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Abstract: ‘Candidatus Phytoplasma prunorum’ is causing ever increasing economic losses through the
decline of apricot trees in European countries, e.g., Hungary. In this study, the pathogen was identified
from plant tissues and insects by nested-PCR. The insect species were identified via morphology and
molecular methods. The incidence of the pathogen was 29.6% in randomly selected apricot trees.
Most of the infected trees with symptoms died within a year. These results show that phytoplasma
is significantly present and causes damage in the investigated plantations. The only known insect
vector of this phytoplasma is the plum psyllid, Cacopsylla pruni, which was regularly encountered in
the sampled apricot orchards and in their surroundings. In a two-year study, several adults among
the sampled specimens were observed to be infected by the pathogen. This observation further
confirms the role of the plum psyllid in vectoring the phytoplasma. All the sampled plum psyllid
adults belonged to the ‘B’ biotype. Besides C. pruni, Cacopsylla crataegi was abundant in the samples.
Several adults of the latter species were also infected by the pathogen ‘Ca. Phytoplasma prunorum’.
The rates of occurrence of this phytoplasma in male and female adults of the two psyllid species
appeared to be similar. The examined C. crataegi individuals showed genetic differences from each
other and from specimens included in a previous investigation.

Keywords: plum psyllid; hawthorn psyllid; ITS2; COI; phylogenetic comparison; ESFY

1. Introduction

‘Candidatus Phytoplasma prunorum’ is one causative agent of disease for several
host plants of the Prunus genus [1]. These diseases are collectively called European Stone
Fruit Yellows (ESFY) [2]. This group of diseases severely affects Prunus armeniaca (Family:
Rosaceae) in southern and central Europe [3]. Studies on phytoplasma infestation of apricot
trees have shown a wide range of results, with an infection rate of 11% in Poland [4], 24%
in Croatia [5], 44.9% in Austria, 47% in Hungary [6], 18.5 to 56% in the Czech Republic [7,8],
82% in France [9], and 67% to 83% in Germany [10,11]. In one of the reports, researchers
found 26.6% disease incidence of P. cerasifera rootstocks [6]. Apricot trees usually show
yellowing, rolling and wilting of the leaves, and death of the woody parts or the whole
tree as a result of the disease [8,12,13]. ’Myrobalan’ does not show or shows only few foliar
symptoms; however, some phytoplasma strains can cause significant mortality [12,14]. In
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addition to the destruction of trees, the economic loss is increased by the deterioration of
fruit quantity and quality in the case of several varieties [15,16]. There are no registered
plant protection products that are effective against this disease or that have proven to
be useful in combatting the infection, so its spread must be prevented; thus, our current
knowledge should be expanded.

The currently known vector of the causative agent of ESFY is the plum psyllid, Cacop-
sylla pruni (Scopoli, 1763), which is member of the order Hemiptera and belongs to the family
Psylloidea [17,18]. Psyllids have been found in several countries of Europe, for example,
the Czech Republic, Germany, Hungary, Italy, Serbia, Slovakia, and Slovenia [19,20]. In
Hungary, the presence of C. pruni has been confirmed in the south and western part of
the country, specifically, in the Pest, Somogy, Vas, and Veszprém counties [21–23]. Two
biotypes have been established in C. pruni: ‘A’ and ‘B’ [24]. These groups have not yet
been morphologically distinguished [25]. Both biotypes are capable of transmitting the
causative agent of ESFY [26,27]. The Internal Transcribed Spacer 2 (ITS2) region is used
for the molecular identification of these biotypes. Three primer sets are available for the
test, as different primer sets may be required for the identification of certain samples. It is
worth mentioning that currently no other species of Cacopsylla can be identified by this pro-
cedure [25]. Interestingly, samples originating from Turkey and from many parts of Europe
(for example, Bulgaria, the Czech Republic, and Hungary) contained only specimens of
biotype ‘B’ [20,23,25,28,29]. Another method can also identify two variants. This test uses
the cytochrome c oxidase subunit I (COI) region, with which variants 1 and 2 have been
identified [30].

C. pruni is a univoltine, oligophagus species. It feeds on Prunus species, upon which
they lay eggs [31–34]. In one study, the host preference of C. pruni in the genus Prunus
has been inferred based on the presence of individuals caught by the beating tray method,
namely, Prunus spinosa, P. cerasifera, P. salicina, P. domestica, and P. armeniaca (given in
decreasing order of host preference) [35]. Rootstock suckers of apricots in orchards and
wild host plants from the genus Prunus in the surroundings of apricot orchards play a
role in supporting vector psyllids (in feeding and breeding) [35–39]. It has also been
observed that greater quantities of psyllids were captured in orchards where P. domestica or
P. cerasifera rootstocks were used because they produce more suckers that are preferred by
the psyllids [35]. In another survey, a large number of C. pruni specimens were collected on
wild host plants of Prunus spinosa and P. cerasifera, but few specimens were collected from
cultivated host plants in Germany [10]. From apricot trees, few or no specimens have been
collected in Germany, France, and Hungary [23,35,37]. In some cases, other researchers
have found important populations on these plant species in Germany and Hungary [10,29].

The wild plant species that could serve as reservoirs for this phytoplasma may be
present either in the immediate surroundings of or far from orchards [11,36]. Based on
the results of field tests, C. pruni generally acquires the pathogen from wild Prunus
species [27]. Plum psyllids transmit the pathogen through phloem-sap feeding in a
persistent-propagative manner [34]. The specimens retain their infectivity through their
entire lifespan [40] In some surveys, plum psyllid specimens were collected from cultivated
and/or wild hosts and examined for the presence of ‘Ca. Phytoplasma prunorum’. In
Germany, from 0.8 to 3% [11]; in Bulgaria, 2.3% [41]; in Poland, from 1.5 to 4.2% [42]; in
France, 4.8% [27]; in Turkey, 23% [43]; and in Hungary from 15% up to 64.2% [23] of the
specimens were carriers of the phytoplasma. Researchers also investigated the gender
distribution and carrier capabilities of plum psyllids on various Prunus hosts. Most of the
experiments revealed that females were more abundant after returning from their winter
hosts [11,23,29,44,45]. Regarding the carrier capabilities of the sexes, more males (from 2.8%
up to 47%) were carriers of the phytoplasma than females (from 1.1% up to 31%) [11,29]. In
contrast, another study found that females (52.1%) were more infected with phytoplasma
than males (12.1%) [44]. Others have found no significant difference between the infection
rates of females and males [23,45].
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Cacopsylla crataegi (Schrank, 1801) is also a univoltine species living on host plants
such as hawthorns (Crataegus sp.; Family: Rosaceae) and apples (Malus sp.; Family:
Rosaceae) [31–33,46]. The hawthorn psyllids have been found in many countries in Eu-
rope, including Hungary [19], where they were collected from Crataegus sp., Malus sp., and
Ambrosia artemisiifolia (Family: Asteraceae) [47–51]. In Croatia and Italy, the abundance of
C. crataegi was low compared to other species on apple trees (from 1.4 up to 3.7%) and on
hawthorn (0.38%) [52,53]. In Poland, Spain, and Italy, researchers were able to collect few
specimens from plum, cherry, and apple trees [42,54,55]. Two studies have also investigated
the infection of psyllids with phytoplasma. The estimated infection rates of individuals
from hawthorn were 2.63% and 4.36% in two years. ‘Ca. Phytoplasma pyri’ was identified
from the infected individuals [53]. In another survey, 16.7% of psyllids (from apple trees)
carried the ‘Ca. Phytoplasma mali’ pathogen [54].

The aim of this study was to reveal the diversity, abundance, and ‘Ca. Phytoplasma
prunorum’ infection rate of psyllid species, which occurred in high numbers in apri-
cot orchards and were present to a lesser extent in their immediate surroundings in the
study areas.

2. Materials and Methods
2.1. Plant Samples Collection

The sample collection was carried out in two commercial apricot plantations (Pomáz,
Sóskút) and one cultivar collection (Soroksár) in Pest County, Hungary, in 2014. The
cultivars of Pomáz orchard were mixed and plant samples were collected from ‘Ceglédi
bíbor’, ‘Ceglédi Piroska’, ‘Harcot’, ‘Hargrand’, ‘Gönci magyar kajszi’, and ‘Pannónia’. At
Sóskút, we sampled the ‘Bergeron’, ‘Gönci magyar kajszi’, ‘Magyar kajszi C.235’, and
‘Mandula kajszi’ varieties. At Soroksár, samples were collected from the following varieties:
‘Ceglédi Piroska’, ‘Ceglédi óriás’, ‘Goldrich’, ‘Gönci magyar kajszi’, ‘Harcot’, ‘Magyar kajszi
C.235’, and ‘Mandula kajszi’. The examined scions were grafted onto ‘Myrobalan’ at all
orchards. At each site, we randomly selected 27–27 trees, of which 50% were symptomatic
and the other 50% were asymptomatic. In 2015, the symptoms of apricot trees were
evaluated again. The trees were at least 10 years of age; from these trees, we collected
1-year-old woody parts as samples. Rootstock suckers had been removed from all sites as
part of the planned plantation maintenance; thus, we could only collect woody samples
from the ‘Myrobalan’ rootstocks in 14 cases. We also sampled 5 blackthorn (P. spinosa) and
5 hawthorn (C. monogyna) bushes in the near vicinity of the orchards at Sóskút and Soroksár,
but only 1 hawthorn has been sampled at Pomáz, as there were no other specimens nearby.
At the same time as the samples were collected, we recorded the symptoms of rootstock
suckers and wild plants.

2.2. Insect Sample Collection

Psyllids (Cacopsylla spp.) were collected using beating trays at the sampling sites
mentioned above. In 2015 and 2016, collection of samples was started in the first days of
March until no psyllids were found in several consecutive sampling attempts (May and
June). The samples were collected weekly at Pomáz, and every two weeks at Soroksár
and Sóskút. At each sampling date, the plants were randomly selected. Each time, we
beat 20 apricot trees (on ‘Myrobalan’) and 6–7 ‘Myrobalan’ rootstock suckers. Additionally,
we sampled plum trees near Pomáz four and five times in 2015 and 2016, respectively.
Samples from blackthorn were taken in the near vicinity of the orchards; each time, 5 bushes
were beaten. In addition, we sampled five hawthorn bushes near each orchard, and one
near Pomáz, as there was only one plant growing in the near vicinity. In the case of the
trees, one branch was selected for beating, while in the case of the bushes, one bushy
part of the polycormon was selected for this purpose. The plant parts were stuck three
consecutive times with a beater and the fallen psyllid adults were collected within one
minute. They were preserved immediately and individually in microcentrifuge tubes
containing 70% ethanol.
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There were three insecticide applications at Pomáz, which were carried out immedi-
ately after the flowering of the apricot (active ingredient: esfenvalerate), one week later
(active ingredient: indoxakarb), and finally two weeks later (active ingredient: acetamiprid).
At Sóskút, after flowering, trees were thoroughly sprayed with the following insecticide
active ingredients three to four times: fenoxycarb, indoxacarb, lambda-cyhalothrin, or
pirimicarb + lambda-cyhalothrin. At Soroksár, the orchard was sprayed tree times with
insecticide during the investigation period (active ingredients: acetamiprid, indoxacarb,
beta-cyfluthrin, deltamethrin, and pirimicarb + lambda-cyhalothrin, or thiacloprid). Prunus
species (e.g., plum, peach, etc.) in the surrounding area were sprayed with insecticide
several times after flowering when treatments were necessary.

2.3. Nucleic Acid Extraction

Deoxyribonucleic acid (DNA) extraction of plant samples was carried out following
the modified protocol of Daire et al. [56]. We used 4 mL of extraction buffer per sample. The
homogenized plant samples were incubated for a longer time at 65 ◦C for 50 min. During
this time, the homogenized plant tissues were vortexed every 10 min to enhance extraction.
Total DNA extraction of psyllid individuals was performed using the modified method
of Doyle and Doyle [57], which was described by Marzachì et al. [58]. The DNA pellets
of plant and psyllid samples were resuspended in 50 µL or 30 µL of 1X TE (10 mM TRIS
(2-Amino-2-(hydroxymethyl)propane-1,3-diol) at pH 7.6 and 1 mM of EDTA (2,2′,2′′,2′ ′′-
(Ethane-1,2-diyldinitrilo)tetraacetic acid disodium salt) pH 8) buffer, respectively. The DNA
quality and quantity of the plant and psyllid samples were determined with NanoDrop2000
spectrophotometer (Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania). Nucleic acids
were stored at −20 ◦C until further processing.

2.4. Pathogen Identification

‘Ca. Phytoplasma prunorum’ identification was carried out using phloem tissues from
plants and from the vector psyllids. All samples were tested using a nested-Polymerase
Chain Reaction (nested-PCR) method. Amplification was performed in a 12.5 µL PCR
mix, containing 0.75 µL of DNA template, 0.25 µL of both forward and reverse primers
(10 µM), 6.25 µL of Dream Taq Green PCR Master Mix 2X buffer (Thermo Fisher Scientific
Baltics UAB, Vilnius, Lithuania), and 5 µL of sterilized, distilled water. In the first round
of amplification, the universal primer pair of Eof and Eor were used (Table S1) [59]. The
second round of amplification was performed with 0.75 µL of the PCR mixture from the
first round as template, using ACE1 and ACE2 specific primer pair (Table S1) [9]. Both
of the PCRs were conducted with an initial denaturation at 95 ◦C for 5 min and a final
elongation at 72 ◦C for 10 min. In the first PCR, 35 cycles were run as follows: denaturation
at 95 ◦C for 60 s, annealing at 55 ◦C for 60 s, and elongation at 72 ◦C for 60 s. The second
PCR program involved 30 cycles: denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for
30 s, and elongation at 72 ◦C for 45 s. The amplified DNA fragments were visualized in 1%
TBE agarose gels using electrophoresis and then documented (Uvidoc HD6, UVItec Ltd.,
Cambridge, UK).

2.5. Psyllid Identification

First, the preserved psyllid adults were identified by classical methods, using stere-
omicroscope (Olympus CX21, Olympus Corporation, Tokyo, Japan) and the dichotomous
identification keys [32,60,61].

The classical identification of ‘Ca. Phytoplasma prunorum’ carrier psyllids was ad-
ditionally confirmed using the PCR-RFLP method previously described by Oettl and
Schlink [30]. In the case of C. pruni, the PCR mix contained the following ingredients at a
total of 25 µL: 1.5 µL of psyllid DNA, 0.5 µL of VPm_COI_F2 forward primer and 0.5 µL of
VPm_COI_R4 reverse primers (Table S1) [30] (20 µM), 12.5 µL of Dream Taq Green PCR
Master Mix 2X buffer (Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania), and 10 µL
of sterilized distilled water. The same components were used in the case of C. crataegi, but
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the final volume of the PCR mix was 75 µL. The PCR protocol comprised initial denatura-
tion at 95 ◦C for 2 min, followed by 45 cycles of denaturation at 95 ◦C for 30 s, annealing
at 46 ◦C for 30 s, elongation at 72 ◦C for 1 min, and a final elongation at 72 ◦C for 5 min.
From each sample, 10 µL of the PCR product was directly digested with TaqI FastDigest
restriction endonuclease (Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania). The TaqI
enzyme produces well-distinguishable fragments (including flanking primers) between the
C. pruni-1 and -2 variants, but fragment sizes were similar for C. pruni-1 (593 bp/208 bp)
and C. crataegi (593 bp/190 bp/19 bp). Due to the similarities in the digested fragment
sizes, an additional AluI digestion step was carried out. This enzyme produced different
number of fragments (including flanking primers) that enabled the precise identification
of the two psyllid species (C. pruni-1: 362 bp/247 bp/134 bp/37 bp/21 bp; C. crataegi:
684 bp/91 bp/21 bp). Furthermore, in the case of C. crataegi, 50 µL of PCR product was
purified with High Pure PCR Product Purification Kit (Roche, Basel, Switzerland) according
to the manufacturer’s instructions. Nucleotide sequences of the specific PCR products were
determined by direct Sanger sequencing [62] with the VPm_COI primer pairs. Sequencing
was carried out by service providers. BLAST analysis (http://www.ncbi.nlm.nih.gov/blast,
accessed on 25 November 2022) was used to examine the sequences and determine the most
identical sequences in GenBank. After receiving the chromatogram files, they were loaded
into Unipro Ugene v 38.0 [63], where the reads were mapped to a reference sequence with
Trimming quality threshold set to 0 and Mapping min. similarity set to 50%. Mapped reads
were then manually corrected. Corrected sequences were deposited in GenBank.

The biotypes of all collected plum psyllids were determined using the primer sets 2
(CpA50F, CpB350F, and Cp480R) and 3 (Cp135F, CpA425R, and CpB315R) (Table S1) [25].
The PCR products expected for biotype ‘A’ are 421 bp and 293 bp for primer set 2 and
primer set 3, while the PCR products of biotype ‘B’ using primer set 2 and primer set 3
are 151 bp and 177 bp, respectively. Amplification was performed in a 12.5 µL PCR mix,
containing 0.75 µL of DNA template, 0.25–0.25 µL of both forward and reverse primers
(10 µM), 6.25 µL of Dream Taq Green PCR Master Mix 2X buffer (Thermo Fisher Scientific
Baltics UAB, Vilnius, Lithuania), and 5 µL of sterilized distilled water. The PCR cycles were
as follows: initial denaturation at 94 ◦C for 5 min, followed by 30 cycles at 94 ◦C for 30 s,
65 ◦C for 20 s, and 72 ◦C for 30 s, with a final 5 min extension period at 72 ◦C.

All PCRs and nested-PCRs were carried out in a GeneAmp 9700 PCR (Applied Biosys-
tems, Foster City, CA, USA) cycler. The amplified DNA fragments were visualized in 1.5%
TBE agarose gels, while the digested fragments were visualized in 2% TBE agarose gels
using electrophoresis and then documented.

2.6. Phylogenetic and Recombination Analysis of Psyllids

All phylogenetic analyses were carried out using the MEGA X program [64]. We
compared our sequences to other GenBank sequences for phylogenetic and recombination
analyses, the latter of which are listed in Table S2.

First, ClustalW [65] alignment was generated using ClustalW (1.6) matrix, with gap-
opening penalty of 15.00 and gap extension penalty of 6.66. Then, we sought out the
best-fitting DNA substitution model using all sites. The model with the lowest Bayesian
Information Criterion score (BIC) was considered to most accurately describe the sub-
stitution pattern [66]. With this model, we built a Maximum Likelihood phylogenetic
tree [67,68]. The reliability of the tree was tested with the Bootstrap method [69], employing
1000 pseudo-replicates.

Recombination detection was carried out with RDP v4.98beta [70,71] with the fol-
lowing parameters: sequences were linear, highest acceptable p-value was 0.05, and with
Bonferroni correction applied. Recombination events detected with fewer than three meth-
ods were rejected.

http://www.ncbi.nlm.nih.gov/blast
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2.7. Statistical Analysis of Abundance and Phytoplasma Presence of Psyllids

The abundance rates of C. pruni and C. crataegi on different plants were compared
with one-sample Z test. The proportions of phytoplasma-positive male and female adults
were compared by Fisher’s exact test for both psyllid species and for all examined plants.
The incidences of ‘Ca. Phytoplasma prunorum’ in C. pruni and C. crataegi specimens were
also compared with Fisher’s exact test. The statistical analysis was performed in statistical
software environment R version 4.1.2 (R Core Team, 2021) [72].

3. Results
3.1. Disease Occurrence in Plants

A considerable number of the tested trees were positive for ‘Ca. Phytoplasma pruno-
rum’ (Figure 1).
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Figure 1. The results of ‘Ca. Phytoplasma prunorum’ infection tests on apricot scions and rootstock
suckers (from the examined samples: P1–P19) displayed on agarose gel (1.0%). Lane M represents a
100 bp DNA ladder (Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania).

More than half of the infected trees were also symptomatic (Table 1). All of these
symptomatic trees died within a year after the detection of the pathogen, except two.
Besides the infection of the apricot trees, the wild plants also tested positive for the pathogen
(Table 1).

Table 1. Number of specimens collected, ‘Candidatus Phytoplasma prunorum’ infection state, and
symptom appearance of the infected tested plant samples at all sites.

Plant Material N 1 I 2 (%) S 3 (%)

Apricot
Scion 81 25.9 61.9

Rootstock 14 28.6 0
Graft 81 29.6 62.5

Wild plants Blackthorn 15 26.7 0
Hawthorn 11 27.3 0

1 N: number of plant materials; 2 I: Ratio of phytoplasma infection; 3 S: Appearance of symptoms of infected
plant materials.

3.2. Insect Samples

• Classical Identification of Psyllids

All 414 collected specimens were successfully identified; the vast majority of the
collected individuals were either C. pruni (plum psyllid) or C. crataegi (hawthorn psyllid).
Five specimens belonged to C. affinis and two to C. picta, but they were not included in
further analysis due to the low number of individuals.

• Psyllids Collected on Apricot

Due to their numbers, apricot trees were the most frequently examined. From these
trees, high quantities of psyllids were collected. The abundance rate of C. pruni on
P. armeniaca was significantly higher (Z test, p < 0.01; Table 2).
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Table 2. Abundance of Cacopsylla pruni and C. crataegi on different plants and the comparative ratios,
with 95% confidence intervals, Z test for equality, and their significance levels.

Examined Plants Species N 1 Comparative
Ratios (%)

95% Confidence
Interval Z 5 p 4

LCI 2 UCI 3

All examined plants C. pruni 183 44.2 0.39 0.49
2.31 0.021C. crataegi 231 55.8 0.51 0.61

P. armeniaca
C. pruni 133 59.9 0.53 0.66

2.89 0.004C. crataegi 89 40.1 0.34 0.47

P. domestica
C. pruni 26 86.7 0.68 0.96

3.83 <0.001C. crataegi 4 13.3 0.04 0.32

P. spinosa C. pruni 16 61.5 0.41 0.79
0.98 0.327C. crataegi 10 38.5 0.21 0.59

P. cerasifera C. pruni 4 100 0.40 1.00
1.5 0.13C. crataegi 0 0 0.00 0.60

C. monogyna C. pruni 4 3.0 0.01 0.08
10.71 <0.001C. crataegi 128 97.0 0.92 0.99

1 N: Abundance of Cacopsylla sp. individuals on investigated plants; 2 LCI: Lower limit of confidence intervals;
3 UCI: Upper limit of confidence intervals; 5 Z: Z test for equality; 4 p: Significance level.

Besides species identification, we also counted the number of males and females
present in each of the orchards. The ratio of females was significantly greater than that of
males in the case of the C. pruni specimens collected from P. armeniaca (Z test, p < 0.001;
Table 3), while the female ratio was just slightly significantly higher in the case of the
C. crataegi specimens collected from P. armeniaca (Z test, p = 0.06; Table 3).

Table 3. The number and proportions of males and females within the Cacopsylla pruni and C.
crataegi species on different plants, with 95% confidence intervals, Z test for equality, and their
significance levels.

C. pruni C. crataegi

Examined Plants Sex 1 N 2 Proportion
(%)

95% Confidence
Interval Z 5 p 6 N 2 Proportion

(%)

95% Confidence
Interval Z 5 p 6

LCI 3 UCI 4 LCI 3 UCI 4

All examined plants ♂ 40 21.9 0.16 0.29
7.54 <0.001

93 40.3 0.34 0.47
2.89 0.004♀ 143 78.1 0.71 0.84 138 59.7 0.53 0.66

P. armeniaca
♂ 27 20.3 0.16 0.29

6.76 <0.001
35 39.3 0.29 0.50

1.91 0.056♀ 106 79.7 0.72 0.86 54 60.7 0.50 0.71

P. domestica
♂ 3 11.5 0.03 0.31

3.73 <0.001
1 25.0 0.01 0.78

0.50 0.62♀ 23 88.5 0.69 0.97 3 75.0 0.22 0.99

P. spinosa ♂ 6 37.5 0.16 0.64
0.75 0.453

5 50.0 0.24 0.76
0.00 1.00♀ 10 62.5 0.36 0.84 5 50.0 0.24 0.76

P. cerasifera ♂ 1 25.0 0.01 0.78
0.50 0.62

0
♀ 3 75.0 0.22 0.99 0

C. monogyna ♂ 2 50.0 0.15 0.85
0.00 1.00

53 41.4 0.33 0.50
1.86 0.063♀ 2 50.0 0.15 0.85 75 58.6 0.50 0.67

1 ♂: males; ♀: females; 2 N: Abundance of males and females of Cacopsylla sp. on investigated plants;
3 LCI: Lower limit of confidence intervals; 4 UCI: Upper limit of confidence intervals; 5 Z: Z test for equality;
6 p: Significance level.

• Psyllids Collected on Non-Apricot Hosts

It is important to point out that fewer European plums, blackthorns, common hawthorn
plants, and cherry plum suckers of apricot were sampled compared to the apricot trees.

During the study, we collected few psyllids from the European plums. The proportion
of collected C. pruni was significantly higher than that of the hawthorn psyllids (Z test,
p < 0.001; Table 2). Most of the collected adults were females for both psyllid species. In
the case of C. pruni, the number of females collected from P. domestica was significantly
higher (Z test, p < 0.001; Table 3). In the case of C. crataegi, no significant differences
between male and female collection rates were detected, which was probably due to the
low sample size (Z test, p = 0.62; Table 3). The rate of plum psyllids and hawthorn psyllids
collected from blackthorn (Z test, p = 0.453; Table 2) and the gender ratio of C. pruni (Z test,
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p = 0.453; Table 3) and C. crataegi (Z test, p = 1.00; Table 3) showed no significant difference.
There were only four C. pruni specimens collected from cherry plum suckers (Table 2). The
abundance rates of C. crataegi on C. monogyna were significantly greater (Z test, p < 0.001;
Table 2). Among the C. crataegi individuals, there were slightly significantly more females
than males (Z test, p = 0.063; Table 3). In the case of plum psyllids, the gender ratio was not
significantly different (Z test, p > 0.999; Table 3).

• ‘Candidatus Phytoplasma prunorum’ Incidence in Psyllids

Nested-PCR tests were carried out on 183 C. pruni psyllids, of which 12 (6.6%) speci-
mens tested positive for the pathogen. After an examination of the infection rate of C. pruni,
it was determined that 2.6% (1 from 39) of males and 7.6% (11 from 144) of females were
carriers (Table 4). However, there were no significant differences in the infection rates of
males and females (Fisher’s exact test, p = 0.47; Table 4).

Table 4. Incidence, odds ratio (with 95% confidence interval), and relative risk of the presence of
‘Candidatus Phytoplasma prunorum’ in all Cacopsylla pruni and C. crataegi specimens. Infected and
non-infected individuals were sorted by males and females. Fisher’s exact test results are given for
the infection rates (in bold), comparing the males’ and female’ incidence rates.

Pathogen
Incidence

Sex 1
Statistical Analysis

♂ ♀

C. pruni

N 2 Infected 1 11
Non-infected 38 133

Ratio of individuals within
males/females (%)

Infected 2.6 7.6 Odds ratio = 0.32 (CI 3: 0.007;2.330)
Relative risk = 0.34
Fisher test p 4 = 0.47

Non-infected 97.4 92.4

C. crataegi

N 2 Infected 3 3
Non-infected 91 134

Ratio of individuals within
males/females (%)

Infected 3.2 2.2 Odds ratio = 1.47 (CI 3: 0.193;11.218)
Relative risk = 1.46
Fisher test p 4 = 0.69

Non-infected 96.8 97.8

1 ♂: males; ♀: females; 2 N: Number of males and females of infected and non-infected Cacopsylla sp; 3 CI:
confidence intervals; 4 p: Significance level.

The determination of the infection rates of the psyllids on different host plants resulted
in the following prevalence rates: 7.5% on apricot (10 adults out of 133) and 7.7% on plum
(2 adults out of 26). None of the plum psyllid specimens collected from the other studied
plant species tested positive for ‘Ca. Phytoplasma prunorum’.

From the 231 collected C. crataegi specimens, 2.6% of the adults (6 specimens) tested
positive for ‘Ca. Phytoplasma prunorum’. Slightly significantly lower levels of infection
were identified in the collected C. crataegi individuals compared to C. pruni (Fisher’s exact
test, p = 0.06; Table 5).

Table 5. Incidence, odds ratio (with 95% confidence interval), and relative risk of ‘Candidatus Phy-
toplasma prunorum’ infection in all Cacopsylla pruni and C. crataegi specimens. Fisher’s exact test
results are given for the infection rates (in bold) comparing the specimen incidences.

Pathogen Incidence
Species

Statistical Analysis
C. pruni C. crataegi

N 1 Infected 12 6
Non-infected 171 225

Ratio of individuals
within species (%)

Infected 6.6 2.6 Odds ratio = 2.63 (CI 2: 0.890;8.705)
Relative risk = 2.52
Fisher test p 3 = 0.06Non-infected 93.4 97.4

1 N: Number of infected and non-infected Cacopsylla inviduals; 2 CI: confidence intervals; 3 p: Significance level.

Among the specimens, the number of infected females and males were equal to three
(Table 4), with no significant difference between them (Fisher’s exact test, p = 0.69). An
examination of the infection rates of the psyllids on different plant species showed incidence
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rates of 3.2% on apricot (3 adults out of 89) and 2.2% on hawthorn (3 adults out of 128),
while the rest of the tested individuals (14 specimens) did not carry phytoplasma.

• Molecular Identification of Psyllids

Molecular identification of ‘Ca. Phytoplasma prunorum’-positive adult psyllids
(Figure 2) confirmed the morphological identification.
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Figure 2. Result of the PCR-RFLP analysis with TaqI endonuclease. Restriction fragment patterns of
all infected Cacopsylla pruni-2 (samples: 28–P48) specimens displayed on agarose gel (2.0%). Lane M
represents a 100 bp DNA ladder (Thermo Fisher Scientific Baltics UAB, Vilnius, Lithuania).

Based on the fragment lengths of the PCR-RFLP, we could only identify C. pruni-2 vari-
ants among the 12 infected plum psyllids. In the case of six infected C. crataegi specimens,
the restriction analysis of the PCR products with the TaqI enzyme resulted in the predicted
fragment lengths shown in Figure 3A. However, the digestion of infected hawthorn psyllids
with AluI revealed different fragment lengths (Figure 3B), which was different from the
results of an earlier study [30].
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with AluI endonuclease. Restriction fragment patterns of all infected Cacopsylla crataegi (samples:
75–P91) specimens displayed on agarose gel (2.0%). Lane M represents a 100 bp DNA ladder (Thermo
Fisher Scientific Baltics UAB, Vilnius, Lithuania).

Our samples had an additional fragment of the COI region that the AluI enzyme could
digest. Thus, we identified four fragments instead of the expected three. To better under-
stand this phenomenon, we sequenced the PCR products. A BLAST analysis of all of our
isolates (accession #MZ209170-MZ209175) revealed 99.60% to 100% identity with respect
to each other, for which the highest identity was confirmed with the formerly published
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Cacopsylla crataegi (accession #KM206155) from Italy (100% query cover and 95.39% to
95.79% identity). To map the reads, we used this Italian accession to manually correct the
sequencing ambiguities of our isolates. In addition, sequences were examined using the
CLC Sequence Viewer program (v 8.0) restriction site search engine. The following frag-
ments were predicted when tested with the TaqI and AluI enzymes: 593 bp/190 bp/19 bp
and 363 bp/327 bp/91 bp/21 bp, respectively. These findings were confirmed by the results
of PCR + RFLP assays mentioned above (Figure 3).

The biotyping of all the collected C. pruni specimens was also carried out. For some
samples, the PCR did not amplify the target sequence when using primer set 2 (Figure 4A).
These samples yielded a PCR product with the primer set 3 (Figure 4B). Among the collected
samples, only the ‘B’ biotype was present.
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• Phylogenetic and Recombination Analysis of the Psyllids

The model with the lowest BIC score (9667.00725) was the Hasegawa–Kishino–Yano
model [73] with a gamma distribution and invariant sites. A phylogenetic tree was built
with this model, and the accuracy of this tree was tested with the Bootstrap method with
1000 pseudo-replicates (Figure 5).

On the phylogenic tree, C. crataegi forms a distinct clade from the other species, which
is supported by a high (99%) Bootstrap value. In addition, the Hungarian isolates form a
distinct clade within C. crataegi, which is supported by a 99% Bootstrap value. Interestingly,
two isolates (P170 and P188) were separated from the other Hungarian isolates by an 89%
Bootsrap value, which is considered to be very high (Figure 5). Recombination detection of
the accessions revealed only weak recombination signals, but they were rejected, as none of
them were identified by three or more statistical methods.
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4. Discussion

In this study, we examined the ‘Ca. Phytoplasma prunorum’ infection in apricot trees
older than 10 years. From the collected rootstock suckers and scions 28.6% and 25.9%
tested positive for phytoplasma, respectively, which coincides with earlier reports [5–7]. In
contrast to the infected scions, no symptoms appeared on the diseased rootstock suckers.
Summarizing the symptom appearance and ESFY phytoplasma presence of trees, 61.9%
of the infected trees had foliar symptoms, and all except two died within a year after
the pathogen’s identification. Our results show that the phytoplasma infection of trees
is a major limiting factor of successful apricot cultivation on the sites examined, which
further underlines the importance of surveying the infection of the vector and other Ca-
copsylla species in orchards and their near vicinity. The latter is necessary, because ESFY
phytoplasma-infected wild host plants were identified near the plantations. We sampled
psyllids using the beating tray method. First, all of the adult psyllids were identified with
classical methods. Based on external morphological characteristics, the vast majority of the
samples were C. pruni and C. crataegi. C. affinis and C. picta were only present in very low
numbers; thus, they were not part of the further investigation. In the case of C. pruni, our
plum psyllids biotype study [25] confirmed the morphological results. Furthermore, the
test resulted in the determination of type ‘B’ only. The result confirmed the hypothesis that
C. pruni is unique or dominant in central and eastern Europe [28]. Since then, type ‘A’ spec-
imens have been found in Northern Italy and Western Germany [11,20]. Thus, the results
of previous studies and our current investigation induced the conclusion that biotype ‘B’ of
C. pruni remains a unique variant in east-central and south-east Europe [20,23,25,28,29].

Former studies found great numbers of plum psyllids on P. armeniaca [10,29], which is
in accordance with our results, while other researchers found no or only a few specimens
from apricot [23,35,37]. These contrary phenomena could be a result of environmental and
climatic conditions or the adaptation of insects. The sex ratio of C. pruni on the apricot
trees in our study showed a higher proportion of females (79.7%) than males, which is
in accordance with former reports [29,45]. Infected samples were identified among the
rootstock suckers of apricot trees. However, few individuals could be collected from them.
Based on these findings, this part of the plant is the reservoir of the pathogen, but contrary
to other reports [35,37], it is a less important host plant for C. pruni in our test plantations.
The latter was attributable to the low number of rootstock suckers caused by their regular
removal. Crataegus monogyna seemed to be a less preferred plant species for C. pruni
compared to Prunus species; we could collect only a few individuals from these bushes.

From C. pruni, 6.6% of the 183 collected specimens tested positive for the ESFY phyto-
plasma. The infection rate measured in this study is higher than the results of former reports:
0.8–4.8% [10,11,27,41,42]. Although, in some studies, the infection rate was much higher
than ours: 15–64.2% [23,29,43,44]. Similar to other investigations, we could not evince either
sex having a significantly higher phytoplasma infection rate, even though we observed that
the infection rates of females were somewhat higher than those of males [23,45]. Infected
individuals were collected from two plant species. The infection rate of C. pruni was 7.5%
in the case of P. armeniaca and 6.7% in P. domestica. P. spinosa is an important host of C. pruni
and a reservoir of the pathogen of ESFY [36]. Psyllids mainly acquire the phytoplasma from
wild Prunus plants [27]. Similar to other reports, we were able to collect plum psyllids from
P. spinosa [10,11,23,42]. However, among the tested adults, there were no positive results
for ‘Ca. Phytoplasma prunorum’, which was probably due to the low number of sampled
plants. Some of the examined blackthorns were latently infected with the pathogen, which
is in concordance with other reports [6,36]. Based on the identified phytoplasma-positive
plants and the psyllids present on them, we believe that P. spinosa plays a role in the spread
of ESFY phytoplasma in Hungary.

In the collected samples, there were hawthorn psyllids (C. crataegi) in vast numbers.
On the studied plants, the occurrence of C. crataegi was slightly higher than that of C. pruni.
On hawthorn bushes we found significantly more C. crataegi than C. pruni, which is not
surprising, because hawthorn is only a host for C. crataegi [32]. It is worth mentioning that
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about one third of the hawthorn bushes examined for the presence of phytoplasma were
identified as infected. Furthermore, we were also able to collect hawthorn psyllids from
apricot trees (89 specimens), but in lower numbers than in C. pruni (133 specimens). To the
best of our knowledge, the presence of hawthorn psyllids on apricot has not been reported
before. We were able to identify the pathogen of ESFY from some C. crataegi individuals
collected on P. armeniaca (with a 4.4% infection rate) and C. monogyna (with a 2.8% infection
rate). Considering all the examined plants, the rate of female abundance of hawthorn
psyllids was significantly higher than that of males. While the phytoplasma-carrying
rates of the C. crataegi males were a bit higher than those of the females, the difference
was not significant. Among all the collected hawthorn psyllids, 2.6% tested positive for
‘Ca. Phytoplasma prunorum’. To our knowledge, this is the first report of C. crataegi being
infected by the ESFY phytoplasma. The pathogen-carrying rate of hawthorn psyllids was
lower than that of plum psyllids, though the difference was not significant. On this basis,
if the infectivity of C. crataegi is confirmed in ‘Ca. Phytoplasma prunorum’ transmission
tests, this psyllid species will have been proved to be an important vector much like the
C. pruni species.

PCR-RFLP analyses were performed on individuals carrying the pathogen of ESFY [30].
These analyses confirmed the classical identification of C. pruni; we found that these
specimens belonged to the C. pruni-2 cluster. Individuals of the hawthorn psyllid species
(phytoplasma-positive) identified by classical methods were also subjected to the digestion
of the specific PCR products with TaqI and AluI restriction endonucleases. The digestion of
the fragments with AluI yielded different fragment lengths than anticipated based on the
work of Oettl and Schlink [30]. Therefore, the nucleotide sequences of the PCR products of
six C. crataegi samples were determined. BLAST analyses of the sequences resulted in the
identification of C. crataegi having the highest sequence identity with an Italian specimen
(accession number KM206155) [30]. On the phylogenetic tree, the Hungarian psyllids
formed a distinct clade within the C. crategi species, but shared a common ancestor with
the Italian isolates, which suggests that the two are genetically distinct populations. Based
on the results of Oettl and Schlink [30] and our investigation, C. crataegi could be highly
reliably identified by PCR + RFLP without sequencing the PCR products. Moreover, the
difference in the number of the digested fragments could be a valuable marker with which
to differentiate between the Italian and Hungarian populations.

5. Conclusions

In this work, a considerable number of the tested apricot trees tested positive for
phytoplasma. Among the infected trees, the vast majority of the symptomatic ones died
within a year, which underlines the destructiveness of ‘Ca. Phytoplasma prunorum’ at the
test sites. The sampled apricot orchards and their immediate surroundings were colonized
by the ’B’ biotype of Cacopsylla pruni. As in other studies, we also collected several plum
psyllid adults, and some of them tested positive for the pathogen ‘Ca. Phytoplasma
prunorum’. We provided further evidence that the plum psyllid plays an unquestionable
role in the spread of pathogen of ESFY in the studied apricot production areas in Hungary.
In our opinion, it is necessary to control plum psyllids with pesticide applications— if the
presence of the insect is justified by monitoring —in order to reduce the disease’s occurrence.
Based on the contrast between reports similar to our results in terms of abundance and
other works, we consider it to be worthwhile to examine the role of apricots in the life cycle
of C. pruni and to determine which factors may influence it. Examinations of insect–plant
relationships (such as between pest and hosts or food plants) could be the basis of new
research projects.

Besides C. pruni, C. crataegi individuals were also collected in high numbers. Based
on our results, it would also be worthwhile to examine the role of apricots in the life
cycle of C. crataegi. Furthermore, several of the hawthorn psyllids tested positive for
‘Ca. Phytoplasma prunorum’. If further transmission studies confirm C. crataegi as a vector
of ESFY phytoplasma, professional growers should monitor and control the abundance
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of hawthorn psyllids by employing good agricultural practices, as in the case of the plum
psyllid. We consider it to be important to expand the existing data on C. crataegi (e.g., its
distribution, population dynamics, etc.) to acquire more comprehensive knowledge with
respect to this species, which will be necessary if it is to be controlled.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13010199/s1, Table S1: Primer pairs used in the
tests; Table S2: GenBank sequences used in the phylogenetic and recombination analysis;
Supplementary Material: Data of apricot trees, wild plants and Cacopsylla sp.
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