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Abstract
Chestnut species have large ecological, cultural and economic importance. Developing genetic markers for these species 
is of interest for conservation, breeding or evolutionary studies. We designed 192 primer pairs targeting microsatellites 
detected in the Castanea mollissima reference genome and tested them on C. sativa and C. crenata. We PCR amplified 3 × 50 
microsatellites in 106 chestnut trees. Microhaplotype calling accounting for all polymorphisms resulted in a total of 98 high 
confidence polymorphic markers. Mean number of haplotypes per marker was 9.05 with respectively 71%, 12% and 16% of 
the variation corresponding to microsatellite variation in repeats number, SNP within the repeat motif and SNP or INDEL 
in the flanking sequence. Overall, the simple protocol described here generated a powerful multilocus genetic dataset for 
chestnut genetic investigations.

Keywords Castanea sativa · C. crenata · C. mollissima · Microsatellites · SNP · INDEL · SSR-seq

Introduction

The genus Castanea Mill. (chestnuts) comprises at least 
eight interfertile species (The Plant List 2013) including 
Castanea dentata (Marshall) Borkh from North America, 
C. sativa Mill. from Europe, and C. crenata Siebold & Zucc 
and C. mollissima Blume from Asia (Pereira-Lorenzo et al. 
2012). Very closely related to oaks (Kremer et al 2012), 
another Fagaceae genus, chestnuts are keystone multi-
purpose trees that provide habitat for wildlife, edible nuts 
for both wildlife and human, timber and tannins, and play 
important cultural roles in some human societies (Pereira-
Lorenzo et al. 2012; Powell et al. 2019). But chestnuts have 
endured one of the greatest environmental disasters that led 
to the functional extinction of C. dentata in North America 
and to important reduction of C. sativa population in Europe 
as a consequence of invasive pathogens (Desprez-Loustau 

et al. 2007; Powell et al. 2019). In contrast, Asian chestnuts 
harbor quantitative resistance to these pathogens, allow-
ing resistance breeding (Barreneche et al. 2019). Improved 
knowledge on the genetic diversity of chestnuts requires the 
development of numerous, reliable and polymorphic molec-
ular markers. SSRs have remained popular markers given 
their high polymorphism, reproducibility, transferability and 
ease of detection (Guichoux et al. 2011; Lepais and Bacles 
2011). Hence, the recent development of sequence-based 
microsatellite genotyping approaches (e.g. Vartia et al. 2016) 
has raised much interest. The aim of this study was to setup a 
sequence-based genotyping method for C. sativa, C. crenata 
and C. mollissima, three chestnut species of major economic 
and ecological importance.

SSR marker design and genotyping were conducted using 
the workflow described in Lepais et al. (2020). A total of 196 
primer pairs targeting SSR markers were identified from the 
C. mollissima reference genome v4.1 (Staton et al. 2019) 
using QDD v3.1 (Meglécz et al. 2014). Briefly, out of the 
125,824 microsatellites identified across the genome, 39,473 
had successful primers designed with a targeted predicted 
amplicon between 120 and 200 bp and stringent parameters 
to increase multiplexing success (Lepais et al. 2020). Only 
primer pairs with no homopolymer, targeting no other micro-
satellite, with no nanosatellite in primers or in the flanking 
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regions and with primers located at least 20 nucleotides away 
from the repeat motif were kept (n = 2307) (Meglécz et al. 
2014). We selected a final set of 192 primer pairs, favoring 
tri-nucleotide repeats, loci with more than seven repeated 
motifs and with known position on the Quercus robur refer-
ence genome (version Qrob_PM1N, Plomion et al. 2018) 
identified after blastn (v2.6.0, Altschul et al. 1990). Illu-
mina specific tags were added to the 5′ end of the primer 
sequences: 5′-TCG TCG GCA GCG TCA GAT GTG TAT AAG 
AGA CAG-3′ for the forward primer and 5′-GTC TCG TGG 
GCT CGG AGA TGT GTA TAA GAG ACAG-3′ for the reverse 
primer. Simplex PCR amplification (Supplementary Mate-
rial) was performed on genomic DNA from C. crenata and 
C. sativa to test the designed primers, resulting in a subset of 
150 loci showing robust amplification (Online Resource 1).

The 150 primer pairs were pooled in three multiplexed 
PCRs according to their affinity as predicted by Primer 
Pooler v1.61 (Brown et al. 2017, Table 1). They were ampli-
fied (Online Resource 2) on 106 individuals, including 27 
which were duplicated or triplicated, belonging to C. mollis-
sima, C. crenata and C. sativa and hybrids of these species 
(Online Resource 3). Amplicons from the three multiplexed 
PCRs were pooled for each individual and a second PCR was 
used to add the Illumina sequencing adaptors and barcodes 
(Online Resource 2). Amplicons were pooled and purified 
using homemade Solid Phase Reversible Immobilisation 
beads, quantified on a LC480 II qPCR (Roche Diagnostics) 
using KAPA Library Quantification (Kit Roche Sequencing 
Solutions), size-estimated on a TapeStation 4200 (D1000 
ScreenTape Assay, Agilent technologies) and sequenced 
using an Illumina MiSeq Reagent Kit v2 (2 × 250 bp). It 
produced 6,784,525 paired reads, of which 4,683,658 
were kept after length filtration (> 70 nt) using Cutadapt 
v1.14 (Martin 2011) and after read pair merging using Pear 
v0.9.10 (Zhang et al. 2014, Online Resource 3). Markers 
were analyzed using FDSTools (Hoogenboom et al. 2017) 
as described previously (Lepais et al. 2020), taking into 
account either all polymorphisms identified in the amplicon 
(full length, or “FL” strategy) or only in the repeat motif 
sequences (repeat focus, or “RF” strategy), using different 
parameters for FDSTools (Online Resource 2). Loci with a 
genotyping error rate < 5% and with < 30% of missing data 
were kept for subsequent analyses. Online Resources and 
reads are available at https ://doi.org/10.15454 /PNBEA M.

Across the 150 sequenced loci, 98 markers showed 
consistent amplification, polymorphism and reliable gen-
otyping with a mean genotyping error rate of 0.5% and 
missing data of 8.6% (Table 1). A total of 887 haplotypes 
were identified with an average of 9.05 haplotypes per 
locus (Table 1). Considering variation at the number of 
microsatellite motif only resulted in a total of 644 alleles 
with a mean number of 6.57 alleles per locus, pointing 
to a substantial gain when considering other sources of 

variation. In fact, other sequence polymorphisms (SNPs 
and INDEL) were detected in 76% of the loci, either within 
the repeated motif sequence or in the flanking sequence 
(Table 1). Overall, we observed 71%, 12% and 16% of 
the variation corresponding to microsatellite variation 
(repeat number), SNP or INDEL within the repeat motif, 
and SNP or INDEL in the flanking sequence, respectively 
(Table 1). Out of the tested pool, 69 markers (70%) could 
be located on the 12 Quercus robur chromosome pairs 
(Online Resource 1).
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