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Abstract: Common ash, Fraxinus excelsior, is threatened by the invasive pathogen Hymenoscyphus
fraxineus, which causes ash dieback. The pathogen is rapidly spreading throughout Europe with severe
ecological and economic consequences. Multiple studies have presented evidence for the existence of
a small fraction of genotypes with low susceptibility. Such genotypes can be targets for natural and
artificial selection to conserve F. excelsior and associated ecosystems. To resolve the genetic
architecture of variation in susceptibility it is necessary to analyze segregating populations. Here we
employed about 1,000 individuals of each of four single-tree progenies from potentially tolerant
mother trees to identify full-sibling (full-sib) families. To this end, we first genotyped all 4,000
individuals and the four mothers with eight SSR markers. We then used the program Colony to predict
full-sibs without knowledge of the paternal genotypes. For each single-tree progeny, Colony predicted
dozens of full-sib families, ranging from 3-165 individuals. In a next step, 910 individuals assigned to
full-sib families with more than 30 individuals were subjected to high-resolution genotyping using over
one million genome-wide SNPs which were identified with lllumina low-coverage resequencing. Using
these SNP genotyping data in principal component analyses we were able to assign individuals to full-
sib families with high confidence. Together the analyses revealed five large families with 80-212
individuals. These can be used to generate genetic linkage maps and to perform quantitative trait locus
analyses for ash dieback susceptibility or other traits to H. fraxineus or other traits. The elucidation of
the genetic basis of natural variation in ash may support breeding and conservation efforts and may
contribute to more robust forest ecosystems.
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Introduction

Pests and diseases can cause severe diversity loss in woodlands, impacting ecological and economic
aspects (Oliva et al. 2013; Hansen 1999; Johnson et al. 2015). In the early 1990s the necrotrophic
ascomycete fungus Hymenoscyphus fraxineus, causing the ash dieback (ADB) disease, was first
observed in Europe (Coker et al. 2019; Evans 2019). The fungus spread from its first distribution in
Poland via wind-borne spores over most European ash populations (Kowalski 2006). The fungus can
be traced back to Eastern Asia where it is associated with native Fraxinus species (McKinney et al. 2012;
Husson et al. 2011; Zhao et al. 2013; Landolt et al. 2016). In Europe, the host of the pathogenic fungus
is common ash (Fraxinus excelsior). Infected trees suffer from crown dieback and necrotic lesions. In
the end, infection often leads to the death of the trees causing severe losses to European woodlands
(Coker et al. 2019; Bakys et al. 2013).

Notably, Fraxinus excelsior exhibits natural variation in ADB susceptibility and several studies have
shown that part of this variation is heritable with estimated heritabilities of 0.25 — 0.57 (Plumb et al.
2020; Enderle et al. 2015; Lobo et al. 2015; Lobo et al. 2014; McKinney et al. 2011; McKinney et al.
2014; McKinney et al. 2012; Mufoz et al. 2016; Pliura AL 2007; Pliura A et al. 2011; Harper et al. 2016).
A number of different phenotypes are presumedly connected to ADB susceptibility. For example, the
timing of bud burst and senescence may be important for variation in ADB although the details are still
controversial (Nielsen et al. 2017; McKinney et al. 2011; Stener 2013; Pliura et al. 2016; Bakys et al.
2013).

Genotype-phenotype associations could reveal the genetic basis of variation in ADB and highlight
candidate genes. Common ash is a wind-pollinated and wind-dispersed, polygamous subdioecious tree
species. For genetic mapping or pedigree studies, selection of parents and artificial mating needs to be
conducted. In natural tree populations it can be challenging to perform artificial mating or to identify
the father to the naturally occurring seedlings, especially with a complex mating system as in F.
excelsior. The method “breeding-without-breeding” (BwB) overcomes the need for artificial mating, by
working with paternally unknown but maternally known material. Mothers can be selected based on
their genotype or phenotype. Paired with DNA markers, it is possible to reconstruct pedigree
structures with BwB and to use the identified full-sib families for quantitative trait locus analyses or
the assessment of various breeding values (Lstiblrek et al. 2015; Lstiblrek et al. 2011). For pedigree
prediction choosing a suitable downstream analysis for the sample set is important. Different
molecular markers can be effective to assess kinships, such as simple sequence repeat (SSR) and single-
nucleotide polymorphism (SNP) (Amom et al. 2020; Jiang et al. 2020; Zeng et al. 2023b).

SSR and SNP markers can be powerful tools in combination or separately (Garcia et al. 2018; Zavinon
et al. 2020; Capo-chichi et al. 2022; Zeng et al. 2023a). SNPs offer the opportunity to identify single
base changes between individuals, are mostly biallelic, as well as the most abundant source of genetic
polymorphism (Agarwal et al. 2008). With new sequencing technologies high numbers of SNPs can be
reliably identified (Howe et al. 2020). SSRs are multi-allelic, highly polymorphic and currently the
cheaper option for kinship assessment compared to SNPs, for which sequencing needs to be
performed (Ramesh et al. 2020).

We therefore used eight SSR markers for genotyping of four single-tree progenies with 960 individuals
each, which were collected from four potentially tolerant mother trees in Northern Germany. All four
trees were closely monitored over several years. The SSR markers provide a low-cost high-throughput
method for the prediction of potential full-sib families. Selected potential full-sibs were employed for
high-resolution genotyping with low-coverage whole genome lllumina resequencing. Notably, only
about half of the predicted families could be confirmed by the genome-wide SNP markers emphasizing
the importance of considering different marker types for reliable identification of family structures.
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Nevertheless, our results demonstrate the overall feasibility of BwB in common ash. The validated
families will be used for linkage mapping as part of the FraxForFuture project (Langer et al. 2022).

Material and Methods

Plant material. The four mother trees are distributed across the state of Mecklenburg-Western
Pommerania in the north-east of Germany (Table 1). These trees were selected using an assessment
scheme developed in a previous project (ResEsche). This scheme should ensure the vitality and
silvicultural quality of the selected trees. The vitality criteria are assessed on the basis of foliage, shoot
and trunk damage. The quality is recorded with parameters such as diameter at breast height (DBH),
height and trunk shape. The selected mother trees all showed no or only few dieback symptoms in the
crown area (no more than 10% crown defoliation, no more than 15% replacement shoot proportion).
The upright-growth was of perfect or at least of normal quality (straight/upright growth, weak twisted
growth, solid woodiness, etc.). Three of the four mother trees show no signs of ADB, only Eve-2 has a
slight stem necrosis. Around 3000 seeds per tree were collected in 2018 as green seeds. All seeds were
sown in a nursery bed within two weeks after harvesting. After germinating in Spring 2019, 960
seedlings per progeny were planted in 6x4 QuickPot plates (24 pots, 16 cm deep, HerkuPlast Kubern
GmbH, Ering, Germany). They were first cultivated in a greenhouse and then transferred under a
shading net in the nursery. In September 2019 plants were re-potted in 4x3 QuickPot plates (12 pots,
18 cm deep, HerkuPlast Kubern GmbH, Ering, Germany) and stayed in the nursery until planting. From
15" to 17 of April 2021 the seedlings were planted in a semi-randomized block design at a trial site
near Schulzendorf (Brandenburg, Germany; Table 1). The area around the trial site is characterized by
agriculture and small forests. Infected trees of F. excelsior with ash dieback symptoms were observed
adjacent to the trial site.

Table 1. Location information of mother trees and trial site.

Name Forest District Forest Area Coordinates

Mother Trees

Fri-8 Radellbbe Friedensthal 53.6135667, 11.3055333

Kar-4 Jaegerhof Karlsburg 54.0674667, 13.4514500

Dar-18 Dargun Dargun 53.8784500, 11.2492833

Eve-2 Grevesmiuhlen Everstorf 53.8537899, 12.8458667
Trial Site

Schulzendorf Strausberg Wriezen 52.686818, 14.125038

Sampling, DNA extraction and SSR genotyping. Sampling for SSR genotyping was conducted in the
nursery in late summer 2019 (Fri-8) and early summer 2020 (other progenies). The QuickPots were
arranged in a 96-well-plate-like format. This arrangement allowed sampling in 96-well-plates without
the need for time-consuming individual labeling. The 96-well-plates intended for DNA extraction were
filled with two ceramic beads (1,4 mm Omni Beads, Omni International, Kennesaw; United States) per
well using the customized Brendan bead dispenser (https://customlabinstitute.wordpress.com). The
plate was cooled during the sampling process with a plate fitting ice pack. The sample, a 2 x 3 mm
piece of the youngest, fully developed leaflet, was taken with forceps, which were cleaned with
Ethanol (70 %) between each sample. After sampling, the plates were stored at -80 °C. Because of the
large number of samples, a “quick and dirty”-method for DNA-extraction was chosen (Hu et al. 2014).
The samples in the frozen sampling plates were homogenized (30 Hz; MM400, Retsch, Haan, Germany)
for at least four minutes in precooled container. Depending on homogenization grade, additional
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homogenization was performed. After adding 200 pl buffer (50 mM Tris, pH 8; 300 mM NacCl, 0,1 g/ml
saccharose), the plates were again homogenized for another minute. After centrifuging the plate
(5,889 x g; 5 min), the upper phase, containing the DNA, was directly used for polymerase chain
reaction (PCR) without dilution or after diluting 1:10 on the same day. Plates with the “quick and dirty”
DNA-extract were stored at -20 °C and, after another round of centrifugation, could be used for
another PCR.

The PCR was performed with the Multiplex PCR Kit (Type-It Microsatellite master mix; Qiagen, Hilden,
Germany). The SSR primer mix consisted of eight primers (see Table 2 and Table 3). With this SSR-
multiplex, a touchdown procedure was performed (Table 4). The first progeny (Fri-8) was analyzed
with F24 which was later replaced by F12, because F12 was more variable and more reliable.

Table 2. SSR-primers used for genotyping of ash seedlings in a multiplex assay. Primer are based on reference genome
BATGO.5 (Sollars et al. 2017).

primer locus name final label (color) reference
concentration

F12 FEMSATL12C 0.2 uM DY-751 adapted FEMSATL12
(blue) (Lefort et al. 1999)

F23 Contigl84_179564_ 179439 0.2 uM DY-682 (Sollars et al. 2017)
(green)

F25 Contig1992_131610_131822 0.2 uM DY-682 (Sollars et al. 2017)
(green)

F26 Contig918_100265_100431 0.2 uM DY-751 (Sollars et al. 2017)
(blue)

F27 Contigh418 11372 11513 0.2 uM Cy5 (black)  (Sollars et al. 2017)

F28 Contig3670_10994 10705 0.4 uM DY-682 (Sollars et al. 2017)
(green)

F29 Contigd738 19258 19142 0.2 uM DY-751 (Sollars et al. 2017)
(blue)

F30 Contig344_81629 81375 0.2 uMm Cy5 (black)  (Sollars et al. 2017)

F24 Contig5748_109580_109480 0.1 uM DY-751 (Sollars et al. 2017)
(blue)

Table 3. PCR master mix.

one sample
Multiplex-Mix 6.25 ul
ddH,0 2.75 ul
10x Primer-Mix SetF3  1.25 pl
5x Q-Solution 1.25 ul
total 11.5 ul
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Table 4. Polymerase chain reaction program.

temperature Time Comments/notes
95°C 15 min
16x (-0,5 °C/cycle)

95°C 30 sec

60°C 90 sec

72°C 60 sec

95°C 30 sec 25x
52°C 90 sec

72°C 60 sec

60°C 30 min

8°C storage Within PCR-machine

The PCR products were analyzed with capillary electrophoresis (GenomelLab™ GeXP, Beckman Coulter)
and the corresponding chemical kit (SCIEX). The peak scoring was done with the provided software
(Genomelab) to obtain a list of the alleles (Table S1-S4).

Colony analysis. In order to determine genetic sample relationships, the SSR-genotyping output was
transferred to the COLONY Software (Jones and Wang 2010, Version: 2.0.6.5/2.0.6.6). In addition to
the input data, input parameters for the analysis of all progenies had to be defined (see Supplement:
Supplemental materials on colony parameters for family estimations with SSR markers). The software
works with likelihood(s). This can lead to different outputs, if the analysis is repeated. To ensure
reliability of the results, the software was run twice. The two runs were compared and the individuals
that were observed in both runs were chosen.

DNA extraction and lllumina low-coverage resequencing. The first batch of 167 samples with young
leaf material was collected in September 2020, immediately placed on ice in 1.5 ml Eppendorf safe-
lock tubes (Eppendorf, Wesslingen, Germany). In addition, leaves from the four mother tree clones
(Table 1) were collected. All samples were stored at -80°C until DNA extraction. Frozen samples were
homogenized using pestle and mortar in liquid nitrogen. All following steps were conducted following
the DNA extraction protocol by (Bruegmann et al. 2022, adapted with DL_Dithiothreitol). The second
batch of 751 samples was collected in June 2021. For the 751 samples we used the MagMAX™ Plant
DNA Isolation Kit (Thermo Fisher Scientific, Germany) following purification using the KingFisher™
Apex (Thermo Fisher Scientific, Germany) with a 96 deep-well head. DNA sample QC and library
preparation for sequencing were performed by Novogene (UK) Ltd. (Cambridge, UK) for both sample
batches. In the first batch, 163 of 172 samples passed the quality control, including the four mother
tree samples. In the second batch, 747 of 751 samples passed the quality control. Sequencing data (2
x 150 bp reads) were generated on the Novaseq 6000 platform for both batches. The first batch was
sequenced to an average sequencing depth of 10.8X and the second batch to 11.3X according to the
ash reference genome (Sollars et al. 2017). Both batches together comprise 906 samples plus the four
mother trees.

Mapping and variant calling. For both batches, sequencing data were mapped against the common
ash reference genome (Sollars et al. 2017) using bwa-mem (version bwa-0.7.17.tar.bz2 (Li and Durbin
2009)). Grouping of the reads and duplicates were marked using Picard tool’s (v2.26.2)
(http://broadinstitute.github.io/picard/). Joint variant calling was performed for batch one with GATK
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(version 4.2.3.0), following the best practices for germline short variant discovery wherever possible
(Poplin et al. 2017). For the second batch the variant calling was performed by Novogene using
Sentieon (Aldana and Freed 2022). For generating gVCFs the "HaplotypeCaller® from GATK was used.
After combining the gVCFs with GATK’s ‘GenomicsDBImport’, the ‘GenotypeGVFs” tool was used for
the joint genotyping. For batch one GATK version 4.2.3.0 and for batch two GATK version 4.0.5.1 were
used (van der Auwera and O’Connor 2020).

Variant filtering. The two sample sets were filtered separately, with the same filtering options. For
hard filtering we mostly followed the documentation on ‘Hard-filtering germline short variants’ on the
GATK website. We filtered indels and SNPs separately. We removed variants based on strand bias
(FisherStrand ‘FS’ > 60 & StrandOddsRatio ‘SOR’ > 3) and mapping quality (RMSMappingQuality ‘MQ’
< 40, MappingQualityRankSumTest ‘MQRankSum’ < -1). Based on the distribution of the variant
confidence score QualByDepth ‘QD’ we chose a more stringent cutoff of QD > 10, to remove any low-
confidence variants. Filtering was performed with bcftools v1.7 (Li 2011). We then extracted the
variant sequencing depth values ‘DP’ and minor allele frequency ‘frg2" using vcftools v0.1.15 (Danecek
et al. 2011). To visualize the DP and choose the parameters we used R (R Core Team 2022). Minimal-
mean DP was 5.2 and max-mean DP 10.3. Non-biallelic SNPs were excluded and SNPs with more than
10 % missing data were removed. Filtering resulted in a set of 14.42 million SNPs for the first batch and
11.78 million SNPs for the second batch. Before the resulting VCF files (Variant Call Format) could be
merged, an intersect was calculated using the ‘isec’ function of bcftools (Danecek et al. 2021) to
identify common SNPs in both VCFs files. Then, the ‘merge’ function was used to create one multi-
sample file. Further, the minor allele frequency was filtered 0.08-0.5 with PLINK v1.9 (Purcell et al.
2007).The merged file of both batches comprised 5.87 million SNPs for 910 individuals.

We used PLINK for principal component analyses (PCA) to determine family-clusters in the SNP
datasets. Further, we used the R package ‘SNPRelate’ (Zheng et al. 2012) for the genome-wide identity-
by-state analysis to create a dendrogram based on the SNP data.

Data visualization. The results were further analyzed and visualized using the R packages ‘ggplot2’
(Wickham 2016), ‘VCFR’ (Knaus and Griinwald 2017), ‘MASS’ (Venables and Ripley 2003) and
‘dendextend’ (Galili 2015).

Results

A total of 960 samples per single-tree progeny of each of four mother tree, potentially tolerant against
ash dieback, were collected and analyzed with eight SSR markers (Table S1-S4). In the end, 3.476 of
3.840 (90.5 %) samples could be successfully genotyped. The program Colony predicted between 151
and 179 full-sib families per progeny (Figure 1 and Figure 2) including families with 1-165 members. In
total, 910 individuals, which were assigned to the nine largest predicted full-sib families, were selected
for high-resolution genotyping using lllumina whole-genome resequencing . Only families with at least
30 individuals were chosen. With a sequencing depth of 10X we were able to identify a total 5.87
million SNPs after read mapping to the F. excelsior reference genome (Sollars et al. 2017) and SNP
filtering. Employing only SNPs that are largely independent (r2 < 0.2) within each progeny, we were
able to reliably assign full-sib families. The final file included six samples that were sequenced and
analyzed in batch 1 and batch 2. With these ‘twins’ we were able to compare the two downstream
analyses. The ‘twins’ are represented in the Fri-8 dendrogram (Figure 2), which shows the same results
for both downstream analysis.

For the two single-tree progenies from Dar-18 and Eve-2, the family structure predicted by Colony
using the eight SSR markers was largely consistent with the SNP data analyses (Figure. 1). Only a few
6
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outliers were detected. Accordingly, family sizes were close to the predictions with the largest full-sib
family from Dar-18 comprising 138 individuals (Table 1). For Eve-2, only a single dominant pollen donor
gave rise to a single large full-sib family, of which 116 individuals could be confirmed with the SNP
markers. Whereas Dar-18 and Eve-2 demonstrate the general feasibility of performing breeding-
without-breeding in ash with the eight described SSR markers, the other two single-tree progenies
from Kar-4 and Fri-8 showed discrepancies between the SRR and SNP marker classifications (Figure 2).
Especially Fri-8, which was predicted to be composed of four full-sib families using SSR markers, turned
out to represent a single large family of 212 individuals based on SNP markers. Additional individuals
appear as outliers representing other pollen donors. Finally, for Kar-4, our SNP marker analysis shows
two relatively large families (164 and 25 individuals) instead of four. While breeding-without-breeding
appears to work well for common ash in principle, our results also highlight the importance of
validating family predictions with different types of markers, or higher numbers of informative SSR
markers.
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Figure 1. Comparison of SSR and SNP full-sibling identification from the mother trees Dar-18 and Eve-2. The barplots (a and
b) show all progenies that were analyzed with the SSR markers and assigned to full-sibling families (range from 1 — 165
siblings). Each bar represents one predicted full-sibling family. Selected families with more than 30 individuals are indicated
by colors, that is three families for Dar-18 (a) and one family for Eve-2 (b). The principal component analyses (c and d) show
the SNP marker results. The color scheme of the dots represents the results of the SSR markers. The red triangle represents
the mother tree. Panel (e) and (f) show the results of genome-wide identity-by-state analyses using the SNP markers results
in dendrograms. The dots represent the SSR results and the dendrogram clustering represents the SNP markers.
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Figure 2: Comparison of SSR and SNP full-sibling identification from the mother trees Fri-8 and Kar-4. The barplots (a and
b) show all progenies that were analyzed with the SSR markers and assigned to full-sibling families (range from 1 — 112
siblings). Each bar represents one predicted full-sibling family. Selected families with more than 30 individuals are indicated
by colors, that is four families for Fri-8 (a) and four families for Kar-4 (b). The principal component analyses (c and d) show
SNP marker results. The color scheme of the dots represents the results of the SSR markers. The red triangle represents the
mother tree. Panel (e) and (f) show the results of genome-wide identity-by-state analysis using the SNP markers in
dendrograms. The dots represent the SSR results and the dendrogram clustering represents the SNP markers.
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Table 5: Summary of all full-sibling families identified by SSR and SNP marker.

Progeny Abbreviation SSR-name  Size | SNP-name Size

Friedrichsthal  Fri-8 F10 81 Cluster 1 212
F17 90 Cluster 2 26
F22 63

Karlsburg Kar-4 F29 112 Cluster 1 164
FO5 36 Cluster 2 25
F21 30
F41 33

Dargun Dar-18 F20 165 Cluster 2 138
FO8 85 Cluster 1 73
F30 39 Cluster 3 35

Everstorf Eve-2 F19 124 Clusterl 116
FO2 31

Discussion

For genotype-phenotype association studies it is important to maximize the statistical power by
employing large mapping populations with a high number of individuals. In BwB approaches the
reliable determination of full-sib families is critical. Although whole-genome resequencing and
genome-wide SNP detection provide robust data for this purpose, sequencing costs can still be
prohibitive with thousands of samples, such as the 4,000 individuals in our study. The preselection of
individuals prior to SNP genotyping can thus be important, and SSR markers provide the required
simplicity and relatively low costs. This is reflected by ongoing research with SSR markers, identification
of polymorphic SSRs being only one example (Mishra et al. 2023; Guichoux et al. 2011).

Our results show, that BwB implementing a two-step genotyping with SSR and SNP markers is an
effective way to achieve the identification of full-sib families in ash. While the SSRs can be used to do
a preselection of samples based on full-sib prediction and avoid sequencing of less relevant individuals,
the genome-wide SNP data can be employed for full-sib validation and construction of genetic maps.
Despite some discrepancies between SSR and SNP marker classification, the preselection of individuals
allowed us to identify relatively large full-sib families for deeper analysis by SNP genotyping. Similar
studies have shown comparable results (van Inghelandt et al. 2010). In a study from et al Zavinon
(2020) family identification in Beninese pigeon pea (Cajanus cajan (L.)) populations was conducted
with 30 informative SSR loci and 794 genotype by sequencing (GBS) derived SNPs. The results with
both marker sets were similar, but the PCA based on SNP markers showed the more accurate results.
For genotype-phenotype association studies, crossing and back-crossing generations are essential. For
tree species with long generation times, this can be challenging. With the BwB technique that we used,
we were able to generate F1 generations and full-sib families from four different tolerant mother trees.
The combination of SSR and SNP markers enabled successful identification of families that are a
valuable resource to perform quantitative trait locus analyses for susceptibility to H. fraxineus in future
studies.
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Supplementary Materials

Supplemental materials on colony parameters for family estimations with SSR marker

For the analytical process with the program colony following parameters were chosen: Mating
system: male polygam and female polygam, with inbreeding, without clones, dioecious and diploid,
length of run: medium, analysis method: full likelihood, likelihood precision: high, run specification:
default and no sibship prior.

Table S1: Allele report of offspring genotypes of Fri-8 of the program colony.
Table S2: Allele report of offspring genotypes of Eve-2 of the program colony.
Table S3: Allele report of offspring genotypes of Kar -4 of the program colony.

Table S4: Allele report of offspring genotypes of Dar-18 of the program colony.
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