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Abstract

The phytoplasma associated diseases are an emerging threat to fruit and vegetable crops leading severe
yield losses worldwide. Pear (Pyrus communis L.) trees, with symptoms of severe reddening, dwarfing and shoot
proliferation were observed in pear orchards of Malatya province of Turkey. Tomato (Solanum lycopersicum
L.) plants grown nearby the symptomatic pear orchard displaying leaf rolling, severe flower sterility and purple
leaves were observed at the same agroecosystem. To verify the presence and diversity of phytoplasmas,
symptomatic pears and tomatoes were sampled and weeds nearby the symptomatic plants were collected. Total
plant DNA was purified from midrib of collected leaves using a commercial kit. The DNA samples were
analyzed by nested polymerase chain reaction (PCR) using universal primer pairs to amplify 16S rDNA
fragments. The phytoplasmas detected in collected samples were differed according to the host. Here we
detected and characterized ‘Candidatus Phytoplasma pyri’ belonging to apple proliferation group (subgroup
16SrX-C) from a pear tree, ‘Candidatus Phytoplasma trifolii’ belonging to clover proliferation group (subgroup
16SrVI-A) from a weed (Amaranthus retroflexus) and ‘Candidatus Phytoplasma solani’ belonging to the stolbur
phytoplasma group (subgroup 16SrXII-A) from a tomato plant. Direct sequencing of PCR products verified
the phytoplasmal nature of the infections. The occurrence of ‘Ca. P. trifolii’ on A. retroflexus is the first report
for the world. The irregular presence of the phytoplasmas in fruit and vegetable crops and weeds indicates
continuous spread of the phytoplasmas threatening the new crops and new horizons.
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Introduction

Having no cell wall, phytoplasmas are obligate prokaryotes that belong to Mollicutes class (Lee ez 4L,
2000). Since their discovery in the 1960s, many different phytoplasma diseases have been reviewed affecting
different plant species (Lee e# al., 2000). They affect annual and perennial crops, bushes and fruit trees,
ornamental trees, and natural floras worldwide. They are located in the cytoplasm of plants and insects and
they reproduce asexually there (Weintraub and Beanland, 2006). All phytoplasmas are transmitted by phloem-
feeding insects, mostly leathoppers, planthoppers, and psyllids (Bertaccini, 2007). They need plants and insects

for survival in nature and they can effectively multiply in both hosts. Phytoplasmas have evolved from a Gram-
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positive Clostridium-like ancestor through genome reductions and loss of outer cell wall. The cells of these
bacteria are small but pleiomorphic, averaging 500 nm in diameter, and are surrounded by a single membrane
(Hogenhout, 2009)

A few decades ago, phytoplasmas were detected and identified based on their range of hosts, vectors
transmitting them and the symptoms observed on their hosts. However, these methods were troubling and are
not appropriate to ascertain the genetic relationship among phytoplasmas (Khan ez 4/, 2002). Today,
molecular techniques are used widely for detecting phytoplasmas, in particular, to determine their taxonomic
and phylogenetic relationships (Lee ez al., 1998a; Lee et al., 2000). Phytoplasmal 16S rRNA gene specific
universal primers are used extensively for detecting and identifying the phytoplasmas in plant and their vector
insect samples (Smart ez al., 1996; Heinrich ez al., 2001). Sequencing of the 16S rRNA gene and their in-silico
restriction fragment length polymorphism (RFLP) analyses are main techniques currently used for a better
identification and characterization of the phytoplasma species and groups (Lee ez 4/., 1998a; Lee ez al., 2000).

Turkey is an important vegetable and fruit producer in the World. Phytoplasma associated diseases of
fruit trees, vegetable and ornamentals have been reported exhibiting typical symptoms of phytoplasmas in many
countries including the United States, India, Australia, Isracl, Italy and Jordan (Granett and Provvidenti, 1974;
Dale and Smith, 1975; Zimmerman-Gries and Klein, 1978; Varma, 1979; Shaw and Kirkpatrick, 1993; Serrone
etal.,2001; Anfoka et al., 2003). In Turkey, phytoplasma discases have been described in many cultivated crops
such as tomato, cucumber, pepper, maize, peach, pear, pomegranates, eggplant, sesame and ornamentals such
as marigold (Zagetes erecta L.) (Sertkaya et al., 2007; Ozdemir et al., 2009; Caglar ez al., 2010; Ozdemir and
Saygili, 2012; Alp ez al., 2016; Gazel et al., 2016, Usta ez al., 2017a, Usta ez al., 2018a).

The objective of this study was to detect and characterize phytoplasma diseases of pear, tomato and weed
samples and their relations to phytoplasmal groups. Here, 16StDNA gene sequences of detected phytoplasmas
were used to investigate their relations with related phytoplasmas.

Materials and Methods

Collecting pear, tomato and weed samples

The plant samples were collected during 2018 and 2019 from Malatya province (Turkey) close to
harvest season. The leaf samples of pear and tomato plants with typical or without phytoplasma symptoms and
the most common annual weeds (Amaranthus retroflexus, Amaranthus blitoides, Tribulus terrestris, Cirsium
arvense, Portulaca oleracea, Xanthium strumarium, Sorghum halepense and Turgenia latifolia) nearby the
symptomatic culture plants were sampled during August in 2019. The collected plants were transported to the
virology lab in a cool chain for phytoplasma testing.

Isolation of genomic DNA

DNA samples were prepared from approximately 50 mg of fresh leaf midrib (Lee ez al., 1993) using a
commercial genomic DNA purification kit (Thermo Scientific, USA) as described by the manufacturer. A ‘Ca.
Phytoplasma trifolii’ isolate of pepper (Capsicum annum L.) from our previous studies from Malatya province,
was maintained in the deep freeze and served as a positive source in diagnosis of phytoplasmas by PCR assays.
Negative controls were also used obtained from genomic DNAs of asymptomatic pepper and pear.

Amplification and detection of phytoplasmas by Nested-PCR

Nested-PCR was performed to detect and characterize phytoplasma infections in collected samples. The
assay was conducted with a 50 L of reaction mixture volume using universal primer pairs (R16F2n/R16R2
and R16mF2/R16mR1). The PCR mixture contained 5 x PCR reaction buffer (5.0 uL), purified sample DNA
(1uL), 1.5 mM MgCl2, 0.25 pL of each primer, ANTP mixture (each at 2.5 mM and 1.0 pL) and Taq DNA
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polymerase enzyme (0.5 uL, Promega, CA). The first round nested PCR amplicons were diluted 50 times to be
used as template for the second step nested reaction. The cycling program of thermocycler (Thermo Scientific
Arktik Thermal Cycler, Waltham, MA, USA) was as described by Lee ez /. (1993). The amplicons were
subjected to electrophorese with 2% agarose gel and stained with fluorescent nucleic acid gel staining solution
(SYBR Safe Gel Stain, ThermoFisher) before visualization under ultraviolet trans-illuminator.

Genomic DNA isolation and weed species identification and PCR amplification

The fresh leaf tissue of weed samples was used for genomic DNA isolation using a commercial DNA
purification kit. The identification of weed species was performed based on the morphological structures and
sequence analysis of Internal Transcribed Spacer (ITS) region. The DNA sequence of nuclear ribosomal DNA
(ntDNA) were amplified by PCR using ITS4:5-TCCTCCGCTTATTGATATGC-3" and ITS5: 5™
GGAAGTAAAAGTCGTAACAAGG-3’ primers (White ef al., 1990). PCR reaction was carried out in a
final volume of 50 pl containing 2 uL of purified genomic DNA, 10xreaction buffer (5 ul), MgCI2 (3 ul, 25
mM), dNTPs (1 pl, 20 mM cach), primers (1 pl 10 pmol of each), DNA polymerase enzyme (0.4 pl) and DNase
free sterile water (36.6 ul). The following PCR cycling was st as described by Keskin ez 4/. (2016). The PCR
products were separated on 2% agarose gel than recovered by using a gel extraction kit (GeneJET Gel Extraction
Kit, Thermo Scientific, USA). The DNA fragments were directly sequenced and analyzed by searching in the
NCBI database. Nested-PCR assay was performed as described above.

Sequence and phylogenetic analysis

The 16S rDNA sequences of phytoplasmas in this study were compared with the 16S rDNA sequences
of different phytoplasma groups from the NCBI database online. All sequences were aligned and the
relationships were assessed using maximum likelihood algorithm of CLC Main Workbench Software (Qiagen,
USA) by 1000 bootstrap replicates.

Molecular characterization and in silico digestion of 165rDNA sequences

Molecular variability of detected phytoplasma isolates was studied on the F2n/R2 fragment of
16StRNA gene. The other 16S rRNA gene sequences of apple proliferation group, clover proliferation group
and stolbur group were obtained from GenBank. Virtual RELP patterns of 16S rDNA were obtained using
pDRAW32 software. The 16S rDNA sequences were digested in silico with 17 different enzymes of restriction
reported by Lee ez al., (1998b). A virtual agarose gel image of 1.0% plotted automatically to the computer screen
to capture the RFLP pattern of 16Sr DNA sequences using a software (p)DRAW32, AcaClone Software).

Results

Field symptoms

During the 2018 and 2019 field survey, pear trees and tomato were found to suffer from phytoplasma
symptoms. PCR amplificons and in silico RFLP analysis of phytoplasmal 16S rDNA fragments from
symptomatic pear, tomato and nearby asymptomatic weed samples revealed the presence of three species of
phytoplasmas in sampled plants. The pear sample was found infected by ‘Ca. P. pyri’ member of the apple
proliferation group (subgroup 16SrX). The positively reacted pear in the molecular test was apparently
symptomatic. The pear sample collected from Malatya exhibited typical symptoms associated with
phytoplasmas and had extensive reddening of leaves, shortening of internodes and dwarfing (Figure 1). Both
tomato samples tested positive using Nested-PCR and universal phytoplasmal 16StRNA specific primers. A
tomato and a weed (4. retroflexus) sample were found infected by ‘Ca. P. trifolii’ (subgroup 16SrVI-A). The

main symptoms of tomato included bush appearance, purplish and rolled leaves, big bud and fruit
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malformation, leaf rolling and reddening, flower sterility, and reduction of plant size (Figure 2). However, no
significant symptoms were observed on weed samples including 4. retroflexus which was found infected. The
weeds of A. retroflexus, A. blitoides, T. terrestris, C. arvense, P. oleracea, X. strumarium, S. halepense and T.
latifolia were the most commonly encountered in pear and tomato-producing areas and therefore were the
species primarily collected and tested. The species identification of collected weeds was determined based on
the morphological structures and by PCR amplification of the ITS region of nuclear ribosomal DNA and
sequencing. The remaining tomato sample was found infected by ‘Ca. Phytoplasma solani’ (16SrXII subgroup
A). The main symptoms of tomato observed on ‘Ca P. trifolii” infected plant was similar to that of tomato

plants infected by ‘Ca. Phytoplasma solani’ (Figure 2).

Figure 1. Symptoms of ‘Candidatus Phytoplasma pyri’ observed on pear in field during 2019 to 2020. A,

stunting end yellowing in pear in spring. B, leaf reddening in the same tree in July

Figure 2. Symptoms of ‘Ca. P. trifolii’ and ‘Ca. P. solani’ observed on tomato. A, Leaf rolling, purple leaf,
and big bud symptoms on tomato associated with ‘Ca. P. solani’. B, deformed sterile flowers and yellowing

on tomato due to ‘Ca. P. trifolii’
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Detection and phylogenetic analyses based on 16Sr RNA gene

One pear, two tomatoes and a weed (4. retroflexus) sample were found to be infected by at least one
phytoplasmal agent by nested PCR (R16F2n/R16R2). The healthy plants used as negative controls were
reacted negative. The nested PCR amplicons of 1,250 bp length (Figure 3) were sequenced and deposited in
GenBank with the accession numbers of MT186268, MT186269, MT186270 and MT505687. BLASTn
search of detected phytoplama sequences showed a 98,33 to 99,81% homology with the sequences of 16S
rDNA sequences of phytoplasmas in the other regions of the world. Even though phytoplasma isolates were
collected in the same localities structural sequence variation was detected between the two closely related ‘Ca.
P. trifolii’ isolates. Construction of phylogenetic tree created by the sequences presented in this paper together
with three representative strains in 165rX, 16SrVI and 16S:XII subgroups and 31 related phytoplasmas from
GenBank revealed that the each phytoplasma species clustered at the same clade (Figure 4). However, there
phytoplasma species, identified in Malatya, clustered together forming a monophyletic group.

-
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Figure 3. Agarose gel electrophoresis of PCR products amplified from phytoplasma infected plants. PC,
positive control, M, 1 kb DNA ladder, 2 ‘Ca. P. pyri’, 2 ‘Ca. P. solani’, 3 ‘Ca. P. trifolii’, NC negative control

Ca. P. pyri MH279541 Canada
Ca. P. pyri MH577305 Argentina
Ca. P. pyri KX644930 Chile

Ca. P. solani KY579358 (Van) Turkey
Ca. P. solani MN398472 (lzmir) Turkey
Ca. P. solani MH976710 Greece
Ca. P. americanum DQ174122 USA
Ca. P. graminis AY725228 Cuba
Ca. P. japonicum AB010425 Japan
Ca. P.solani EU131021 Panama
Ca. P. solani AJ964960 Spain
Ca. P. solani FJ685752 China
Ca. P. trifolii KF178706 USA
Ca. P. trifolii EU543441 Czech Republic
Ca. P. trifolii KY398725 Iran
Ca. trifolii reference strain AY390261
Ca. P. fraxini AF092209 Canada
Ca. P. cy is AJ Italy
Ca. P. mali AJS42541 italy
Ca. P. pyri reference strain AJ542543
Ca. P. brasiliense AF147708 Brazil
Ca. P. solani reference stain AF248959

1000] ‘—= Ca. P. solani MN047263 Serbia
Ca. P. castaneae AB054986 Korea
Ca. P. ulmi AY197655 USA
Ca. P. pyri USA KX077200 Cacopsylla pyricola
Ca. P. oryzae AB052873 Japan
Ca. P. pyri Malatya
Ca. P. solani tomato Malatya
2 Ca. P. trifolii tomato Malatya
Ca. P. trifolii Amaranthus retroflexus Malatya

Ca. P. trifolii MK396152 Mexico
erqp Ca. P. trifolil KTBO7466 Iran
Ca. P. trifolii KX588712 India
Ca. P. trifolii KX092011 Mexico
0,300

Figure 4. Phylogenetic tree constructed by maximum likelihood algorithm using 16S rDNA sequences
from reference phytoplasma strains in 165rX, 16SrVI and 16SrXII subgroups and other 16Sr phytoplasma
groups with 1000 replicates. Isolates highlighted were obtained from Malatya used in this study
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BLASTn scarch for sequence similarity revealed that three different phtoplasma species ‘Ca. P. pyri,
‘Ca. P. trifolii’ and ‘Ca. P. solani’ share 99.81-99.43%, 98.78-98.33% and 99.81-99.90% sequence similarity
with sequences those recorded in GenBank, respectively (Table 1).

Table 1. Accession numbers and geographical origins of phytoplasma strains used in comparison and

phylogenetic tree in this study

Phytoplasma name Geographic origin Accession number
‘Ca. P. japonicum’ Japan AB010425
‘Ca. P. castaneae’ Korea AB054986
‘Ca. P. fraxini’ Canada AF092209
‘Ca. P. brasiliense’ Brazil AF147708
‘Ca. P. solani’ USA AF248959
‘Ca.P. malt’ Ttaly AJ542541
‘Ca. P. pyri’ Germany AJ542543
‘Ca. P. cynodontis’ Italy AJ550984
‘Ca. P solani’ Spain AJ964960
‘Ca. P. ulmi’ USA AY197655
‘Ca. P. trifolii’ Canada AY390261
‘Ca. P. graminis’ Cuba AY725228
‘Ca. P. americanum’ USA DQ174122
‘Ca. P. solani’ Panama EU131021
‘Ca. P. trifolii’ Czech Republic EU543441
Apple stolbur phytoplasma China FJ685752
‘Ca. P. trifolii’ USA KF178706
‘Ca. P. trifolii’ Iran KT807466
“Ca. D. pyri USA KX077200
‘Ca. P. trifolii Mexico KX092011
‘Ca. P. trifolii’ India KX588712
‘Ca. P. pyri’ Chile KX644930
‘Ca. P. trifolii’ Iran KY398725
‘Ca. P. solani’ Van (Turkey) KY579358
‘Ca. P. pyri’ Canada MH279541
‘Ca. P. pyri’ Argentina MH577305
‘Ca. P. solan?’ Greece MH976710
‘Ca. P. trifolii’ Mexico MK996152
‘Ca. P. solan?’ Serbia MNO047263
‘Ca. P. solani’ [zmir (Turkey) MN398472

The restriction profiles of species ‘Ca. P. pyri’, ‘Ca. P. trifolii’ and ‘Ca. P. solani’ and reference strains are
shown in Figure 4. Iz silico RFLP analysis of 16S rDNA F2nR2 fragment revealed a variation in ‘Ca. P. trifolii’
tomato D2 isolate comparing with the reference strain in Hhal profiles (Figure 4). However, the virtual RFLP
analyses of 16S rDNA F2nR2 fragment of species ‘Ca. P. pyri’ (Acces. no: MT186268) and ‘Ca. Phytoplasma
solani’ (Acces. no: MT186270) with seventeen restriction enzymes resulted in identical restriction patterns to

the reference pattern of 16Sr X subgroup C and 16Sr XII subgroup A, respectively (Figure 5).
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‘Ca. P. trifolii” 165rV1 subgroup VI-A

‘Ca. P. solani® “STOL” 16SrXII-A

‘Ca. P. pyri’ 16S1X-C reference strain

reference strain (AY390261) reference straF (AF248959) (AJi4L‘543)
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Figure 5. Virtual RFLP patterns of pear-associated ‘Ca. P. pyri’ Malatya (Acces N: MT 186268 ), tomato-
associated ‘Ca. P. solani’ FD2 (Acces N: MT186270), ‘Ca. P. trifolii’ D2 (Acces N: MT186269) and 4.
retroflexsus-associated ‘Ca. P. trifolii’B8 (MT505687) and representative strains of ‘Ca. P. pyri’ 165rX
subgroup C (AJ542543), ‘Ca. P. trifolii’ 16SrVI subgroup A (AY390261) and ‘Ca. P. solani’ “STOL”
16SrXII subgroup A (AF248959). Simulated in silico digestion of the 16S rDNA R16F2n/R2 fragments
of phytoplasma species identified in Malatya and reference strains of 16Sr phytoplasma groups. The box
indicates the difference in restriction patterns of the isolate. MW: 1 kb DNA molecular weight marker.

Discussion

In Malatya, ‘Ca. P. pyri’, ‘Ca. P. trifolii’ and ‘Ca. P. solani’ are the most recent phytoplasmal pathogens
to be found infecting commercial pear and tomato that can cause economic damage to these crops. ‘Ca. P.
trifolii’ and ‘Ca. P. solani’ are considered the most destructive phytoplasmas infecting fruits and vegetables that
have pleomorphic cells, and are transmitted by leathoppers efficiently (Marcone et 4., 1997). Symptoms of
severe stunting, general chlorosis in spring and leaf reddening in mid-summer of the entire pear tree may be due
to high level virulence of ‘Ca. P. pyri’ strain involved or due to high-level of susceptibility of infected host. This
phytoplasma was first reported on pears in Turkey from Adana and Hatay (Sertkaya e# 4/, 2005), and
subsequently from Bursa (Serce ez al., 2006; Gazel ez al., 2007) and Isparta and Ankara (Orel ez 4., 2019)
provinces. Severe and indistinguishable symptoms of phytoplasmas were observed in tomato plants including
big bud, leaf rolling, stunting, purple leaf, flower sterility and malformation. In a previous field survey done in
the summer of 2016 in Malatya, ‘Ca. P. trifolii’ infections were found in pepper plants (Oksal ez 4/., 2017). Our
results suggest that both phytoplasma infections are not epidemic in commercial vegetable fields in Malatya,
consistent with the limited or no activity of these vectors in the area. There are published recent reports on ‘Ca.
P. solani’ infection of vegetables in the world. This pathogen was previously reported to infect tomatoes
naturally as well as at least 100 plant species from 40 families (Yaman 1971; Reckhaus e 4/., 1988; Ozdemir ez
al.,2009).

Like other weed samples, ‘Ca. P. trifolii’ infected A. retroflexus showed no suggestive symptoms of
phytoplasma infection. ‘In the present study, a new species of common weed, 4. retroflexus, has been detected
to harbor ‘Ca. P. trifolii’ in Turkey. To our knowledge, this is the first report of ‘Ca. P. trifolii’ on A. rezroflexus

in the world. It was concluded that 4. retroflexus may serve as alternative host for phytoplasma infestations. It
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was concluded that 4. retroflexus may serve as alternative host for phytoplasma infestations. Until now, a very
tew weedy hosts (Calotropis gigantea, Datura inoxia and D. stramonium L.) have been reported containing ‘Ca.
P. trifolii’ infection (Raj ez al., 2009; Priya ez al., 2010). Amiri Mazraie ez al. (2108) identified ‘Ca. P. trifolii’ in
rapeseed (Brassica napus). They observed phytoplasma-associated symptoms on rapeseed like stunting, witches'
broom and little leaves in Iran.

In the phylogeny inferred from ribosomal DNA sequences, the all pathogenic phytoplasma species
identified in Malatya clustered together within the same clade, forming a monophyletic group. Except for A.
retroflexsus, the absence of ‘Ca. P. trifolii’ in the weeds tested, indicates that it can be found in other surviving
weedy hosts for its epidemiology which has not been tested.

For the species-level confirmation of local isolates belonging to 16SrX, 16SrVI and 1687XII subgroups
on the basis of virtual RFLP analysis were performed using the 16S rRNA gene F2nR2 fragments. These
fragments were subjected to in silico digestion with seventeen restriction enzymes on 1% agarose gel
electrophoresis. Detected phytoplasma isolates displayed similar RFLP patterns compared with reference
strains, except ‘Ca. P. trifolii’ D2 tomato isolate which differed by at least one band (Figure 4). It has been
shown that as few as one restriction site difference within the phytoplasmal 16S rRNA gene F2nR2 fragment
may qualify the strain to be recognized (Lee ez al., 1993, 1998a, 2000). However, for the accurate analysis, the
16S rRNA gene-based phytoplasma classification scheme should be supported by automated similarity
coefficient calculation and computer-simulated RELP analysis (Wei e al., 2007a; Wei ez al., 2007b; Lee ez al.,
2007). The representative members (reference strains) should show at least 97% of RFLP pattern similarity.
Virtual RELP analysis of phytoplasmal 16S rRNA gene F2nR2 fragments of Malatya isolates generated distinct
RFLP patterns between ‘Ca. P. trifolii’ D2 isolate and reference strain of the same species indicating genetic
diversity of tomato isolate. They were differed only by the Hhal digestion profiles given in Figure 4. The results
showed that tomato D2 isolate of ‘Ca. P. trifolii’ was more diverse than those of ‘Ca. P. trifolii’. Occurrence of
variants of ‘Ca. P. trifolii’ has long been known through studies on genetic interaction between this
phytoplasma and vegetable crops such as pepper (Oksal ez 4/., 2017).

The occurrence of the phytoplasmas is not new in Turkey since there are earlier and recent reports of
some hosts (Sertkaya ez al., 2007; Ikten et al., 2014; Gazel et al., 2015; Usta ez al., 2017b, Usta et al., 2018b;
Usta ez al., 2020). The results of the present study showed that the symptoms of stunting, yellowing, reddening
of pear plant and the flower sterility, malformation, big bud and dwarfing of tomato plants collected were all
associated with phytoplasmas. There are no documented occurrences in Malatya of detected phytoplasmas,
including ‘Ca. P. pyri’ in pear, ‘Ca. P. solani’ in tomato and in 4. retroflexus and ‘Ca. P. trifolii” in tomato.
However, further studies of the insect transmission, biological and molecular properties of different ‘Ca. P.
pyti, ‘Ca. P. trifolii’ and ‘Ca. P. solani’ isolates in Malatya province may reveal new information among isolates
of these phytoplasmas. Additional studies should be performed to assess the distribution, insect vectors and
economic impact of three phytoplasma species in fruit and vegetable plantations. Although the phytoplasma
diseases are common in Turkey, this research is the first report from the association of ‘Ca. P. pyri’ with pear,

‘Ca. P. solani’ with tomato, ‘Ca. P. rrifolii’ with tomato and A. retroflexus in Malatya.
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