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Abstract

Our main objective was to generate cost-effective chloroplast 
(cp) DNA markers that are easy to apply and to score. In combi-
nation with already published cpSSR markers they should 
increase haplotype resolution in populations. To discover new 
cpDNA markers, we sequenced 87-97 % of the entire chloro-
plast genome (except the second inverted repeat) of 8 trees 
representing different regions of the Quercus rubra L. natural 
range with 4,030X-6,297X coverage and assembled the 
genome sequences using the publicly available chloroplast 
genome of Quercus rubra L. as a reference. In total, 118 single 
nucleotide polymorphisms (SNPs) and 107 insertions or dele-
tions (indels) were detected, and 15 cleaved amplified poly-
morphic sequence (CAPS) markers were developed for Q. 
rubra. Using these new markers together with five chloroplast 
microsatellite or simple sequence repeat (cpSSR) markers, we 
identified 10 haplotypes in our diversity panel of 19 Q. rubra 
populations. Specifically, two haplotypes based only on the 
cpSSR markers could now be separated in five haplotypes. 
These markers are useful to assess haplotype diversity with 
high resolution and are also transferable to a closely related 
species, Quercus ellipsoidalis E. J. Hill.

Development of novel Quercus rubra chloroplast 
genome CAPS markers for haplotype identifica-
tion
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Introduction

Northern red oak (Quercus rubra L.) is a dominant deciduous 
tree species covering a large natural area in eastern North 
America (Borkowski et al. 2014; Fig. 1). It grows best on mesic 
sites with deep sandy loam, but can also be found on pug, 
loam or gravelly, and sandy soils, and thus covers a wide ecolo-
gical range (Desmarais 1998; Nagel 2015).

At larger distances between populations, significant geo-
graphical variation can be found in oak species at chloroplast 
DNA (cpDNA) (Petit et al. 1993; Grivet et al. 2006; Zhang et al. 
2015). Within populations, cpDNA haplotypes usually show 
relatively low variation supposedly due to lack of recombinati-
on and its maternal inheritance (Finkeldey and Gailing 2013; 
Zhang et al. 2015). In the past, cpDNA markers have successful-
ly been used to reveal the haplotype composition of autoch-
thonous oak populations in Germany (Gailing et al. 2009) and 
to trace post-glacial recolonization routes of white oaks in 
Europe (Petit et al. 2002). By comparing identified haplotypes 
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and haplotype variation with reference populations within the 
natural range, information of their origin can be inferred. In 
contrary to European white oak species (Petit et al. 2002), Q. 
rubra is characterized by a relatively low geographic structure 
of chloroplast variation, making it difficult to distinguish bet-
ween stands and geographic regions (Magni et al. 2005; Bir-
chenko et al. 2009; Alexander and Woeste 2014). However, a 
relatively low number of chloroplast markers have been used 
in earlier studies (Magni et al. 2005; Birchenko et al., 2009; 
Zhang et al. 2015; Pettenkofer et al. 2019) potentially having 
resulted in a low resolution of haplotype diversity.

Cleaved amplified polymorphic sequence (CAPS) markers 
are a cost-effective and easy-to use method for the assessment 
of cpDNA polymorphisms and can be genotyped by analysing 
digested fragments in a simple agarose gel electrophoresis 
and do not need much DNA and expensive laboratory equip-
ment (Kaundun and Matsumoto 2003). In case of cultivated 
stands of unknown origin, this tool can be applied to determi-
ne the origin of seeds or plants used to establish them if appro-
priate reference information for assignment is available. In 
combination with chloroplast microsatellite or simple 
sequence repeat (cpSSR) markers (Zhang et al. 2015; Pettenko-
fer et al. 2019), CAPS markers are expected to increase resoluti-
on of chloroplast variation. In this study, the red oak chloro-
plast genome was sequenced almost entirely (except the 
second inverted repeat region) for 8 samples representing dif-
ferent geographic regions, and the sequences were assembled 

using the publicly available chloroplast genome of Q. rubra as 
a reference (Alexander and Woeste 2014) for CAPS marker 
development. Only CAPs with a single polymorphic restriction 
site distinguishing one of the provenances from all others were 
selected. 

Finally, the fully sequenced chloroplast genomes of trees 
representing all major regions within the natural range will 
also provide a good resource for the identification of additional 
polymorphic markers for the characterization of intraspecific 
differentiation in the future.

Our main objectives were to a) introduce a novel set of 
easy-to-use and cost-effective CAPS markers applicable for 
Q. rubra and closely related species such as Q. ellipsoidalis, and 
b) reveal more chloroplast haplotypes by combining CAPS 
with cpSSR markers.

Materials and Methods

Plant material
We used two sets of samples (Table 1). Bud samples in the first 
set were collected from eight trees representing four different 
regions (two trees per region) within the natural distribution 
range of Q. rubra (Table 1, Fig. 1) and were obtained from a 
provenance trial located in Luebeck, Germany. This prove-
nance trial was established from seeds collected by A. Kremer 
in 1988 and then distributed to research institutes in France, 
Germany, Belgium, Great Britain and the USA (Liesebach and 
Schneck 2011). This set was used for amplicon-based sequenc-
ing of the chloroplast genome. The second set consisted of 96 
samples collected from 19 different populations within the 
natural distribution range in North America and was used to 
develop and test CAPS markers (Table 1). The samples were 
selected to include different chloroplast haplotypes already 
identified in northern red oak populations in Germany and 
North America (Pettenkofer et al. 2019). Among 96 samples, 57 
had cpSSR haplotype A, each of the haplotypes B, C, K and L 
was represented by eight samples, five samples had haplotype 
G, and two samples haplotype H. Except for the last two haplo-
types, each haplotype was represented by samples from differ-
ent locations of the natural range. This set included samples 
from populations described by Liesebach and Schneck (2011), 
Lind and Gailing (2013) and Lind-Riehl et al. (2014).

DNA isolation
Bud samples were collected in 2013 as fully grown, live buds 
from 10-20 cm long twigs. DNA was isolated subsequently with 
the DNeasyTM 96 Plant Kit from Qiagen (Hilden, Germany) fol-
lowing the instructions.

Amplicon sequencing
The red oak chloroplast genome (NCBI GenBank accession 
number JX970937.1) is 161,304 bp long and contains a large 
single copy (LSC), a short single copy (SSC) and two highly con-
served inverted repeat (IR) regions (Alexander and Woeste 
2014). The second inverted repeat region is the reverse com-
plement of the first one. Excluding the second inverted repeat 

 

Fig. 1  
Populations of Quercus rubra in the first set are marked in red 
(Liesebach and Schneck 2011), populations in the second set 
are marked in black (Lind and Gailing 2013; Lind-Riehl et al. 
2014)
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region due to lack of variation (Alexander and Woeste 2014), a 
total of 32 primer pairs (Table 2) were designed using BioEdit v. 
7.2.6.1 (Hall 1999) and OligoCalc v. 3.27 (Kibbe 2007) software 
to amplify 132,042 bp (96.87 %) of the genome (see Table 2 and 
Fig. 2).

The targeted cpDNA regions were PCR amplified in a 19 μl 
volume containing 1 μl of the template genomic DNA (~0.6 ng/
μl), 10 μl HotStarTaq Master Mix from Qiagen (containing 5 
units / μl HotStarTaq DNA Polymerase, PCR buffer with 3 mM 
MgCl2 and 400 μM of each dNTP) (Hilden, Germany), 2.3 μl 
Q-Solution from Qiagen (Hilden, Germany), 1.1 μl MgCl2 (25 
mM), 2.3 μl of each forward and reverse primers (5 pM/μl).

PCR reactions were conducted in a MJ Research PTC-200 
thermocycler (St. Bruno, Canada). The PCR profile started with 
15 min initial denaturation at 95  °C, followed by 38 cycles of 
1  min denaturation at 94  °C, 30  sec annealing at 55  °C and 
6 min extension at 68 °C, and ended with a final 20 min exten-
sion step at 72 °C.

The PCR products were checked in an agarose gel electro-
phoresis at 90 volts for 20 to 30 minutes using a 1 % agarose 
gel with TAE as running buffer. The DNA was stained with Roti-
Safe GelStain from Roth (Karlsruhe, Germany). Then, amplicon 
bands were cut out of the gel under UV light. DNA was extrac-
ted from the gel by using the innuPREP Gel Extraction Kit from 
Analytik Jena (Jena, Germany). The concentration of the eluted 
DNA was measured with the NanoDrop 2000 from Thermo Fis-
her Scientific (Waltham, USA).

The collected amplicons representing 32 cpDNA frag-
ments were pooled for each sample and sequenced by the 
Transcriptome and Genome Analysis Laboratory (TAL) at the 
University of Göttingen using the Illumina MiSeq sequencing 
system. Amplicon sizes ranged from 2239 to 5666 bp (average 
4295 bp).

Table 1 
Study sites in North America

Stand Set Country Location N Latitude Longitude

Atomic Energy1 2 Canada, ON Renfrew, Atomic Energy, Chalk River 5 - -

Constance Bay1 1, 2 Canada, ON Ottawa, Constance Bay 4 - -

Pl. de Kazabazua1 2 Canada, ON Gatineau, Plaines de Kazabazua, Basse-Lièvre 6 - -

Chattahoochee1 2 USA, GA Fannin, Chattahoochee, Toccoa 4 - -

Anderson1 1, 2 USA, IN Madison, Anderson 6 - -

Hiawatha1 1, 2 USA, MI Chippewa, Hiawatha, Soo 6 - -

Nantahala1 1, 2 USA, NC Clay, Nantahala, Tusquitee 6 - -

Cherokee1 2 USA, TN Sullivan, Cherokee, Watauga 5 - -

FC-A2 2 USA, MI Ford Forestry Center 8 46.65261 -88.50193

FC-B2 2 USA, MI Ford Forestry Center 3 46.67442 -88.52427

BR12 2 USA, MI Brockway Mountain 3 47.46616 -87.91671

MTU2 2 USA, MI Michigan Tech Trails 3 47.10055 -88.5475

HMR-LP2 2 USA, MI Huron Mountain Res 8 46.84994 -87.83022

N-QE3* 2 USA, WI Nicolet NF 4 45.32194 -88.33138

N-QR3 2 USA, WI Nicolet NF 7 45.34805 -88.38805

Keweenaw4 2 USA, MI Brockway Mountain 4 47.4401 -87.85658

Mine4 2 USA, MI Calumet Township 2 47.25398 -88.42676

Porcupine4 2 USA, WI Kentuck Lake 4 46.00003 -88.9996

C-QR3 2 USA, WI Chequamegon NF 8 46.715 -91.03555
Note. MI - Michigan, WI - Wisconsin, GA - Georgia, IN - Indiana, NC - North Carolina, TN - Tennessee, ON - Ontario. 1 Liesebach and Schneck 2011, 2 Lind & Gailing 2013, 
3 Lind-Riehl et al. 2014, 4 unpublished. The location of these populations in North America is shown in Fig. 1. *Population was genetically identified as Q. ellipsoidalis 
(Lind and Gailing 2013; Lind-Riehl et al. 2014), a species which is closely related to Q. rubra. Both species are interfertile and hybridize with each other in contact 
zones

Fig. 2 
Chloroplast genome of Quercus rubra assembled and anno-
tated by Alexander and Woeste (2014). Bold lines in the inner 
circle represent inverted repeat regions. The middle circle 
indicates positions of primers and gaps. The second inverted 
repeat region was excluded from amplicon sequencing. Modi-
fied after Alexander and Woeste (2014)
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Sequence alignment and detection of SNPs and 
indels
Sequence alignment and detection of SNPs and indels were 
accomplished with the CLC Genomics Workbench v. 9.0.1 soft-
ware (Qiagen, Aarhus, Denmark). Sequence reads were map-
ped to the Q. rubra chloroplast reference genome available 
from the NCBI GenBank nucleotide database (accession num-
ber JX970937.1). The BioEdit v. 7.2.6.1 (Hall, 1999) and Oligo-
Calc v. 3.27 (Kibbe, 2007) software were used to identify restric-
tion sites and develop CAPS markers. The identified restriction 

enzymes were subsequently tested using the 96 population 
samples from different regions within the natural distribution 
area. The aligned sequences of the 8 samples can be accessed 
via their NCBI GenBank accession numbers MK706519-
MK706526. 

Restriction digestion
Directly after PCR amplification, 1 μl of restriction enzyme and 
2 μl of associated buffer were added to 8 μl of the PCR reaction. 
Then, the mixtures were incubated following the 

Table 2  
PCR primer sequences designed in the study and used to amplify the chloroplast genome regions (except the second inverted 
repeat region)

Primer
Pair

Forward primer (5‘ -3‘) Reverse primer (5‘ -3‘) Nucleotide position in the reference 
genome

Amplicon length, 
bp

start end

1 GTGGATTCACAATCCACTGCCT AAACCCAAGCATTGCGATACTTT 47 5057 5010

1.1* GTGGATTCACAATCCACTGCCT CCCTTGGATTGCTGTTGCATATTC 47 1181 1134

1.2* CCCCCACTCCCTGTATGTAGT AAAGGAGCAATGTCAACCCTCTTG 97 496 399

2 CCCAGCAAATCCGACGAATCCATC GTAAGGCAACGGGTTTTGGTCCCG 4722 8177 3455

3 GGTATGCTCTGGGACGGAAGG TCCGCCCATAACATCTATGTCAGC 8139 11057 2918

3.1 CTCATTAGTCTCCTTGGCCAAAGC TGATCCTTCCAAACAAGCACAGGC 10353 12592 2239

3.2* CCGGCGGTCTTCGTAATAGAAGAG GAAGGACTGATTGGAGAATGGGGA 12554 15093 2539

4 GGGAAGGAAGAAGGCGAGTC AGAGAATTGAGGGTTGGAACAAG 15062 19248 4186

4.1* TGATGACCCTCCATGGATTCGCCT TTGCAAACATATCTGGGCGGGATC 16670 17890 1220

5 TTGCTAAAACTCGAGCAGTTTCTT GGTCCCTCCCTTTCATTACAT 18875 23831 4956

5.2* CCATGAGTAGGACTTCGGCCA CGGGAGCTAGAGGAAATGCATCTC 21853 22378 525

6 TCGAAGCACGATGTTGTCTAATTA CCAGAGACTGAATCTTGATATACC 23746 28272 4526

7 GCCCATAGTGACTAGGATGGA GGGAGGTTCGAACTTACCTTTT 27838 33018 5180

8* GAAGATCCTTTATCCATACCGAA TCCCCAGACATATTCCTCTCG 32795 36929 4134

8.1* CCTTGAAAGAGAGATGTCCTGAAC AAGCCCCTTATCGGATTTGAACCG 34539 35674 1135

8.2* CCGTTTTGAGTTTACCCATAATCAC CATTCGCCACTATGAGTCTAGTGC 35372 35565 193

9 AGTGCGTTGCTTGCTTTGAACCGC CGTCGATCCCCCAAAAAAGAA 36686 42009 5323

10 CGGTGGGGATTGTAACTTTCC GTCAAAATAGAAGGTCCTCCGG 41946 47387 5441

11 GAGTGCTCCTATTCGAAACGCCTTG GATTGGGTATGGCCTCGACTATTCCC 47541 51141 3600

12 GGCTTTTCCGGCAATACGAACG GTTTATGAAAGAGCCCAATGCAC 51231 56897 5666

13 GATAAAGAGATGGCTCCGTGTGCTCGG CCAACGAAATCTAGTGCAGTGCG 56965 59963 2998

14 GCGGATCAATAAAAGTCTTGAG TTGTCATAAAATGGATACCTGG 60077 64991 4914

15 ATAAAATATGTGATGTGGTTTCCCCCG CATTAAATCCCATCCCTCTTTTGCGG 65200 69687 4487

16 GATCATTAAGAACTCAACGGG CATTCCAAAATAACTGTTACTCG 69896 74012 4116

17 GCTAATAAGGAATCAAAGAGG CATGGAAATACCCCTTTAATCAACG 74060 78977 4917

17.1* CCATGAGCTTGGGCTTCTGTTGCT GGCCAAGAGGTTGATAGCGATCTC 76010 77115 1105

18 TATCGTGTTCATACCGTCGTATTG CCAACTTAGCTCTTAATACAG 79014 83810 4796

19 TTATTATGGAGAACCCGCATGG GAAAGGAATATCTTATCGAGGTAATCG 83850 88101 4251

20 GTTTACGGAATCTGGCTCTTTTGG CAGACAAAAGTATTCGGTTATTG 88144 92771 4627

21 CTTCCCTATGAGTTTTAGTCTCAATAAG AGAATTCAGCTCAGATGTAGG 92833 97328 4495

22 AGTTGCTCTGGAACAATTAGGAG CCAAGAAATAACCCCTCACGTGCG 97372 101386 4014

23 GATAGAAACAACGCTCGTAAGGAG CGCGGGCTTTACGCAATCGATCGG 101454 105630 4176

24 CGGAACCGGGGAAAGTATACAG GGCAAGTCTTTGTGAAATAACTCCG 105661 109545 3884

25 GCACACTTGGAGAGCGCAGTACACCGG AGGGGACACCAAAGGCCTCTG 109596 114020 4424

26 GCCTTTATTCGTTCATGGTTCGATATTCTG ATGGTTCATACCTTTCATTCCAG 114093 118847 4754

26.1* GCGGTGACGATACTGTAGGGGAGG TCTTCGGCGCACGTGGGCTTTTCC 113976 118571 4595

27 GCTCGAAAAAAGAGTGCACCTAATTG TCCTGATGTTAGCAATGTATAGCG 119283 123777 4494

28 GAATCTCGAGTAACCGGCCAAG TAAGTGGTCGAATTCGGGGCCG 123815 127591 3776

29* ATTTGCTGAGTAATAACTTTGAG GAGTCTGGATATTCTGATGGTCCG 127696 131625 3929

30 GGATTTCTCAGTCTAAGCAGGAG CTTATTAGATCTAATAAGTACCTTGTG 131688 136055 4367

30.1* AAGCCGTTTTCGGGGATAACC CTGACGAGGTAGCTTTGATCCG 133645 134411 766

* used also for CAPS analysis (see also Fig. 2).
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recommended protocol provided by the manufacturer (Ther-
mo Fisher Scientific, Waltham, USA). After incubation, an aga-
rose gel electrophoresis was performed at 90 volts for 20 to 30 
minutes on a 1 %, 1.5 % or 2.5 % agarose gel (depending on 
fragment sizes) with TAE as running buffer.

Identification of haplotypes
Chloroplast microsatellite haplotypes for each sample were 
identified in Pettenkofer et al. (2019). They were analysed 
together with the CAPS haplotypes identified for each sample 
in this study. Haplotypes based on both cpSSR and CAPS poly-
morphisms were inferred using MS Excel.

Data analyses
The cpSSR haplotype data were converted into a binary 
0/1-matrix using MS Excel to combine them with CAPS markers 
for haplotype network analysis. The Arlequin v. 3.5 software 
(Excoffier and Lischer 2010) was used to compute the haploty-
pe network based on both cpSSR and CAPS markers.

Results

Depending on the sample, 87-97 % of the reference genome 
was sequenced with 4,030-6,297X coverage (Table 3). In total, 
118 SNPs and 107 indels were identified, which were subse-
quently used to identify restriction sites and design CAPS 
markers. In this study, we selected only restriction sites that 
were present in one provenance while absent in the others. 
The PCR primers were designed to target only a single restric-
tion site to simplify the scoring procedure. From 23 primer-en-
zyme combinations tested initially, 15 showed easily-interpret-
ed results and were validated in a larger dataset (Table 4). 
These 15 CAPs markers together with cpSSR markers devel-
oped by Pettenkofer et al. (2019) increased haplotype resolu-
tion within the natural range of Q. rubra and allowed to discov-
er 10 different haplotypes (Table 5). The five CAPS markers 1.1, 
4.1, 5.2, 11 and 17.1 and cpSSR udt1 were sufficient to distin-
guish these 10 haplotypes. The most frequent cpSSR haplo-
type A splits up into three different haplotypes, while haplo-
type K splits into two haplotypes (Figs 3 and 4, Table 5). All 
developed CAPS markers were successfully amplified also in 
samples of Q. ellipsoidalis (population N-QE).

Discussion

Alexander and Woeste (2014) found only six SNPs and 45 indels 
in the entire chloroplast genome of four red oak individuals 
that represented mostly the south and north-east of the natu-
ral range. We found much more markers (118 SNPs and 107 
indels) in a larger and more diverse sample. This number is 
rather large considering the conservation of the chloroplast 
genome. Generally, the number of SNPs increases with taxono-
mic divergence (Alexander and Woeste 2014; Nguyen et al. 
2018).

Table 3 
Mapping of sequence reads to the Q. rubra chloroplast refe-
rence genome

Popula-

tion1

Samp-

le ID

Reference 

covered 

by reads, 

%

Total num-

ber of reads 

mapped

Mean 

read 

length, 

bp

Total read 

length, bp

Average 

coverage

Nantahala
3 92 3,325,327 226.75 754,029,642 5,488

4 94 3,298,374 222.61 734,237,502 5,335

Anderson
7 97 3,336,145 204.31 681,614,046 4,965

8 96 2,557,784 215.95 552,357,621 4,030

Hiawatha
10 93 3,018,802 214.73 348,233,509 4,718

12 87 3,052,790 222.67 679,766,646 4,959

Constance 

Bay

13 93 3,881,031 222.43 863,256,125 6,297

14 94 3,374,986 207.92 701,724,192 5,103

Note. GC-content of sequence reads was 36% in all samples. Total length of genome used as 

reference was 136299 bp. 1The locations of these populations in North America are presented 

in Fig. 1.

Fig. 3 
Haplotypes identified in the studied populations of Quercus 
rubra. Numbers indicate haplotypes based on both cpSSR and 
CAPS markers (see also Fig. 4 and Table 4). Letters indicate 
cpSSR-based haplotypes. A –Haplotypes identified in the area 
of the Great Lakes. Population of Q. ellipsoidalis is marked with 
a yellow circle. B - Haplotypes identified in North American 
populations (see Tables 1 and 4 for details). The cpSSR haplo-
type A was further separated into haplotypes 1, 2, and 3, and 
the cpSSR haplotype K was separated into haplotype 8 and 9 
(see also Table 4)
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Table 4  
Primer-enzyme combinations designed and tested in the study

# Primer 
pair

Nucleotide position in 
the reference genome1

Amplicon 
size, bp

Restriction 
enzyme

SNP posi-
tion in the 
reference 
genome

Number of 
fragments after 

cutting

Sense sequence (5’-3’) Antisense sequence (3’-5’)

start end

1 1.1 47 1181 1134 HinP1I 557 2 - psbA exon

2 1.2 97 496 399 AciI 200 2 - intergenic trnH-psbA

3 3.2 12554 15093 2539 BmgBI 12918 2 - atpA exon

42 4.1 16670 17890 1220 HaeIII 17341 23 - atpI exon

52 5.2 21853 22378 525 AciI 22029 2 - rpoC2 exon

6 8 32795 36929 4134 HhaI 35513 2 intergenic petN-trnT intergenic trnS-trnE

7 8.1 34539 35674 1135 ClaI 34889 2 intergenic petN-trnT intergenic trnS-trnE

8 8.2 35372 35565 193 MseI 35426 2 intergenic petN-trnT intergenic trnS-trnE

9 11 47541 51141 3600 EcoRV 48925 2 - ycf3 intron

102 17.1 76010 77115 1105 ApaI 76425 2 rps12 clpP intron, rps12

11 26.1 113976 118571 4595 SwaI 117302 2 rps12 ndhF exon

12 26.1 113976 118571 4595 PacI 114509 2 intergenic trnR-ycf1 -

13 29 127696 131625 3929 EagI 129513 2 rps12 ndhH exon

14 29 127696 131625 3929 BglII 130647 2 or 3 rps12 intergenic ycf1-rps15

15 30.1 133645 134411 766 DraI 133915 2 rps12 ycf1 exon
1 NCBI GenBank accession number JX970937.1. 2 Combinations of these CAPS together with the cpSSR markers were sufficient for the identification of all 10 haploty-
pes (see also Table 5). 3Three fragments were observed in samples from FC-B.

Table 5  
Restriction fragments and cpSSR alleles associated with the 10 haplotypes

Haplotype 
CAPS1 cpSSRs2, bp 

1.1 1.2 3.2 4.1* 5.2 8 8.1 8.2 11 17.1 26.1 26.1 29 29* 30.1 
ccmp2 ccmp4 ucd4 udt1 udt4 CAPS+ 

cpSSRs CAPS cpSSRs HinP1I AciI BmgBI HaeIII AciI HhaI ClaI MseI EcoRV ApaI SwaI PacI EagI BglII DraI 

1 1 A 2 1 2 2 1 1 2 1 1 1 2 2 1 2 1 228 116 99 86 145 

2 2 A 2 1 2 2 1 1 2 1 1 2 2 2 1 2 1 228 116 99 86 145 

3 3 A 2 1 2 2 2 1 2 1 1 1 2 2 1 2 1 228 116 99 86 145 

4 5 B 2 1 2 1 1 1 1 2 1 1 2 2 2 3 1 227 115 98 85 146 

5 3 C 2 1 2 2 2 1 2 1 1 1 2 2 1 2 1 228 116 99 87 145 

6 4 G 1 2 1 2 2 2 2 1 2 1 1 1 1 2 2 226 117 97 85 146 

7 4 H 1 2 1 2 2 2 2 1 2 1 1 1 1 2 2 226 117 97 84 146 

8 6 K 2 1 2 3 2 1 2 1 1 1 2 2 1 2 1 228 116 99 85 145 

9 3 K 2 1 2 2 2 1 2 1 1 1 2 2 1 2 1 228 116 99 85 145 

10 7 L 1 2 2 2 2 2 2 1 1 1 1 1 1 2 2 226 118 98 85 146 

Note. 1 Numbers indicate numbers of fragments observed after digestion by restriction enzymes. 2 Described in Weising and Gardner (1999); 
Deguilloux et al. (2003). 4.1-HaeIII and 29-BglII had more than one restriction site and were genotyped as two loci to allow analysis with the Arlequin 
software. CAPS markers 1.1, 4.1, 5.2, 11, 17.1 were sufficient to identify all seven CAPS-based haplotypes. CAPS markers 4.1, 5.2 and 17.1 together 
with cpSSR markers were sufficient to identify all 10 haplotypes 
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As expected, the seven CAPS haplotypes included the 
main haplotypes previously identified with cpSSR markers 
(Table 5; Pettenkofer et al. 2019). However, together with cpSSR 
markers a higher haplotype resolution can be obtained. Some 
CAPS markers identify the same haplotypes due to the tight 
linkage and linkage disequilibrium. Therefore, it is important to 
notice that only three CAPS markers together with five cpSSR 
markers are needed to detect all 10 haplotypes found in our 
sample (see Table 5). The five CAPS markers 1.1, 4.1, 5.2, 11 and 
17.1 together with udt1 showed the highest genotyping ability 
and cost efficiency since they also resolved all 10 cpDNA hap-
lotypes. The successful application of all primer-enzyme com-
binations also in a population of Q. ellipsoidalis showed the 
transferability of these markers. The newly developed CAPS 
markers in combination with cpSSR udt1 can thus be used as a 
cost-effective and easy way of determining the chloroplast 
variation in populations of these two oak species and potenti-
ally other closely related species. This opens new possibilities 
for the study of postglacial migration routes and for tracing 
seeding material or identifying the origin of established stands 
in case reference information for assignment is available. The 
obtained genome sequences of trees representing four diffe-
rent regions can also be used to develop additional cpSSR, 
indel and CAPS markers, and thus contribute to future studies 
of genetic diversity and structure in oak populations.
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