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Abstract

Slavonian oaks (Quercus robur subsp. slavonica (Gayer) Matyéas) originating from Croatia have been cultivated in Germany
mainly in the Miinsterland region of North Rhine-Westphalia since the second half of the nineteenth century. Compared
to indigenous pedunculate oak stands in Germany, they are characterised by their late bud burst, but also by their excellent
bole shape and faster height growth. Previously, Slavonian pedunculate oaks (=late flushing oaks) were mainly studied at
chloroplast (cp) DNA markers in order to determine their geographical origin. The origin of the material is probably the
Sava lowland between Zagreb and Belgrade. In the present study, the aim was to genetically differentiate between indigenous
Quercus robur and Slavonian oak stands using nuclear DNA markers. For this purpose, we used 20 nuclear Simple Sequence
Repeats (nSSRs). A total of 37 pedunculate oak stands (mean: 18.6 samples per population with an age of 95 to 210 years)
were examined, of which 21 were characterized as Slavonian late flushing oaks and three stands for which the Slavonian origin
was not clear. Maternally inherited chloroplast markers were analysed earlier in all 37 stands to validate their geographic
origin. We found that the stands of native pedunculate oaks and Slavonian pedunculate oaks are represented by two genetic
clusters which are weakly differentiated. Slavonian oaks (N,=9.85, A =8.689, H =0.490, H,=0.540) showed similar levels
of genetic variation as native oak stands (N, =7.850, A =7.846, H =0.484, H.=0.526). Differences in growth and phenol-
ogy and low but consistent genetic differentiation between groups suggest that both taxa represent different ecotypes with
specific local adaptations, which are perhaps separated by less overlapping flowering phenologies. The nuclear microsatel-
lite markers in combination with the cpDNA markers are suitable to differentiate between Slavonian and local oak stands.
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Introduction

The Slavonian pedunculate oak (Quercus robur L. subsp.
slavonica (Gayer) Matyas) is an established naturalized
variety of the native pedunculate oak (Quercus robur L.)

Communicated by Gediminas Brazaitis.

P4 Oliver Gailing
ogailin@gwdg.de

Faculty for Forest Sciences and Forest Ecology, Forest
Genetics and Forest Tree Breeding, University of Gottingen,
Biisgenweg 2, 37077 Gottingen, Germany

2 Landesbetrieb Wald Und Holz NRW, Zentrum Fiir Wald Und
Holzwirtschaft, Obereimer 2a, 59821 Arnsberg, Germany

Center for Integrated Breeding Research (CiBreed),
University of Gottingen, Gottingen, Germany

in Germany and occupies a special position within this spe-
cies. Slavonian oaks have been introduced into the western
part of Germany, especially in the region around Miinster,
in the second half of the nineteenth century with the begin-
ning of extensive seed trade through steam engines (Wachter
2001; Gailing et al. 2007a). According to historical docu-
ments and analysis with cpDNA markers, they have their
geographic origin in the forest areas of the lowlands of
the rivers Sava and Drava between Zagreb and Belgrade
in the eastern region of Croatia (Wachter 2001; Gailing
et al. 2007a, b). In Germany, Slavonian oaks are character-
ized by their late bud burst compared to indigenous oaks
and are therefore significantly less affected by the Euro-
pean oak leaf roller (Tortrix viridana) and late spring frost
(Wachter 2001). From a yield point of view, they have a high
growth rate compared to indigenous pedunculate oaks and
are characterized by their straight and long stem as well as
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by their fine branches (Wachter 2001; Gailing et al. 2003).
The Slavonian oak stands are first-generation stands in
Germany which were established between 1870 and 1912
from seeds collected in the Eastern part of today’s Croatia.
A genetic characterization of putative Slavonian stands is
important in order to identify seed production areas, certify
reproductive material, identify mixed stands and detect gene
flow between both taxa and later generation stands.

In previous studies (Petit et al. 2002; Bordacs et al. 2002)
on the post-glacial recolonisation of pedunculate oak species
in Europe and especially the Balkan region, haplotypes HP2,
HP5, HP6, HP7-26 and HP17 were found in the area of ori-
gin of the Slavonian pedunculate oak (Croatia) and a glacial
refugium of populations with these haplotypes in the Balkan
region was suggested (Petit et al. 2002; Bord4cs et al. 2002).
Furthermore, in cpDNA marker studies of Slavonian oak
populations in western Germany, the haplotypes HP2, HP5
and HP17 were found to be common Slavonian haplotypes
(Gailing et al. 2003; Gailing et al. 2007a, b, 2009). However,
only haplotype 2 does not occur naturally in Germany (Petit
et al. 2002).

Expressed Sequence Tag (EST)-SSR markers (Durand
et al. 2010; Burger et al. 2018; Miiller and Gailing 2018)
used are located in expressed genes and can be derived
from publicly available genomic resources, so-called EST
libraries, and are located either in coding regions or in 5' or
3" untranslated regions (UTRs) (Ellis and Burke 2007). In
addition, they can be transferred across taxonomic bounda-
ries because of their location in regions of the DNA that are
strongly conserved within phylogenetically related species
(Ellis and Burke 2007; Burger et al. 2018). Microsatellites,
especially EST-SSRs, are important genetic markers widely
used in population genetic analysis of forest tree species,
including oaks (Streiff et al. 1998; Dzialuk et al. 2005; Ellis
and Burke 2007; Lind and Gailing 2013; Sullivan et al.
2013; Miiller and Gailing 2018). The genetic structure of
a population is characterized by the number of subpopula-
tions in it, the frequency of alleles in each subpopulation
and the degree of genetic isolation of the subpopulation
(Chakraborty 1993). Population genetic structure can be
analysed through F-statistics (Wright 1965) and/or analysis
of molecular variance (AMOVA) (Excoffier et al. 1992) or
inferred by clustering individuals into groups (Greenbaum
et al. 2016). Clustering of individuals into subpopulations
based on genetic data from microsatellite analysis is an often
used method (Greenbaum et al. 2016). Cluster analyses can
be divided into two methods: I) model-based approaches
as implemented in the program STRUCTURE and II) dis-
tance-based approaches like principal coordinate analysis
(Pritchard et al. 2000; Alexander et al. 2009; Greenbaum
et al. 2016).
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Based on these kinds of analyses, the aim of the study is
to distinguish genetically between indigenous oak stands and
stands known as late flushing oaks.

The research questions of our study were: (a) Are the
stands known as late flushing oak stands genetically differ-
entiated from the indigenous oak stands in North Rhine-
Westphalia? (b) Does the amount of genetic variation vary
among varieties and/or are there indications of losses of
genetic variation due to bottleneck effects in Slavonian oaks
in North Rhine-Westphalia? (¢) Are nuclear markers better
suited than cpDNA markers to differentiate between indig-
enous and late flushing oak stands?

Materials and methods
Plant material

For genotyping Slavonian pedunculate oak and common
pedunculate oak populations with nuclear microsatellite
markers, extracted DNA samples from 2005, 2006 and 2007
were used (Gailing et al. 2007a, b, 2009) (Table 1). The trees
originate from 36 different populations from seven separate
regions in North Rhine-Westphalia (Germany) (Fig. 1): the
Minden Land (stands planted in 1894), Miinsterland (planted
between 1826 and 1890), Lower Rhine region (planted in
1878), Lower Rhine bay (planted between 1893 and 1912),
Bergisch region (planted between 1887 and 1891) and Sauer-
land (planted in 1819) (Table 1). Seeds for the establishment
of the stand 28 (planted in 2007) were collected directly in
Croatia (Vinkovski) (Gailing et al. 2007b). For each of the
37 populations, 16 to 20 samples were used for the genetic
characterization with 20 nuclear microsatellite markers. The
population Kottenforst 154B, however, consisted of only 4
samples (Table 1).

All trees of the stands (20 trees per stand) from Gailing
et al. (2007a) are phenotypically (straight long bole, fast
growth) as well as phenologically (late flushing) character-
ized as of Slavonian origin showing, based on a combination
of PCR-RFLPs and cpSSRs, either haplotype 2 or haplotype
5, both of which are frequent in the Balkan region, but only
haplotype 2 does not occur naturally in Germany (Gailing
et al. 2007a). Most trees (20 trees per stand) from Gailing
et al. (2007b) were also characterized as Slavonian peduncu-
late oaks due to their growth behaviour, late flushing and his-
torical documents before characterized at cpDNA markers
(Gailing et al. 2007b). The predominant haplotypes in most
populations are haplotype 2 and haplotype 5 (Table S. 1).
In addition, the seeds collected in Vinkovsi (Croatia) for the
establishment of stand 28 show haplotype 5 (Gailing et al.
2007b). Besides the Slavonian stands, indigenous stands
were also selected in order to be able to compare these with
each other. Therefore, populations (mean 18.2 trees per
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Table 1 Overview of the Slavonian and indigenous oaks stands

Region Populationno  Stand Haplotype® Latitude Longitude Planting [year] Area [ha] References

Miinsterland SL_19 Warendorf- 5 51°31'43.26" 8°04'54.81" 1878 1.8 Gailing et al.
Ostenfelde, (2007a)
Frhr. v. Nagel-

Doornick 33C?*

Miinsterland SL_15 Warendorf- 2 51°33'43.26" 8°02'54.81" ~ 1882 1.5 Gailing et al.
Ostenfelde, (2007a)
Frhr. v. Nagel-

Doornick 36E*

Miinsterland SL_14 Warendorf- 5 51°55'43.26" 8°03'54.81" ~ 1883 1.6 Gailing et al.
Ostenfelde, (2007a)
Frhr. v. Nagel-

Doornick 50B?

Miinsterland SL_16 Warendorf- 5 51°54'43.26" 8°02'54.81" ~ 1890 0.6 Gailing et al.
Westkirchen, (2007a)
Schulze-

Sutthoff Flur
2/70%
Miinsterland/ SL_17 Hamm-Osttiin- 2 51°38'43.26" 7°54'54.81" ~1894 0.4 Gailing et al.
Ruhr region nen 1B1a* (2007a)
Miinsterland/ SL_18 Hamm-Osttiin- 5 51°38'43.26" 7°54'54.81" ~1890 0.6 Gailing et al.
Ruhr region nen 1B1b? (2007a)

Bergisch region  SL_20 form. FA 5 50°5721.44" 7°09'27.92" 1887 34 Gailing et al.
Bergisch (2007b)
Gladbach,

Konigsforst
127¢*

Bergisch region  SL_23 form. FA 2 50°5621.44" 7°1027.92" 1891 5 Gailing et al.
Bergisch (2007b)
Gladbach,

Konigsforst
76B?

Croatia SL_28 nursery Jun- 5 45°8'43.26" 18°53'54.81"2007 - Gailing et al.
germann, (2007b)
origin Croatia,

Vinkovsi®

Lower Rhine bay DE_8 form. FA Bonn, 1,4&10 50°40'42.81" 7°03'56.29" ~ 1902 6.1 Gailing et al.
Kottenforst (2007b)
134A&C

Lower Rhine bay SL_37 form. FA Bonn, 5 & 17 50°4021.44" 7°00'27.92" 1912 3.2 Gailing et al.
Kottenforst (2007b)
154B*

Lower Rhine bay DE_9 form. FA Bonn, 10 50°38'42.81" 7°04'56.29" 1907 2.2 Gailing et al.
Kottenforst (2007b)
40B

Lower Rhine bay SL_22 form. FA Bonn, 5 & 17 50°39'21.44" 7°0427.92" 1903 2.5 Gailing et al.
Kottenforst (2007b)

70 Da

Lower Rhine bay DE_7 form. FA Bonn, 1,4& 10 50°39"21.44" 7°02'27.92" 1905 4.1 Gailing et al.
Kottenforst (2007b)
85B

Lower Rhine bay DE_6 form. FA Bonn, 10 50°3921.44" 7°02'27.92" 1904 8.6 Gailing et al.
Kottenforst (2007b)
85D

Lower Rhine SL_21 form. FA Bonn, 5 50°3521.44" 6°58'27.92" 1893 1.5 Gailing et al.

bay/Voreifel Kottenforst, (2007b)
Tomberg
10B2°
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Table 1 (continued)

Region Population no  Stand Haplotype® Latitude Longitude Planting [year] Area [ha] References
Lower Rhine SL_29 Frhr. v. der 5 51°16'42.81" 6°39'56.29" 1878 1.3 Gailing et al.
region Leyen 17C® (2007b)
Lower Rhine SL_24 Stadt Viersen 5 51°1721.44" 6°2027.92" 1886 16.7 Gailing et al.
region 36B/38" (2007b)
Lower Rhine SL_35 Frhr. v. Nagel- 2 51°30'42.81" 6°13'56.29" 1881 0.5 Gailing et al.
region Doornick, (2007b)
Steprath 3H®
Minden Land DE_11 Gut Ulenburg 4C 1 52°13'43.26" 8°40'54.81" 1894 1.6 Gailing et al.
(2007b)
Miinsterland DE_12 Fiirst zu Salm- 1 51°50'43.26" 6°26'54.81" 1885 2,3 Gailing et al.
Salm, Rhede (2007b)
1054 A1/A7
Miinsterland SL_31 form. FA Waren- 5 51°46'43.26" 7°59'54.81" 1893 1.2 Gailing et al.
dorf, Schulze (2007b)
Pellengahr 4H*
Miinsterland SL_36 form. FA 2 51°38'43.26" 7°49'54.81" 1894 2.2 Gailing et al.
Letmathe, (2007b)
Estermann 116
Al?
Miinsterland SL_32 form. FA Let- 5 51°39'43.26" 7°31'54.81" 1883 1.6 Gailing et al.
mathe, Graf v. (2007b)
Kanitz 19 A®
Miinsterland SL_33 form. FA 5 51°39'43.26" 7°33'54.81" 1862-1882 2 Gailing et al.
Letmathe, (2007b)
Graf v. Kanitz
32H/39A°
Miinsterland DE_10 form. FA Let- 1 51°41'43.26" 7°34'54.81" 18261864 9.5 Gailing et al.
mathe, Graf v. (2007b)
Kanitz 76 A
Miinsterland SL_26 form. FA Let- 5 51°41'43.26" 7°34'54.81" 1883 4.4 Gailing et al.
mathe, Graf v. (2007b)
Kanitz 77C*
Miinsterland SL_25 form. FA Let- 5 51°41'43.26" 7°42'54.81" 1888 1 Gailing et al.
mathe, H. Blix, (2007b)
Cappenberg,
Flur 2/155%
Miinsterland SL_27 form. FA 5 51°41'43.26" 7°39'54.81" 1880 1.5 Gailing et al.
Letmathe, (2007b)
Schulze-Beck-
ing 54B1/B2*
Miinsterland SL_34 form. FA Obere- 5 51°41'43.26" 8°06'54.81" 1895 1.8 Gailing et al.
imer, Graf v. (2007b)
Plettenberg
104 A?
Miinsterland SL_30 form. FA Obere- 5 51°41'43.26" 8°05'54.81"" 1888 29 Gailing et al.
imer, Graf v. (2007b)
Plettenberg
106 Ga
Miinsterland SL_13 form. FA 7-26 51°32'43.26" 8°20'54.81" 1894 42 Gailing et al.
Warstein- (2007b)
Riithen, Kirche
Anrochte 32C
Miinsterland DE_2 Studienfond 1 51°59'43.26" 8°06'54.81" 1817 3 Gailing et al.
Miinster 11C (2009)
Miinsterland DE_5 Warendorf, 12 51°49'43.26" 7°37'54.81"" 1800 4 Gailing et al.
Schulze Pel- (2009)
lengahr 2A
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Table 1 (continued)

Region Populationno  Stand Haplotype® Latitude Longitude Planting [year] Area [ha] References

Miinsterland DE_3 Graf Westerholt, 1 51°52'43.26" 7°51'54.81" 1844 6.4 Gailing et al.
Freckenh. (2009)
308B/309A

Miinsterland DE_4 Graf Merveldt 1 51°41'43.26" 7°39'54.81" ~1871 2.5 Gailing et al.
3A (2009)

Sauerland DE_1 form. FA Arns- 1 51°21'43.26" 7°59'54.81" 1819 5.4 Gailing et al.
berg 336B (2009)

“Described as Slavonian oaks (SL_XX) according to phenology (late flushing), growth habit, phenotype and/or historical documents
YSlavonian origin unclear; indigenous stands (DE_XX)

“predominant haplotypes in bold face
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Fig. 1 Geographical location of the sampled populations (black dots) in North Rhine-Westphalia. Map created in ArcGIS Online (Esri, Califor-
nia, USA). (Color figure online)
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stand) were also selected from Gailing et al. (2007b) defined
as common pedunculated oaks (haplotypes 1, 4 and 10). The
remaining DNA samples representing indigenous oaks were
taken from Gailing et al. (2009). These stands were all estab-
lished before 1850 and were owned by smallholders, indicat-
ing that native plant material was used (Gailing et al. 2009).
Haplotype 1 was the most common haplotype in indigenous
stands, and haplotype 12 occurred in only one population.
Table S. 1 and Fig. 2 give an overview on relative haplotype
frequencies and distribution for each population in North
Rhine-Westphalia.

Some Slavonian oak stands, such as Nagel-Doornick
50B, Hamm-Osttiinnen 1B1b, Tomberg 10B2, Stadt Vier-
sen 36B/38, Freiherr von der Leyen 17C, Plettenberg 104G,
Steprath 3H and Estermann 116A1, also have a low rela-
tive frequency (0.05-0.125) of indigenous haplotypes (HP1
and HP10) (see Table S.1, Fig. 2). Conversely, the two
indigenous oak stands, Kottenforst 134A&C and Gut Ulen-
burg 4C, also show the Slavonian haplotype 2 with a rela-
tive frequency of 0.05-0.1. The other 27 populations have
either only indigenous haplotypes (HP 1, 4, 10, 12) or only
haplotypes which are characteristic of Slavonian oaks (HP
2,5, 7-26) (Table S.1, Fig. 2).

————
0 20 40km

<1\//‘ \)

Fig.2 a Distribution of Quercus robur and Quercus robur subsp.
slavonica (with black circle) chloroplast haplotypes in North Rhine-
Westphalia. Populations’ haplotypes were identified in earlier stud-
ies (Gailing et al. 2007a,b, 2009). HP1: Italy-Scandinavia line (lin-
eage C), HP2: Croatia-Sicily line (lineage C), HP4: central Europe
line (lineage A), HP5: Italy-Eastern Balkan-Germany line (lineage
A), HP7-26: Croatia-Catalonia line (lineage A), HP10,: Western
Europe-Portugal line (lineage B), HP11, 12: Western Europe line
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Microsatellite analysis

A total of three genomic simple sequence repeats (gSSRs)
(Sullivan et al. 2013) and 17 gene-based expressed
sequence tag—simple sequence repeats (EST-SSRs) were
used (Table 2). Due to the high transferability of EST-SSRs
among species in Quercus and the availability of a large
number of nSSRs and EST-SSRs developed for Q. robur,
Q. petraea and related species (Steinkellner et al. 1997;
Barreneche et al. 2004; Durand et al. 2010), we selected
these 20 markers with reliable amplification in multiplex
reactions. Thereof, 10 EST-SSR primer pairs were origi-
nally developed for Quercus robur L. (Durand et al. 2010).
Seven EST-SSRs (Qr0057, Qr0332, Qr1423, FS_C2361,
FS_C2660, FS_C2791 and FS_C8183) originally devel-
oped in Q. rubra were tested successfully in Miiller and
Gailing (2018) for their transferability to Q. robur based
on primer sequences published by the ‘Hardwood Genom-
ics Project’ (https://www.hardwoodgenomics.org/Transcript
omeassembly/1963023?tripal_pane=group_description_
download). The annotation of the sequences was obtained
by searching the individual primer sequences in the respec-
tive contigs to identify the complete contig sequences for
similarity searches against the UniProt Viridiplantae data-
base (The UniProt Consortium 2017) using BLASTx (Basic
Local Alignment Search Tool) (Altschul et al. 1990).

Proportion of Clusters

(Common oak)

(lineage B), HP17: Italy-Balkan line (lineage E) (as described in Petit
et al. 2002). b Distribution of Quercus robur (with white circle) and
Quercus robur subsp. slavonica proportion in STRUCTURE clusters
in North Rhine-Westphalia. A higher proportion of ancestry in cluster
1 =common oaks, a higher proportion in cluster 2=Slavonian oaks.
The small section on the upper left shows the location of the stand
Vinkovsi in Croatia. Maps generated with ArcGIS Online. (Color fig-
ure online)
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Table 2 Primer sequences and descriptions

Developed for ~ Primer name Repeat motif LG Forward primer Reverse primer Observed size in Annotation of
sequence (5'-3") sequence (5'-3") (bp) sequences
Quercus rubra® 2P24* (CA)4 —  GCAAGAGATCAC CTTTGGGTTCAC 131-162 -
ACACAAACT CAAACAGC
AGC
Quercus rubra® 3A05* (CA);,(CT), - AACGTGACCTCT AGTGCTGGAGTG 139-162 -
CTCACAGC CTCATGG
Quercus rubra® 3D15% (CA);s - GGTGGTGGCAGA GACTCAGACAAC 210-217 -
TACACTGG CAACTTCAGG
Quercus robur  FIR013 (CAG); 2 CGGGGAGGTTGA AACACTGTCACC 129-150 Constans 1
TGAGTATT CCCATAGC
Quercus robur  FIR028 (TC)g 1 GGAAGAGTGTTC CCAGCTCCTCCA 199-215 tropinone reductase
GGAAAGCA CAATAGCA homolog at1g07440
Quercus robur  FIR035 (AT)g 5 GCTAAGGTTCCG GGCCAGCAACTA 146-177 chaperone protein dnaj
TGTTCCAA AACCAAGA
Quercus robur  PIE125 (GGAAGC); 6 AATACAAATCGC CTAACCCATCGT 139-180 dnaj-like protein
AGGAGGTG TCATGGAG
Quercus robur  GOTO040 (GA), 6 AAGGCACTCGTC ACCGATTTGAAG 210-249 40 s ribosomal protein
GCTTTCTA CTCGAGAA s16
Quercus robur  VIT107 (TA) 3 3 TGATCACAGATT CCCCCACTTAGG 121-161 light-harvesting com-
GGAGCTTAACA AAAGAAGC plex i protein lhca2
Quercus robur  VIT023 (ATA)q 5 AATGCGAACGAC CTCTCGTCGGAG 117-133 ap2 erf domain-con-
ATGAACAA ACTCAACC taining transcription
factor
Quercus robur  FIR104 (GGT), 11 TTAACTCGGTTT AGCACGTGACTC 198-221 r2r3-myb transcription
GCGACTCA GACCTGTA factor
Quercus robur  PIE102 (AG)|, 11 ACCTTCCATGCT GCTGGTGATACA 138-167 TC58546 similar
CAAAGATG AGTGTTTGG to UPIQSNQE3
CORGL Predicted
transcriptional regu-
lator, partial
Quercus robur  PIE267 (AG),, 3 CCAACCATCAAG GTGCGAACAGAT 74-114 -
GCCATTAC CCCTTGTC
Quercus rubra” Qr0057 (AAG), — CCGACCTTGTTG TATTGATCCTAT  125-153 Glycoprotein gp2
ATTGTTCC CGGAGGCG
Quercus rubra® Qr0332 (CCT)s —  AATATCAAATCG GTGGTGGACCTG 150-175 Keratin, ultra-high-sul-
GCCAGCAG TGCCATAC phur matrix protein
Quercus rubra® Qr1423 (CAC)q — TCCCTTCTCGTIT TGCACCATACGG 261-303 Epstein-Barr nuclear
TCACCATC ATTGAAAG antigen 1
Quercus rubra® FS_C2361 (GAA)g —  AGGTCCTTCAGT ATTCCCATGCAT 185-240 One-helix protein 2
TTGGGAGC CAAAATCC
Quercus rubra® FS_C2660 (GAG)g —  AGCAGAATTCGC TGCCTTTGCATT 218-240 Uncharacterized
CAAGTGAT CTCCTCTT protein
Quercus rubra® FS_C2791  (GA); — CGAAACAGAGAG CTTCAAACATCC 287-298 ribosomal protein
AACCCAAGA AGCGTTGA
Quercus rubra® FS_C8183  (AGC), — TATTCAACCACA ACAGCTGCCTCT 200-213 auxin response factor
GCTGCCTG GTGGATCT

2gSSR developed in Sullivan et al. (2013)
® Miiller and Gailing (2018) and

¢ Burger et al. (2018), derived from a Quercus rubra EST-library (https://www.hardwoodgenomics.org/Transcriptome-assembly/1963023 ?tripal _
pane=group_description_download). All other markers are EST-SSR, which were developed in Durand et al. (2010). LG denotes the linkage
group on which the EST-SSR is located in Q. robur (Durand et al. 2010)

Genomic DNA from each of the 689 individual tree
samples was amplified with six different multiplexes in a
13 ul PCR mix. The PCR mix of multiplex 1 (2P24, 3A05,

3D15) and multiplex 2 (FIR013, FIR028, FIR035) con-
sisted of 1.5 pl reaction buffer (containing 0.8 M Tris—HC1
and 0.2 M (NH,),SO,), 1.5 pl MgCl, (25 mM), 1 pl dNTPs
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(2.5 mM of each dNTP), 0.2 pl HOTFIREPol Taq poly-
merase (Solis BioDyne, Estonia) (5 units/pul), 5.8 ul H,O,
0.5 pl of each forward primer (5 picomol/ul), 0.5 ul of each
reverse primer (5 picomol/ul) and 1 ul DNA (ca. 0.6 ng/pl).
The PCR mix of multiplex 3 (PIE125, GOT040, VIT023,
VIT107) consisted of 6.5 ul Multiplex Tag PCR Master
Mix Kit (QIAGEN, Germantown, Maryland, USA, pro-
viding a final concentration of 3 mM MgCl,), 2.8 ul H,O,
0.4 pl of each forward and reverse primer PIE125 (5 pico-
mol/pl), 0.7 ul of each forward and reverse primer VIT107
(5 picomol/ul), 0.25 pl of each forward and reverse primer
VITO023 (5 picomol/ul), 0.5 pl of each forward and reverse
primer GOTO040 (5 picomol/ul) and 1 ul DNA (ca. 0.6 ng/
pl). For multiplex 4 (PIE102, FIR104, PIE267), the PCR
mix consisted of 1.5 pl reaction buffer (containing 0.8 M
Tris—HCl and 0.2 M (NH,),SO,), 1.5 pl MgCl, (25 mM),
1 pl ANTPs (2.5 mM of each dNTP), 0.2 pl HOTFIRE-
Pol Taq polymerase (Solis BioDyne, Estonia) (5 units/
pl), 6.2 ul H,O, each 0.5 pl forward and reverse primer
PIE102 (5 picomol/ul) and FIR104 (5 picomol/ul), 0.3 ul
of each forward and reverse primer PIE267 (5 picomol/
ul) and 1 pl DNA (ca. 0.6 ng/pl). For PCR amplifica-
tions of multiplex 5 (FS_C032, FS_C2660, FS_C2791,
FS_C8183) and 6 (Qr0057, Qr1423, FS_C2361) a cost-
effective tailed-primer approach was used (Schuelke 2000;
Kubisiak et al. 2009) consisting of 1.5 pl reaction buffer
(containing 0.8 M Tris—HCl and 0.2 M (NH,),SO,), 1.5 pl
MgCl, (25 mM), 1 pl ANTPs (2.5 mM of each dNTP),
0.2 pl HOTFIREPol Tag polymerase (Solis BioDyne,
Estonia) (5 units/pl), 5.5 ul H,0, 0.2 pl M13 (5’-CACGAC
GTTGTAAAACGAC-3) (Kubisiak et al. 2009) tailed for-
ward primer (5 pmol/pl), 0.5 pl PIG-tailed reverse primer
(5'-GTTTCTT-3") (5 pmol/pl) (Brownstein et al. 1996;
Schuelke 2000; Kubisiak et al. 2009), 1 pl M13 (6-FAM/
HEX) primer (5 pmol/pl), 5 ul H,O (5.7 ul H,O for multi-
plex 6) and 1 ul DNA (ca. 0.6 ng/pl).

All PCR reactions were performed in a Biometra Thermal
Cycler (MJ Research PTC 200, Analytik Jena, Germany)
with a touchdown program. The PCR protocol for each
marker was as follows: 15 min initial denaturation at 95 °C
followed by 10 touchdown cycles at 94 °C for 1 min, 1 min
at 60 °C (decreasing 1 °C each cycle) and 1 min at 72 °C,
followed by 25 cycles at 94 °C for 1 min, annealing at 50 °C
for 1 min and elongation at 72 °C for 1 min, and a final
extension step at 72 °C for 20 min. The PCR amplification
was tested on 1.5% agarose gels in 1 X TAE buffer. Ampli-
fication products were resolved on an ABI 3130x1 Genetic
Analyzer (Applied Biosystems, Foster City, USA) using the
GeneScan™ Rox-500 and Liz-500 (only for multiplex 3)
size markers. For the fragment length analysis, multiplexes
5 and 6 were run together. Scoring of alleles was conducted
using GeneMapper® version 4.1 (Applied Biosystems, Fos-
ter City, USA).
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Statistical data analysis

Genetic variation in populations was calculated as the
number of alleles per locus (N,), observed heterozygosity
(H,) and expected heterozygosity (H,) in GenAlEx ver-
sion 6.51b2 (Peakall and Smouse 2006, 2012; Smouse et al.
2017). Inbreeding coefficients (Fig) and their significance
were determined using the Fstat version 2.9.4 software
(Goudet 2003). Significant deviations from zero were deter-
mined after Bonferroni correction (ax=0.05, p <0.00007)
implemented in the software Fstat (Goudet 2003) to com-
pensate for type I errors. Allelic richness (A,) was also cal-
culated using Fstat. In addition, linkage disequilibrium (LD)
was calculated for each pair of loci in the 37 populations
using Genepop version 4.7.2 (Rousset 2008) based on the
following settings: dememorization 10,000, batches 100 and
iterations per batch 5000.

The software BOTTLENECK version 1.2.02 (Piry et al.
1999) was used to detect signatures of recent genetic bot-
tlenecks. Therefore, we performed a Wilcoxon signed-rank
test (one-tailed) for heterozygosity excess for ‘the infinite
alleles model’ (IAM) and ‘the stepwise mutation model’
(SMM) and a mode-shift analysis to test for a distortion in
the allele frequency distribution.

To measure the genetic variation among populations, an
analysis of molecular variance (AMOVA) was performed
with GenAlEx using 9999 permutations. The genetic dif-
ferentiation among populations was also calculated as the
fixation index Fgr, Ggr and Hedrick’s standardized Ggr
(G’ gr(Hed)) for individual markers and across all markers in
GenAIEx. Besides, a principal coordinate analysis (PCoA)
was performed in GenAlEx based on the genetic distance
implemented in GenAlIEx between populations in order to
find and plot the major patterns within this dataset (Peakall
and Smouse 2006, 2012).

The Windows®-based software MicroChecker version
2.2.3 (van Oosterhout et al. 2004) was used to identify
genotyping errors due to non-amplified alleles (null alleles)
which can lead to overestimates of the inbreeding coefficient
(Fig). Arlequin version 3.5.2.2 (Excoffier and Lischer 2010)
was run with 50,000 simulations of 100 demes per group
with the infinite island model based on Fgr in order to detect
outliers which deviate significantly from the variation and
differentiation expected under neutrality.

The calculation of population structure was performed
using STRUCTURE version 2.3.4 (Pritchard et al. 2000) to
identify possible subpopulations based on the microsatel-
lite dataset. Here, we tested 2—40 possible populations with
ten runs per each K. The admixture model and correlated
allele frequencies were selected initially, where a burn-in
period of 50,000, Markov Chain—-Monte Carlo (MCMC)
repetitions of 100,000 and the LOCPRIOR model were
used. However, we used additionally the default setting
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in STRUCTURE (admixed model without LOCPRIOR)
to identify population structure solely based on genetic
information. We also used the "no admixture" model in
STRUCTURE to test if there is a clearer differentiation
between the native and the Slavonian populations. The
online program STRUCTURE HARVESTER v. 0.6.94 (Earl
and von Holdt 2012) was used to determine the ’Best K’
from the logarithmic results and the AK method (Evanno
et al. 2005). In addition, the CLUMPAK software (Clus-
ter Markov Packager Across K) was used to post-process
the results of the model-based population structure analysis
(Kopelman et al. 2015).

A small proportion of indigenous haplotypes are also
found in populations characterized as Slavonian oaks and
vice versa. Therefore, additional STRUCTURE and principal
component analysis were performed, for which individuals
with the indigenous haplotypes (HP1, 4 and 10) in Slavonian
populations (such as Tomberg 10B2, Kanitz 77C, Estermann
116A1) and individuals with the Slavonian haplotypes (HP5
and 7-26) in indigenous oak populations (Gut Ulenburg 4C,
Kottenforst 134A&C) were removed (see Table S.1).

The software GeneClass2 was used to assign three popu-
lations (Tomberg 10B2, Freiherr v. der Leyen 17C and Kan-
itz 32H/39A) with unknown origin (see Table 1) to reference
populations (here: Q. robur and Q. robur subsp. slavonica
stands) based on multilocus data (Piry et al. 2004). These
population assignments are modelled on Nei’s standard
distance (Nei 1972), Goldstein’s distance (Goldstein et al.
1995) and using the Bayesian method (Baudouin and Leb-
run 2001) taking the allele size of the SSRs into account
(Piry et al. 2004). GeneClass was also used to perform self-
assignment simulations among the individuals using the
leave-one-out procedure.

Results
Genetic variation within populations

Inbreeding coefficients across all markers were not sig-
nificantly different from zero in any population. The mean
expected heterozygosity ranged from 0.469 in Graf Merveldt
3A to 0.566 in Plettenberg 106G, and the mean observed
heterozygosity ranged from 0.43 in Blix Flur 2/155 to 0.552
in Kottenforst 70D (Kottenforst 154B is not representative
due to the low sample size of 4 samples). A summary of the
genetic parameters across all loci is given in Table S. 3. The
observed and expected heterozygosity and inbreeding coeffi-
cient were lower (not significant) in the group of indigenous
oaks (mean H: 0.484, H.:0.526, F;g: 0.082) compared to
Slavonian oaks (mean H: 0.490, H.:0.540, Fig: 0.093).
The mean expected heterozygosity per locus ranged
from 0.117 at locus 3A05 to 0.863 at locus VIT107,

and the mean observed heterozygosity per locus ranged
from 0.109 at locus 2A05 to 0.837 at locus GOT040 (Table
S. 7).

The genetic differentiation (Fgp) between the 37
populations was relatively low at most loci ranging from
0.025 for VIT023 to 0.062 for PIE125. Overall, the
mean differentiation among all populations was 0.041
(Ggr=0.011, G’gp(Hed) =0.027) (Online-Resource 1).
The mean pairwise Fgr between indigenous oaks is 0.014
(Ggr=0.003, G’ ¢(Hed)=0.008), between Slavonian
0aks 0.018 (G =0.003, G’ 41(Hed)=0.010) and between
Slavonian and indigenous oaks 0.023 (Ggr=0.010,
G’gp(Hed) =0.034). Despite the low mean pairwise Fgp
value (0.023) between Slavonian and local oaks, these two
groups were distinguished in the PCoA (Fig. 3).

Genetic variation among populations

The outlier tests with Arlequin showed that there are no
markers with signatures of selection among populations
and between groups (Slavonian vs. common oak) (Fig. S.
3).

There were no loci in LD in any population. Null alleles
were detected in 31 populations at least at one of the mark-
ers 3D15, FIR028 (highest null allele frequency =0.3015 in
Kanitz 19A), FIR035, PIE125, VIT023, VIT107, FIR104,
PIE102, PIE267, Qr0057, Qr0332 (highest null allele fre-
quency =0.3079 in Kanitz 77), Qr1423 and FS_C8183
(Table S. 2). However, in all populations except Graf
Merveldt 3A, Kottenforst 85B, Gut Ulenburg 4C, Konigs-
forst 127¢, Kottenforst 70D and Kottenforst 154B null alleles
only occurred with a frequency between 0.51% and 5.51%
over all loci (Table S. 2). Null alleles across all populations
per locus ranged from 0.005 at loci FS_C1423 and FS_
C8183 to 0.064 at locus FIR035 (Table S. 7). Furthermore,
comparison of null alleles between marker types showed that
only one of the three gSSRs (3D15) showed null alleles with
a low frequency (0.045), the null allele frequencies of EST-
SSRs developed for Q. robur ranged from 0.006 at locus
VIT023 to 0.126 at locus FIR028 and the null allele fre-
quencies of EST SSRs developed for Q. rubra ranged from
0.005 at loci FS_C8183 and FS_C1423 to 0.028 at locus
Qr0057 (Table S. 7). Across all loci, EST-SSRs developed
for Q. robur have the highest null allele frequency (0.029),
followed by gSSRs with 0.015 and EST-SSRs developed for
Q. rubra (0.007).

The results of the program BOTTLENECK show that the
allele frequencies of all populations except Kottenforst 154B
followed a normal L-shaped distribution (Table S. 8). The
AMOVA showed that 99% of the molecular variance was
within populations (9% between individuals and 90% within
individuals) and only 1% among populations.
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Fig.3 Principal coordinate analysis (PCoA) based on nSSRs for
all populations. HP=haplotype. Symbols square=phenologically
characterized as Slavonian oak, circle=common oak, triangle =not
clearly defined. The different colours stand for the most common hap-
lotypes (Petit et al. 2002): red=HP 1, yellow=HP 10, orange=HP
12, blue =HP7-26, purple=HPS5, pink=HP 2. The colour light pur-

Structure analysis of populations

Using the Evanno method and STRUCTURE HAR-
VESTER an optimal K (AK)=2 was determined (Fig.
S. 1, Table S. 2, Table S. 4). The diagram calculated by
STRUCTURE using the admixed model and LOCPRIOR
with the population assumption of K=2 is presented in
Fig. 5. The results of the STRUCTURE analysis for K=3
and K=4 are presented in the supplementary material
(Fig. S. 7, 8). In addition, Fig. 2 and Table S. 1 show the
proportion of membership of each sampled population in
the 2 clusters, but there is no specific cluster for each ori-
gin, since both clusters occur in both origins. A proportion
of ancestry > 0.5 or < 0.5 in cluster 1 is characteristic for
indigenous oak and Slavonian stands, respectively. The
results of the PCoA (Fig. 3) show that the stands of com-
mon oaks and Slavonian oaks are represented by two clus-
ters which are weakly differentiated. In addition, Fig. 4
shows a clearer distinction between Slavonian and local
populations, as individuals with local haplotypes in Sla-
vonian populations and individuals with Slavonian hap-
lotypes in local populations (Table S. 1) were excluded
(see chapter ‘plant material’). However, after the exclu-
sion of these individuals, the results in STRUCTURE were
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ple means that both haplotype 2 and haplotype 5 (Schulze-Becking
54B1/B2) occur. The same applies to the colour turquoise, where
both haplotype 5 and haplotype 17 (Kottenforst 70D) occur. The col-
our light orange stands for the occurrence of haplotypes 1, 4 and 10
(Kottenforst 134A&C, Kottenforst 85B). (Color figure online)

similar (Fig. S. 4). The results using the default setting
in STRUCTURE without LOCPRIOR also show genetic
differentiation of native and Slavonian populations, but
less pronounced (Fig. S. 9, 10, 11). Besides, the results of
the STRUCTURE “no admixture” model (K=2, 3 and 4)
provided an even clearer distinction between native and
Slavonian populations (Fig. S. 12, 13, 14). A further analy-
sis in STRUCTURE shows that the Slavonian and native
haplotypes are differentiated at nSSRs (Fig. S. 5).

The GeneClass analysis provided similar results as
STRUCTURE and PCoA (see Table S. 1 and Table S. 5).
According to the PCoA all three populations (Tomberg
10B2, Freiherr v. der Leyen 17C and Kanitz 32H/39A) clus-
ter with Slavonian oak stands. However, using STRUCTU
RE Tomberg 10B2 and Freiherr v. der Leyen 17C show an
assignment of 50% per cluster, only Kanitz 32H/39A belongs
to Cluster 2 with more than 60% which is characteristic for
Slavonian stands. Based on Nei’s distance and the Bayesian
approach, GeneClass assigns all three populations to Slavo-
nian oak, whereas based on Goldstein’s distance Tomberg
is assigned to indigenous oak (see Table S. 5). The self-
assignment test of GeneClass based on the Bayesian method
showed that 83.5% of the individuals were assigned to the
correct group (Slavonian or native oak) (Online-Resource 2).
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Fig.4 Principal coordinate analysis (PCoA) based on nSSRs for all
populations without Slavonian haplotypes in common oaks and com-
mon haplotypes in Slavonian oaks. HP=haplotype. Squares=phe-
nologically characterized as Slavonian oak, circles=common oak,
triangles=not clearly defined. The different colours stand for the
most common haplotypes (Petit et al. 2002): red=HP 1, yellow =HP
10, orange=HP 12, blue=HP7-26, purple=HPS5, pink=HP 2. The

colour light purple means that both haplotype 2 and haplotype 5
(Schulze-Becking 54B1/B2) occur. The same applies to the colour
turquoise, where both haplotype 5 and haplotype 17 (Kottenforst
70D) occur. The colour light orange stands for the occurrence of hap-
lotypes 1, 4 and 10 (Kottenforst 134A&C, Kottenforst 85B). (Color
figure online)

Fig.5 STRUCTURE diagram with admixed model and LOCPRIOR for K=2. Blue = Slavonian oak, orange =common oak. The red line divides
the indigenous oaks (left) from the Slavonian oaks (right). (Color figure online)

Discussion

The stands of oaks known as late flushing oaks in North
Rhine-Westphalia are well studied in terms of chloroplast
DNA markers (Gailing et al. 2007a, b, 2009). To our
knowledge, however, this is the first study on genetic dif-
ferentiation between indigenous and Slavonian oak stands
using nuclear microsatellites. The high transferability of

EST-SSRs among species in Quercus and the availability
of a large number of nSSRs and EST-SSRs (Steinkell-
ner et al. 1997; Barreneche et al. 2004), made it possi-
ble to study 13 indigenous, 21 oak stands phenotypically
described as Slavonian oak and 3 oak stands, for which
it was not certain whether they are Slavonian oaks, based
on a set of 20 nuclear microsatellite markers (Table S. 7
and Table 2).
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Amount of genetic variation

Our dataset exhibits high levels of genetic diversity at the
SSR loci examined (see Table S. 3) for all populations
including the introduced Slavonian stands (e.g. H, ranged
from 0.450 to 0.566). This relatively high level of genetic
variation, as measured by basic statistics, was very similar
across populations (see Table S.3) and is common for woody
species (Hamrick et al. 1992). In addition, similar diversity
values of the introduced plantations as compared to native
stands, suggest that Slavonian stands were established with
seed material that was sampled in Croatia from a representa-
tive number of trees per population.

The relatively high heterozygosity and allelic diversity
allow for a good resolution of the underlying population
genetic structures. Null alleles occurred with a frequency
between 0.51% and 5.51% across all loci (Table S. 2).
According to Oddou-Muratorio et al. (2009), however, null
allele frequencies between 5 and 8% on average across loci
are not expected to have effects on population genetic analy-
ses. The markers selected for this study are also located on
different linkage groups (see Table 2) and dispersed rather
regularly across the genome (Durand et al. 2010). Also, the
absence of linkage disequilibrium between marker pairs sug-
gests that we have adapted a representative marker set.

Furthermore, the 10 EST-SSR markers developed for Q.
robur (Durand et al. 2010) (see Table S. 3) revealed simi-
lar levels of genetic variation as in Bodénes et al. (2012)
(A,=4.20,H,=0.51, H,=0.74 and A;=2.96, H,=0.41,
H_=0.53). However, higher N, H, and H, values on aver-
age were revealed by Criciunesc et al. (2011) (N,=13.43,
H,=0.723 and H,=0.769), Streiff et al (1998) (H,=0.81
and H,=0.87) and Neophytou et al. (2010) (H,=0.741 and
H,=0.814) at potentially neutral gSSRs which are generally
more variable than EST-SSRs (Ellis and Burke 2007,
Buonaccorsi et al. 2012; Harmon et al. 2017). The total vari-
ation of all oaks in the present study (N, =10.55, A,=10.54,
H,=0.488, H.=0.539) corresponds to the total variation
of the Slavonian oaks (N,=9.85, A,=8.689, H,=0.490,
H,=0.540) (see Table S.3). In addition, both the mean
within stand variation and total variation are similar in Sla-
vonian and indigenous stands (see Table S.3). Since neither
the expected heterozygosity nor the number of alleles per
locus and allelic richness, both for variation within stands
and total variation, is significantly lower in the Slavonian
populations (Table S. 3), there is no evidence of losses in
allelic richness and thus no evidence of a bottleneck effect
(Nei et al. 1975). In addition, no evidence of a recent genetic
bottleneck was identified in the microsatellite data using
the infinite alleles and stepwise mutation models (Table S.
8). The fact that Kottenforst 154B shows a shifted mode
in the allele frequency distribution is probably due to the
low sample size of only 4 individuals. Therefore, there is no
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indication that the seed transfer of Slavonian oaks to Ger-
many through humans reduced the variation within stands.
Furthermore, the mean variation across all populations is
almost equal to the total variation (see Table S. 3) and also
the pairwise Fqp values between Slavonian and indigenous
oaks are low (0.023) (see Table S. 7), providing no evidence
for fixation or genetic drift. A hierarchical division of the
total genetic diversity for the two taxa also reveals that
most of the variation is within populations (99%), of which
a comparatively high amount is within individuals (90%).
Differentiation among populations is low (1%). However,
pedunculate oaks almost always show low genetic differen-
tiation between populations and high variation within popu-
lations (Zanetto et al. 1994; Gomory et al. 2001; Mariette
et al. 2002; Neophytou 2015).

Differentiation of stands

The differentiation between Slavonian and indigenous
pedunculate oaks with nuclear microsatellite markers
worked well at the population level, but less well at the
individual level. This can be seen, on the one hand, in the
PCoA based on populations that classifies the populations
into two groups (Fig. 4). Only the two populations Kotten-
forst 154B and Vinkovsi are slightly separated within the
Slavonian group. For population Kottenforst 154B, this is
probably due to the small sample size of only 4 individuals.
For population Vinkovsi, the larger differences could be due
to the fact that seeds were sampled that came directly from
Vinkovsi in Croatia (Gailing et al. 2007b) and not from old
growth first-generation forest stands (Gailing et al. 2007a,
b, 2009).

On the other hand, the differentiation between taxa is
also shown in STRUCTURE results based on individu-
als (Pritchard et al. 2000; Evanno et al. 2005; Kalinowski
2011), but the differentiation is not as pronounced as in the
PCoA (see Fig. 5 and Fig. S. 4). It shows that the assign-
ment of individuals to clusters as in STRUCTURE is not
suitable for genetically slightly differentiated taxa. In addi-
tion to these two methods (PCoA and STRUCTURE), there
are a few more methods for population structure analysis
such as LAMP (Sankararaman et al. 2008; Paganiuc et al.
2009; Baran et al. 2012), ADMIXTURE (Alexander et al.
2009; Alexander and Lange 2011; Zhou et al. 2011) and
FRAPPE (Tang et al. 2005; Alexander et al. 2009). How-
ever, these programs also have some disadvantages like no
explicit account for LD between markers (ADMIXTURE),
applicability only for SNP data (LAMP) or the estimation
can be slightly inaccurate (FRAPPE); hence, STRUCTURE
and PCoA were chosen as the most common methods for the
analysis (Porras-Hurtado et al. 2013).

In addition to these nuclear marker results, the inclusion
of cpDNA haplotypes from Gailing et al. (2007a, b, 2009)



European Journal of Forest Research (2021) 140:1179-1194

191

shows that Slavonian oak stands are not always pure stands
(see Table S.1). After the exclusion of indigenous haplo-
types in Slavonian populations, the separation between the
two groups detected by the PCoA was more pronounced
(Fig. 4). A possible reason for the occurrence of indigenous
haplotypes in stands established with Slavonian seeds is
that indigenous seeds may have been used for replanting
in these stands. On the other hand, an additional natural
regeneration of the common oak by the Eurasian jay (Gar-
rulus glandarius) cannot be excluded. According to Hafer
and Bauer (1993), this bird can transport acorns over 5-8 km
distances. For example, in nearby stands such as Kanitz
77C (90% HP5 and 10% HP1) and Kanitz 76A (100% HP1)
(Fig. 1: population number 10 and 26; Fig. 2) transport of
seeds could be a reason for the occurrence of haplotype 1 in
the Slavonian population Kanitz 77C.

Furthermore, there were three populations, Kanitz
32H/39A, Tomberg 10B2 and Freiherr v. d. Leyen 17C
(Table 1, Table S. 1), which show predominantly haplotype
5; however, the Slavonian origin was unclear. Due to the
phylogeographic variation patterns of the cpDNA haplo-
types, cpDNA markers are particularly useful to infer the
origin of oak trees (Petit et al. 2002; Gailing et al. 2003; Fin-
keldey et al. 2010; Finkeldey and Hattemer 2010). However,
the exact geographic origin of populations with haplotype
5 is unclear, as it occurs naturally in Germany and Croatia.
In addition to haplotype 5, Tomberg 10B2 and Freiherr v. d.
Leyen 17C reveal a relatively high frequency (15% and 20%)
of non-Slavonian haplotypes 1 and 10 (Table S. 1) suggest-
ing a mixture of reproductive material or later replanting.

GeneClass was used to assign these three popula-
tions to one of the two origins indigenous or Slavonian
oak (Piry et al. 2004). The population Kanitz 32H/39A
can be assigned to a population of Slavonian origin,
since all three methods (Nei’s distance with 74%, Gold-
stein’s distance with 69% and the Bayesian method with
100%) assign this population to Slavonian oak. In addi-
tion, Freiherr v. d. Leyen 17 C can also be assigned to
Slavonian oak, according to Goldstein’s distance with
67% and the Bayesian method with 99.9%, but regarding
Nei’s distance only with 52% (see Table S. 5). The assign-
ment of these two populations also corresponds to the
STRUCTURE results (Freiherr v. d. Leyen 17C with 51%
and Kanitz 32H/39A with 64% and those of the PCoA (see
Table S.1)). Population Tomberg 10B2, however, cannot
be clearly assigned, because according to STRUCTURE
it reveals 50% ancestry in each cluster; according to PCoA,
it is rather assigned to Slavonian oak (see Fig. 3, 4),
according to GeneClass based on Nei’s distance (55%) and
based on the Bayesian method (100%) to Slavonian oak and
based on Goldstein’s distance (51%) again to indigenous
oak (see Table S. 1 and Table S.5). According to the
results of the cpDNA haplotypes, the stands Tomberg

10B2 and Freiherr v. der Leyen 17C show a low amount
of indigenous haplotypes (HP1, HP10) compared to
Kanitz 32H/39A consisting only of Slavonian haplotypes
(see Table S.1). The occurrence of indigenous haplotypes
in both of these stands might lead to the slightly lower
population assignment to Slavonian oak (see Table S.5).
After exclusion of the indigenous haplotypes HP1 and
HP10 in Tomberg 10B2 and Freiherr v. der Leyen 17C
GeneClass assigns the two stands as Slavonian oaks based
on Nei’s standard distance (Tomberg 10B2: 59%, Leyen
17C: 57%), Goldstein’s distance (Tomberg 10B2: 58%,
Leyen 17C: 78%) and also based on Bayesian analysis
(Tomberg 10B2: 100%, Leyen 17C: 100%) (see Table S.6).

In conclusion, nuclear markers can be used to validate
the geographic origin of populations with haplotypes,
which occur both in Germany and in Croatia. The useful-
ness of nuclear markers to differentiate between individu-
als and populations of German and Slavonian origin was
validated for individual trees and stands with haplotype 2,
which does not occur naturally in Germany. A combination
of the results of both marker types (cpDNA marker and
nuclear SSRs) is necessary to differentiate between taxa
that differ only slightly from each other and to identify
admixture.

Practical relevance

In the course of climate change and the associated forest
restructuring towards stable mixed stands, the Slavonian
oak is becoming increasingly important. On the one hand,
forest owners are showing interest in planting Slavonian
oaks because of their high growth rate, very good quality
characteristics, late bud burst and possibly better adaptation
to climate change (Schirmer 2017). On the other hand, the
Slavonian oak is also of great interest to many tree nurser-
ies, as suitable oak seed is needed due to the decline in oak
seedling harvest years and the desired forest restructuring
(Schirmer 2017). For practical purposes, seed material with
known geographic origin is needed for forest management
geared towards the sustainable use of genetic resources
ensuring the long-term adaptability of tree species (Gebu-
rek and Schiiler 2012). Accordingly, the forest owner needs
certainty about the origin of the planting material through
certification of the origin of reproductive material. For this
purpose, the marker set used in this study is suitable to iden-
tify mixed stands, to certify the origin of the reproductive
material and to differentiate between Slavonian and native
oak stands. Wypukol et al. (2008) also successfully tested
beech (Fagus sylvatica) for varietal purity and identity using
nuclear markers. Neophytou (2012), for instance, used
nuclear microsatellites to differentiate between oak species
Q. robur and Q. petraea.
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Summary and outlook

The nuclear marker set tested in this study is useful for fur-
ther studies to identify Slavonian stands which are already
established in Germany (e.g. stands of late flushing oak
Burg-Eltz in Rhineland-Palatinate) in order to investigate
whether the Slavonian oak is an alternative variety with
regard to climate change. The low differentiation at genetic
markers but phenotypic and phenological differences sug-
gest different local adaptations of both taxa. Both taxa
are likely differentiated at a few genomic regions which
are associated with these differences. Outlier screens and
QTL mapping will be used in future studies to identify
these regions. Furthermore, the low genetic differences
between the two oak taxa suggest that the Slavonian oak is
not a separate subspecies of the common oak, but rather a
variety adapted to the local microclimatic conditions in the
region of origin. In general, sufficient reference samples
from all Slavonian oaks in Croatia and Germany would be
important to better delineate the origin of individual trees
and stands. In addition, the natural rejuvenation of nearby
indigenous and Slavonian oaks must be analysed in order
to estimate the amount of gene flow between the two taxa.
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