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sports equipment, tool handles and other goods (Enderle et 
al. 2017). Moreover, ash is very important from an ecologi-
cal perspective. Ash provides critical ecological services, 
such as wildlife habitats and niches, the stabilization of 
the water balance and stream banks, and the production of 
high-quality litter, and is a component of slowing zones for 
forest fires (Sioen et al. 2017). Many organisms are associ-
ated with or even entirely dependent on ash (Heinze et al. 
2017; Drenkhan et al. 2017; Bengtsson and Senström 2017). 
In forestry, ash is also popular because of its robustness, 
drought tolerance, fast growth, and prolific regeneration 
(Enderle et al. 2017).

In the last three decades, Hymenoscyphus fraxineus has 
affected the ash species Fraxinus excelsior L. and Fraxi-
nus angustifolia Vahl, leading to severe declines (George 
et al. 2022). Until recently, the cause of ash dieback was 
primarily attributed to this fungus. However, over the last 
decade, studies on plant viruses in forest and urban trees 
have revealed that viruses contribute to loss of vitality and 
tree damage, leading to tree decline (Büttner et al. 2023). 
Even though viral diseases are rare, viruses are responsible 
for great economic losses because the symptoms are very 
different from those attributed to fungi and bacteria, which 
means that the losses are more insidious and less conspicu-
ous and therefore unnoticed and untreated (Büttner et al. 
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The defence-associated NDR1/HIN1-like (NHL) gene plays an important role in triggering plant defences in response 
to biotic stresses. The NHL gene is involved in gene-for-gene-mediated resistance mechanisms in response to attack by 
bacterial, fungal, and viral pathogens. Our study investigated the variation in 72 virus defence gene candidates annotated 
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with different infection and symptomatic statuses. The SNP was a nonsynonymous substitution that would result in an 
amino acid change. The variation detected here may have an impact on pattern recognition and therefore affect the immune 
response, indicating tolerance/susceptibility to viruses of common ash. The identified marker may help in successfully 
identifying individuals with a low level of susceptibility to viral diseases.
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2013). Plant viruses play a central role in the health status 
of plants since the degree of disease that they cause leads to 
extensive tissue damage (Nienhaus 1985). On the basis of 
the assumption that virus-infected trees may be more sus-
ceptible to the ash dieback pathogen, the FraxVir subproject 
was launched in Germany in October 2021 as part of the 
FraxForFuture project. This supplementary study consists 
of four closely interlinked subprojects investigating the 
effects of viral infections on ash trees.

The list of plant viruses known to commonly infect ash 
comprises species from the Rhabdoviridae and Fimoviri-
dae families (Gaskin et al. 2021) or of the genus Idaeovi-
rus (family Mayoviridae order Martellivirales) (Navarro 
et al. 2017; ICTV MSL 2023). Cytorhabdovirus is a genus 
that includes ash-infecting viruses (family Rhabdoviridae, 
subfamily Betarhabdovirinae) (Walker et al. 2022). Two 
closely related cytorhabdoviruses (Fraxinus gammacy-
torhabdovirus 1, FraGCRV1; Fraxinus gammacytorhab-
dovirus 2, FraGCRV2) were recently reported to affect 
different ash species (Bejerman et al. 2023; Rehanek et 
al. 2024). Symptoms of infection by cytorhabdoviruses 
are often inconspicuous in ashes (Rehanek et al. 2024). 
The transmission of this genus occurs via various insects 
(aphids, grasshoppers, whiteflies) or mechanically (Jack-
son et al. 2005). In tree and insect cells, cytorhabdoviruses 
develop cytoplasmic viroplasms, undergo morphogenesis 
from cytoplasmic membranes, and accumulate in the cyto-
plasm (Dietzgen 1995). Ash shoestring-associated emaravi-
rus (ASaV) was recently found to be associated with ash 
shoestring disease in European ash and manna ash (Fraxi-
nus ornus) trees, which exhibit chlorotic ringspots, mottle, 
and leaf deformation, such as curling and shoestring symp-
toms (Gaskin et al. 2021). Emaravirus (order Bunyavirales; 
family Fimoviridae) is a genus comprising more than 20 
emerging plant viruses with a worldwide distribution and 
economic impact. These viruses are enveloped, with a seg-
mented, single-stranded, negative-sense RNA genome, and 
are transmitted by eriophyid mites or mechanical trans-
mission. Initially, privet leaf blotch-associated virus (PrL-
BaV, Idaeovirus ligustri) was identified by next-generation 
sequencing (NGS) in privet (Ligustrum japonicum L.) 
affected by a graft-transmissible disease characterised by 
leaf blotch symptoms (Navarro et al. 2017). In ash trees, 
the virus was detected in samples displaying a chlorotic line 
pattern (Rehanek et al. 2024).

The fact that some plants do not succumb to the many 
existing potential pathogens may be due to the existence 
of nonhost resistance (Nürnberger and Scheel 2001). Ini-
tially, following infection, plant cells use basal defences to 
recognize pathogen-associated molecular patterns. These 
elicit responses via mechanisms involving pathogenesis-
related, pathogen-nonspecific proteins (Almagro et al. 

2009). Many host defence genes are induced upon virus 
infection. As a counterdefense mechanism, pathogens sup-
press basal defences using specific virulence proteins, also 
called effectors (Marwal and Gaur 2020). Effectors are rec-
ognized by the second, target-specific level of host defence 
provided by R proteins. R genes elicit a quick and powerful 
defence response, which can take the form of a hypersen-
sitive response or extreme resistance (Balint-Kurti 2019). 
The signalling cascade induced by R genes leads to hyper-
sensitive response and activates a wide range of genes and 
defence responses. This response prevents virus loading to 
the phloem in the initially infected leaf and translocation to 
other parts of the plant, but virus replication and initial cell-
to-cell movement are not affected. Later, most of the infected 
cells die, leading to a visible necrotic local lesion at the 
site of infection. Extreme resistance, however, suppresses 
virus multiplication in initially infected cells, and usually, 
no visible signs of infection can be observed (Barker and 
Harrison 1984). Only tiny, necrotic pinpoint lesions may be 
perceived, and no virus is detected in the inoculated tissue 
(Valkonen et al. 1996). The activation of the hypersensitive 
response often induces systemic acquired resistance, which 
often relies on the salicylic acid (SA)-signalling pathway 
and the production of pathogenesis-related proteins (Balint‐
Kurti 2019; Liu et al. 2020).

NDR1/HIN1-like (NHL) genes encoding a membrane 
protein (Century et al. 1997) provide the proper function of 
a subclass of resistance genes (Aarts et al. 1998) required 
for nonrace-specific disease resistance. Several members of 
the NHL family exhibit cell membrane subcellular localiza-
tion (Varet et al. 2002), and some members reside in the 
endoplasmic reticulum due to the presence of sarcolipin-
like sequences in the protein (Lee et al. 2006). NHL genes 
have been shown to be involved in maintaining the integrity 
of the cell wall and plasma membrane connection (Knep-
per et al. 2011). NDR1 is considered a signal modulator 
that is essential for the stimulation of signalling pathways 
mediated by relevant R proteins (Century et al. 1995; Aarts 
et al. 1998). Harpin-induced gene 1 (HIN1), which is iso-
lated from tobacco, is highly similar to NDR1, but inter-
estingly, similar to R genes, HIN1 has been reported to be 
associated with a hypersensitive response (Century et al. 
1997; Takahashi et al. 2004). Allelic variation of additional 
genes involved in virus recognition in addition to R genes 
or downstream signalling for defence responses may cause 
genotype-dependent phenotypic changes in the outcome of 
resistance responses triggered (Valkonen 2015).

SNPs and indels in resistance genes are an important 
source of polymorphic markers for use in association stud-
ies. SNPs offer several advantages, such as high-throughput 
and cost-effective genotyping (Varshney and Dubey 2009) 
and the identification of functional/gene-based markers for 
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association genetics (Rafalski 2002). Direct sequencing of 
DNA segments amplified by PCR from several individu-
als is the most direct way to identify SNP polymorphisms. 
PCR primers are designed for genes of interest and then 
PCR is performed on a set of highly diverse individuals, 
after which the PCR products are sequenced. The resulting 
sequences are aligned and, taking care to distinguish true 
polymorphisms from sequencing errors, polymorphisms are 
identified.

Our study aimed to (1) genotype by Sanger sequencing 
a lower number of F. excelsior virus-infected symptomatic 
and asymptomatic samples with primers designed for 72 
virus resistance gene fragments formerly annotated in ash 
as described in Köbölkuti et al. (2025) and revealing pos-
sible nucleotide variations; (2) identify the gene fragments 
in which relevant SNPs were present that distinguished the 
two (symptomatic/asymptomatic) groups; and finally, (3) 
investigate whether the selected gene fragment nucleotide 
variations found in a lower number of symptomatic/asymp-
tomatic individuals showed a significant correlation with 
the phenotype in an increased number of samples.

Materials and methods

The complete workflow is shown as a flowchart in Fig. 1.

In Step 1, samples were collected from both offspring 
and adult trees. In Step 2, 120 of these samples were pheno-
typed. Step 3 involved identifying 72 candidate genes, for 
which 72 primer pairs were designed. In Step 4, DNA from 
eight phenotyped samples was amplified using these prim-
ers and then sequenced. On the basis of visual assessment, 
a fragment of the NDR/HIN1 gene was selected and vali-
dated in Step 5 through genotyping of the 115 phenotyped 
samples from Step 2.

Plant material

Five selected stands (Köbölkuti et al. 2025) were distrib-
uted across Germany, of which two seed orchards (spe-
cial plantings for seed production) in Emmendingen and 
Schorndorf (Baden-Württemberg), a clone archive in Gra-
benstätt (Bavaria), and two intensive monitoring plots (IBF) 
by the FraxForFuture research network (BB 1 - Stegelitz/
Melzower Forst in Brandenburg and BY 1 - Monheim/Kai-
sheim in Bavaria) served as a common working platform 
for investigations of all participating project partners in the 
FraxVir project (Fig. 2). As a first step, all adult trees avail-
able for sampling at Kaisheim and Melzower Forst were 
labelled, georeferenced and sampled, and leaf samples from 
all trees at Emmendingen, Schorndorf and Grabenstätt were 
collected in 2022. In the second step, 200 seedlings from 

Fig. 1  Steps of marker development for virus defence genes in Fraxinus excelsior
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Fig. 2  Study areas: location of seed orchards near Schorndorf (48°77’ 
N, 9°25’ E), Emmendingen (48°11’ N, 7°87’ E), clone archive near 

Grabenstätt (47°84’ N, 12°51’ E), IBF plots Melzower Forst (53°19’ N, 
13°95’ E) and Kaisheim (48°80’ N, 10°79’ E) in Germany. 
Source of the maps: Google Earth Landsat/Copernicus Data SIO. 
NOAA and Cartography Vectors
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outperform single tests in their estimation, we applied 
distinct approaches to determine whether they converged 
and detected the same mother‒offspring pairs. Altogether, 
maternity analysis by two software programs was per-
formed. After the samples were genotyped at 12 microsatel-
lite loci, on the basis of the multilocus genotype data, the 
maternity relationships between the virus-tested adult trees 
and all the seedlings collected at the monitoring site Mel-
zower Forst were determined using the software packages 
CERVUS 3.0.7 (Kalinowski et al. 2007) and COLONY 
2.0.6.9 (Jones and Wang 2010). In CERVUS, the allocation 
is based on delta (Δ) (Labuschagne et al. 2015). Therefore, 
the difference in the likelihood‒odds ratio (LOD) score 
between the two most likely parents is examined to find the 
actual parents. The critical values of Δ were calculated at 
strict (95%) and relaxed (80%) confidence intervals during 
the simulations (Labuschagne et al. 2015). For Melzower 
Forst, 100,000 offspring and 8% of the sampled potential 
mothers were simulated. The minimum number of loci was 
set to 6. The error rate was maintained at 0.01 (Semizer-
Cuming et al. 2019). COLONY implements full-pedigree 
likelihood methods to infer siblings and parents among indi-
viduals simultaneously via multilocus genotype data (Jones 
and Wang 2010). In COLONY, the input parameters were 
set as follows: For the mating system settings, ‘female and 
male polygamy’ was selected. For mating system II, ‘with 
inbreeding’ was enabled, and ‘without clone’ was specified. 
The species was set to ‘monoecious’ via the same paren-
tal dataset for both candidate mothers and fathers. ‘No’ 
was selected for both sibship prior and the allele frequency 
update. The number of known and excluded paternal and 
maternal sibships was set to 0. The probability of a mother 
being included as a candidate was set to 1, whereas the prob-
ability for a father was set to 0.1. The analysis method used 
was ‘full likelihood’ with medium likelihood precision, and 
the run length was set to ‘medium’.

Phenotyping the offspring of the mother‒offspring 
pairs

Following maternity analysis, a comprehensive survey was 
performed in Melzower Forst for virus infection and viral 
symptoms in offspring that showed a significant maternal 
link by maternity analysis to mother trees that had been 
previously tested for virus infection. Since phenotyping is 
required to find offspring 20–40 cm in size in a rather large 
swampy area with dense ground vegetation and ash popula-
tions affected by ash dieback, the following strategy was 
used: first, the identification of offspring identified by both 
CERVUS and COLONY was prioritized. This was followed 
by a search and phenotyping of those offspring identified 
separately by the two software programs.

Kaisheim and Melzower Forst were labelled, georeferenced 
and sampled in 2023.

This step was followed by a comprehensive survey of 
the viruses that affect F. excelsior (ASaV, PrLBaV, and the 
cytorhabdoviruses FGCRV1 and FGCRV2) at the five previ-
ously mentioned stands, which was carried out as described 
in Rehanek et al. (2024). As a third step, to select gene frag-
ments with SNPs correlated with virus-infected symptom-
atic/asymptomatic phenotypes, eight individuals previously 
investigated for virus infection (all infected, four with and 
four without symptoms) were chosen (Table S1). Detailed 
information on the selection strategy followed in this step 
can be found in Köbölkuti et al. (2025).

Finally, in the fourth step, to test whether the marker can-
didates selected in step three were relevant to larger sample 
sizes, we assessed samples from virus infection and symp-
tomatology from 16 mother trees (Table S2, Fig. 3a), and 
their offspring, as validated by maternity analysis (Fig. 3b) 
in Melzower Forst; samples from 22 adult trees in Kai-
sheim; 31 individuals in Schorndorf; 32 trees in Emmendin-
gen; and five young individuals in Grabenstätt (Table S3). In 
this final step, a total of 115 samples were used for marker 
selection on the basis of relevant polymorphisms correlated 
with symptomatic/asymptomatic status.

DNA extraction

For all trees, leaflets were used for DNA extraction. After 
sampling, the genetic material was preserved at -20 °C until 
further analyses. DNA extraction was performed using a 
modified hexadecyltrimethylammonium bromide (CTAB) 
rapid protocol (Lefort and Douglas 1999).

Genotyping for parentage analysis

In Melzower Forst, all adult trees and offspring with known 
virus infection statuses were genotyped at microsatellite loci 
to detect parent–offspring relationships. After DNA extrac-
tion, polymerase chain reaction (PCR) was performed to 
examine 12 microsatellite loci in three different multiplexes 
(Table  1) (Sollars et al. 2017; Beatty et al. 2015; Noakes 
et al. 2014; Lefort et al. 1999; Bai et al. 2011; Aggarwal 
et al. 2011). DNA was separated by high-resolution capil-
lary electrophoresis using a GeXP automated sequencer 
(Beckman Coulter, Inc., Fullerton, CA, USA) and software-
assisted allele scoring.

Statistics for relationship assessments

Since we consider the validation of the detected genea-
logical relationships highly important and the applica-
tion of likelihood equations by multiple programs could 
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Fig. 3  a, b Virus-infected/no virus 
detected symptomatic (+) and asymp-
tomatic (−) mother trees (M) were 
sampled and previously tested in the 
Melzower Forst IBF plot (a), 200 seed-
lings were sampled from the same site 
in 2023; among them, red represents the 
offspring of some of the mother trees 
tested (b). The white dots in b represent 
offspring for which the parents were 
not tested for virus infection during the 
study. 
Source of the maps: Google Earth 
Landsat/Copernicus Data SIO. NOAA
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Sequence and SNP locus selection on the basis 
of genotyping results, symptomatology, and 
correlation analysis

After genotyping, eight DNA samples (four from symp-
tomatic and four from asymptomatic ash trees) with 72 
marker candidates (the marker genes identified in Köböl-
kuti et al. 2025) were selected by visual assessment of those 
sequences in which relevant SNPs distinguished the two 
sample groups. After sequencing the PCR products of all 
115 samples using the selected marker candidates, an asso-
ciation analysis was performed for each SNP variant–symp-
tom combination. This analysis employed the general linear 
model (GLM) function implemented in TASSEL (Bradbury 
et al. 2007) as follows: the sequences of the 115 samples 
were quality checked and filtered by quality, trimmed to 
equal length, and then aligned, and the position of the rele-
vant SNP loci selected in the previous phase was determined 
again. The alignment FASTA file was used as an input geno-
type file for TASSEL software. Indel sites were removed, 
the FASTA file was converted to a numerical file, and then a 
PCA based on covariance and limited to three components 
was performed. The reasons behind the infection and differ-
ent symptomatic statuses may vary from susceptibility to 
tolerance or full resistance. In the input numerical pheno-
type file, as illustrated in Table 2, the infection status and 
symptoms of the samples were quantified in three (a, b, c) 
variations, each of which was subjected to association with 
genotype. The genotype, each version of the phenotype files 
and PCA results were merged by intersect join. GLM analy-
sis was performed with 1,000 permutations, and all options 
were set to defaults. The p values of associated markers 

Genotyping by the SNP marker candidates

The bioinformatic steps of gene annotation, primer design, 
primer laboratory testing by PCR amplification and gel 
electrophoresis preceding sequencing are described in detail 
in Köbölkuti et al. (2025). The products were purified after 
PCR, and sequencing in both directions was completed at 
Microsynth Seqlab GmbH (Göttingen, Germany). Editing, 
visualization, and alignment of the amplified sequences 
were performed with CLC Genomic Workbench ver-
sion 22.0 (QIAGEN Bioinformatics) software. Following 
sequence alignment, genotyping and final validation of all 
potential SNPs were performed with the use of SeqTrace 
0.9.0 (Stucky 2012). The number of polymorphic sites, 
number of insertions/deletions and characteristics of the 
SNPs (synonymous or nonsynonymous) were calculated 
using DNA Sequence Polymorphism v6.10.01 (DNASP) 
software (Rozas and Rozas 1995) and validated by visual 
inspection via the CLC Genomic Workbench. To find 
the first nucleotide position in a codon, candidate DNA 
sequences were translated to protein sequences by NCBI 
BLASTX (https://www.ncbi.nlm.nih.gov/), after which the 
number of synonymous and nonsynonymous sites was com-
puted as described by Nei and Gojobori (1986), excluding 
all cases that involved stop codons.

Table 1  Twelve microsatellite markers were used for genetic analysis 
of ash trees, including multiplex sets and loci in the genome
Multiplex-Sets Marker Locus Literature
1 F27 Con-

tig5418_11372_11513
Sollars et 
al. (2017)

1 F30 Contig344_81629_81375 Sollars et 
al. (2017)

1 Frex02 Con-
tig1795_237744_237898

Sollars et 
al. (2017)

1 Frex06 Con-
tig3809_118941_119122

Sollars et 
al. (2017)

1 Frex10 Con-
tig87_333704_333466

Sollars et 
al. (2017)

2 F6 M230B Beatty et 
al. (2015)

2 F21 Fp18437 Noakes et 
al. (2014)

2 Fem4 Femsatl 4 Lefort et 
al. (1999)

2 Fem11 Femsatl 11 Lefort et 
al. (1999)

3 ASH2429 ASH2429 Bai et al. 
(2011)

3 Fem19 Femsatl19 Lefort et 
al. (1999)

3 FR308 FRESTSSR308 Aggarwal 
et al. 
(2011)

Table 2  Phenotype file versions (a, b, c) used to detect potential sig-
nificant correlations between loci in sequences previously selected 
through visual assessment and phenotype
Phenotype 
file versions

Infection and symptomatic status of 
groups

Numerical 
equivalent 
of groups 
in file

a No symptom 1
Nonspecific symptom 2
Specific symptom 3

b Virus detected, with specific or nonspe-
cific symptom

1

Virus detected, without any symptom 2
No virus detected 3

c Virus detected, with specific symptom 1
Virus detected, with nonspecific 
symptom

2

Virus detected, without symptom 3
No virus detected 4

The term “nonspecific symptom” refers to inconspicuous local 
lesions

1 3

https://www.ncbi.nlm.nih.gov/


European Journal of Forest Research

were tested against significance thresholds at 0.05 (conser-
vative), 0.01 and 0.001 (stringent) significance levels.

Results

Mother‒offspring pairs detected in Melzower Forst 
by genotyping with microsatellite markers

Among the 200 examined offspring, parentage analysis 
identified 19 pairs using CERVUS (Fig. 4a), and 23 were 
identified via COLONY (Fig. 4b). However, only eight off-
spring (Fig.  4c) were consistently assigned to a potential 
mother by both methods, with 16 virus-tested adult indi-
viduals used as inputs. The 12 microsatellite loci yielded 
altogether 177 alleles in Melzower Forst, from 3 (FR308, 
ASH2429) to 36 (F6) alleles with a mean value of 14,8.

Assessment of virus infection and symptomatology 
of the offspring of the mother‒offspring pairs.

Among the eight offspring identified jointly by CERVUS 
and COLONY, only five were found and visually assessed 
for symptoms at the site. In the next step, we searched for 
seedlings that were separately identified by the two software 
programs. In this way, a total of nine seedlings were symp-
tomatologically evaluated and then tested in the laboratory 
for virus infection (ASaV, PRLBaV, and the cytorhabdovi-
ruses FraGCRV1 and FraGCRV2, respectively), and their 
DNA samples were selected for further genotyping (Fig. 5).

Genotyping of eight samples with 72 marker 
candidates

As described in Köbölkuti et al. (2025), using 72 (36 cod-
ing + 36 promoter) primer pairs, PCR amplification of DNA 
from eight leaf samples previously investigated for virus 
infection (all infected, four with and four without symp-
toms) was performed. Sequencing of the PCR products 
was performed for all markers. High-quality sequences 
were obtained for 66 markers. Six markers (ARLA1C, 
YSL9/1, pr_AT5G42950, pr_NHL3, pr_GR-RBP2_A, and 
pr_AGO4/4) produced unclear chromatograms and were 
excluded from further analyses. Among the remaining 66 
markers, 15 (AGO4/2, AGO5, AGO10, AT3G21120, GRP7, 
GRP7s, GR-RBP2_A, MIPS2, NHL3, PLP1, YSL9/2, 
WRKY71, pr_CBP20, pr_NIK1, pr_OZF1) produced clear 
sequences for PCR products from only seven samples each; 
three markers (AGO4/4, pr_GRP7, pr_YSL9) yielded 
clear sequences from six samples each; and three markers 
(WRKY60, TOR, pr_DCL3) from five samples each. In 

Fig. 4  a, c Candidate mother‒offspring pairs identified by maternity 
analysis with CERVUS (a), COLONY (b) and the joint result (c) with 
16 virus-tested adults and 200 seedlings sampled at Melzower Forst 
IBF plot as inputs. M-mother, S-seedling. The offspring belonging to a 
given mother tree are marked with the same colour as the mother tree
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analysis for this sequence, the minimum number of recom-
bination events, the site where recombination may occur, the 
relevant SNP loci in each sequence, the proteins encoded by 
the gene and the type of mutation (syn/nonsyn) were deter-
mined. Table 3 summarizes the results of this analysis.

As shown in Fig.  6, in the AT3G44220 sequence, the 
nucleotide thymine (T) was found at position 273 in all 

total, 498 sequences and 23,808 sites were analysed. Table 
S4 summarizes the results of the sequence analysis.

As shown in Table S4, the sequence analysis revealed 
377 SNPs and 122 indels. However, in the case of only one 
sequence (AT3G44220), a nucleotide variation that distin-
guished the symptomatic (+) and asymptomatic (−) groups 
of samples was detected (Fig. 6). In the second phase of the 

Table 3  Position of the relevant locus, the encoded protein, minimum number of recombination events with the loci where this recombination 
occurs, and type of mutation calculated by DNA sequence polymorphism v6.10.01 for AT3G44220 selected to be tested on 115 samples
Sequence Nr. of 

sites
Min. number of 
recombination 
events

Recomb. 
between 
sites

Relevant 
SNPs posi-
tion in seq

Encoded protein of 
the gene

Codon position 
of the first site 
by NCBI blastx

Nr. of 
syn-mutation

Nr. of 
nonsyn 
muta-
tion

AT3G44220 549 1 273, 399 273 transmembrane pro-
tein (R receptor)

2 0 1

Fig. 6  The 30-nucleotide fragment 
of the alignment of the AT3G44220 
sequence with a relevant SNP 
at position 273 amplified from 
eight DNA samples. The nucleo-
tides coloured in red indicate the 
nucleotide polymorphisms between 
symptomatic (+) and asymptomatic 
(−) samples

 

Fig. 5  Nine of the tested F. excelsior adult trees’ presumed offspring were sampled in 2023 and found in 2024 on Melzower Forst IBF plot, evalu-
ated for virus infection and symptomatology and selected for genotyping
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Melzower Forst seedling 29, Melzower Forst 7, Kaisheim 
44, Melzower Forst 6, Melzower Forst 19, Schorndorf 2, 
Schorndorf 98 and Schorndorf 36. Among all the samples 
genotyped, 10 were found to be heterozygotes, nine of 
which lacked any symptoms or only presented nonspecific 
symptoms. Table S5 presents the virus infection and symp-
tomatic status, as well as the nucleotide variation at locus 
273 of the AT3G44220 gene fragment in each of the 115 
samples.

For the association analysis input genotype file, the 
lengths of the sequences adjusted to the shortest sequence 
were trimmed to 334 nucleotides in length. From all 11 
polymorphic loci found in the alignment, the relevant locus 
position selected previously on eight samples was deter-
mined at position 183. Although the GLM detection method 
using phenotype file “a” revealed that SNPs at position 
183 correlated with symptomatology, at the 0.05, 0.01 and 
0.001 significance levels, the correlation was not significant 
(Fig. 7).

Using versions “b” and “c” of the phenotype file for anal-
ysis, from all polymorphic loci in sequence AT3G44220, the 
locus at position 183 was correlated with the phenotype at a 
P value ≤ 0.05 (Table 4).

virus-infected asymptomatic samples (−), and cytosine (C) 
was found in all symptomatic samples.

Assessment of virus infection, symptomatology 
and genotyping of 115 samples with the selected 
AT3G44220 candidate

For virus infection, 68 of the 115 samples genotyped were 
infected with only Cytorhabdovirus; four were infected 
with Cytorhabdovirus and ASaV; eight were infected 
with Cytorhabdovirus and PrLBaV; one was infected with 
Cytorhabdovirus, PrLBaV and ASaV; and 33 were not 
infected with ASaV, PRLBaV, or the cytorhabdoviruses 
FraGCRV1 or FraGCRV2. In terms of symptomatology, out 
of the total number of samples, 52 showed nonspecific local 
lesions, five expressed specific symptoms, whereas 58 had 
no symptoms at all.

After sequencing, good-quality sequences were obtained 
for 111 samples. The PCR products of four samples (Mel-
zower Forst 11, Schorndorf 56, Melzower Forst 9 and 
Schorndorf 83) presented no clear chromatograms and were 
excluded from further analyses. Except for eight samples, 
all 30 infected samples without symptoms had thymine T, 
and all those infected with specific symptoms had cyto-
sine (C) at locus 273 of the AT3G44220 gene fragment. 
The samples that were exceptions to this pattern included 

Fig. 7  Detection of loci in the AT3G44220 sequence amplified from 
111 samples correlated with the phenotype file version “a”. All loci 
with a maximum P value = 1 are shown. The correlation of the locus at 
position 183 above the red line is not significant at the 0.05 (conserva-

tive), 0.01 or 0.001 (stringent) significance level and thus is not consid-
ered to be a significant result for the GLM-based method implemented 
in Tassel by Bradbury et al. (2007) using phenotype file version “a”
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genome and the detection of nucleotide polymorphisms that 
might occur in these. It is possible that these few gene frag-
ments cannot capture key genomic points related to poly-
genic plant disease resistance (Fraser and Van Loon 1986; 
Caranta and Palloix 1996). Second, specific resistance is 
controlled mainly at a single genetic locus, although more 
complex systems are known (Fraser 1992). Consequently, it 
is conceivable that even a genome-wide analysis would not 
reveal many loci associated with viral symptomatology. In 
addition, only a few resistance genes have been proven to be 
exceptionally durable. The acquisition of virulence can be 
associated with the loss of general pathogenic fitness, which 
can be restored by further selection of the virus in resistant 
hosts (Fraser 1992). Third, our gene fragments were identi-
fied in the ash genome by a similarity search starting from 
sequences annotated in Arabidopsis, and although defence 
mechanisms are conserved at the protein level, it is pos-
sible that these sequences are not in interspecies conserved 
regions in the genome. Some of the genes studied could be 
pseudogenes, which might lead to incorrect results and false 
interpretations. Chromosomal duplications or transpositions 
are important features of multigene families of such large 
eukaryotic genomes as trees (Kvarnheden et al. 1998). It is 
also necessary to consider that our samples with different 
symptomatic statuses were infected with different viruses. 
Different viruses may contain different virulence determi-
nants and may have different gene‒for-gene relationships 
(Martin et al. 1993; Cesari et al. 2013), with a host having 
several resistance genes, making it difficult to detect differ-
ent types of viruses with the same, small number of markers. 
Another reason might be that other viruses were present in 
the investigated samples and were not included in the test-
ing. CLRV and ArMV have been reported to affect Fraxinus 
(Cooper 1975; Rebenstorf et al. 2006; Hamacher and Quadt 
1991; Rehanek et al. 2023). Furthermore, novel putatively 
pathogenic plant viruses from the Closeroviridae family and 
a putative novel trichovirus (Rehanek et al. 2024) were also 
not considered here.

Finally, the small panel of genotypes used in the first 
phase of our study may also have influenced the number 
of polymorphic loci associated with viral symptomatology. 
During sample size determination for genomic prediction, 
we followed the strategy of using a first untargeted phase 
with a smaller training set followed by a targeted step to 
maximize prediction accuracy. In this way, with a smaller 
sample panel, some relevant alleles may not have been 
assessed; however, this approach allowed us to detect a 
large-effect locus.

The symptoms of infection by cytorhabdoviruses in ashes 
are often inconspicuous (Rehanek et al. 2024). Almost half of 
the phenotyped samples in our study, which were all infected 
with cytorhabdovirus, were assessed as having nonspecific 

Discussion

Although advances in the use of molecular markers in the 
breeding and production of agronomic crops have enabled 
great progress in the last decade (Hasan et al. 2021), these 
advances are of little relevance for assessing the potential 
for marker-aided selection in forest tree populations (Ahmar 
et al. 2021). There is a lack of literature, particularly on 
virus management of forest tree species, probably because 
viruses in forest trees are uncommon (Büttner et al. 2023). 
Important efforts in forest tree breeding have been carried 
out mainly to improve traits of economic interest (Maldo-
nado et al. 2020), adapt to climate change (Gray et al. 2016; 
Cortés et al. 2020; Vacek et al. 2023), or select individuals 
and populations with genetic resistance to different biotic 
threats (Mageroy et al. 2023; Sniezko and Liu 2023), with 
the exception of viruses.

Here, we present data showing that a marker for virus tol-
erance developed on a defence-associated NDR1/HIN1-like 
(NHL) gene fragment identified in the F. excelsior genome 
in a previous study (Köbölkuti et al. 2025) may predict the 
outcome of the tolerance/resistance status of virus-infected 
common ash individuals. The marker was identified in 
a small panel of eight virus-infected samples. Although a 
larger number of genotypes are typically used in most SNP 
identification and association analyses in forest trees (Ash-
wath et al. 2023; Liu and Liu 2024), the advantage of low 
sample size analyses, which permit the identification of only 
large effect loci, has allowed us to identify this nucleotide 
variation, which could be validated in a larger number of 
individuals in this study.

Of the total number (72) of marker candidates, only one 
of the nucleotide variations found in these sequences ampli-
fied from eight samples could predict the virus infection 
symptomatic status, as expected. There are several reasons 
why a clear correlation between the nucleotide variation 
in these gene fragments’ polymorphic loci and symptom-
atology could not be observed. First, our method was not 
based on capturing genome-wide trait loci with high-density 
molecular markers but was limited to a few gene fragments 
identified by comparative genomics in the F. excelsior 

Table 4  Locus 183 in the AT3G44220 sequence amplified from 111 
samples was correlated with phenotype files “b” and “c”, both of 
which were significant at P ≤ 0.05, which was considered to be a sig-
nificant result for the GLM-based method implemented in Tassel by 
Bradbury et al. (2007)
Trait Marker Position Phe-

notype 
file 
version

marker_F p value

Virus 
caused leaf 
symptoms

AT3G44220 183 b 4.08199 0.01976
c 3.90232 0.02334
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involving local lesions (Gopalan et al. 1996; Pontier et al. 
1999; Takahashi et al. 2004) or by allowing the spread of 
the virus but inhibiting multiplication or symptom develop-
ment. Mutation to cytosine (C) in the homozygote state may 
result in loss of resistance governed by several resistance 
genes, as described in Century et al. (1997).

The GLM association analysis of one selected marker 
candidate (AT3G44220) revealed a significant relationship 
at the conservative level between nucleotide variation at 
position 183 (locus 273 when a lower number of samples 
was tested) and the “b” and “c” versions of the numerical 
phenotype, whereas the correlation with version “a” was not 
significant. The main difference between versions “a” and 
“b” or “a” and “c” of the phenotype files was that version 
“a” did not characterise the infection status of samples, but 
rather only quantified their symptomatology (see Table 2). 
In other words, in the first (a) type of clustering, all samples 
were considered to have the same infection status; more 
precisely, all samples without symptoms were considered 
infected. A significant correlation between an SNP and 
a phenotype clustering in which noninfected asymptom-
atic and infected asymptomatic samples were in different 
clusters (b, c type of clustering) may indicate that the T/C 
nucleotide variation at position 183 can distinguish infected 
asymptomatic (tolerant) from not infected asymptomatic 
(either truly uninfected or completely immune) individu-
als. Consistent with the genotype‒phenotype relationship 
reported in our study, plant NDR1/HIN1-like genes play a 
role in triggering plant defences (Liu et al. 2020), which 
are considered signal modulators that are essential for the 
stimulation of signalling pathways mediated by relevant R 
proteins (Century et al. 1995; Aarts et al. 1998).

Under field conditions, once infected, trees cannot be 
cured of virus infection and remain infected throughout 
their lives. Over the last decade, studies on plant viruses in 
forest and urban trees have confirmed the assumption that 
these pathogens contribute to loss of vitality and tree dam-
age, leading to tree decline (Vainio et al. 2024). Although 
knowledge of the types of viruses is lacking, transmis-
sion mechanisms (Rumbou et al. 2021; Vainio et al. 2024; 
Rehanek et al. 2024) and defence or tolerance mechanisms 
(Wilson et al. 2023) are increasingly understood. Unfortu-
nately, this knowledge has yet to translate to a way to con-
trol virus infections in forest trees in an environmentally 
friendly way. Given this situation, direct selection of seed-
lings on the basis of marker data seems rather unrealistic in 
breeding for virus-tolerant individuals, especially in ash, for 
which no examples of marker-assisted selection have been 
reported thus far. All of these findings suggest that selection 
from a much smaller population of genotypes using marker 
information would be a more feasible alternative requir-
ing fewer resources. Nonetheless, it remains important to 

symptoms. This type of phenotype was difficult to associate 
with a particular nucleotide variation in the defence associ-
ated NDR1/HIN1-like (NHL) gene fragment. These obser-
vations indicate that infection, evident from detectable virus 
multiplication, does not always lead to visible symptoms. 
The outcome depends on the type or strain of the virus, the 
external conditions and the genotype of the host (Bos and 
Bos 1970; Pallas and García 2011). Thus, the severity of 
pathological symptoms in a susceptible host depends partly 
on its sensitivity, its capacity to react visibly and its vulner-
ability. Low sensitivity is equivalent to tolerance, which is 
characterised by mild or nonspecific symptoms (Osterbaan 
and Fuchs 2019). The sensitivity may also be extremely 
high such that the originally infected cells or their surround-
ings are rapidly killed, as evidence by a necrotic local lesion 
at the site of infection (Barker and Harrison 1984; Valkonen 
et al. 1996), which can also be described as nonspecific 
symptoms. The activation of hypersensitivity often induces 
systemic acquired resistance, which often relies on the sali-
cylic acid (SA)-signalling pathway and the production of 
pathogenesis-related proteins (Liu et al. 2020; Balint-Kurti 
2019). Therefore, nonspecific symptoms may indicate either 
low sensitivity or hypersensitivity.

As shown in Table S5, of all individuals tested, those 
with latent infection had thymine, and those infected with 
symptoms had cytosine at locus 273 of the AT3G44220 
gene fragment. Four samples were exceptions to this pat-
tern: Kaisheim 44, Melzower Forst 7, Melzower Forst seed-
ling H, and Schorndorf 36. There are several reasons that 
may cause these exceptions. First, the genotype we associ-
ated with these phenotypes was characterised only by the 
NDR1/HIN1-like gene. NDR1 (nonrace-specific disease 
resistance), which is required for proper function of a sub-
class of R genes (Aarts et al. 1998), is only one key point 
of highly complex plant disease resistance, and as virus 
infection is regulated by various factors, other alterations 
in this complex mechanism may also lead to differences in 
symptomatology. A second reason could be that despite a 
thorough investigation of the whole canopy, correct assess-
ment of whether the individual is symptomatic or not is 
technically challenging in 20–30 m tall specimens and those 
with extensive canopies, especially in untouched monitor-
ing plots, leading to incorrect phenotyping in some cases.

Considering the homozygous/heterozygous status of all 
individuals genotyped, seven individuals were found to be 
heterozygotes, without any or with nonspecific symptoms. 
If the nonspecificity of the symptoms in these cases reflects 
hypersensitivity and the asymptomatic status is associated 
with thymine, as observed for almost all other asymptom-
atic samples, it is possible that both the homozygous (T/T) 
and heterozygous (T/C) states are strongly associated with 
triggering plant defence by virus-localising mechanisms 
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consider that a desired trait such as virus tolerance or resis-
tance and their inheritance must be carefully evaluated even 
in marker-assisted selection. The NDR1/HIN1-like gene 
fragment presented here as a marker candidate is only one 
single element involved in highly complex plant disease 
resistance, and virus infection is regulated by various fac-
tors. The type or strain of the virus, external conditions, 
general health status of the tree and genotype, with several 
other genes participating in the defence cascade, affect the 
outcome. Our samples collected from adult trees were from 
seed orchards, a clone archive and IBF plots; the seedlings 
were only from one IBF plot, Melzower Forst, and not from 
artificial crossings. Even in the targeted phase of the marker 
test, we consider the number of samples to be relatively low. 
However, to ensure at least the same probability of identify-
ing new seedlings with tolerance by our candidate, further 
tests with selection, even with a smaller number of suitable 
parents but with carefully selected genotypes, should be 
performed (Witcombe et al. 2013). In this way, our molecu-
lar marker candidate may be the first appropriate tool for the 
selection of virus-tolerant common ash individuals.

Conclusions

We have shown that a marker candidate on the NDR1/
HIN1-like gene fragment associated with virus infection 
and symptomatology traits in common ash may be suitable 
for marker-assisted selection in F. excelsior breeding.

Improving the efficiency of selection for virus tolerance 
in common ash breeding by marker assistance could be 
very important in the future control of virus diseases on ash 
within shorter breeding cycles. As virus infection alongside 
many other factors is considered a biotic stress factor pos-
sibly interacting with ash dieback, ensuring the growth of 
virus-tolerant trees could help establish more sustainable 
management strategies for this fungal disease.
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