträge aus der Nord-
westdeutschen Forstlichen Versuchsanstalt, in press.

LIESEBACH, H. and G. NAUJOKS (2012): Klonidentifizierung
bei Zuchtmaterial der Robinie (Robinia pseudoacacia
L.) mit nuklearen Mikrosatellitenmarkern (Clone iden-
tification of breeding material from black locust
(Robinia pseudoacacia L.) from nuclear microsatellite
markers). Beiträge aus der Nordwestdeutschen
Forstlichen Versuchsanstalt, Volume 8, 267–274.

LIESEBACH, H., V. SCHNECK and E. EWALD (2010): Clonal
fingerprinting in the genus Populus L. by nuclear
microsatellite loci regarding differences between sec-
tions, species and hybrids. Tree Genetics & Genomes 6:
259–269.

MARSHALL, T. C., J. SLATE, L. E. B. KRUUK and J. M.
 PEMBERTON (1998): Statistical confidence for likelihood-
based paternity inference in natural populations. Mole-
cular Ecology 7: 639–655.

MCCAIG, B. C., J. L. HAMRICK and B. L. HAINES (1993):
Clonal structure of Robinia pseudoacacia (black locust)
in the Southern Appalachians. Bulletin of the Ecological
Society of America 74: 350.

MEBRAHTU, T. and J. W. HANOVER (1989): Heritability and
expected gain estimates for traits of Black locust in
Michigan. Silvae Genetica 38: 125–130.

MISHIMA, K., T. HIRAO, S. URANO, A. WATANABE and K.
TAKATA (2009): Isolation and characterization of
microsatellite markers from Robinia pseudoacacia L.
Molecular Ecology Resources 9: 850–852.

MORAN, P., D. J. TEEL, E. S. LAHOOD, J. DRAKE and S.
KALINOWSKI (2006): Standardising multi-laboratory
microsatellite data in Pacific salmon: an historical view
of the future. Ecology of Freshwater Fish 15: 597–605.

Liesebach et. al.·Silvae Genetica (2012) 61-4/5, 142-148

DOI:10.1515/sg-2012-0018 
edited by Thünen Institute of Forest Genetics


