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1 | INTRODUCTION

Abstract

Ash dieback (ADB) caused by the pathogen Hymenoscyphus fraxineus is the cause of
massive mortality of Fraxinus spp. in Europe. The aim of this work was to check for
the presence of the molecular marker for ADB tolerance in mapped healthy-looking
F. excelsior trees, and to compare its occurrence in trees exhibiting severe ADB symp-
toms. Monitoring of 135 healthy-looking F. excelsior on the island of Gotland, Sweden,
showed that after 3-4 years 99.3% of these trees had 0%-10% crown damage, thus
remaining in a similar health condition as when first mapped. After 5-6 years, 94.7%
of these trees had 0%-10% crown damage. Molecular analysis of leaf tissues from 40
of those showed the presence of the molecular marker in 34 (85.0%) trees, while it
was absent in 6 (15.0%) trees. Analysis of leaf tissues from 40 severely ADB-diseased
trees showed the presence of the molecular marker in 17 (42.5%) trees, but its ab-
sence in 23 (57.5%) trees (p < .0001). The results demonstrated that monitoring of
healthy-looking F. excelsior is a simple and straightforward approach for the selec-
tion of presumably ADB-tolerant ash for future breeding. The cDNA-based molecular
marker revealed moderate capacity on its own to discriminate between presumably

ADB-tolerant and susceptible F. excelsior genotypes.
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the disease. The trait is being explored in trials for breeding for dis-

ease resistance (Vasaitis & Enderle, 2017, and references therein). In

Ash dieback (ADB) caused by the invasive fungal pathogen
Hymenoscyphus fraxineus is causing massive mortality of Fraxinus
spp. trees in Europe. A certain proportion of F. excelsior growing in
vicinity to dead and/or diseased trees (and being exposed to sim-
ilar loads of airborne spore infections), however, remains nearly
symptomless over prolonged periods of time (e.g., exhibiting <10%
crown damage during >10 years), suggesting potential tolerance to

F. excelsior populations, several studies have shown a heritability of
0.4-0.5 of ADB resistance, demonstrating that approx. half of varia-
tion in ADB resistance is due to genetic factors and that breeding for
ADB resistance is possible (Sollars et al., 2017).

In a recent study, Harper et al. (2016) analysed 182 F. excel-
sior trees from Denmark using associative transcriptomics, where

variants in gene sequence and gene expression that scored for
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symptoms of disease were discovered. Markers associated with
canopy damage in trees infected by H. fraxineus were identified and
used to predict phenotypes in a test panel of trees, allowing iden-
tification of individuals with a low level of susceptibility to dieback.
The leaves from which markers were detected were uninfected,
suggesting the mechanism is different from pathogen-induced re-
sistance (Harper et al., 2016). The study revealed that several gene
models with the best associations with susceptibility to diseases
are part of the MADS-box transcription factor family, suggesting
that markers within a regulatory network of genes can be asso-
ciated with reduced susceptibility to ADB. A cDNA-based single
nucleotide polymorphism marker was identified as a moderately
good predictor of reduced susceptibility to ADB. However, in sub-
sequent work mapping the RNA-sequence data of Harper et al.
(2016) to a new version of the ash reference genome showed the
presence of three paralogous gene copies: two paralogs included
a “less susceptible” G nucleotide and the third a “susceptible” A
nucleotide (Sollars et al., 2017).

The aims of the present study were as follows: (a) to map vi-
sually healthy (<10% crown damage) F. excelsior trees in heavily
ADB-infested areas on the island of Gotland, Baltic sea, Sweden;
(b) to monitor tree health status (tolerance) in relation to ADB over
3-6 years; (c) to check for the presence of a molecular marker for
ADB tolerance in mapped (and near-symptomless) F. excelsior trees
and (d) to compare the occurrence of the marker in trees exhibiting
severe ADB symptoms.

2 | MATERIALS AND METHODS

2.1 | Mapping and monitoring of healthy-looking
Fraxinus excelsior

Surveying and mapping of nearly symptomless (<10% crown dam-
age) F. excelsior on the island of Gotland were carried out in August
2013 and August 2014. Selection was based on the assumption that
healthy-looking trees growing in the vicinity of trees that died sev-
eral years ago due to ash dieback and/or trees with severe disease
symptoms should be tolerant, as all of those trees must have been
exposed to a similar disease pressure (airborne spores) for prolonged
periods of time. Visited areas were distributed throughout Gotland
and included a diversity of landscapes such as forest stands, nature
conservation sites, wooded meadows, urban plantings, alleys and
agricultural land with ash trees (Figure 1a).

Selection of healthy-looking F. excelsior was based on the ex-
tent of disease symptoms as described by Bakys, Vasaitis, and
Skovsgaard (2013). The following were assessed: crown damage,
that is an estimation of the percentage dead crown, presence or
absence of dead tops in the crown, the presence or absence of
wilting foliage in the crown, and disease cankers on the stems
and/or at the stem base. Criteria for selection of healthy-looking
ash were as follows: crown damage rate, 0%-10% (often due to

reasons other than ash dieback), dead tops in the crown—absent,

wilting foliage—absent, and cankers—absent. Each healthy-look-
ing F. excelsior tree selected was assigned a unique identification
number, labelled, photographed, measured in diameter and GPS
coordinates recorded.

Health status of the mapped F. excelsior was monitored twice,
in August 2017 and in August 2019, that is 3 or 4 years and 5 or
6 years after selection, to check for incidence and severity of dis-
ease symptoms. Evaluation was based on the same methodology
described above (Bakys et al., 2013). The crown damage rate was
scored visually in intervals of 10%, while evaluating the percentage
of dead crown. The presence or absence of dead tops, wilting foliage

and cankers was also evaluated.

2.2 | Field sampling and molecular work

In June 2017, samples were taken from 50 initially mapped (in
2013-2014) and remaining symptomless F. excelsior. Additionally,
10 trees exhibiting severe ADB symptoms (Figure 1b) were sam-
pled in June 2017 and 50 such trees in August 2019. Leaf tissue
from each tree was collected in individual 50 ml centrifugation
tubes (Sarstedt) containing 20 ml RNAlater RNA stabilization rea-
gent (Qiagen), transported to the laboratory and stored at -20°C
until further work.

For isolation of RNA, approximately 2-4 cm? leaf tissue from
each tree was individually homogenized in liquid nitrogen using a
mortar and pestle, which were earlier sterilised at 550°C for 2-4 hr
to eliminate RNases. The homogenate was transferred to 1.5 ml cen-
trifugation tubes and incubated in a water bath at 65°C for 2 min
to lyse cell walls and protein complexes. Thereafter, total RNA
was extracted using the RNeasy Plant Mini kit (Qiagen) using the
manufacturer's protocol. To remove DNA, RNA was treated with
DNase | (Sigma-Aldrich). The quality and quantity of the DNase-
treated RNA were analysed using Agilent 2100 bioanalyzer (Agilent
Technologies), and samples with a RIN-value > 4.5 were used in
further analyses. Complementary DNA (cDNA) synthesis for each
sample was performed on 1 pg of DNase-treated RNA using an iS-
cript cDNA Synthesis kit (Bio-Rad Laboratories) with modification of
90 min at 42°C instead of 30 min.

Each sample was subjected to PCR amplification of the
Gene_22343_Predicted_mRNA_scaffold3139:2378 genetic
marker using the primer pair Gene_22343-F (5'-GGTTTCTCTT
CTGCAGCGAG-3') and Gene_22343-R (5-TCCATGATCATCTT
GCTGAG-3'; Harper et al., 2016). A master mix of 30 pl for each
PCR reaction included 15.0 ul DreamTag Green PCR Master Mix
(2X; Thermo Fisher Scientific), 6 pM of each forward and reverse
primer, and 1 ul of F. excelsior cDNA. PCR conditions were one
cycle of initial denaturation (94°C for 5 min); fifteen cycles of
touch down (94°C for 30 s, 63°C for 30 s A],1.0°C per cycle, 72°C
for 1 min); 30 cycles of amplification (94°C for 30 s, 53°C for 30 s,
72°C for 1 min) and one cycle of final extension at 72°C for 7 min.

A total of 25 pl of each reaction was separated by electropho-
resis on 1.0% agarose gels for 80 min at 120 V (Agarose D1) in
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FIGURE 1 (a) A stand of Fraxinus
excelsior on the island of Gotland with
many dead and/or dying trees and a
presumably disease-tolerant individual in
the centre that was mapped in this study;
(b) Heavily diseased F. excelsior on Gotland

TAE buffer supplemented with Nancy-520 fluorescent stain for
visualization (Sigma-Aldrich). Bands of ca. 320 bp in size were ex-
cised, purified using GeneJET Gel Extraction Kit (Thermo Fisher
Scientific) and Sanger sequenced in both directions by Macrogen
Europe.

Sequences of each sample were aligned in SeqMan Pro from
Dnastar v.12 (Lasergene) and sequence chromatograms anal-
ysed for the presence or absence of a single peak of A nucleotide
(TGAAAAGC), or for the presence of a double-peak consisting of
both A and G nucleotides (TGAAAA/GGC; Harper et al., 2016), re-
sulting from the difference between the three paralogous gene cop-
ies (Sollars et al., 2017). Individuals possessing a single A nucleotide
were scored as susceptible, while those possessing a double A/G
nucleotides as tolerant to the disease.

2.3 | Statistical analysis

Occurrence of the molecular marker for disease tolerance between
healthy-looking and diseased trees was compared using a non-para-
metric chi-square test in Minitab v. 18.1 (Minitab® Inc., Pennsylvania

State University).

3 | RESULTS AND DISCUSSION

Altogether, 135 healthy-looking (nearly symptomless) F. excelsior
trees were mapped in heavily ADB-infested areas on the island of
Gotland: 123 trees were mapped in 2013 and 12 in 2014. Trees
were between 20 and 60 years old and were randomly distributed
in different landscapes throughout Gotland. No specific attributes
(e.g., type of landscape, type of soil and elevation) were observed
to be associated with mapped trees. The visual monitoring of
health status in 2017, 3 or 4 years after the trees were mapped,
showed that 134 (99.3%) trees had 0%-10% crown damage (thus
remaining in a similar condition as when mapped 3-4 years previ-
ously), and a single (0.7%) tree had 10%-20% crown damage. In
2019, we found 133 mapped trees (two trees had been felled),
among which 126 (94.7%) had 0%-10% crown damage and 7
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(5.3%) had 10%-40% crown damage. As dead tops, wilting foli-
age or cankers were not observed at each time of monitoring, the
possibility should not be excluded that the summer drought on
Gotland in 2018 and partially in 2019 could be responsible for the
increased levels of crown damage among the seven mapped trees.
Those results demonstrate that search, assessment and mapping
of healthy-looking F. excelsior, despite requiring time and effort,
provided an appropriate approach for the selection of presumably
ADB-tolerant individuals of local origin. Trees showing persistent
and durable tolerance to ADB can potentially be used in further
propagation and breeding for disease resistance. Nevertheless,
in addition to visual field monitoring of parental trees, progeny
trials including controlled inoculations with H. fraxineus may be
required to validate the disease tolerance of mapped F. excelsior
(Lobo, McKinney, Hansen, Kjaer, & Nielsen, 2015; Pliara, Lygis,
Suchockas, & Bartkevicius, 2011; Stener, 2013). Indeed, progeny
trials have shown high genotypic variation in disease susceptibility
(Pligra et al., 2011).

RNA isolation, amplification and sequencing of the molecu-
lar marker were successful for 40 healthy-looking mapped trees
and 40 heavily ADB-diseased trees. Molecular analysis of leaf
tissue materials from the apparently ADB-tolerant trees identi-
fied in the surveys showed the presence of the disease tolerance
marker in 34 of 40 (85.0%) trees, while the marker was absent in
6 (15.0%) trees. Data from severely ADB-diseased trees showed
the presence of the marker in 17 (42.5%) trees, but its absence in
23 (57.5%) trees. The chi-square test showed that the presence
of a molecular marker for ADB tolerance was significantly higher
in healthy-looking trees than in diseased trees (p < .0001). Thus,
limited data from this work nevertheless indicated that, in a hy-
pothetical situation, if trees in a stand were subjected to molec-
ular analyses randomly, approx. 15% of potentially ADB-tolerant
ash would be missed, while approx. 40% of ADB-susceptible ash
would be deemed potentially resistant, suggesting that the tar-
get molecular marker possesses moderate capacity on its own to
discriminate reliably among presumably ADB-tolerant and suscep-
tible F. excelsior genotypes. For an efficient marker-assisted selec-
tion, a larger set of markers would be needed. Moreover, Sollars
et al. (2017) showed that tolerance of F. excelsior to ADB can be a



MENKIS ET AL.

4of4
0—I—Wl LEY— LIEIEE I R

polygenic trait, involving several additional genes apart from the
markers identified by Harper et al. (2016).

In conclusion, this work demonstrated that search, mapping and
monitoring of healthy-looking F. excelsior are a simple and straight-
forward approach for the selection of potentially ADB-tolerant ash
trees. The cDNA-based molecular marker had moderate capacity on
its own to discriminate between putatively ADB-tolerant and sus-
ceptible F. excelsior genotypes. Selecting the trees based on both
phenotypic and genotypic assessments, that is trees persistently
lacking disease symptoms but also having the marker for ADB toler-
ance, can maximize the chance of choosing the best individuals for
breeding programmes. Future work could include the use of genetic
markers for assessing trees that were properly tested for susceptibil-
ity to H. fraxineus in progeny or clonal trials.
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