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Abstract

The ash stand in Wolica reserve (Poland), affected with ash dieback, was studied. Isolations performed from collected ash 
tissues and rhizosphere soil samples revealed 28 isolates of Hymenoscyphus fraxineus and 27 isolates of Phytophthora spp., re-
spectively. The vitality and defoliation of 198 and 176 trees were studied, respectively in 2012 and 2013. In 2013 only one tree
was completely vital, while 83 trees were within the degeneration phase. These results suggested that trees being classified in this 
class are the most vital and the natural genetic resistance should be sought among this vitality class in the future. In total, 112 
trees were classified to the stage 2 of vitality, for which large deformation of shoots is typical. Further, monitoring of defoliation 
in 2013 revealed that the largest number of trees in the stand (126) were moderately damaged trees (defoliation 26-60%), while 
47 trees had over 60% of defoliation. The synthetic damage index was 1.58 in 2012 and 1.66 in 2013 indicating that advanced 
disease processes are occurring in this stand. In addition, sampling, isolation, morphological and molecular identifications of 
Phytophthora species were performed. After the isolation tests, P. megasperma, P. sp. hungarica, and P. plurivora were obtained.
These results were confirmed after the PCR and ITS sequencing. This is the first report of P. sp. hungarica and P. megasperma in 
the stands of common ash in Poland. The natural genetic variation of the Fraxinus excelsior genome was studied to improve un-
derstanding of its role in the adaptation and tolerance processes facing ash dieback phenomenon. Six nuclear microsatellite mark-
ers and four chloroplast microsatellite markers have been used in order to assess the genetic diversity of Fraxinus excelsior stand 
in Poland, categorized into three different Roloff’ classes of vitality 0+1, 2 and 3. We demonstrated lack of correlation between 
three different vitality classes of ash trees and their nuclear or chloroplast genetic differentiation. Nevertheless, the observed het-
erozygosity (HO) value was significantly different between vitality classes 2 and 3 assessed with nuclear SSR markers (p =
0.000183 in HSD Tukey test, p < 0.05). Also private (Ap) alleles distribution of chloroplast SSR markers significantly differ (p =
0.000 in HSD Tukey test, p < 0.05) between the vitality classes 0+1 and 3 of ash trees. Those data suggest that DNA differentia-
tion of F. excelsior at local spatial scale may be driven by gene based tolerance. 

Keywords: Ash dieback, Fraxinus excelsior, defoliation, vitality, Phytophthora spp., nuclear and chloroplast SSR mark-
ers 



Introduction

The phenomenon of dieback of European ash (Frax-
inus excelsior L.) has been observed in the last decade in 
most European countries (Halmschlager and Kirisits 2008, 
Szabó 2009, Chandelier et al. 2010, Rytkönen et al. 2011,
Husson et al. 2011). This new disease causing mass mor-
tality of trees forced foresters to refrain temporary from 
cultivating ash as forest tree species, any more. For the first 
time the symptoms were observed in the early 1990s in 
North-Eastern Poland and Lithuania (Kowalski 2006, Tim-
mermann et al. 2011). Since that time the disease spread 
across Europe causing severe mortality of ash trees. The 
research on ash dieback in Poland was conducted by many 
researchers but the findings of Professor Tadeusz Kowalski 
from the University of Agriculture in Cracow led to the 
discovery and identification of a new fungus species 
Chalara fraxinea Kowalski (Kowalski 2006) an asexual 
stage of Hymenoscyphus pseudoalbidus Queloz. It is ac-
cepted to be the cause of mass dieback of ash trees in Eu-
rope (Kowalski and Holdenrieder 2009 a, b). The currently 
recognized scientific name for the fungus causing ash die-
back in Europe is Hymenoscyphus fraxineus (Baral et al. 
2014). According to available data, the last country where 
H. fraxineus was recorded on common ash is Bosnia and
Herzegovina (Stanivuković et al. 2014). Next to common
ash, narrow-leafed ash was also reported to be susceptible
on infections with H. fraxineus (Kirisits et al. 2010).

Parallel to studies of Chalara in ash dieback phe-
nomenon, the appearance of pathogens from the Phy-
tophthora genus in the rhizosphere soil of ash trees was 
connected with rot of root collars and decay and loss of fine 
roots, leading consequently to the dieback of many trees 
(Orlikowski et al. 2011, Akilli et al. 2013). In the last dec-
ade, many studies reported the occurrence of soil borne 
Phytophthora species in relation to the severe damage of 
significant forest tree species. The fungal- or -algae like 
pathogens of the genus Phytophthora are distributed 
worldwide (Erwin and Ribeiro 1996). Till now, over 140 
Phytophthora species have been described from a broad 
range of plant hosts in agriculture and forestry (Abad 
2014). Nevertheless, the knowledge about Phytophthora
species associated with ash trees is still very limited, and 
there are few reports about Phytophthora isolations from 
ash trees (Orlikowski et al. 2004, Orlikowski et al. 2011). 
Also, the studies carried out by Orlikowski et al. (2007 a)
have demonstrated that Phytophthora species were present 
in the rhizosphere of ash affected by the fungus H. frax-
ineus. 

The Wolica nature reserve was established by virtue 
of the order of the Ministry of Forestry and Wood Industry,
of the Government of Poland on August 4, 1984. The area 
is situated in central part of Poland in Forest District Cho-
jnów (RDLP in Warsaw). Among the large number of dif-

ferent species in this reserve, including ecologically very 
valuable noble hardwoods, department 374c contains Euro-
pean ash dominated stand. The first symptoms of ash die-
back in this stand were recorded during the year 1998.
Since then, the number of trees with characteristic ash die-
back symptoms has grown every year. This phenomenon 
continues until present. Also, this nature reserve of lowland 
forest ecosystem was known as an area to be free from alien 
plant pathogens of the Phytophthora genus.  

Genetic structure can play an important role in de-
termining fitness of forest tree populations at equilibrium in 
changing environmental conditions. Gene-based tolerance 
is the key in modern forest management actions, often ex-
amined at the DNA differentiation level of the individual 
tree in forest stand (Hamrick et al. 1992, Nguyen et al. 
2015). Forest tree species have complex genomes, the big-
gest in size and still poorly understood in structure and 
function. Nevertheless, several types of molecular markers 
have been applied in population genetics studies including 
reproductive mechanisms, gene flow, hybridization pro-
cesses or adaptive ecology. The nuclear microsatellite DNA 
loci are nowadays considered to be the most precise tool to 
determine the genotype of living organisms (Li et al. 2002, 
Esudero et al. 2003, Semagn et al. 2006). The microsatellite 
fragments (simple sequence repeats - SSRs) are built from 
short nucleotide repetitions, usually comprising from 2 to 9 
base-pairs, uniformly distributed over the genome. They are 
characterized by high polymorphism and high mutation 
rates in comparison to coding sequences (Epperson 2005). 
Detailed research based on nuclear microsatellite markers 
for European ash populations was performed by Heuertz et 
al. (2003, 2004) excluding, however, the populations of ash 
from Poland. 

Another type of markers, the chloroplast SSR loci 
were also applied to elucidate the genetic variation of many 
oak, beech or ash populations (Petit et al. 2002, Vornam et 
al. 2004, Heuertz et al. 2006). Interestingly, the transition 
zone between chloroplast microsatellite DNA haplotypes 
has been previously reported in Poland, proving the geno-
typic richness of the studied ash populations (Heuertz et al. 
2003). 

The positive correlation between the level of hetero-
zygosity and the adaptation of population during the evolu-
tion of many organisms has been observed. The opposite 
(negative) trend may also occur, when the elimination of 
harmful alleles and inbreeding process leads to the impov-
erishment of a gene pool (Reed and Frankham 2003). The 
selection agents may favour homozygous alleles in the 
genome, but sometimes they could favour heterozygous 
alleles by choosing the genetic information suitable for the 
advantageous adaptive features of a population (Whitlock 
2002). 

Nevertheless, little is known about the health status 
of stands affected with ash dieback and about the ongoing 



processes inside the declining stands, especially in the 
frame of searching for natural genetic resistance against the 
ash dieback (McKinney et al. 2014). It was recorded in 
many cases in Poland that stands after appearance of first 
symptoms and rapid spreading of the disease turn into a 
stagnation phase according to Roloff vitality classes (Pacia 
et al. 2011). The application of molecular tools to study the 
relationship between European ash dieback and natural 
genetic tolerance/susceptibility has been fairly limited. It 
seems to be crucial that dead ash trees have to be replaced 
with more tolerant genotypes before this species completely 
disappear from forest ecosystem. In this scope, the predic-
tive methodology based on molecular markers may help in 
successful management of European ash disease mainly 
caused by pathogenic fungus H. fraxineus. Our studies were 
based on general hypothesis that greater variety of gene 
pool assessed with SSR markers is positively correlated 
with vitality class of Roloff among sixty investigated ash 
trees in Wolica Natural Ash Reserve in central Poland. 

Due to the lack of silviculture measurements, which 
have never been applied in Wolica reserve (Chojnów FD), a 
study was performed with aims to: i) determine the health 
status of this ash stand (expressed by defoliation and vitali-
ty degrees of trees), ii) confirm the presence of known fun-
gus H. fraxineus responsible for ash dieback iii) monitor the 
occurrence of soil-borne pathogens from the Phytophthora
genus in the rhizosphere soil of damaged trees, iv) to per-
form genetic studies on both nuclear and chloroplast SSR 
markers with the interaction to Roloff vitality classes. 

Material and methods

Monitoring of healthiness of ash trees

The study area and inventory of tree health
The stand of ash trees, where the research was con-

ducted is located in the partial nature reserve (coordinates 
51.1°N, 10.5°E) in Wolica in central Poland. The total area 
of the reserve is 50.39 ha, including the separated stand of 
ash (374c) which makes the object of the research area of 
1.77 ha.  

Sampling, isolation and identification of H. 
fraxineus from symptomatic ash tissues 

Sampling, isolation and identification were done in 
2012, according to the methodology of Kowalski (2006). 
Samples with symptomatic tissues were collected over the 
whole stand area from 30 chosen 22-year-old ash trees (2-3
samples per tree). Tissue samples were collected from in-
fected stems and shoots up to 3 m high (of 20 m high trees), 
by cutting and placing them in separated plastic bags, im-
mediately subjected to the laboratory analysis. Isolation 
was done in the way that 3-4 mm big pieces were taken 
between necrotic and healthy areas, using the scalpel steri-

lized in 70% ethanol and burned on the open flame. Pieces 
were surface sterilized for 3 minutes in 1% sodium hypo-
chlorite with 4% active chlorine, three times washed in 
sterile distilled water and plated placed onto Malt Extract 
Agar media-MEA (18 g/l of Malt Extract (MERCK, Ger-
many), and 18 g/l of agar (BTL, Poland). Petri dishes were 
incubated at 18-20°C in the dark, and observed daily for the 
presence of hypha. After appearance of first hypha, they 
were transferred with sterile mycological needle onto fresh 
MEA media and incubated at ~20°C in the dark. 

Four-weeks-old cultures, incubated at ~20°C in the 
dark, were observed under the light microscope ZEISS 
Axioskop 2, equipped with Nikon Ds-fi1 camera, and NIS 
Elements AhR4® software. In parallel, pure cultures were 
incubated for four weeks on the MEA media for the pur-
poses of colony shape patterns. 

Identification of isolates was done based on the col-
ony shape of pure cultures, incubated for four weeks in the 
dark at 20°C, the shape and size of phyalides observed in 
the pure cultures and based on previously registered symp-
toms. Not to rely solely on morphological characters the 
molecular based methods were employed for the confirma-
tion of the presence of H. fraxineus.

Vitality test based on the extent of trees damage
The vitality test was performed using the method 

developed by Roloff (1989), in which the vitality is shown 
as tree growth potential and its ability to regenerate the 
damaged crown. The basis for the assessment of the vitality 
is the architecture of shoots produced in the upper part of 
the crown. This assessment takes into account not only the 
current condition but also the changes visible in the form of 
shoot deformation as an effect of ongoing processes over 
past several years. The vitality assessment of ash trees in 
department 374c was conducted in May 2012 and 2013.
The analyses of vitality and defoliation were conducted by 
the same observer to minimize subjectivity and biases, and 
that is why the calibration was not necessary. All the trees 
were classified into one of four groups distinguished on the 
basis of differences in vitality (Table 1). 

Table 1. Vitality degrees (Roloff 1989) 
Vitality 
degree 

Damage level 

0 Exploration phase, untouched trees, vital ones 
1 Degeneration phase, weakened trees 
2 Stagnation phase, damaged trees 
3 Resignation phase, badly damaged trees, decaying 

Assessment of defoliation 
The assessment of crown defoliation of ash trees 

was carried out in May 2012 and 2013. It was performed 
according to the criteria ICP Forests protocol shown in 
Table 2. In our experiment the defoliation was estimated as 



the lack of leaves in the canopy at the beginning of the 
vegetation season in order to avoid damage caused by in-
sects or to be attributed to premature shedding as a result of 
H. fraxineus activity and in this way affecting on our evalu-
ation. Example of ash tree growing in Wolica reserve, de-
scribed as defoliation 40% (ICP Forests 26-60%) and ac-
cording to Roloff 2 vitality class (stagnation phase) is
shown in Figure 1.

Table 2. Defoliation degrees according to the damage scale 

Defoliation (%) Damage level 
0 - 10 0 (no symptoms of damage) 
11 - 25 1 (slight damage) 
26 - 60 2 (moderate damage) 
above 60 3 (strong damage) 

Figure 1. Example of ash tree growing in Wolica reserve, 
described as defoliation 40% (ICP Forests 26-60%) and according 
to Roloff 2 vitality class (stagnation phase)

The synthetic damage index of trees 
Based on the obtained data concerning defoliation

and vitality the synthetic damage index of trees was calcu-
lated (Dmyterko et al. 2003). Compared to the assessment 

of vitality and assessment of defoliation applied separately, 
the synthetic damage index allows for a more objective
assessment of the health of trees and stands (Dmyterko 
1998). The synthetic damage index was calculated accord-
ing to the method of Dmyterko et al. (2003), using the fol-
lowing formula: 

[1] Syn = 1/2 (0.03 * Def + Wit)

where Def – defoliation is expressed in percentage, Wit - 
tree vitality is expressed by the degree of damage. The 
damage index for the whole separation was achieved fol-
lowing the methodology of Dmyterko (1998): 

[2] Syn_wydz = ½ [(0.03 * total sum Def + Wit ) / N],

where the Def sum - the sum of the percentage of defolia-
tion, Wit - the sum of degrees of vitality, N - number.  

In addition, for assessment of vitality and defolia-
tion, the photographic documentation of the trees was col-
lected from the points which allowed clear separation of 
crowns from the background of neighbouring trees. 

Sampling, isolation and morphological identification 
of Phytophthora species 

Sampling and isolation of pathogens from the Phy-
tophthora genus were performed according to the method-
ology of Jung (2009) and Jung et al. (1996, 2000). Soil and 
fine roots were collected in the form of soil monoliths 
~25×25×25 cm, and two monoliths per tree were taken at
the distance of 0.8-1 m from the tree base, and mixed be-
fore the isolation. In total, nine symptomatic trees were 
randomly chosen and sampled from different parts of the 
stand. Isolation tests were performed using the method of 
bait (Jung et al. 1996, 2000, Jung 2009), and young pedun-
culate oak and beech leaves were used as baits. After ap-
pearance of the first necrotic spots on the leaves the small 
pieces of damaged plant tissues were cut with a sterile scal-
pel and placed onto selective agar media (V8A PARPNH) 
(Jung at al. 1996, 2000, Jung 2009). The first hypha was 
taken and transferred on the fresh V8 agar media. 

The obtained isolates were morphologically charac-
terized by flooding the pieces of young colonies, grown on 
CA media, in the non-sterile soil extract, and with observa-
tion of four-weeks-old cultures, incubated at 20-22°C in the 
dark (Erwin and Ribeiro 1996). Sexual and asexual struc-
tures were observed at ×400 magnifications using the 
ZEISS Axioskop 2 microscope, and 50 structures per ob-
served isolate were measured using the Nikon Ds-fi1 cam-
era and NIS Elements AR 4® software. Observed features 
were compared with identification keys (Stamps et al. 1990, 
Erwin and Ribeiro 1996), as well as with papers and reports 
with recently described species (e.g. Jung et al. 1999, 2002, 
2003, Brasier et al. 2003, Jung and Nechwatal 2008, Jung 
and Burgess 2009, Bakonyi et al. 2012). 



Molecular identification of obtained Phytophthora 
spp. isolates 

After the detailed morphological classification, 
small pieces from the edges of young colonies were trans-
ferred on liquid V8 media (900 ml/l of distilled water, 100 
ml/l of V8 juice (Tymbark, Poland), 3 g/l CaCO3), and 
incubated at 22-25ºС in the dark. After 3-5 days of incuba-
tion, the mycelium was collected and smashed in liquid 
nitrogen, after washing in sterile distilled water. The DNA 
was extracted by using the GenEluteTM Plant Genomic 
DNA Miniprep Kit (Sigma-Aldrich® GmbH, Germany), 
according to the company recommendations. ITS amplifica-
tions of Phytophthora isolates were performed using the 
ITS4 and ITS6 primers (White et al. 1990, Cooke et al. 
2000). The amplification reaction mixture contained 1 x 
PCR buffer [75mm Tris-HCl (pH 9.0), 50mM KCl, 20 mM 
(NH4)2 SO4]; 1×Q solution, 0.2 mM dNTPs, 0.25 mM of 
each primer; 1 mM MgCl2; 1U of Taq Polymerase (Qiagen 
Ltd., Valencia, CA, USA); and 1 μL of mycelial DNA in a 
total volume of 25 μL. Reactions were performed in PTC-
200  Programmable Thermal Controller (MJ Research, 
Inc.) machine, and PCR protocol was as follows: 3 min of 
initial DNA denaturation at 94°C and 35 cycles of amplifi-
cation (30 sec of annealing at 55°C, 60 sec of elongation at 
72°C), and 5 min of final elongation at 72°C. 

Amplified products were analyzed by 1.5% TBE-
agarose gel electrophoresis, stained with 6×Orange DNA 
Loading Dye, and visualized under a UV transilluminator. 
The presence of a single band (ca. 800 bp) was considered 
as a positive reaction. The PCR products were cleaned 
using the A&A Biotechnology (Gdynia, Poland) Clean-up 
kit, following the manufacturer’s protocol. Sequencing was 
conducted on CEQ™8000 9.0.25 automated sequencer 
(Beckman Coulter®, Fullerton, USA), using ITS4 and ITS6
primers. The consensus sequences were aligned from two-
directional sequencing (Zhang et al. 2000), and compared 
with sequences in GenBank (http://blast.ncbi.nlm.nih.gov 
/Blast.cgi) using the ClustalW program (Thompson et al. 
1994) and MEGA6 software (Tamura et al. 2013).

Correlation between the DNA differentiation of ash 
trees and vitality classes in Wolica Reserve 

Population differentiation was determined at a local 
spatial scale in Wolica Ash Reserve, where three different 
health classes among sixty ash trees were examined, i.e. 
class 0 and 1 – 0-25 % of defoliation (represented by 23 
trees), class 26 – 60 % of defoliation (21 trees) and class 
above 60 % of defoliation (16 trees, respectively).  

From all investigated trees total DNA was extracted 
using the NucleoSpin® Plant II (Macherey-Nagel), follow-
ing the manufacturer’s protocol except some modifications 
in volume: 600 μl of PL2, 150 μl of PL3 and 900 μl of PC 
buffer. Six nuclear microsatellite and four chloroplast loci 
in two multiplexes (A and B) were amplified. The multi-

plex A consisted in five loci: Femsatl-4, Femsatl-8, Fem-
satl-19, ccmp3, ccmp6; and multiplex B in five loci: Fem-
satl-11, Femsatl-16, M2-30, ccmp7, ccmp10 (Sutherland et 
al. 2010). The Multiplex PCR Kit (Qiagen®) was used for 
both multiplexes preparation and the PCR reactions were 
carried out in 10 μl reaction volumes with 5–50 ng DNA, 
10 pmol of each primer labelled with fluorescent WellRED 
dyes (Beckman Coulter, Inc.), 5 μl Multiplex PCR Master 
Mix, followed by the PCR thermal amplification profile 
described by Sutherland et al. (2010). All samples were 
genotyped and the allele lengths were scored on a CEQ 
8000 sequencer (Beckmann-Coulter, Inc.). 

The observed (na) and expected (ne) number of al-
leles, observed (HE) and expected heterozygosity (HO), 
mean Shannon index (I), general heterozygosity (h), in-
breeding coefficient of an individual relative to the subpop-
ulation (FIS), inbreeding coefficient of an individual relative 
to the total (FIT), and fixation index (FST) were calculated in 
GenAlEx 6.501 software (Peakall and Smouse 2012). The 
frequency of private alleles (Ap) was determined for the 
unique alleles present only once in analysed vitality classes 
of trees.  

For nuclear SSR markers, F statistics was conducted 
with ANOVA, and the model-based clustering method with 
STRUCTURE 2.1 software (Pritchard et al. 2000). 
STRUCTURE assigned individual multilocus genotypes 
probabilistically to a defined number K from 2 to 3 clusters 
or gene pools, and was run three times for 100 000 itera-
tions after a burn-in period of 50 000 on the total dataset (n 
= 60). 

The test of departure from Hardy–Weinberg equilib-
rium was chosen for P = 0.05. Gene flow among groups of 
trees was estimated from FST using the formula Nm =
0.25(1/ FST - 1) (where N is effective population size and m 
is a fraction of migrants per generation). 

For both types of markers, the Pearson coefficient (r) 
of correlation between genetic parameters, i.e. na, ne, I, HO,
HE and Ap and their distribution in three groups of trees 
(representing classes: 0 and 1, 2 and 3) was analyzed in 
STATISTICA ver. 10. 

Results

Monitoring of healthiness of ash trees 

Registered symptoms, isolation and identification of 
Hymenoscyphus fraxineus

Different symptoms were recorded on ash trees in 
this stand, including increased crown transparency, wilting 
and premature shedding of leaves, dying of shoots and 
branches, dieback of the top of the crowns, decline of trees, 
and necrosis and canker on the stems, branches and shoots. 
The asexual stage of H. fraxineus (Chalara fraxinea) was 
isolated from 27 out of 40 plated, randomly chosen sam-



ples, taken from the edges of necrotic zones and surface 
sterilized as described above. In total, 28 isolates were 
obtained. 

Most of the isolates were of white to light orange 
colony color, after four weeks incubation at 20°C in the 
dark, and with hyaline, slightly immersed. Also, few iso-
lates had an intensive orange to brown color of the colonies.
Color from the bottom side varied from light orange, light 
brown to, less often dark brown. Growth of the colonies 
was slow, and after three weeks at 20°C in the dark on 
MEA media, total colony diameter averaged 24.4±2.22 
mm, with range of 21-28 mm (N=5).

In the four-weeks-old cultures, incubated in the dark 
at 20°C, numerous phialides were observed on both termi-
nal hypha and on branched or simple phialophores. Phi-
alides were subcylindrical, obclavate and less often spindle 
shaped, with average total length of 19.7±3.42 μm (range 
14.3-25.6 μm). Width of ventral part of phialides averaged 
4.4±0.41 μm, with range 3.7-5.3 μm. Phialoconidia were 
observed in chains, or they were dispersed in droplets. Phi-
aloconidia were hyaline, unicellular, with smooth walls and 
cylindrical shape, and with one or two oil droplets. 

Vitality assessment 
The assessment of vitality was performed for 198

ash trees in 2012 and for 176 in 2013. In 2012, only one 
tree was classified as class 0 – intact - vital class of trees. 
The trees weakened in the degeneration stage (class 1) 
included 83 trees (42%). The largest number of trees (100
trees, 51%) was classified into the second class of vitality - 
trees damaged in a phase of stagnation. The third class 
(resignation phase, trees badly damaged and dying) includ-
ed 14 ash trees (7%) (Table 4). In 2013 the vitality dropped 
in class 1 and 2 reaching values 63 and 92 trees, respective-
ly. In class 3 the number of trees increases from 14 to 20 
trees. The obtained results indicate going on long-term 
stress impact, lasting perhaps even more than a decade.  

Assessment of defoliation 
The assessment of defoliation was carried out for 

198 ash trees in 2012. There were no trees being intact (the 
degree of defoliation of 0-10 %). Most trees (126 trees) 
belonged to the range of 26-60 % of defoliation. A large 
number of trees belonged to defoliation level above 60% 
(47 trees). Trees slightly damaged (range 11 - 25%) includ-
ed 25 ash trees. The number and percentage of trees in each
class is shown in Table 3. 

In 2013, only further negative changes in the health 
of the examined trees were noticed. The number of healthy 
trees has been further reduced (Table 3). Of the 198 trees 
22 died and 176 left showing different level of crown dam-
age. The year 2013 proved further developing of the disease 
process. 

Table 3. Number of trees representing defoliation classes ex-
pressed in percentage in the year 2012 and 2013 

Defoliation 
(%) 

2012 2013 
Number of trees (%) Number of trees (%) 

0-10 0 0 0 0 
11-25 25 13 16 9 
26-60 126 63 121 69 
above 60 47 24 39 22 
Total 198 100 176 100 

Table 4. Number of trees representing vitality classes expressed as 
percentage of trees in the years 2012 and 2013

Degree of 
vitality 

2012 2013 
Number of trees (%) Number of trees (%) 

0 1 0 1 1 
1 83 42 63 36 
2 100 51 92 52 
3 14 7 20 11 
Total 198 100 176 100 

Synthetic damage index
The calculated values of the synthetic damage index 

for each tree are included in the range from 0.8 (the lowest 
value) to 2.7 (maximum value), with the theoretical, possi-
ble range from 0 to 3. The modification of the model for the 
determination of synthetic damage index for a single tree 
allowed for the calculation of the synthetic damage index 
for the entire stand. The value of this index amounted to 
1.58 in 2012 and 1.66 in 2013. The obtained result indicates 
advancing disease processes occurring in the examined 
stand. 

Isolation and identification of Phytophthora species
After the isolation tests, seven out of nine, randomly 

taken samples, were positive for the presence of Phy-
tophthora species, and 27 isolates were obtained. All the 
isolates were obtained from rhizosphere soil using the bait-
ing techniques. The highest isolation frequency was from 
samples number 5 and 9, respectively. Positive and nega-
tive samples and number of obtained isolates are shown in 
Table 5. 

After the morphological identification, three differ-
ent species were identified: P. plurivora, P. megasperma 
Drechsler and P. sp. hungarica (Table 5). P. plurivora and 
P. megasperma are well described species in the literature,
but little information was available about P. sp. hungarica.
The species is homothallic with mycelium slightly sparse
aerial in the middle and pressed in the edges. Colony was
with shape of rosette and with regular edges on V8, CA,
and irregular on MEA and PDA.



Table 5. Number of obtained isolates from different samples taken 

Isolated species and number of obtained isolates Sample Number Total 
No 1 No 2 No 3 No 4 No 5 No 6 No 7 No 8 No 9 

P. plurivora 1 - 1 - 8 3 3 3 3 22 
P. megasperma - - - - - - - - 3 3 
P. sp. hungarica - - - - - - - - 2 2 
Total 1 - 1 - 8 3 3 3 8 27 

Table 6. BLAST analyses of sequenced ITS region for selected isolates 

No of 
Sample 

Isolate Species GenBank Access 
Number 

The closest sequence 
in the GenBank 

Identities 
(%) 

Query cover (%) E-
value 

1 IBL277 P. plurivora JX274427 GU259247 100 100 0.0 
2 IBL280 P. plurivora JX274426 KM052583 100 100 0.0 
3 IBL282 P. plurivora JX274421 KM052583 100 100 0.0 
4 IBL287 P. plurivora JX274420 KF234680 100 100 0.0 
5 IBL290 P. plurivora JX274424 EU240194 100 100 0.0 
6 IBL293 P. plurivora JX274425 KM052583 100 100 0.0 
7 IBL294 P. plurivora JX274422 KM052583 100 100 0.0 
8 IBL297 P. megasperma JX274423 HM004230 100 100 0.0 
9 IBL301 P. sp. hungarica JX274428 EF522144 100 100 0.0 
10 IBL302 P. sp. hungarica JX274429 EF522144 100 100 0.0 

Species produced big oogonia with average dimen-
sions of 34.38±3.64 × 34.31±3.63 μm, and range of 27.10-
45.30 × 26.58-43.80 μm (N=53). Size of antheridia aver-
aged 15.0±3.40 × 10.5±2.20 μm and range 8.0-22.5 × 5.82-
17.3 μm (N=32), and they were mostly paragynous with 
only few amphigynous recorded. Oospores were aplerotic, 
and few were plerotic with average dimensions 26.7±3.21 × 
27±3.04 μm, and range 20.31-33.82 × 19.88-33.5 μm 
(N=51). Oospore wall thickness ranged from 0.8-3.3 μm,
with mean of 1.84±0.89 μm. Sporangia produced in non-
sterile extract were nonpapillate, persistent and with regu-
lar, ovoid to obpyriform shape. Dimensions of sporangia 
were 48.2±6.17 × 31.2±2.95 μm, with range 32.23-62.31 × 
24.73-37.35 μm (N=55). Length to breadth ratio averaged 
1.55±0.19, and range 1.11-1.94. Growth rate at 20°C on CA 
media was 3.52±0.24 mm/day. The species belongs to ITS 
clade 6, sensu Cooke et al. (2000), and it was identified as 
Phytophthora sp. hungarica. Presence of this species, as 
well as the presence of P. megasperma and P. plurivora
was confirmed during the molecular identification and ITS 
sequencing (Table 6).

Used ITS4 and ITS6 primers successfully amplified 
ITS region of selected isolates, and ~700-1100bp products 
were obtained, respectively. In total ten isolates were se-
quenced, seven from P. plurivora, two from P. sp. hungari-
ca and one isolate from P. megasperma. After BLAST 
analyses of obtained sequences, identity of all the obtained 
sequences with the closest sequence in the GenBank was 
100%, with 0% of gaps and Expect value, respectively 
(Table 6). Sequences were submitted to the GenBank and 
assigned accession numbers are shown in Table 6. 

This is the first report of P. megasperma and P. sp. 
hungarica on Fraxinus excelsior in Poland. 

Correlation between the DNA differentiation of ash 
trees and vitality classes in Wolica Reserve 

Allele frequency 
Among highly polymorphic nuclear microsatellite 

markers selected for this study, the most variable was locus 
M2 (27 alleles), while the least polymorphic was locus F16 
(5 alleles). Among four chloroplast SSR loci examined, the 
highest variation was observed in ccmp6 and ccmp10 loci 
(with 5 different haplotypes), and the lowest in ccmp3 locus 
(2 haplotypes). 

Private alleles were present both in nuclear and chlo-
roplast DNA loci, with prevalence in number of 55 alleles 
in 5 loci in highly polymorphic nuclear SSR markers in 
comparison to 5 alleles in 3 chloroplast loci examined. 

Genetic variation 
A summary of genetic variation measures for six nu-

clear and four chloroplast SSR loci was given in Tables 7 
and 8, respectively. Concerning the nuclear SSR marker 
variation, the highest numbers of observed (na) and ex-
pected (ne) alleles per locus, as well as the highest diversity 
coefficient of Shannon (I) were found in ash trees belong-
ing to the vitality class 0+1. Conversely, the parameters na,
ne and Shannon index (I) had the lowest values in the most 
damaged class 3 of ash trees (Table 7).  

The most heterogeneous trees examined with nucle-
ar SSR markers belonged to the Roloff class 2 (HE = 0.731)



Table 7. Genetic differentiation parameters based on nuclear SSR markers in studied ash trees 

Vitality class Genetic parameters of nSSR variability 
na ne I HO HE FIS FIT FST 

0+1 6.611 4.915 1.571 0.694 0.711 0.083 0.128 - 
2 6.000 4.544 1.557 0.643 0.731 0.163 0.228 - 
3 5.111 3.837 1.373 0.787 0.685 -0.127 -0.006 - 
Total: 11.611 6.188 1.954 0.694 0.775 0.142 0.160 0.020** 

na and ne, observed and expected number of alleles; I, mean Shannon index; HO and HE, observed and expected heterozygosity; FIS, 
inbreeding coefficient relative to the subpopulation; FIT, inbreeding coefficient relative to the total; FST, fixation index. **Significant 
deviation from 0: p < 0.05 

and class 3 (HO = 0.787). Total mean genetic value of ob-
served heterozygosity was lower than the expected one, 
which is in accordance with general observations made for 
different forest tree populations across Europe, e.g. Fraxi-
nus excelsior (Heuertz et al. 2004), Pinus sylvestris
(Kosińska et al. 2007), Picea abies (Nowakowska 2009)
and Quercus petraea (Kremer et al. 2002). 

All groups of trees had similar level of genetic dif-
ferentiation, according to FST value indicating only 2% 
differences between vitality classes. The inbreed coefficient 
FIS and FIT suggest 14.2% and 16.0% of heterozygosity 
losses respectively between all classes of vitality (Table 7).

Concerning the chloroplast SSR marker variation, 
the highest observed numbers of alleles per locus (na) was 
found in ash trees belonging to the vitality class 2. Con-
versely, the highest parameters of: expected number of 
alleles (ne), Shannon index (I), Nei’s (1973) heterozygosity 
(h) and private allele content (Ap) characterized the most
damaged class 3 of ash trees. Because the trees from the

class 2 of Roloff had no private allele, their genetic varia-
bility was lower than in class 3 and 0+1 (Table 8).

Based on analysis of molecular variance (ANOVA) 
among trees assessed with nuclear SSR markers, no pair-
wise Pearson correlation (r = -0.11 – 0.49) was observed 
among genetic parameters and tree classes of trees (Table 
9). The observed heterozygosity (HO) value was only sig-
nificantly different between classes 2 and 3 (p = 0.0332 in 
HSD Tukey test, for p value < 0.05). The other genetic 
parameters (na, ne, HE, I and F) showed no statistically 
significant differences between different classes of trees (p 
> 0.05).

Similarly, no pairwise Pearson correlation (r = -0.12 
– 0.51) was observed among genetic parameters and tree
classes of trees assessed with chloroplast SSR markers
(Table 9). The only significant statistical differences were
observed between private allele presence (Ap) in the differ-
ent class of vitality (p = 0.0001 in HSD Tukey test, for p
value < 0.05).

Table 8. Genetic parameters differentiation based on chloroplast SSR markers in studied ash trees 

Vitality class Genetic parameters of cpSSR variability 
na ne I h Ap 

0+1 2.750 2.151 0.822 0.503 0.178 
2 3.000 1.870 0.776 0.459 0.000 
3 2.750 2.257 0.854 0.534 0.429 
Total: 2. 833 2.093 0.817 0.499 0.607** 

na and ne, observed and expected number of alleles; I, mean Shannon index; h, Nei’s (1973) heterozygosity; Ap, private allele content. 
*Significant deviation from 0: p < 0.05

Table 9. Statistic correlations between vitality classes of trees and genetic parameter values based on Pearson r coefficient, N=60, p
value < 0.05 

nuclear SSR markers 
na ne I HO HE F 

Vitality Class 0.337455 0.489680 0.271914 -0.114483 0.034685 0.088720 

chloroplast SSR markers 
na ne I h Ap - 

Vitality Class -0.026841 -0.055929 -0.124202 -0.124202 0.505501 - 
na and ne, observed and expected number of alleles; I, mean Shannon index; HO and HE, observed and expected heterozygosity; F, 
ANOVA correlation coefficient. 



Figure 2. Clustering analysis between three vitality classes of ash trees and their genotypes based on nuclear microsatellite marker data 
in K-structure algorithm

Surprisingly, the most healthy class of trees (0+1) 
was not statistically different in any genetic parameter 
(based on nuclear or chloroplast type marker data) from the 
other classes. 

Genetic differentiation and gene flow 
It is generally considered that a value of Nm > 1 

characterises large gene flow within a given population 
(Slatkin and Barton 1989). In our investigation, the value of 
Nm = 24.72 obtained indicates a high gene flow between 
investigated classes of trees. 

No particular grouping of investigated ash tree geno-
types was revealed by STRUCTURE clustering analysis 
proving that there is no relationship between the vitality 
class and genetic structure of a single tree (Figure 2).

Discussion

The examined stand of ash trees is in an advanced 
disease stage. Different symptoms, indicative for infections 
with the aggressive and invasive fungus H. fraxineus were 
recorded. After isolation tests, the presence of this pathogen 
was confirmed and 68% of plated tissue samples were posi-
tive for the presence of H. fraxineus, what corresponded to 
the previously published data (Kowalski 2006). 

In the Forest District of Chojnów the separated areas 
with a dominant ash tree amount to 16.85 ha, which ac-
counts for only 0.2% of the total forest area of this Forest 
District. In the last 10 years within the sanitary cuts more 
than 500 m3 of ash timber was obtained, mainly dying trees 
(according to SILP - State Forests Information System). 
Since 2000, Fraxinus excelsior has not been introduced to 
forest plantations and its production in nurseries has not 
been continued. If the situation does not change, probably 
within the next few years ash species is likely to lose its 
dominant position on still such a small area. In the Wolica
reserve the mortality of trees is high, when we started to 
count and permanently mark all ash trees in autumn 2011 
there were 230 specimens. In 2012 in May when evaluating

defoliation and vitality only 198 trees remained and the 
next year we counted 176 trees, which stayed alive.  

Currently, ash dieback is one of the most important 
phytosanitary problems in Europe (Queloz et al. 2011).
However, H. fraxineus was present in some areas (e.g. 
Switzerland) for a long time before the outbreak of the 
disease (Engesser et al. 2009). After the contamination it
might take some years for building up of inoculums and the 
detection of first symptoms. This probably explains why the 
ongoing devastating epidemic, particularly on Fraxinus 
excelsior, is still developing. 

Concerning the role of particular organisms in ash 
dieback phenomenon, next to H. fraxineus some authors 
suggested the role of Phytophthora species in complex of 
factors of ash dieback phenomenon (Orlikowski et al. 2011, 
Akilli et al. 2013). During the research carried out in the 
Forest District Chojnów in the reserve Wolica the incidence 
of three species from the Phytophthora genus was con-
firmed, namely, P. plurivora, P. megasperma and Phy-
tophthora sp. hungarica. Their role in the process of die-
back is under investigation. Especially, P. plurivora is a 
species highly damaging fine roots of broad-leaved trees, as 
well as the tissues of hosts belonging to several different 
genera, including ashes (Jung and Burgess 2009, Orlikow-
ski et al. 2011). 

The other two species are new in Poland and found 
for the first time in ash stands in general as well as little 
studied. Namely, Phytophthora sp. hungarica was previous-
ly isolated from soils under the alder trees (Bakonyi et al. 
2012), and the role of this species in different syndromes of 
forest trees decline is little studied. On the other hand, P.
megasperma was reported as a pathogen of Malus pumilla
Mill. and Brassica spp. (Erwin and Ribeiro 1996). Also, 
this species was recently reported as being involved in 
Walnut trees (Juglans regia L.) decline in Italy (Belisario et 
al. 2012). However, the role of these two species in ash 
decline phenomenon need further research, particularly 
having in mind that they were isolated from only one out of 
nine collected rhizosphere soil samples in this stand. The 



role of these pathogenic organisms in the decline of ob-
served ash stand in Wolica reserve should be tested through 
the pathogenicity tests. Because of the fact that their direct 
impact in ash decline phenomenon was not confirmed in 
several other studies (Bakys et al. 2009, Schumacher et al. 
2010, Husson et al. 2012) the future field surveys in this 
respect in other declining ash stands in Poland are required. 
There is also a room for an alternative hypothesis e.g. that 
these Phytophthora species have been detected because we 
have looked for them, but we could also probably have 
detected them in ash stands before the arrival of the die-
back. However, species from the Phytophthora genus were 
recognized as frequent pathogens in forest and ornamental 
nurseries from where they could be introduced to newly 
established plantations and planted forests (Brasier and 
Jung 2006, Pérez-Sierra and Jung 2013). This is the possi-
ble scenario of origin of detected Phytophthora species in 
this ash stand, established in the Wolica reserve c.a. 20 
years ago. Water is also a very important source of inocu-
lum of these pathogenic organisms, including both the wa-
ter from irrigation reservoirs and natural streams (Orlikow-
ski et al. 2007 b, Hulvey et al. 2010, Reeser et al. 2011). 

The shoots of examined ashes were infested with 
Chalara fraxinea (anamorph of Hymenoscyphus fraxineus)
that is why in a further stage of the research it is planned to 
determine the relationship between the incidence of the 
fungus C. fraxinea attacking stems of trees, and fine root 
pathogens of the genus Phytophthora. Efforts will be also 
taken aiming at awakening the resistance of trees to these 
pathogens through the use of preparations containing phos-
phites. Similar tests were completed successfully in Aus-
tralia, where they are applied to a large scale against phy-
tophthoras (Jackson et al. 2000, Wilkinson et al. 2001, 
McCarren et al. 2009), but not yet against H. fraxineus in 
the affected areas.  

In addition to the fact that some other studies (e.g. 
by Schumacher et al. 2010) failed to detect Phytophthora in 
dying ash stands, Husson et al. (2012) suggested H. frax-
ineus as a cause of collar rots on ash trees. Moreover, 
Enderle et al. (2013) reported the frequent presence and 
isolation of Armillaria gallica Marxm. and Romagn from 
cankers at the stem base of declining ash trees, and previ-
ously Skovsgaard et al. (2010) reported association between 
the disease and the symptoms of A. gallica. It is, however, 
common that secondary pathogens affect weakened trees, 
and Enderle et al. (2013) suggested that recorded collar rots 
on ash trees could be possibly caused by both Armillaria
species and H. fraxineus. However, presence of Armillaria
species in the necrotic, as well as in asymptomatic tissues 
close to observed cankers was confirmed in this stand using 
molecular tools (Oszako, unpublished data), but in the iso-
lation trials we failed to obtain Armillaria spp., and future 
field surveys and isolation trials are required. 

One of the most important challenges in silviculture 
and management of the stands affected with ash dieback is 
infection spreading and post infection stand status, in the 
perspective of planning of future measurements. The ob-
tained results showed that the most of the trees (112) were 
judged to belong to the stagnation phase (stage 2 of the 
vitality), for which large deformations of shoots is typical. 
This phase is characterized by slow growth and mainly 
shoots in clusters that grow in the crown. This fact is con-
firmed by the results of defoliation, which is a commonly 
used criterion for assessing the degree of damage to trees 
and stands. It was found that the largest share in the stand 
constituted moderately damaged trees (defoliation 26-60%). 

Obtained results are very important in the perspec-
tive of searching for natural resistance against invasive H. 
fraxineus (McKinney et al. 2014). However, the natural 
resistance to the ash dieback disease was recorded in sever-
al studies in Denmark and Sweden (McKinney et al. 2011,
2012, Kjær et al. 2012, Stener 2013), and the presence of 
genetic variations of dieback resistance was proved through 
the progeny inoculation studies (Lobo et al. 2015). Based 
upon this, presence of highly resistant, not affected trees is 
very important. Also, and their resistance should be 
checked via large scale pathogenicity-provenance tests. 

Many diversity conservation programs and the forest 
tree management require the detailed knowledge of the 
genetic distribution of endangered species, like F. excelsior
suffering from ash-dieback phenomenon. The richness of 
the gene pool of each population is basically determined by 
multilocus allele occurrence in the genome (Escudero et al. 
2003).  

Our results showed that genetic variation of declin-
ing ash trees in the Wolica Reserve was not significantly 
correlated with the defoliation rate of ashes. The microsat-
ellite DNA-based research on genetic variation in dieback 
resistance in Fraxinus excelsior in Denmark also proved no 
correlation between inheritability of the Femsatl loci and 
susceptibility of trees measured by necrosis development 
due to Chalara fraxinea artificial infection, which is con-
sistent with the neutral nature of the SSR markers (Lobo et 
al. 2015). But the results obtained from the analysis of 60 
ash trees from Wolica Reserve naturally subjected to H. 
fraxinea infection indicate that there is a little 2% variation 
between three Rollof’s classes examined, with one signifi-
cant difference in observed heterozygosity value between 
the classes 2 and 3. The highest observed heterozygosity in 
class 3, suggests the highest differences in investigated 
microsatellite loci among the most damaged trees compar-
ing to other classes. Nevertheless, more studies with bigger 
number of investigated ashes displaying signs of dieback is 
needed to confirm this observation. 

Total genetic differentiation level of ash trees from 
Wolica Reserve based on nuclear SSR markers was medi-
um (HO = 0.694, HE = 0.775), and comparable to another 



studies performed for this species (Yazdani et al. 2003). 
Previous studies based on nuclear and chloroplast DNA 
markers showed similar level of genetic variation (GST =
0.198) in Polish ash populations to the level of GST = 0.110 
found in Angiosperms (Nowakowska et al. 2004, Hamrick 
1992). The observed in present study significantly different 
heterozygosity (HO) value only between classes 2 and 3 
may suggest some genetically based differences between 
the DNA variation and the degree of damages. Moreover, 
high gene flow observed among all classes of trees for 
nuclear SSR markers (Nm = 24.72) may indicate favourable 
condition for combination of alleles, guaranteeing the sur-
vival and adaptation to changing environmental conditions 
(Reed and Frankham 2003). 

In Poland and Lithuania, the preliminary assessment 
of genetic variability of the population of 13 European ash 
using RAPD analysis was carried out, but these studies 
have not assumed correlation analysis of molecular data 
with the data on the degree of dieback stands (Nowakowska 
et al. 2004). Detailed studies on the identification of SCARs 
markers associated with resistance of Polish ash prove-
nances to infection caused by Hymenoscyphus fraxineus
showed some genetic differences between individuals re-
sistant and susceptible to infection, but the incidence of 
those molecular markers failed to allow unequivocal identi-
fication of the trees resistant throughout the studied popula-
tions (Kowalski 2012).  

On the other side, the chloroplast SSR markers have 
been used to determine the postglacial migration routes in 
Europe thanks to their maternal inheritance in deciduous 
tree species and low mutation rate. In our study, the signifi-
cant statistical differences observed between presence of 
private chloroplast DNA allele (Ap) distribution in the dif-
ferent class of vitality may suggest some adaptive phenom-
enon of single trees in the particular Wolica Reserve of ash.  

The Polish ash stands studied with cpDNA markers 
revealed some moderate differentiation due to the presence 
of only two haplotypes of ccmp genes (Heuertz et al. 2004). 
Additionally, the same genes were revealed in F. excelsior
and F. angustifolia, suggesting the possible hybridization 
among ash species (Heuertz et al. 2006). Such phenomenon
is commonly observed in Quercus (Belahbib et al. 2001), 
Betula (Palme et al. 2004) and Populus (Lexer et al. 2005) 
species. Evolutionary driven forces like hybridization play 
an important role in tolerance and adaptation processes of 
ash species in Europe.  

Plant genomes contain a large number of resistance 
genes against various pathogens (Rajesh et al. 2015). Dur-
ing evolution the plants developed several mechanisms 
against the pathogenic invaders, based on gene-for-gene 
interaction concept (Manion 1981). Many genes and sec-
ondary-metabolite compounds are up- and down-regulated 
during tolerance / resistance pathway in plants subjected to 
external physical stress factors (like heavy metals, heat-

shock, UV, Nowakowska 1998) or biotic factors (pathogens 
and bacteria, Jones and Dangl 2006). The resistance genes 
are constitutively expressed and induced as soon as a path-
ogen is perceived, which subsequently triggers the plant 
defence responses (Rajesh et al. 2015). Recently, the asso-
ciative transcriptomics research performed in Denmark 
helped to discover specific DNA sequences and gene-
expression variants across ash trees scored for disease 
symptoms and identified markers strongly associated with 
canopy damage (Harper et al. 2015). The latest study re-
vealed some SNPs differences between susceptible and 
tolerant Danish F. excelsior trees, and even made possible a 
single-nucleotide based distinction between moderately 
tolerant ash species (F. mariensii) and highly tolerant ash 
species (F. mandhsurica, F. americana and F. ornus). Such 
a new method using rapidly identifying molecular markers 
associated with tolerant trait variation across a set of trees, 
and taking into account both gene sequence variation and 
gene expression variation, can be very effective in in stands 
protection measures.  

The further studies based on DNA polymorphism 
assessment performed on larger group of trees may help to 
understand the genetic basis of the pathogen tolerance de-
veloped by some European ash trees. 

Conclusions

New strategies of ash population restitution in Po-
land may be designed thanks to predictive molecular mark-
ers identifying tolerant and susceptible trees, with emphasis 
on propagation of seeds from the most tolerant-ones. Mo-
lecular markers, both nuclear and chloroplast microsatellite 
loci, constitute good tools to support conservation and man-
agement of forest genetic resources, via assessment of the 
gene-pool diversity of ash populations, and to predict po-
tential tolerance or susceptibility of this species against 
harmful pathogen like Hymenoscyphus fraxineus. More 
advanced studies, based on resistance-gene identification 
should be done to elucidate those mechanisms on the mo-
lecular level in order to promote marker-assisted silvicul-
ture in European ash restitution in Poland.  
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