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Preface

The objective of this report is to summarize the genetic knowledge as regards the serious
ash shoot dieback disease. Since the turn of the century many geneticists have studied
various genetic aspects of this disease, which called for a review of the current knowledge
of genetic variation in disease resistance. Our aim is to highlight important results from
the various investigations. We begin with general remarks on genetics and disease resist-
ance and then present genetic variation in ash shoot dieback within and among popula-
tions. We briefly present variation among ash species. Finally, we discuss breeding and
genetic conservation of Fraxinus excelsior.
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Genetics of ash dieback

1. Distribution of ash and ash die-
back

Common or European ash (Fraxinus excelsior
L.) is a forest tree regarded as wild over the
greater part of Europe and the Caucasus and in
the southern half of Sweden. It is wind-polli-
nated, and wind spreads the seed. Some indi-
viduals have only male flowers, some only fe-
male flowers, and some have both. Its timber is
highly regarded for e.g. axe shafts, tool handles
and some kinds of furniture. The problem with
cultivating ash is that to grow well it requires
a very moist soil rich in humus and nutrients,
but will not tolerate stagnant water. It can sel-
dom be grown over a large area (e.g. Vedel and
Lange, 1965). This makes it mostly unattractive
for modern commercial forestry. Ash grows in
gardens, and until recently was planted commu-
nally in towns. It accounts for 0.1% of the trees
in Sweden (Nilsson et al., 2019), is a host for
many animals and plants, and has great signifi-
cance for biological diversity.

In 1992 a number of dead ash trees were discov-
ered in Poland, and the disease was designated
‘ash dieback.” Symptoms of the disease (see
e.g. McKinney et al., 2014) include dieback of
shoots, twigs and branches in the crown and
necrotic lesions on leaves and in the cambium.
Branch dieback leads to growth of shoots from
dormant buds and the tree takes on a bushy ap-
pearance. Infection by the fungus Hyoscyamus
fraxineus was associated with the disease (Pr-
zybyl, 2002; Timmerman et al., 2011) which
soon spread across the border to Lithuania and
then to most of the western and central Europe-
an countries, where it is a serious problem. The
rapid spread of the disease in Lithuania, and its
seriousness, is shown in Fig. 1; the incidence
of symptom-free trees fell from 35% in 2002
to 8% in 2008. This rapid spread has led forest
geneticists to study if there is genetic variation
in resistance to ash dieback. Here we can begin
with some relevant general genetic questions.
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Figure 1. Development of ash dieback over the
period 2002-2008 in a permanent trial area
with ash in Lithuania. Whereas in 2002 there
were no dead trees, by 2008 almost 50% were
dead, and fewer than 10% of the trees had no
external sign of dieback (after Pliura et al.,
2017).

1.1 Genetics and resistance

How can genetics contribute to the conservation
of the common ash in Sweden and elsewhere?
A first question is: are there resistant trees in ex-
isting natural populations? Are there resistant
populations in neighboring countries that can
be exploited as seed or as cuttings for plant-
ing in infected areas? Or trees from the resist-
ant populations that can be crossed with native
trees to determine if resistance is qualitative—
determined by genes at one or two chromosome
loci—or quantitative, i.e. polygenic—deter-
mined by genes of small effect at many loci.

If the inheritance is monogenic, it is practicable
to build up a resistant population by crossing
selected superior genotypes performing well in
the appropriate Swedish environment of inter-
est with the resistant trees and selecting resist-
ant progeny; or in principle the gene for resist-
ance can be sequenced, cloned and transferred
to susceptible genotypes by genetic transforma-
tion; or resistant genotypes can be identified by
partial genetic sequencing.



One can speculate if qualitative inheritance is
likely in a long-lived tree such as ash. A path-
ogenic insect or fungus has many generations
during which various mutations can arise that
break down the resistance of the tree, so one
would expect resistance to be polygenic. The
review of genetic studies by a Danish group (
McKinney et al. 2014) strongly supports the
polygenic basis of resistance. Traditional tree
breeding programs are designed to enable selec-
tion for favorable traits under polygenic control
with moderate heritability (see e.g. discussion
in Eriksson et al., 2020). Nowadays molecular
biotechnology entices with possibilities for (a)
mass sequencing to identify DNA sequences
that affect economic characters and (b) genetic
transformation, and more recently genetic ed-
iting, to construct trees with appropriate ge-
netic sequences from several different relevant
genes. For ash these techniques are still at an
early stage of development, even if a genome
sequence has been published for European ash
(Sollars et al., 2017) and Hebda et al. (2021)
have obtained stable transgenic callus lines.

The effects of pathogens vary from very slight
to the death of the host. The following is a use-
ful classification originally suggested by Wood-
cock et al. (2019):
1. Complete resistance: essentially no damage
to the host
2. Partial resistance: limited effects of the at-
tack
3. Tolerance: symptoms develop and growth
is affected negatively but the host does not
die.
If complete resistance cannot be obtained, toler-
ance can be an acceptable alternative.

Various types of response, or phases in the re-
sponse, to a pathogenic attack have been identi-
fied (cf Santos et al. 2017), such as:
1. Morphological changes lead to the patho-
gen being avoided
2. The host recognizes the pathogen
3. Resistance genes are activated in the host
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Figure 2. The heritability for the characters

survival, general health and height in two

Lithuanian field trials with 320 progenies from

open-pollinated trees from 21 populations.

Evaluation at age 8§ years (after Pliura et al.,
2011).

False resistance can also occur, without the host
being exposed to the pathogen. The pathogen
may attack the host only at a specific stage of
the host’s development. Or one can cite the false
resistance of the elm Ulmus glabra ssp. glabra
to Dutch elm disease in the northernmost area
of its distribution in Sweden. The insect carry-
ing the pathogenic fungus Ophiostoma novo-
ulmi that causes the disease elsewhere in the
elm’s distribution does not exist north of Limes
norrlandicus in Sweden. Such apparent resist-
ance can deceive the tree breeder.

It is well-known among geneticists that accu-
rate estimates of narrow-sense heritabilities can
only be attained in well-designed trials. Clonal
trials consist either of cuttings or grafts from
individual trees. Clonal seed orchards can also
be used for estimation of clonal repeatabilities
(broad-sense heritabilities) since each clone is
usually represented by a large number of grafts.
For both types of estimate it is important that
the trials/orchards or plantations have randomly
planted replicates. Seed orchards normally meet
these demands and can therefore be used to esti-
mate clonal repeatabilities.
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2. Genetic variation within populations

Two provenance trials (Pliura et al., 2011) in
Lithuania with 21 populations from a row of
countries consisted of progenies after open pol-
lination. Heritabilities could be calculated for
the traits of interest. As shown in Fig. 2, the her-
itabilities were high (0.40-0.60) for the three
traits survival, health and tree height. Since the
calculations did not take into account that the
families were derived from 21 different popu-
lations the values are probably somewhat ex-
aggerated. Even so, the results are encourag-
ing and indicate good possibilities for progress
through selection.

In Denmark over the period 1934-1997 a large
number of ash trees with good stem quality were
chosen for establishment of two clonal seed or-
chards; one on Zealand and one on southeast-
ern Jutland (McKinney et al, 2011). The trees
were selected before ash shoot dieback reached
Denmark. Grafting was carried out in 1998.
An inventory of ash dieback on the grafts was
made during 2007-2009. The results from the
latest estimation of damage in one of the or-
chards is shown in Fig. 3. The variation among
clones is very great; everything from absence of
dead grafts to more than 50% dead. The extent
of damage was strongly correlated between the
two clonal seed orchards and between differ-
ent years in the same orchard. Each clone was
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represented by 50 grafts randomly placed in
the orchard. This satisfied the requirements for
estimation of clonal repeatability. Fig. 4 shows
that with one exception H? varied between 0.39
and 0.54. Thus, a considerable part of the ob-
served variation in ash dieback is genetically
determined. Possibilities to select trees that are
resistant to dieback are therefore good, even
if the frequency of resistant trees is very low.
The clones studied came from diverse parts of
Denmark. Nothing suggested the place of origin
had significance for the frequency of damage.
It was observed that trees that had late growth
cessation were more often damaged than trees
with a short growth period. It is therefore pos-
sible that the resistance is due to the apparently
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Figure 4. Clonal repeatability (i.e. broad-sense
heritablility) for damage from ash dieback. The
two colours represent the two clonal orchards
investigated (after McKinney et al., 2011).
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Figure 5. The relationship between damage
level in field and length of necrosis in offspring
from eight Fraxinus excelsior clones artificial-
ly inoculated with Hymenoscyphus fraxineus
in a Danish investigation. After Kjcer et al.,
2017.

resistant trees not being exposed to the disease-
causing fungus; a case of false resistance. Since
the least damaged trees over the three years had
little damage whereas the most attacked trees
showed increased amounts of damage from
2007 to 2009, the indication is that the “resist-
ant” trees had an inborn capacity to reduce the
attack from H. fraxineus. It can be an example
of activation of resistance genes.

In the Jutland orchard the genetic variation in
tree height was great whereas in the other or-
chard it was rather limited. In both orchards tree
height was weakly negatively correlated with
frequency of damage. The biggest trees had
fewer damages than the least grown trees.

Progenies from a representative selection of 8
clones from the 39 Danish clones in the above
study were inoculated with H. fraxineus to
compare ash dieback in the field with that in the
progenies (Kjer et al., 2017). Fig. 5 shows that
occurrence of damage in the field is strongly
correlated with necroses in the progenies; the
R?-value was 0.90. The inoculation experiment
further indicated that the narrow-sense herit-
ability for resistance to ash dieback varied be-
tween 0.37 and 0.53 in the three field trials with
the inoculated material. These are high values
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Figure 6. Coefficient of additive genetic vari-
ance for percent damage score and necrosis
score recorded years 2008 and 2010 in two field
trials (blue and green) with 99 and 101 open-
pollinated families established in western Den-
mark in 2004. After Kjcer et al., 2012.

that favour attempts to increase the resistance
to ash dieback. Another interesting observation
from this investigation: the clone that was most
resistant showed only small patches of necrosis
after inoculation. It appears that this clone can
protect itself from a spread of the fungal attack;
in other words that the host tree can respond ac-
tively to the fungal attack.

Two field trials with 99 and 101 open-pollinat-
ed progenies from 14 populations in western
Denmark were established in 2004 (Kjer et al.
2012). The selection of the mother trees took
place before the arrival of Hyoscyamus frax-
ineus in Denmark. Each mother tree was repre-
sented by 32 seedlings in each trial with 4-tree
plots. Percentage damage score (PDS) in five
classes and necrosis in four classes were record-
ed during three consecutive years, 2008-2010.
Ten progeny trees from seven OP-families were
genotyped by three microsatellite markers to
test if the OP-progenies could be classified as
half-sib families, which is of importance for
reliable estimates of genetic parameters. This
marker study suggested strongly that the OP-
families were half-sibs.
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Figure 7. The genetic correlation coefficient
between percent damage score (D) and necro-
sis score (N) recorded years 2008-2010 in two
Danish field trials (blue and green) with 99
and 101 open-pollinated families. The field tri-
als were established in 2004. After Kjcer et al.,
2012.

The difference among populations with respect
to damage was non-significant with Q esti-
mates close to zero. This must be attributed to
limited distances among the populations in this
wind-pollinated species; with a maximum dis-
tance a little less than 150 km.

No Op-family was symptom-free and the breed-
ing values that were calculated showed that
only one mother tree is expected to give a prog-
eny with fewer than 10% with symptoms. An
additional 4 mother trees are expected to give a
fairly healthy progeny, <20% damage. High co-
efficients of additive genetic variance, 37-61%,
were noted for percent damage score all three
years of observation while the corresponding
estimates for necrosis score were slightly lower,
24-59% (Fig. 6), which indicated substantial
genetic variation for these two traits. Moreo-
ver, the genetic correlation coefficients for PDS
between trials and years were almost identical,
indicating that the interactions genotype x trial
and genotype x year were insignificant, which
simplifies breeding. However, the site condi-
tions of the two trials might not have varied
much. The genetic correlations between percent
damage score and necrosis were strong, espe-
cially in the “blue trial” (Fig. 7).
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Figure 8. The number of surviving trees at ages
7, 11 and 13 years according to class of per-
centage damage in trees with ash dieback (after
Lobo et al., 2014).

Unless the parent population is so small that
inbreeding becomes a problem in coming gen-
erations, it was pointed out that the high level
of additive variance combined with limited
genotype X environment interaction constitute a
good platform for progress in the improvement
of ash health since it is expected that progenies
from the healthy trees will dominate in seed dis-
persal in the coming generation.

Another Danish study (Lobo et al. 2014), aim-
ing at a quantitative estimate of ash dieback,
was based on 43 open pollinated families from
two sites on Zealand and two on Jutland. The
mother trees were chosen before ash dieback
had reached Denmark. The progenies were
planted in two trials, where damage and growth
were registered up to an age of 13 years in the
first (trial A) and to 7 years in the second (tri-
al B). Trial B lacked fencing and faced severe
competition from other plant life. Crown dam-
age was assessed in five classes according to the
percentage of damaged trees.

Survival at age 13 years in trial A was 31% with
big differences among families, but no family
was completely damage-free. There were simi-
lar big differences in trial B, where the average
survival at age 7 was 48%. Fig. 8 shows the de-
velopment of mortality from 7 to 13 years of
age for four classes of damage. Most positive
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Figure 9. The heritability for growth and dam-
age from ash dieback in two experiments, A and
B, with progenies after open pollination from 43
ashes in four Danish stands. Mother trees were
selected before ash dieback reached Denmark.
Dam = % damage at age 7 or 11, DBH diameter
at breast height at age 7 or 11, DI = increase in
DBH from age 7 to 11 years (after Lobo et al.,
2015).

is that the three trees that were symptom-free
at 7 were still symptom-free at age 13. In sharp
contrast, there survived only 36 of the original
105 trees placed in the category 50—100% with
damage. Variation in susceptibility to ash die-
back varied greatly.

Proof for this is the high heritabilities for per-
cent damage in trial A (Fig. 9; Lobo et al. 2015).
The heritability for damage was considerably
lower in trial B. Competition from other plants
and the influence of animals probably explain
the lower heritability estimates in trial B.

The correlations between estimates of damage
at 8, 11 and 13 years were very high, varying
from 0.88 to 0.97. This indicates that registra-
tion of damage one year gives reliable informa-
tion about percentage damage another year. This
considerably facilitates breeding since choice
of resistant individuals can occur at a low age,
which increases the profitability of breeding
per unit time. As expected, there was a nega-
tive correlation between percentage damage in
different years and diameter at breast height at
age 12, -0.69 — -088. Trees with severe damage
grew worse than trees with minor damage.
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Figure 10. Average length of necrosis 14
months after inoculation of offspring from five
ash clones (after Lobo et al., 2015).

The correlation between percentage damage
in the two trials was moderately strong, 0.64.
A possible reason why the correlation wasn’t
stronger was the environment of trial B, which
prevented the ‘genetics’ from fully emerging.
A conclusion from the results of this investiga-
tion is that breeding for resistance to ash die-
back is wholly feasible.

To establish the connection between mother tree
and progeny regarding ash dieback, the proge-
nies of clones with known resistance to H. frax-
ineus were inoculated with pathogen in a Danish
progeny trial (Lobo et al., 2015). A strain from
Norway was used for inoculation. Of the 123
trees in the progeny the father was established
for 46 trees with the help of four DNA markers.
These trees belong to groups of full-sibs while
the other 77 trees were pollinated by trees out-
side the plantation. Besides length of necrosis
the percentage of damage to the crowns was
estimated. For both characters, strongly signifi-
cant differences were found. This is illustrated
for length of necrosis in Fig. 10. The correlation
between parent and progeny was considerably
weaker for both characters when it was based on
full-sib families than on half-sib families (Fig.
11). The number of trees was very small in cer-
tain full-sibling families, so that the precision of
damage estimation was low for these families.
The strong correlations for the open-pollinated
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Figure 11. Correlations between parents and
offspring as regards percentage crown dam-
age and necrosis length after inoculation with a
strain of H. fraxineus in a Danish progeny trial
(after Lobo et al., 2015).

material indicated that inoculation can be a suc-
cessful path in resistance breeding.

At ages of 15-25 years damages such as leaf-
fall (= ash dieback) were repeatedly registered
in two southern Swedish clonal seed orchards
of ash (Stener 2013 and 2018).The 100 clones
in the first orchard and 104 in the second were
chosen before ash dieback had taken over in
Sweden. In addition the form of miscoloring of
boughs and their respective branches were reg-
istered. Average death rate was 7-8% in both
seed orchards. On the other hand, diameter at
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Figure 12. Development over time and clonal
repeatability (broad-sense heritability) for sur-
vival and damage to stem and older branches
in clones in two southern Swedish ash seed or-
chards with 100 and 104 clones respectively.
Survival and damage were estimated according
to 10 classes (after Stener 2018).
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Figure 13. Explanatory power (= genotypic
correlation) for the relations between the same
characters in two southern Swedish clonal ash
orchards at age 25. Surv = survival, DBH =
diameter at breast height, Vit= vitality, Dam =
damage, Cank = stem canker, Ram = ramicorn
branches (after Stener 2018).

breast height differed considerably. In the first
orchard (here designated Sn) the mean value for
diameter at breast height was 104 mm at an age
of 25 years while in the other orchard (designa-
ted Tr) it was 171 mm at 22 years. In Fig. 12 are
shown the clonal repeatabilities, H?, for plants in
the Sn orchard that had the most recordings but
worst growth. A hint that H? for damages dimin-
ishes with time is apparent. A reason can be that
the number of trees that were registered drops
with time owing to reduced survival. Further-
more the damages that occur over the various
years can be strongly influenced by the particu-
lar weather conditions at the various timepoints.
Of interest were the strong correlations between
the damages in each year in the Sn orchard, with
the degree of explanation varying between 80
and 97%. The correlations were weaker in the
Tr orchard, 64-84%. Perhaps the greater death-
rate in the Sn orchard can explain the differenc-
es, since the genetic estimations of the damages
are more certain owing to the greater number of
grafts tested.

Since many of the clones were common to the
two seed orchards it was possible to calculate
the genetic correlations between characters in
the two orchards. Except for breast height di-
ameter the correlations (see Fig. 13) are strong
for all the characters, explaining over 60% of
the variation. This indicates that interaction be-
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Figure 14. The genotypic correla-
tions between various traits a cer-
tain year (11 = 2011, 06 = 2006,
etc.) in two Swedish seed orchards
(blue and green) with Fraxinus ex-
celsior. Assessments in the green
orchard were carried out only in
yvears 2010 and 2011. BB = bud
burst, Def = defoliation, DBH =
diameter at breast height, Vit =
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tween clone and test location is of little
significance. Furthermore, the evaluation
of ash dieback can be carried out at one
location. A reservation, however, is that
the two orchards are in the same climate
region in Skane, and both on agricultur-
al land. This implies that the interaction
clone x location is somewhat uncertain
and may not apply in general. A strong
genetic correlation between diameter at
breast height and damage was noted for
the Sn orchard at age 10 (Fig. 14, blue),
explaining 88% of the variation. In con-
trast the correlation was absent in the Tr
orchard (green DBH10 — DAMI10). The
genetic correlations between diameter at
breast height and vitality on the one hand,
and the three types of damage on the oth-
er, were very strong in the Sn orchard,
explaining 81-100% of the variation.
The correlations in the Tr orchard give a
less clear-cut picture, varying from 5%
positive to 100% negative. As mentioned
above, the calculated genetical correla-
tions were less precise in the Tr orchard,
which can have contributed to the differ-
ences in the estimates between the two
seed orchards.

Budburst in the spring and leaf-fall in
autumn were studied to see if these phe-
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vitality, Dam = mean for three
types of damage. damage of lead-
er, damage of older shoots and
stem damage (after Stener 2013)

nological characters were correlated
with various kinds of damage. In the Sn
orchard, budburst and defoliation were
strongly negatively correlated with dam-
age to stems (Fig. 14). In contrast there
was no correlation for budburst in the Tr
orchard. The increasing sensitivity with
late growth cessation seems to be general,
with the strong correlation between diam-
eter at breast height and vitality for the Sn
orchard explaining 88% of the variation.
As noted above, the precision of estimat-
ing genetic correlations is lower in the Tr
orchard. The strong correlations in the Sn
orchard between various types of damage
and vitality are encouraging for breeding
since one can obtain satisfying informa-
tion about resistance by registering one
type of damage. In the choice between
laying down much time in describing
the overall kinds of damage in individual
trees and analyzing several trees it is more
advantageous to focus analysis on more
trees.

In a study of ash dieback in 4 clonal seed
orchards in western Germany (Enderle et
al. 2014), the number of clones in the or-
chards varied from 50 to 76. As in many
other cases the clones had been chosen be-
fore the ash dieback had arrived. Growth
and stem quality were the selection crite-
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Figure 15. Clonal repeatability (broad-
sense heritability) for leaf fall (green)
and for epicormic shoots (blue) in four
German clonal seed orchards of ash with
50-76 clones in each orchard. 2 and 3, as
also 4 and 5, are the results from the same

orchard with observations over 2 years
(after Enderle et al., 2014).

ria.

In the two orchards in Rheinland-Pfalz
the damages were fewer than in the two
orchards in Baden-Wiirttemberg, where
wholly undamaged trees were absent. In
the orchards in Rheinland-Pfalz, the num-
ber of undamaged trees decreased drasti-
cally from 2012 to 2013. Clonal repeat-
ability (H?) was calculated for leaf-fall
and for formation of epicormic shoots in
these ash orchards. Epicormic shoots oc-
cur in trees that are exposed to various
kinds of stress such as with ash dieback
and subsequent leaf-fall. The researchers
argued that formation of epicormic shoots
is a better measure of the effects of ash
dieback than leaf-fall. H? is presented for
epicormic shoots and for leaf-fall in Fig.
15. In two of the orchards observations
were registered in two successive years.
The values for H*> were continuously high
with respect to epicormic shoots, 0.40—
0.60. In contrast H? for leaf-fall varied
considerably, 0.18-0.56. Of interest was
that estimations of H? for leaf fall were
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Figure 16. Explanatory power (genotypic
correlation) in percent for the correlation
between leaf fall and frequency of epicor-
mic shoots in four clonal seed orchards
of ash. The four columns on the left are
built on two years’ observations in two
orchards in Rheinland-Pfalz and two or-
chards in Baden-Wurttemberg ( red col-
umns). The first figure indicates orchard
and the second figure the year of observa-

tion (after Enderle et al., 2014).

nearly identical in the two orchards when
they were registered in two successive
years: 0.24 and 0.25 for the one orchard
and 0.35 and 0.36 for the other. One of the
aims of this study was to investigate the
relationship between frequency of epicor-
mic shoots and leaf-fall. Six statistically
significant correlations were noted be-
tween these two characters (for four seed
orchards and the two years of observa-
tions in two of the orchards). Sometimes
it is easy to demonstrate significant cor-
relations if one analyses a large number
of clones. Of greater value is to estimate
how much of the variation is explained as
in Fig. 16. Here we see that the correla-
tion between the two characters does not
exceed 30% in either of the two orchards
in Baden-Wiirttemberg (red columns)
despite statistical significance. The cor-
relations are much stronger in the two or-
chards in Rheinland-Pfalz, all explaining
more than 50% of the variation.
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Figure 17. The number of clones in six classes
of damage in an Austrian seed orchard (after
Kirisits and Freinshlag 2012).

In an Austrian seed orchard with 51 clones the
crown damage was studied at age 16-17 years
(Kirisits and Freinschlag, 2012.) The number of
grafts per clone was 4, a low number. Damage
in each third of the crowns was determined and
a mean value calculated for each graft. Leaf-fall
was also registered. Fig. 17 shows the number
of clones in the various classes of percentage
damage. More than half (27) of the clones were
in the class with 0-10% damage while an ex-
tremely sensitive clone had more than 80% with
crown damage. Crown damage was not corre-
lated with leaf-fall, perhaps because the mean
damage level was low, 13.2%. Genetic param-
eters were not estimated, but the big difference
in mortality within a population agrees with
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other studies.

In two Lithuanian studies of ash with serious
dieback (Pliura et al., 2015), the progenies were
studied from 10 of the trees. Each population
was represented by five offspring from individ-
ual trees. At 4 years old, a third of the material
was exposed to an artificial freeze test at -5°C
on 16 May and another to a drought test in the
greenhouse at 25-35°C for two weeks, starting
20 June. The remaining third of the population
served as control. Several characters relevant to
ash dieback were involved in the investigation.
Here we limit the discussion to the absolutely
most important character: survival. This varied
between 20% and 100% in the control mate-
rial, which had the lowest mean survival, 66.9%
(Fig. 18). The freeze-tested material had the
highest survival, 77.0%. The differences among
the various treatments were not, however, sta-
tistically significant. Fig. 18 shows also that the
ranking among the progenies differs according
to treatment. This is confirmed by the statisti-
cal analysis, which shows that the interaction
between progeny and treatment was significant.
This interaction was so strong that the differ-
ence between progenies was not significant.
The limited number of trees per progeny and
treatment can have made it difficult to demon-
strate significant differences. In contrast, there
were significant differences between progenies
in the control material, with very high narrow-
sense heritability, 0.69. This implies that selec-
tion for survival under normal conditions with-
out drought stress or frost treatment can be very

BO78 B069 BO80 BO72 Z053 Z054 2049 2060 BO76 Z061

Open-pollinated progenies

12

Figure 18. Percent survival in
10 open-pollinated ash families
from two Lithuanian populations,
Birzal and Zeimelis. One third
were exposed to frost treatment
(-5°C) in May. Another third were
drought-stressed for two weeks
starting 20 June; no watering in
the greenhouse where the temper-
ature varied from 25 to 35°C. Sur-
vival was registered 3 September
(after Pliura et al., 2015).
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Figure 19. Classification
of necrosis (0 = no necro-

sis, 5 = serious damage)
of progenies from five

resistant (R) and three
sensitive (S) clones after

treatment with 147 umol
viridiol of leaves of three-

week-old plants. Estima-
tions were made 48 hours
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successful. This investigation shows further that
survival is strongly affected by the environment
to which the young ash trees are exposed.

Viridiol is a phytotoxic substance that fungi use
to attack a host plant. The reaction of the ash
clones with varying sensitivity to H. fraxineus
after treatment with this substance was studied
in the progenies from five resistant and three
susceptible clones (Cleary et al., 2014). They
were treated with three concentrations of vir-
idiol, 14.7 umol, 147 pmol and 1.47 mmol. The
most comprehensive damages were those after
treatment with 147 pumol, but the differences
compared with the highest dose were not great.
Fig. 19 shows that one of the progenies from a
resistant clone had necroses of the same size as
the susceptible clones, while the other resistant
clones had milder damages with a mean value
of about 0.06. If viridiol plays a roll in spon-
taneous infection with H. fraxineus the results
suggest that there are different mechanisms be-
hind the resistance of the host plants.

3. Genetic variation among popula-
tions

In Lithuania three provenance trials with 10
Lithuanian populations and 11 European pop-
ulations were established (Pliura et al., 2011).
Each population consisted of progenies from
individual trees after open pollination. In one of
the trials the survival was only 2%, which did

§1|II|||E
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S125 after treatment (after
Cleary et al., 2014).

not allow any meaningful genetic evaluation.
The other two trials enabled estimations of dif-
ferences between and within populations.

The results as regards survival in this study are
shown in Fig. 20. The native Lithuanian popula-
tions had a higher mean survival (45%) than that
of the other populations (26%). For tree height
at 8 years old there were also big differences
between populations. It is worth noting that
768 of the 27,000 trees that were planted did
not show signs of dieback—just short of 3%.
Even if the ranking of populations was not ex-
actly the same in the two trials, the differences
were not dramatic. The results from the one trial
mirrored those in the other trial quite well.

Survival, %
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Figure 20. Survival of 21 ash populations at age
8 years trial in Lithuania. Abbreviations for the
lands of origin as standard within the EU. The
numbers indicate how many populations are in-
volved in each column (after Pliura et al., 2011).
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Figure 21. Percent undamaged trees (green)
and dead trees (brown) in 5 German ash popu-
lations studied in 4 German field trials) after
Enderle et al., 2013).

In Germany four provenance trials with 8 Ger-
man ash populations were set up in 2005 (Ender-
le et al., 2013.) Since three of the populations
were part of only one of the trials, the results
of 5 of the 8 populations are discussed here. In
2007 when the trees were 5 years old the fre-
quency of ash dieback was 13%; the frequency
of diseased trees rose gradually to 94% in 2012.
The development in Germany is in accord with
what happened in Lithuania. The authors con-
sidered it likely that the spread of ash dieback
had not reached its peak in 2012. Fig. 21 shows
that population 5 contained a much higher per-
cent undamaged trees and lowest mortality.

The significance of the fragmentation of ash that
occurred in Europe for the regeneration of ash
is very limited. A study has aimed at clarifying
the crossing pattern in a German population in
a stand of about 2 hectares (Semizer-Cuming et
al., 2017). In the study, 13 microsatellites were
used to characterize the genotypes of the trees
in the stand, in the progenies of the trees in the
stand, and in a planted avenue within 500-2,000
meters from the stand.

Seed and pollen dispersal within the stand were
calculated by two different methods. The meth-
ods gave different results for pollen dispersal:
from 0 to 939 meters with the first method and
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Figure 22. Median distances of pollen and field
dispersal in a study of a German population.
The estimates were based on 13 microsatellite
loci. Two different calculatioon methods were
used. (after Semizer-Cuming et al., 2017).

from 2 to 340 meters with the second. Pollina-
tions within the stand up to 100 meters were
dominating. Differences were small as regards
seed dispersal (Fig. 22), where the dominance of
short seed dispersal was even more pronounced.
All the seed was spread within 100 meters ac-
cording to the first method of calculation.
Inbreeding within the stand was very limited,
with an inbreeding coefficient of 0.006 while for
the progenies it was 0.021, which implies that a
number of inbred plants had been outcompeted
during the development of the stand. Pollination
from the tree avenue was limited to a few per-
cent. A stand for gene conservation should be
at a distance of some hundred meters in order
as far as possible to avoid contamination from
planted ash and other stands.

4. Species differences

Species that have been exposed to H. fraxineus
for many generations in their homelands in East
Asia have certainly inherited a resistance to ash
dieback. Although there does not seem to have
been a statistically adequate test of resistance in
other ash species, some observations have been
published. The investigation covering most spe-
cies was carried out in the arboretum in Hor-
sholm in Denmark, where there is a great press
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Figure 23. Health condition (0= dead, 10 = symptom-free), mean percent damage
to crowns, length of necrosis in cm after inoculation with H. Fraxineus and for-
mation of apothecia (0 = no apothecia, a = 1-3 apothecia, aa = 4—10 apothecia,
aaa = more than apothecia) in various Fraxinus species in a Danish arboretum in
Horsholm. excels. = excelsior, mand. = mandchurica, ang. = angustifolia, chin. =
chinensis, sieb. = sieboldianum, amer. = americana, penn. = pennsylvanica (after

Nielsen et al., 2017).

from H. fraxineus. The Danish trials (Nielsen
et al., 2017) indicate differences in resistance
among species. In the arboretum the general
state of health of the trees was registered as well
as the percentage of each tree crown that was
attacked by ash dieback. In addition, leaves and
stems were inoculated with the pathogenic fun-
gus; and the occurrence of apothecia after expo-
sure to ascospores was tested for.

Fig. 23 is a summary of results regarding the
general health of the trees, percentage damage
in the crowns and the necrosis length after in-
oculation with H. fraxineus. There were signifi-
cant differences between species for all the char-
acters. The figure shows that the general health
did not vary much among the species, but there
were big differences as regards the percent dam-
age, with the greatest percentages for F. excel-
sior and F. angustifolia. The East Asian species
F. chinensis and F. sieboldiana were symptom-
free. Twelve of the 13 trees of F. mandchurica
were symptom-free while the thirteenth tree had
mild damages from ash dieback. The American
species F. americana and F. pennsylvanica lay
in between. The European F. ornus was rela-
tively resistant to attacks from H. fraxineus;
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only one of the seven trees examined of this
species was crown-damaged, and the damage
was mild; fewer than 10% of F. ornus showed
even limited necrosis, like F. mandchurica and
F. chinensis. Apothecia were present to a great-
er extent in F. excelsior, F. angustifolia and F.
mandchurica but were completely absent in F.
sieboldiana (Fig. 23). Despite the great extent
of apothecia in F. mandchurica, it appears that
this species defends itself actively against fur-
ther attacks by H. fraxineus. In the natural range
of F. mandchurica, H. fraxineus is present with-
out causing marked damage on this ash species.
The positive results for F. mandchurica are of
greatest interest for species crossing because
the species belongs to the same subgenus of
Fraxinus, so one expects that it will be easier to
obtain hybrids between our ash and Manchurian
ash than with F. chinensis or F. ornus, which
belong to another subgenus of Fraxinus.

As regards our ash we know that hybridization
with the closely related narrow-leaved ash, F.
angustifolia, occurs spontaneously when they
are growing nearby. There does not seem to be
more information on crosses between our ash
and other resistant species. As seen from Fig.
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Figure 24. Number of trees with a resistance

marker for symptom-free trees and diseased
trees (after Menkis et al., 2019).

23, crosses with F. angustifolia are not to be
considered if the aim is to enhance the resist-
ance of F. excelsior to ash dieback.

5. Markers

The dream of a forest tree breeder is easy iden-
tification of plants and trees that are resistant to
diseases and pathogens. Several studies have
aimed at identifying at gene level what leads to
resistance to ash dieback. Some progress has
been made and a research group at SLU has re-
cently presented promising results (Menkis et
al., 2019). For a molecular genetic study the
group chose ashes with fewer than 10% dam-
ages from various localities on Gotland. These
were selected 2013-2014 at sites where ash die-
back was widespread. The trees were inspected
again in 2017 and 2019. Samples for the molec-
ular genetic analysis were taken from 50 symp-
tom-free trees and 50 trees with serious symp-
toms of ash dieback. Based on 40 symptom-free
and 40 strongly infected trees, the occurrence of
a resistance marker could be securely analyzed.
The results are shown in Fig. 24; considerably
more of the symptom-free ashes than of the dis-
eased trees carry the resistance marker. Since 17
of the diseased trees also carry the marker, car-
rying the marker is no guarantee for resistance
to ash dieback. The hope is that one can identify
more resistance markers so that one can finally
obtain a combination of markers that clearly in-
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dicate resistance to ash dieback.

If several favourable marker DNA sequences
are identified in different trees and subsequently
combined into one genotype, there can be prob-
lems with non-allelic interaction; a DNA se-
quence that is slightly positive in one genetic
background, can be neutral or slightly negative
in another genetic background. Furthermore,
the trees intended for planting must consist of
many genotypes to avoid problems arising from
genetic uniformity. Traditional breeding pro-
grams are designed to minimize problems from
non-allelic interaction and provide genetic vari-
ation.

Earlier a Danish/English study (Harper et al.,
2016) identified three markers associated with a
degree of resistance for ash dieback. One of the
markers emerged also in F. americana, F. man-
dchurica and F. ornus, which showed resistance
to ash dieback. There is therefore hope of find-
ing a battery of markers that indicate resistance
to ash dieback even if the resistance is regulated
by a large number of genes.

A Swedish research group has inoculated ma-
terial within a seed orchard and two-year-old
plants from a commercial nursery (Sahraei et
al., 2020). Two resistant and two susceptible
clones in the seed orchard were inoculated with
plugs of agar containing H. fraxineus. Tests
were made 10 months after inoculation. Nursery
plants were inoculated with plugs containing H.
fraxineus in direct contact with the cambium.
Damage in the nursery plants was registered on
four occasions; 742 days after inoculation. On
each occasion tests of the phloem tissue were
taken to investigate gene activity in the tissue
and in particular to establish which genes were
expressed in the various tissues.

The length of the necrotic tissues after inocula-
tion was 7 and 8.5 cm respectively in the two
resistant clones, and considerably longer in the
two susceptible clones, 32 and 70 cm respec-
tively.

In Fig. 25 the results are summarized as regards
genes with different expression in resistant and
susceptible clones, some in healthy, some in ne-
crotic tissue. As shown in the figure, a large
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number of genes are expressed differently
in healthy and resistant clones. The dif-
ferences between the two types of clones
are, as seen from the figure, less obvious
in necrotic tissue. In the experiment with
nursery plants 204 genes were discovered
with different expression in healthy from
diseased tissue; 149 of these genes were
induced while 55 were under-expressed.
Comparison with the experiment with
clones showed that 47 genes had similar
expression as clones and as nursery plants.

In an investigation aimed at finding mo-
lecular markers for resistance to ash die-
back, 111 phenotypically symptom-free
trees and 215 susceptible trees were cho-
sen (Chaudhary et al., 2020). Statistically
significant correlations with toleration of
ash dieback could be demonstrated but the
explanatory powers were in all cases un-
der 6%, which ruled out the use of these
markers in breeding; but the results have
increased our understanding of the build-
ing up of resistance to ash dieback.

A successful experiment by an interna-
tional research group to find markers with
the help of Fourier-transformed spectros-
copy (Villari et al., 2018) involved bark
from 76 symptom-free genotypes with
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Figure 25. Number of unique tran-
scripts and total numbers of ex-
pressed genes in resistant and sus-
ceptible ash clones after inoculation
with H. fraxineus (after Sahraei et
al., 2020).

known resistance to ash dieback. Resist-
ant and susceptible genotypes could be
discriminated with spectroscopy over
the wavelength regions 748-798 cm’!
and 879-947 cm™', with the strongest dis-
crimination at wavelength 895 cm™. This
shows that a phenolic is involved in dis-
crimination. According to the study, this
phenolic is an excellent marker to distin-
guish resistant and susceptible ashes.

In another study of 1,250 trees (Stocks et
al., 2019), 3,149 single nucleotide poly-
morphisms (SNP) were related to resist-
ance to ash dieback. About 200 of them
could be correlated with resistance to
ash dieback. About 100 of them could be
correlated with varying degrees of dam-
age caused by H. fraxineus. Such a tool
proved to provide a good marker for an
important level of resistance to ash die-
back, while another marker signified less
resistance for the disease. A third was a
marker for great susceptibility for ash die-
back.

One of the conclusions from this study
was that resistance is regulated by genes
at many loci. This agrees with the expec-
tations given in the introduction about the
regulation of resistance in trees with a
long generation time.



6. Genetic variation in Hymenoscy-
phus fraxineus

Parasitic fungi can also vary. A Danish group
(Kosawang et al., 2020) investigated 19 strains
of H. fraxineus and three full-sibling families
of ash. The stems were inoculated with infected
wooden plugs and the development of necroses
measured on different occasions up to 250 days
after inoculation. The stems’ heredity were
studied and there were found to be 19 genetical-
ly unique strains. Led by these results, 8 strains
were chosen for a study of their growth on two
different culture media.

As seen from Fig. 26, there was no necrosis
from one of the strains while the most aggres-
sive strain had a mean growth of 39.5 cm over
the 250 days of the trial. The difference among
the strains was statistically highly significant.
Similarly the differences in growth among the
8 strains that were followed on culture media
were highly significant. There was, however,
no correlation between the results from the two
types of study. Culture on artificial media ap-
pears not to be a suitable means for testing the
pathogenicity on growing trees.

The great variation in aggressivity of different
strains is a factor that complicates the practical
breeding of ash. It is not enough to find resistant
individuals to a strain in a very large tree popu-
lation; such an individual has to be resistant to
several other strains of the parasitic fungus.
The genome of H. fraxineus contains genes
coding for two enzymes that break down pec-
tins, which can explain why this fungus, unlike
the closely related H. albidus, is pathogenic.

7. Breeding

The seed orchards established in various coun-
tries before the arrival of ash dieback aimed at
improvement of ash wood quality and yield.
These orchards are components of simple breed-
ing activities. However, any long-term breeding
plans are not known to us. After the arrival of

18

0Length of necrosis, cm

40

30

20 -

10 -

0 - 0
Isolate

Figure 26. Length of necrosis in three full-sib
families of ash after inoculation with 19 iso-
lates of H. fraxineus. Evaluations were made
250 days after inoculation in the stems of young
ashes (after Kosawang et al., 2020).

ash dieback, preparations for breeding are un-
derway. A large number of symptom-free ashes
have been selected in stands with comprehen-
sive damages, and grafts have been taken from
hundreds of trees. The aim is to produce grafts
to use in crossings, which it is hoped will result
in resistant progeny.

Flowering in future ash seed orchards is impor-
tant for breeding for resistance. A study of the
correlation between ash dieback and flowering
in a Danish seed orchard on northern Zealland
with 39 clones has been presented (Semizer-
Cuming et al. 2017). The seed production of
the clones was estimated on a 10-degree scale
where 0 = no seed and 9 = rich production. The
proportion of female flowers was estimated on
an analogous 10-degreee scale. Clones that had
0-20% female flowers were classed as male
clones (15 clones) while female clones had more
than 80% female flowers (16 clones). The re-
maining clones were classed as hermaphrodites
and were not included in studies of the correla-
tion between flowering and ash dieback. Nine
microsatellites were used to determine the pa-
ternity of the progenies. The percentage of trees
with damaged crowns was related to the abun-
dance of seed and to the fathers in the progeny.
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Figure 27. The correlation between fe-
male or male mating success and crown
dieback, either without considering im-
pact of variation on number of living
grafts of individual clones (blue columns)
or considering survival (green columns) (
after Semizer-Cuming et al., 2019).

Separate correlations were calculated re-
garding female flower production with the
total number of seeds and with the mean
seed production from living grafts. The
total seed production differs from the seed
production per living graft if the number
of living grafts varies among the different
clones. Corresponding calculations were
made for correlations for the male side.
As Fig. 27 shows, the correlations are
stronger on the female than on the male
side. All the correlations were significant.
An explanation can be that trees that are
exposed to great stress invest more in the
production of seed than of pollen. Differ-
ences in the correlations between total
seed production and seed production per
living graft depend on great differences in
the number of surviving grafts among the
various clones. A similar explanation ap-
plies to successful fatherhood. The signif-
icance of the correlations on the male side
depends on one clone with exceptionally
successful fertilization. No fewer than 46
of the 92 established fatherhoods were
due to this clone.
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&. Genetic conservation

It is widely accepted that species con-
servation is of the utmost importance, as
ecologists have long urged. One million
species are believed to be at risk of extinc-
tion (see Hultberg et al., 2020). Species
extinction is hardly a new phenomenon,
as 99% of species (five billion) became
extinct before the arrival of mankind
(e.g., Kunin and Gaston, 1996, Jablonski
2004). Currently there is a new threat of
mass extinction like that of the Pleisto-
cene ice-age. It is not really possible to
save all the threatened species. What is
perhaps feasible, though costly, is to con-
serve keystone species; species that have
great significance for the survival of other
species in the ecosystem (e.g., Eriksson
et al., 1993; Varela and Eriksson, 1995).
Ash is a keystone species (Hultberg et al.,
2020; Fig. 28). Charismatic species — spe-
cies that have a special appeal to, or value
for, humans — are sometimes given prior-
ity in genetic conservation (e.g., Ducarme
et al., 2012). Ash is reasonably regarded
as a charismatic species, even if it is rare-
ly planted in gardens; the autumn colours
of ash tree leaves are particularly attrac-
tive (cover picture). An excellent example
of an uncharismatic species is Hymenos-
cyphus fraxineus, the fungus that causes
ash dieback.

Ash dieback is not only a threat to the
survival of ash but to species that depend
on ash for their existence. For Sweden an
analysis was presented (Hultberg et al.,
2020) of how many species are involved
and to which category they belong. Spe-
cies that are totally dependent on ash for
their existence are coined associated spe-
cies. They run the greatest risks of extinc-
tion. Fig. 28 shows that most of these
species are invertebrates or lichens. It is
arguably important that the conservation
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Figure 28. Number of species with high
risk of extinction and of moderate risk of
extinction owing to ash dieback. Those
with high risk of extinction are strongly
associated with, but not totally dependent
on, ash trees (after Hultberg et al., 2020).

of ash is organized so that the survival of
these so-called associated species is guar-
anteed by the methods that are used.

As a keystone species that is threatened
with extinction, ash should be given pri-
ority in genetic conservation.

Besides the technical guidelines for con-
servation of ash published by EUFOR-
GEN (Pliura and Heuertz 2003) we are
not aware of any other report on genetic
conservation of ash. In the EUFORGEN
report the so-called multiple population
breeding system, MPBS, consisting of
20-30 subpopulations, was suggested for
genetic conservation of ash. For a detailed
description of MPBS see Eriksson et al.
(1993). The subpopulations should cover
the environmental conditions in the distri-
bution area of ash in Europe. As a com-
plement to the in situ MPBS a network
of ex situ progeny plantations was sug-
gested. It should be remembered that the
EUFORGEN report was written before
the large-scale death of ash had occurred.
Today, 2022, it is unlikely to implement
the MPBS of in situ conservation suggest-
ed since there are few if any stands of ash

20

remaining in most ecozones in Europe.
For each ecogeographic zone we suggest
that grafts or cuttings from resistant trees
are planted together in clonal archives that
will serve as seed sources for new planta-
tions of ash. Such archives should be lo-
cated such that contamination from natural
ash is avoided. The management practice
of ash stands imposed by the Danish Na-
ture Agency, in which unhealthy trees are
logged and healthy trees are maintained
(see McKinney et al., 2014) should be
followed. This strategy is supported by
the finding that there is a positive correla-
tion between ash dieback resistance and
seed production (Semizer-Cuming et al.,
2019), which means that resistance will
be improved in each generation.

Varela and Eriksson (1995) suggested
an extension of some of the MPBS sub-
populations to take care of the genetic
conservation of associated species. This
approach can obviously not be applied
for species dependent on ash for their
survival. Even if all associated species
will not be conserved with the suggested
genetic conservation plantations we are
convinced that a majority of them will be
conserved by locating these plantations in
different ecozones.

What is likely to happen if no conser-
vation efforts are taken to save our ash?
Numbers of ash trees will decline sharply,
with danger of extinction; but they might
slowly recover, with natural selection, and
conscious or unconscious artificial selec-
tion, favoring the 1-3% fully resistant and
a larger number with partial resistance or
tolerance. However, active conservation
efforts will be a surer way for genetic con-
servation of ash.

Perhaps ecologists will accept the re-
placement of diseased ash with resistant
ash in natural forests and lightly managed
woodland, with the help of volunteer la-
bor. Also, we can expect regional authori-
ties to plant resistant ash trees in town av-



enues, as an addition to Norway maple,
silver birch, limes and cherry trees, just as
they did before the arrival of ash dieback.
The numbers required would be small by
the standards of commercial forestry, and
it is currently unclear who will pay for a
tree breeding program.

9. Summary

The results from several studies show that
the naturally occurring resistance to ash
dieback is low, 1-5%. Fortunately the
studies with sexually derived progenies
demonstrated high heritabilities. This in-
dicates good conditions for successful
breeding for resistance to ash dieback.
Further support for this conclusion come
from the high estimates of clonal repeat-
abilities from clonal studies.

Different populations show widely vary-
ing responses to ash dieback. The limited
results published to date do not suggest
that any population is satisfyingly resist-
ant. A Lithuanian study of 21 populations
showed that the majority of exotic popu-
lations were greatly more damaged than
the ten native populations. It appears that
the import of populations is not the way to
obtain resistance to ash dieback.

Crosses with trees of resistant ash spe-
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cies can be a way forward in ash breed-
ing. Knowledge of different ash species’
resistance to ash dieback is limited. Spe-
cies that have been exposed to Hymenos-
cyphus fraxineus for a long time in their
native environments have acquired resist-
ance to ash dieback. Crosses between our
ash and the east Asiatic F. mandchurica
should be of the greatest interest.

As expected, the results indicate that
many genes, mostly of small effect, regu-
late resistance to ash dieback. Markers for
resistance have, however, been identified,
which can indicate a fast track to selection
of resistant trees.

A complicating factor for resistance
breeding is the large number of strains of
Hymenoscyphus fraxineus.

A large number of symptom-free ashes
have been selected in stands with compre-
hensive ash dieback. Breeding for resist-
ance can get off to a flying start as soon as
resources for breeding are secured. How
best to exploit the resistant ashes from a
breeding program also needs attention.
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