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Abstract Hazelnut (Corylus avellana) is cultivated on
118 ha and ranks eighth in Slovenian fruit growing
production, representing 2.8% of the total area of fruit
plantations in the country. However, decline of
some of the trees appeared in 2012 in two planta-
tions located in eastern Slovenia. Together these
orchards cover 5 ha, with around 1600 trees planted
12 to 15 years ago. By October 2018, ~12% of
these trees had died, and an additional 12% showed
decay symptoms. The dead and dying trees were
scattered throughout both orchards, with no appar-
ent pattern. The most affected cultivar was ‘Istrska
dolgoplodna leska’. Using molecular diagnostic
methods, we showed infection of symptomatic trees
with three unrelated phytoplasmas: ‘Candidatus
Phytoplasma fragariae’, of the 16SrXII-E phyto-
plasma subgroup, and phytoplasma of the 16SrV

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10658-019-01839-3) contains
supplementary material, which is available to authorized users.

N. Mehle (D<) - N. Jako§ + M. Dermastia
National Institute of Biology, Vec¢na pot 111,
1000 Ljubljana, Slovenia

e-mail: natasa.mehle @nib.si

M. Mesl - J. Miklave - B. Matko

Slovene Chamber of Agriculture and Forestry,
Institute of Agriculture and Forestry Maribor,
Vinarska ulica 14, 2000 Maribor,

Slovenia

®

Check for
updates

and 16SrIX groups. In 2018, the presence of ‘Ca.
P. fragariae’ and/or phytoplasma of 16SrV group
were confirmed in decayed hazelnut trees in east-
ern, north-eastern, central, south-eastern and west-
ern Slovenia. ‘Ca. P. fragariae’ has also been de-
tected in a forest in south-western Slovenia, for
Acer campestre, Carpinus betulus, Crataegus
laevigata, Fraxinus ornus and Quercus petraea.
All infected forest trees showed unusual dense pro-
liferation of sprouts from roots and/or trunks. Mo-
lecular characterisations of partial /6S rRNA, secY,
map and ribosomal protein genetic locus of hazel-
nut 16SrV phytoplasma isolates show that they are
identical to isolates that can cause grapevine
flavescence dorée disease. Here, the results of our
recent study and the open questions on this burning
issue for hazelnut production are presented.
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Introduction

Corylus avellana L. (European hazelnut, or common
hazelnut) is a monoecious and wind-pollinated broad-
leaf species. It is typically a shrub, and is very common
in naturally regenerated mixed-hardwood stands. It can
be found throughout Europe, from Norway to the Iberi-
an Peninsula, and East as far as the Urals. This species is
very appreciated for its nuts, for which it is cultivated
worldwide, and especially in European countries, and
the United States and Canada. The hazelnut tree has
been used extensively in breeding programmes, and
there are now more than 400 described cultivars. Hazel-
nut trees can be propagated both in generative (i.e., by
seeds) and vegetative means. It is commonly propagated
by vegetative means using shoot and root suckers and
cuttings (Enescu et al. 2016).

In Slovenia, hazelnut ranks eight in fruit production,
and represents 2.8% (118 ha) of the total area of inten-
sive fruit orchards (Solar 2019). The most common
cultivar grown in Slovenian plantations is ‘Istrska
dolgoplodna leska’ with pollenizers ‘Istrska
okrogloplodna leska’ and ‘Hall’s giant’. Other cultivars,
such as “Tonda di Giffoni’, ‘Tonda gentile Romana’
‘Ennis’ and some others are widespread to a lesser
extent (Solar and Stampar 2011). In last few years,
severe damage in some Slovenian hazelnut plantations
has been observed. This has included mainly dead
branches, with many new dead or dying hazelnut trees
found each year. Among the cultivars in these planta-
tions, the most affected was ‘Istrska dolgoplodna leska’.

In the regions around the World where hazelnut is
grown, its production can be negatively affected by
several pathogens. Among these, for example, Pseudo-
monas avellana and Pseudomonas syringae pv. coryi
are responsible for bacterial canker and decline of ha-
zelnut in Europe (Scortichini 2002; Scortichini et al.
2005). This disease is characterised by a sudden wilting
of'the twigs and branches, especially at the end of spring
and during summer. Xanthomonas arboricola pv.
corylina causes severe damage in some hazelnut plan-
tations in Italy (Lamichhane et al. 2012). Another path-
ogen that has caused heavy losses of hazelnut produc-
tion in Italy is the fungus Spaceloma coryli (Minutolo

@ Springer

etal. 2016). Hazelnuts can also be affected by Fusarium
lateritium, which is the causal agent of nut grey necrosis
and twig canker (Belisario et al. 2005; Santori et al.
2010). Alternaria from several distinct species can also
cause diseases on hazelnut (Belisario et al. 2004). In
North America, the main diseases of hazelnut are caused
by Anisogramma anomala (Molnar et al. 2010), with
cankering, branch dieback and tree death seen.

No bacteriological or mycological causes for the
decline of these Slovenian hazel trees could be con-
firmed for most of the cases, although recently some
of the trees from two plantations in eastern Slovenia
tested positive for ‘Candidatus Phytoplasma fragariae’,
which is the phytoplasma of the 16SrXII-E subgroup
(Mehle et al. 2018). This phytoplasma has already been
shown to cause high mortality rates in two plantations of
hazelnut in the UK (DEFRA 2015). Decline and yel-
lows disorders of hazelnut in Germany and Italy have
been associated with infections by the 16SrX group
phytoplasmas that usually cause apple proliferation,
pear decline and European stone fruit yellows diseases
(Marcone et al. 1996). In Oregon, USA, clover yellow
edge phytoplasma (16SrIlI-B subgroup) was shown to
be associated with hazelnut stunt syndrome (Jomantiene
et al. 2000). Stunting and yellowing symptoms have
also been observed for hazelnut trees infected with
‘Ca. P. asteris’ (16Sr] group) (Cieslinska and Kowalik
2011).

Phytoplasmas are phloem-restricted, wall-less bacte-
ria that are pathogenic to many plant species worldwide.
They are classified into distinct groups, subgroups and
species on the basis of molecular data obtained from
16S ribosomal (r)RNA and other conserved genes that
belong to the ‘Candidatus Phytoplasma’ taxon (IRPCM
2004). Phytoplasmas are mainly spread between plants
by insects of the families Cicadellidae (leathoppers) and
Psyllidae (psyllids), and the superfamily Fulgoroidea
(plant hoppers). These feed on the phloem sap of infect-
ed plants, and therefore the host range of phytoplasmas
is dependent upon the feeding habits of their insect
vectors (Rao et al. 2018). Phytoplasmas can also be
efficiently spread via vegetative propagation, such as
through cuttings, grafting and micropropagation prac-
tices (Rao et al. 2018). They can also be spread via the
formation of root grafts (LeSnik et al. 2008).

The aims of this study were as follows: (i) to deter-
mine whether phytoplasmas other than ‘Ca. P. fragariae’
are also associated with the decline of C. avellana in
Slovenia; (ii) to determine the occurrence and
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geographic distribution of hazelnut trees infected with
phytoplasmas in Slovenia; (iii) to check the presence of
phytoplasmas in forest trees with phytoplasma-like
symptoms since these trees might serve as reservoir host
plants; and (iv) to characterise phytoplasma isolates in
hazelnut, and to compare these with those in other plants
using restricted fragment length polymorphism (RFLP)
and nucleotide sequencing. These data are necessary to
define the epidemiological routes and to initiate the
necessary prophylactic sanitary measures.

Materials and methods

Sampling, DNA extraction and detection
of phytoplasmas

After the first detection of ‘Ca. P. fragariae’ in two
plantations of C. avellana in eastern Slovenia in 2017
(Mehle et al. 2018), more intensive surveys for
phytoplasmas in Slovenian hazelnut trees were carried
out in 2018. Shoots and roots were sampled from symp-
tomatic and asymptomatic trees of C. avellana (Table 1).
Altogether, 28 trees were sampled at locations where
‘Ca. P. fragariae’ had been found for the first time in
2017 (Slovenska Bistrica; intensive orchards #1, #2). In
addition, eight trees were sampled in three other inten-
sive orchards in eastern Slovenia, six trees in four ex-
tensive orchards in north-eastern Slovenia, one in a
private garden in central Slovenia, two in two intensive
orchards in south-eastern Slovenia, and one in an exten-
sive orchard and three in an intensive orchard in western
Slovenia. Furthermore, samples of shoots and roots
were collected from one Carpinus betulus and two
Castanea sativa trees from the surrounding forest of
intensive orchard #1 (Online Resource 1). In addition,
14 forest trees were sampled in south-western Slovenia
(Beka), where ‘Ca. P. ulmi’ was found in 2016 (Mehle
et al. 2017): Acer campestre (X2), Carpinus betulus
(X2), Crataegus laevigata (X2), Fraxinus ornus (x3),
Ostrya carpinifolia (x1), Quercus cerris (x1), Quercus
petraea (x2) and Sorbus aria (x1). All of these sampled
forest trees showed unusually dense proliferation of
sprouts from roots and/or trunks.

Total DNA was extracted from 1 g leaf mid-vein
tissue and/or vascular tissue (phloem) from roots, using
kits (QuickPick Plant DNA kits; Bio-Nobile, Finland)
and a purification system (KingFisher mL; Thermo
Scientific, USA) (Mehle et al. 2013a). The total DNA

extracted from each sample was used as the template for
universal phytoplasma real-time PCR assay for amplifi-
cation of the phytoplasma 16S rRNA gene (Christensen
et al. 2004). The phytoplasma-positive samples were
then tested using specific real-time PCR for the 16SrV
phytoplasma group (Hren et al. 2007).

TagMan Universal PCR Master Mix (Applied
Biosystems) was used for all of the real-time PCR
assays. The final reaction volumes for the real-time
PCR of 10 pL contained 2 puL 10-fold diluted DNA
sample, 300 nM (universal phytoplasma assay)/ 900 nM
(16SrV phytoplasma group assay) forward primer,
900 nM reverse primer and 100 nM (universal phyto-
plasma assay)/ 250 nM (16SrV phytoplasma group as-
say) probe. The real-time PCR was carried out in 384-
well plates (Applied Biosystems), with the reactions run
as triplicates for the detection system (ABI Prism
7900HT Fast; Applied Biosystems). The cycling condi-
tion was 2 min at 50 °C, 10 min at 95 °C, 45 cycles of
15 s at 95 °C, and 1 min at 60 °C. A sample was
considered positive if it produced an exponential ampli-
fication curve that was distinguishable from the negative
controls, and in such cases the quantification cycles (Cq)
were determined. If no exponential amplification curve
was produced, a sample was considered negative. The
SDS 2.4 software (Applied Biosystems, USA) was used
for fluorescence acquisition and determination of Cq.
For this, the baseline was set automatically, and the
fluorescence threshold was set manually at 0.065, i.e.
at a level that was above the baseline and sufficiently
low to be within the exponential increase region of the
amplification curve. 18S rRNA prime-probe mix (Ap-
plied Biosystems) was used as the control, to evaluate
the quality of the DNA in the DNA extractions (Mehle
et al. 2013Db).

PCR and nested PCR amplification

Amplifications with PCR assays were carried out to
obtain amplicons that were used for the subsequent
characterisation of the phytoplasma isolates by sequenc-
ing and RFLP analysis. The 16S rRNA, intergenic 16S—
23S, and a small part of the 23S rRNA gene were
amplified from field-collected plant samples using the
primer pair P1/P7 (Deng and Hiruki 1991; Schneider
et al. 1995), followed by nested PCR with the primer
pairs fU5/rU3 (Lorenz et al. 1995) and R16F2n/R16R2
(Lee et al. 1993; Gundersen and Lee 1996). For isolates
characterised as 16SrV group phytoplasma, nested

@ Springer
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PCRs were carried out using the primer pairs rp(V)F1/
pR1 followed by rp(V)F2/rpR1 (Lim and Sears 1992;
Lee et al. 1998) and rp(V)F1A/mp(V)RI1A (Lee et al.
2004) to amplify the phytoplasma DNA segment of the
ribosomal protein (rp) operon that encompassed the rplV,
rpsS and rplP genes. Nested PCR were carried out using
the primer pairs FD9f/FD9r (Daire et al. 1997) followed
by FD9f2/FDOr (Daire et al. 1997; Angelini et al. 2001)
and FD9f3b/FD9r2 (Angelini et al. 2001; Clair et al.
2003) to amplify a 16SrV group phytoplasma DNA
segment of the FD9 marker. This contains the 3’ end of
the rplO gene, which encodes the L15 50S rp, and a long
fragment of the secY gene, which encodes a translocase
protein. Nested PCR was carried out using the primer
pairs FD9f5/MAPr1 followed by FD9f6/MAPr2
(Araud et al. 2007) to amplify a 16SrV group phyto-
plasma DNA segment of the secY-map genetic locus. The
following primer pairs were used in the nested PCR for
the amplification of DNA segments of the 16SrIX group
phytoplasma isolates: (i) rpF 1/rpR1(Lim and Sears 1992)
followed by rpF1/rp(DR1A (Lee et al. 2003), which
amplified a phytoplasma DNA segment of the rp operon;
and (ii) L15F1/MapR1 (Lee et al. 2010) followed by
L15F2(IX)/MapR2(IX) (Lee et al. 2012), which ampli-
fied a phytoplasma DNA segment of the partial spc
operon that includes the complete secY gene.

The PCR and nested PCR amplifications were per-
formed in 50 pL reaction volume with 200 nM or
400 nM of each PCR primer, 2 mM MgCl,, 200 uM
of each dNTP, and 0.02 or 0.03 U/uL Platinum Taq
DNA Polymerase High Fidelity (Invitrogen). Two mi-
croliters of DNA extract diluted 10-fold in water was
used for the first PCR, and 2 pL 100-fold diluted prod-
uct from the first amplification was used as template for
the nested amplification. The following conditions were
used as 35-cycle or 40-cycle PCRs: denaturation at
94 °C for 15 s to 30 s (2-3 min for the first cycle),
annealing at47 °C to 58 °C for 30 s to 1 min, and primer
extension at 68 °C for 1 min to 2 min. The concentra-
tions of the reagents and the PCR conditions for each
primer pair combination are listed in Online Resource 2.
The PCR products were analysed using 1% agarose gel
electrophoresis, with staining with ethidium bromide,
and visualisation under a UV transilluminator.

Sequencing and sequence analysis

The PCR and/or nested PCR amplicons were purified
(DNA Gel Extraction kits; Millipore; or MinElute PCR
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Purification kits; Qiagen), according to the manufacturer
instructions. The forward and reverse sequencing reac-
tions for the purified PCR and nested PCR products
were performed by Macrogen Europe or by Eurofins
GATC, using the Sanger method. For sequencing of the
partial spc operon of the 16SrIX group phytoplasma
isolate, intermediate primers (Lee et al. 2012) were used
to allow the sequences to overlap. Sequences from each
DNA region were assembled after each nucleotide po-
sition had been covered at least two times by sequenc-
ing. The sequences were compared with sequences from
the GenBank database, using the BLAST algorithms
(http://www.ncbi.nlm.nih.gov/blast). DNA sequences
were aligned using the Vector NTI software.
Phylogenetic trees were constructed using the MEGA
7 software (Kumar et al. 2016). Bootstrap analyses
(1000 replicates) were used to estimate the stability.
All of the sequences used to construct the trees were
from this study or were obtained from GenBank.

Restricted fragment length polymorphism analysis

Computer-simulated RFLP analysis of sequences was
performed using iPhyClassifier (Zhao et al. 2009). In
addition, for the samples positive for the 16SrV phyto-
plasma group, the nested PCR products amplified using
the primer pairs FD9f/FDOr followed by FD9f3b/FD9r2
were analysed using two enzymes: Alul and Tagl (New
England Biolabs), according to the manufacturer in-
structions. The restriction products were then separated
by electrophoresis using 2% agarose gels, and stained in
ethidium bromide. The DNA bands were visualised
using a UV transilluminator.

Results

Detection of phytoplasmas associated with declining
of hazelnut trees

In two plantations located in Slovenska Bistrica (eastern
Slovenia) that together cover 5 ha with around 1600
hazelnut trees planted 12 to 15 years ago, decline of
some of the trees appeared in 2012. By October 2018,
10% of these trees had been removed, because they had
died in previous years, and an additional 14% of the
trees showed decaying symptoms (Online Resource 3).
These decaying symptoms included dead trees that had
not yet been removed (2%), trees with some dead


http://www.ncbi.nlm.nih.gov/blast

Eur J Plant Pathol (2019) 155:1117-1132

1123

branches (3%), and trees where yellowing and dropping
of the leaves had been observed on a small part of the
tree (9%). A few of the trees in these plantations (<1%)
had unusual proliferation of thin twigs from the
branches (i.e., witches’ broom symptom), or yellow or
curled leaves only. The dead and symptomatic trees
were scattered throughout the plantations with no ap-
parent pattern. Among the cultivars, the most affected
was ‘Istrska dolgoplodna leska’, which is also the most
common cultivar in these plantations.

In these two plantations, 28 trees were sampled in the
autumns of 2017 and 2018, as 17 trees with decaying
symptoms, one with witches’ broom symptom, two with
curled leaves, one with some yellowing of the leaves,
and seven asymptomatic trees (Table 1). Using universal
phytoplasma real-time PCR assays, we demonstrated
infection with phytoplasmas in all of these hazelnut trees
with decaying symptoms, and in a tree with witches’
broom symptoms, while the asymptomatic trees and
trees with only yellow or curled leaves were negative
for phytoplasmas. In seven out of twelve phytoplasma-
positive samples where roots and shoots were tested
separately, the presence of phytoplasmas was confirmed
in the root samples only.

In 2018, phytoplasmas were detected also in 10 ha-
zelnut trees among 21 tested from other locations in
Slovenia (Table 1). Phytoplasmas were confirmed in
three other intensive orchards in eastern Slovenia
(Dramlje, Lokarje, Tabor), in an extensive orchard in
north-eastern Slovenia (PetiSovci), in an intensive or-
chard in south-eastern Slovenia (Bir¢na vas), in one
intensive and one extensive orchard in the western part
of Slovenia (Branik, Kromberk), and in a private garden
in central Slovenia (Medvode). All of these
phytoplasma-positive hazelnut trees had symptoms of
decay. However, in some of the decaying trees,
phytoplasmas were not detected. The situation in inten-
sive orchards where the phytoplasmas were detected
was as follows: (i) a 17-year-old plantation on 0.76 ha
in Dramlje, with the first decaying symptoms observed
in 2010, and since then, one to three dead trees con-
firmed each year; (ii) a 33-year-old plantation on 1.43 ha
in Lokarje, with only one decayed tree; (iii) a 35-year-
old plantation on 0.72 ha in Tabor, with the first
decaying symptoms observed in 2015, and since then
five decayed trees were confirmed each year; (iv) 10%
to 15% of symptomatic trees in a 0.24-ha orchard in
Bir¢na vas; and (v) 30% to 40% of symptomatic trees in
a 1.25-ha orchard in Branik. Among these infected

extensive orchards, the most severe situation was in
Kromberk, where nine out of ten trees showed decaying
symptoms.

RFLP and phylogenetic analyses of phytoplasma 16S
rRNA gene sequences

Genetic variation of the detected phytoplasmas was
studied on 18 selected samples, on the basis of the
conserved 16S rRNA gene. Phylogenetic analysis and
sequence analysis of the 16S rRNA gene using
iPhyClassifier showed that the phytoplasma isolates
identified in these decaying hazelnut trees in Slovenia
belonged to three unrelated groups of phytoplasmas.

In plantations located in Slovenska Bistrica, where
the presence of ‘Ca. P. fragariae’ (16SrXII-E) was con-
firmed for the first time in 2017 (Mehle et al. 2018),
phytoplasmas from the 16SrV-C subgroup and a variant
of the 16SrIX-E subgroup were also detected. Identical
sequences of the 16S rRNA gene to those defined in the
hazelnut trees in 2017 (MH061347, MHO061346) were
detected in other decaying trees from the same orchards
in 2018 (D1469/18, D1473/18, D1478/18). The 16S
rRNA gene sequences of samples D876/17
(MK775267) and D1474/18 were identical, and they
shared 99.5% to 99.9% similarity with the reference
strains of 16SrV-C subgroup (X76560, AY197642).
The virtual RFLP patterns analysed using iPhyClassifier
for these two samples were identical (similarity coeffi-
cient, 1.00) to the reference pattern of 16SrV-C
(AY'197642). The successfully sequenced 1053-bp to
1057-bp segments of the 16S rRNA gene of samples
D1472/18 and D1466/18 were also identical to the 16S
rRNA sequence of samples D876/17 and D1474/18.
The virtual RFLP pattern of the 16S rRNA gene se-
quence of sample D890/17 (MK775266) was the most
similar to the reference pattern of the 16Sr group IX,
subgroup E (GQ925918), with a pattern similarity coef-
ficient of 0.98. This RFLP pattern differed by one re-
striction site, Hhal, from subgroup 16SrIX-E. Phyloge-
netic analysis using partial 16S rRNA sequences of all
three isolates of the phytoplasmas identified in the ha-
zelnut trees in Slovenska Bistrica (as representative
phytoplasmas of distinct phytoplasma groups or sub-
groups) and Acholeplasma laidlawii (as an outgroup)
confirmed that the phytoplasma isolates from these ha-
zelnut trees from Slovenska Bistrica belong to the
16SrXII-E subgroup and the 16SrV and 16SrIX group

(Fig. 1).

@ Springer



1124

Eur J Plant Pathol (2019) 155:1117-1132

@ Springer

@ hazelnut Slo D876/17 (MK775267)
16SrV-C (X76560)

16SrV-D (AJ548787)

16SrV-E Ca P rubi (AY197648)

16SrV-A Ca P ulmi (AY197655)

16SrV-F Ca P balanitae (AB689678)
16SrV-H (KJ452547)

16SrVI-A Ca P trifolii (AY390261)

16SrVII-A Ca P fraxini (AF092209)
16SrVI-I Ca P sudamericanum (GU292081)
16SrXXXII-A Ca P malaysianum (EU371934)
16SrVIII-A Ca P luffae (AF086621)
16SrXIV-A Ca P cynodontis (AJ550984)

16SrXI-E Ca P cirsii (KR869146)

16SrXXII-A Ca P palmicola (KF751387)
16SrXIX-A Ca P castaneae (AB054986)
16SrXXI-A Ca P pini (AJ310849)

16SrXXIX-A CaP omanense (EF666051)
16SrIX-B Ca P phoenicium (AF515636)
16Sr1X-D (AF515637)

16Sr1X-C (HQ589191)

16SriX-A (AF248957)

@ hazelnut Slo D890/17 (MK775266)

99

100

16SrIX-E (GQ925918)
16Srlll-A Ca P pruni (JQ044393)
16SrXV-A Ca P brasiliense (AF147708)
100 I—E 16Srll-B Ca P aurantifolia (U15442)
99 16Srll-D Ca P australasia (Y10096)
16SrXXX-A Ca P tamaricis (FJ432664)

99

100

16SrX-D Ca P spartii (X92869)
16SrX-B Ca P prunorum (AJ542544)
98 16SrX-A Ca P mali (AJ542541)

85— 16SrX-C Ca P pyri (AJ542543)
16SrXXXI-A Ca P costaricanum (HQ225630)
16SrXIII-A Ca P hispanicum (AF248960)
16SrXIIl-G Ca P meliae (KU850940)

100 16SrI-B Ca P asteris (AY265210)

16Srl-Y Ca P lycopersici (EF199549)

16SrXII-E Ca P fragariae (DQ086423)

© forest tree Slo D598/18 (MK775268)

@ hazelnut Slo D887/17 (MH061346)

16SrXII-1 (EU338445)

16SrXII-D Ca P japonicum (AB010425)

16SrXII-H Ca P convolvuli (JN833705)
16SrXVIII-A Ca P americanum (DQ174122)

16SrXII-C (AJ243045)

16SrXII-A Ca P solani (AF248959)

16SrXVI-A Ca P graminis (AY725228)

16SrXVII-A Ca P caricae (AY725234)

99

100

72

81

0,05

Acholeplasma laidlawii (U14905)



Eur J Plant Pathol (2019) 155:1117-1132

1125

4 Fig. 1 Phylogenetic tree of the partial 16S rRNA gene sequences
from the phytoplasma isolates identified in Slovenian hazelnuts
(red dots) and Slovenian forest trees (light green dot), and those
representative of the phytoplasma species (including
representative strains of other 16SrV, 16SrIX and 16SrXII
subgroups). GenBank accession numbers are shown in brackets.
Sequences were aligned with CLUSTAL W. Acholeoplasma
laidlawii was used as outgroup. Evolutionary history was
inferred using the maximum likelihood method (1000 bootstrap
replicates) with a best-fit model: Tamura-Nei model. A discrete
gamma distribution was used to model the evolutionary rate dif-
ferences among sites (in five categories). The rate-variation model
allowed for some sites to be evolutionarily invariable. There were
a total of 1280 positions in the final dataset. The proportions of
replicate trees in which the associated taxa clustered together in the
bootstrap test are shown next to the branches. Bootstrap values
below 70 were omitted. The trees are drawn to scale, with branch
lengths measured as the number of substitutions per site. Evolu-
tionary analyses were conducted in MEGA7 (Kumar et al. 2016)

Identical sequences of the 16S rRNA gene to those
identified for the hazelnut trees in Slovenska Bistrica
and confirmed as ‘Ca. P. fragarie’ (Mehle et al. 2018)
were detected also in decaying trees from the extensive
orchard in north-eastern Slovenia (D1533/18), the in-
tensive orchard in south-eastern Slovenia (D1363/18),
the intensive and extensive orchards in the western part
of Slovenia (D1445/18 and D516/18), and the private
garden in central Slovenia (D709/18). Based on se-
quence chromatograms, for many of these samples, both
isolates were most probably present in the same trees [in
position 305, T (MH061346), C (MH061347)]. In
north-eastern Slovenia, phytoplasma from the 16SrV
group was detected as well (D1532/18). This phytoplas-
ma group has also been detected in decaying trees from
other intensive orchards in eastern Slovenia (D1387/18,
D1384/18). The successfully sequenced 1067-bp to
1077-bp segment of the 16S rRNA gene of samples
D1532/18, D1387/18 and D1384/18 were identical to
the positive samples for the 16S rRNA sequence of the
16SrV group from Slovenska Bistrica.

16SrV group phytoplasma confirmation and typing

All of the phytoplasma-positive samples were tested by
16SrV phytoplasma group-specific real-time PCR. The
16SrV phytoplasma group was confirmed in 21 hazel-
nut trees out of the 28 phytoplasma-positive trees
(Table 1). Of 21 trees positive for the 16SrV phytoplas-
ma group, four were co-infected by ‘Ca. P. fragariae’. In

one tree (D1473/18), ‘Ca. P. fragariae’ was detected in
the shoots, while the 16SrV phytoplasma group was
detected in the roots. In another tree (D1469/18), both
phytoplasmas were detected in the roots, and only ‘Ca.
P. fragariae’ in the shoots, while in tree D1478/18, both
phytoplasmas were detected in the shoots, and only the
16SrV phytoplasmas in the roots.

Restricted fragment length polymorphism analy-
sis of the FD9 marker that distinguishes different
isolates of the 16SrV phytoplasma group (Angelini
et al. 2001; Clair et al. 2003; Filippin et al. 2009)
was performed on 15 16SrV-positive samples.
Eleven of these showed RFLP patterns identical
to the FD-D type isolate from grapevine, while
four showed RFLP patterns identical to the FD70
type isolate from grapevine (Table 1, Fig. 2). Nu-
cleotide sequence analysis of the FD9 amplicon
was performed on sample D876/17 (MK783137),
which confirmed its assignment to the FD-D type
(Fig. 3a). Sample D876/17 and reference strain
FD-D (AY197685) shared 99.8% sequence similar-
ity in the 1211-bp segment of rp/15 and secY.

The diversity of 13 samples was also analysed by
determination of the variability of the partial 7p operon.
All of these samples that were characterised based on
the FD9 marker as the FD-D type (D876/17, D1474/18,
D1472/18,D1466/18, D1478/18, D1386/18, D1384/18,
D1382/18, D1533/18) shared an identical sequence in
the ~1100-bp segment of the 7p operon. This sequence
(MK783138) was also identical to the reference strain
FD-D (AY 197664) (Fig. 3b). Sequence similarity of the
~1100-bp segment of the p operon between all four of
the FD70 type samples (D1469/18, D1473/18, D1387/
18, D1532/18) was 100%, and this sequence
(MK783140) was clustered together with the FD70
reference strain also by phylogeny based on the 7p gene
(Fig. 3b).

The sequences of the map gene (674 bp) were deter-
mined for D876/17 and D1469/18. D876/17
(MK783139) had 99.7% map sequence similarity to
the sequence of isolate VOO-SP5 (AM384886), which
was clustered by Armaud et al. (2007) as Map-FD2, the
cluster that included isolates that were FD-D type ac-
cording to Angelini et al. (2001). The sequence of the
map genetic loci of sample D1469/18 (MK783141) was
identical to the sequence of the isolate V02-101
(AM384887), which was clustered by Arnaud et al.
(2007) as Map-FD1 (a cluster that also included the
FD70 isolate).
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Fig. 2 Agarose gel electrophoresis showing RFLP patterns of
nested-PCR products of some of the Slovenian 16SrV phytoplas-
ma isolates obtained from Corylus avellana and Vitis vinifera. The
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Fig. 3 Phylogenetic relationships of the secY (a) and rp (b) genes
among the Slovenian 16SrV phytoplasma isolates (red dots), with
the other strains from the 16SrV group based on sequences ob-
tained from GenBank. GenBank accession numbers of nucleotide
sequences are given in parentheses. The trees were constructed
using the maximum likelihood method (1000 bootstrap replicates)
with the best-fit models: general time reversible model (a) and
Tamura three-parameter model (b). Discrete gamma distributions
were used to model the evolutionary rate differences among the
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sites (in five categories). The rate variation model allowed for
some sites to be evolutionarily invariable. There were a total of
1116 (a) and 1056 (b) positions in the final datasets. The propor-
tions of replicate trees in which the associated taxa clustered
together in the bootstrap tests are shown next to the branches.
Bootstrap values below 70 were omitted. The trees are drawn to
scale, with branch lengths measured as the number of substitutions
per site. Evolutionary analyses were conducted in MEGA7
(Kumar et al. 2016)
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16SrIX group phytoplasma characterisation

The 16SrIX phytoplasma group isolate that was
identified in one hazelnut plant in Slovenska
Bistrica was further characterised by PCR-based
amplification and sequence analysis of the secY
and rp genes. BLAST analysis of the 1287-bp
segment of secY (MK783135) showed only
96.3% sequence identity with isolate BBS3NJc5
(JN791260) and 96.0% sequence identity with iso-
late JunWB2Cc2 (JN791254), which are both
members of the subgroup 16SrIX-E (Lee et al.
2012). The similarities of the sequenced portions
of the 1137-bp segment of rp (MK783136) with
representative phytoplasma strains of 16SrIX-E, as
JunWB2Ccl (JN712785) and BB3NlJcl
(JN712787) (Lee et al. 2012), were 98.0% and
97.7%, respectively. The SecY and rp gene-based
phylogenetic trees with strains from the different
16SrIX phytoplasma subgroups are shown in
Fig. 4.

a
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Fig. 4 Phylogenetic relationships of secY (a) and rp (b) genes
among the Slovenian 16SrIX phytoplasma isolates (red dot), with
the other strains from the 16SrIX group based on sequences
obtained from GenBank. GenBank accession numbers of the
nucleotide sequences and 16S rRNA based classifications of these
strains are given in parentheses. The tree was constructed using the
maximum likelihood method (1000 bootstrap replicates) with
best-fit models: general time reversible model (a), and Tamura
three-parameter model (b). Discrete gamma distributions were

Detection and identification of phytoplasmas in forest
trees

Real-time PCR assays were carried out on the DNA
extracted from leaf and root samples of Carpinus betulus
and two Castanea sativa trees from the surrounding
forest of the intensive orchard #1 in Slovenska Bistrica,
and of 14 forest trees from south-western Slovenia (On-
line Resource 1). Although all of the analysed trees
showed unusually dense proliferation of sprouts from
roots or trunks (Online Resource 4), the presence of
phytoplasmas was confirmed only for the following trees
analysed from south-western Slovenia: both Acer
campestre, both Carpinus betulus, one Crataegus
laevigata, two Fraxinus ornus, and one Quercus petraea.
In all of these cases, the presence of phytoplasma was not
confirmed in DNA extracted from the leaves only.

The successfully sequenced 1333-bp segment of the
phytoplasma 16S rRNA gene of both of the
A. campestre, one of the C. betulus and C. laevigata,
and both of the F. ornus samples were identical (one of

5 JunWB-2Cc1 (IN712785) (16SrIX-E)
g| - JUNWB-2Cc2 (IN712784) (16SrIX-E)
BBS3NJ-c1 (JN712787) (16SrIX-E)
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| 100| — PPWB (EF193383) (16SrIX-A)
86| pPWBpr (EF183497) (16SriX-A)

I KAP (EF186801) (16SriX-C)

AlmWB-A112 (EF186803) (16SrIX-B)

T
used to model evolutionary rate differences among sites (in five
categories). The rate variation model allowed for some sites to be
evolutionarily invariable. There were a total of 1116 (a) and 1056
(b) positions in the final datasets. The proportions of replicate trees
in which the associated taxa clustered together in the bootstrap test
are shown next to the branches. Bootstrap values below 70 were
omitted. The trees are drawn to scale, with branch lengths mea-
sured as the number of substitutions per site. Evolutionary analy-
ses were conducted in MEGA7 (Kumar et al. 2016)
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these sequences was deposited in GenBank with the
accession number MK775268). The 1132-bp sequences
from the nested PCR products of 16S rRNA of the other
C. betulus sample and the Q. petraea sample were also
identical. BLAST analysis of the 1333-bp segment of
16S rRNA from the forest tree (MK775268) showed
99.6% sequence identity with strain ‘Straw Y’
(DQO086423). ‘Straw Y’ is a type strain of ‘Ca. P.
fragariae’ (Valiunas et al. 2006) from the subgroup
16SrXII-E. In addition, the iPhyClassifier tool showed
a similarity coefficient of 1.00 to the reference pattern of
this phytoplasma subgroup. Phylogenetic analysis of the
16S rRNA gene also showed that this forest tree isolate
clustered with the 16SrXII-E subgroup, and indicated a
close phylogenetic relationship to the ‘Ca. P. fragariae’
isolate detected in the Slovenian hazelnut (MHO061346)
(Fig. 1). The similarity of the 16S rRNA gene of the ‘Ca.
P. fragariae’ isolate detected in the Slovenian hazelnut to
the isolate detected in the forest trees was 99.6%.

Discussion

Phytoplasmas of three unrelated groups have been con-
firmed in declining hazelnut trees in Slovenia. Among
these, ‘Ca. P. fragariae’ (16SrXII-E subgroup) and
phytoplasmas of the 16SrV group appear to be the most
devastating and widespread in Slovenian hazelnut plan-
tations. Phytoplasmas of these two groups have been
detected also in other plant species in Slovenia. On the
other hand, phytoplasmas of the 16SrIX group have been
detected in only one hazelnut tree, and up to now, no
other plant species have been shown to be infected with
phytoplasmas of this 16SrIX group in Slovenia.

The first record of “Ca. P. fragariae’ was from Lithuania
in cultivated strawberry (Valiunas et al. 2006). It was later
reported in Italy, in Cornus sanguinea and Sambucus nigra
(Filippin et al. 2008; Martini et al. 2018). More recently, it
has been described as causing disease in China in potatoes
(Cheng et al. 2015). The first record of this phytoplasma in
C. avellana was from the UK (Hodgetts et al. 2015). In
Slovenia, the infection of C. avellana with ‘Ca. P.
fragariae’ was confirmed for the first time on samples
taken in 2017 in eastern Slovenia (Mehle et al. 2018). In
the present study, we have shown that ‘Ca. P. fragariae’ has
infected hazelnut trees also at other locations in Slovenia.
In addition, this study presents the first finding of ‘Ca. P.
fragariae’ in A. campestre, C. betulus, C. laevigata,
F ornus and Q. petraea. While all of these forest trees
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showed only unusually dense proliferation of sprouts from
roots and/or trunks, the infected cultivated hazelnut trees in
most cases showed declining symptoms. This might be
due to the differences between the isolates of ‘Ca. P.
fragariae’ (the similarity of the 16S rRNA gene of the
‘Ca. P. fragariae’ isolate detected in the Slovenian hazelnut
trees to the isolate detected in the forest trees was 99.6%)
or due to higher susceptibility of the cultivated hazelnut
trees. In the UK, a high level of mortality was seen for ‘Ca.
P. fragariae’ infected hazelnut trees in two plantations. The
most likely scenario in the UK was that the trees planted at
both sites were clonally propagated from an infected moth-
er plant, and thus already infected at the time of planting,
with the disease having progressed over a 15-year period
(DEFRA 2015). In Slovenia, ‘Ca. P. fragariae’ has been
detected in at least two different cultivars, as ‘Istrska
dolgoplodna leska’ and ‘Istrska okrogloplodna leska’,
which were planted at different locations, and thus were
very unlikely to be from the same mother plant.

Both of the cultivars ‘Istrska dolgoplodna leska’ and
‘Istrska okrogloplodna leska’ from different plantations
in eastern and north-eastern Slovenia were shown to be
infected also with the 16SrV phytoplasma group. More-
over, this is the first report of declining symptoms on
cultivated hazelnut trees associated with 16SrV phyto-
plasma group. The age of the 16SrV phytoplasma in-
fected plantations were from 12 years to 35 years.
Among the 16SrV phytoplasma group, isolates of
16SrV-C and 16SrV-D phytoplasma subgroups can
cause serious and economically important disease of
grapevines; i.e., ‘flavescence dorée’ (FD). They affect
a broad range of Vitis vinifera cultivars across 10 European
countries, where it is a quarantine pathogen (EPPO 2019).
FD-related phytoplasma isolates can also infect Clematis
vitalba, Ailanthus altissima, Alnus glutinosa and
A. incana, although they remain asymptomatic (Angelini
etal. 2004; Filippin et al. 2011; Mehle et al. 2011; Radonji¢
et al. 2013; Atanasova et al. 2014). Recently, FD-related
phytoplasma isolates were also found in asymptomatic
willows (Salix spp.) and in asymptomatic uncultivated
hazelnut shrubs sampled in a forest close to a FD-
infected vineyard in Switzerland (Casati et al. 2017). Mo-
lecular characterisation and phylogenetic analyses of the
FD9 marker and rp operon sequences of isolates detected
in these Slovenian hazelnut trees revealed the presence of
the FD-D and FD70 type isolates, which correspond to
map-type FD2 and FD1, respectively. Isolates detected in
hazelnut trees in Switzerland were defined as map-type
FDI, FD2 and FD3 (Casati et al. 2017).
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FD-D type is the prevalent FD phytoplasma type that
infects Slovenian grapevines, with 82.5% of 372
analysed grapevine samples in the period from 2005 to
2018 confirmed to be infected with FD-D type, with FD-
70 assumed to be present in <7% (data not shown). FD-D
type isolates have been found in Slovenia also in one of
six 16SrV phytoplasma positive A. alfissima trees, and in
single or in mix infections with FD-70 and FD-C type
isolates in A. glutinosa and A. incana trees (data not
shown). These 16SrV phytoplasma positive
A. altissima, A. glutinosa and A. incana samples were
collected outside the winegrowing regions and outside
the hazelnut plantations. As these plants were without
any symptoms, they might serve as reservoir host plants.
Further studies are needed to determine the status of the
neighbouring plants to the phytoplasma-infected hazel-
nut plantations. To date, only three other trees from the
neighbouring forest have been tested, and the presence of
phytoplasma was not confirmed, although the trees
analysed showed phytoplasma-like symptoms and al-
though they grew in close vicinity to a hazelnut planta-
tion infected with different phytoplasmas.

A good correlation between dead-branch symptoms
and phytoplasma infection was observed and high suscep-
tibility of at least two hazelnut cultivars (‘Istrska
dolgoplodna leska’, ‘Istrska okrogloplodna leska’) to
phytoplasma infection can now be assumed, while the
susceptibility of other cultivars to phytoplasma infection
needs to be examined in the future. However, since Koch’s
postulates would be technically challenging to demonstrate
with a phytoplasma, it cannot be said conclusively that the
symptoms seen are entirely caused by phytoplasmas, al-
though this is strongly suspected to be the case. In addition,
phytoplasmas have not been detected in some decaying
trees. This might be due to uneven distributions of the
phytoplasmas in the trees, and consequently it is possible
that the part of these trees with phytoplasmas was not
included in the sample for testing. On the other hand, it
is also possible, that dead-branch symptoms are due to
infection with other pathogens or due to inappropriate
growth conditions. Therefore, laboratory testing of
symptomatic trees is needed to confirm the phytoplasma
infections. Separate testing of shoot and root samples has
confirmed that testing of root samples is more reliable than
testing of shoot samples. The reason of this fact was not
studied, but we assume that phytoplasmas are more evenly
distributed in root parts as in crown. However, for reliable
detection of mixed infections with different phytoplasmas,
we recommend to test both roots and shoots.

Since the vector of ‘Ca. P. fragariae’ is not known
and several possible vectors may be involved in trans-
mission of FD phytoplasma (Chuche and Thiéry 2009;
Dermastia et al. 2017; Filippin et al. 2009; Lessio et al.
2016; Maixner et al. 2000; Mehle et al. 2010), further
studies are needed to determine the role of vectors in the
phytoplasma epidemiology of hazelnuts.
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