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Abstract: Trees, often referred to as the "lungs of the Earth," hold immense significance for both the
natural world and human society. Their contributions span a multitude of ecological,
environmental, economic, and social domains, making them essential components of a healthy and
thriving planet. Phytoplasma association not only compromise tree aesthetics but also reduce
photosynthetic capacity and overall vigour. Phytoplasma diseases also lead to increased tree
mortality, altering ecosystem dynamics. This review article provides an in-depth exploration of
phytoplasma diseases affecting trees worldwide, encompassing their epidemiology,
symptomatology, impact and management strategies.
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Introduction

Out of the approximate 350,000 species of plants that exist, the roughly 59,000 documented types
of trees (BGCI), [1] make up the majority of biomass and play a crucial role as ecosystem architects,
providing shelter and sustenance for countless species [2—4]. Moreover, trees serve as invaluable
assets to humanity, supporting the well-being of virtually every individual through their provision
of resources such as timber, sustenance, shade, fuel, building materials, and carbon storage
[5,6].Mollicutes are a special group of bacteria that are wall-less and unculturable in-vitro.
Phytoplasma is one of the important mollicute that causes several hundreds of plant diseases
worldwide [8]. It shows wide host range from grasses, herbs, and shrubs to higher plants. In recent
years the association of phytoplasma with trees has increased in number and shows devastating
effects either in timber production as well as yield losses in fruit trees. Although phytoplasma is
well known for its typical symptoms in diseased hosts such as, witches’ broom, little leaf, yellowing,
stunted growth, phyllody and virescence [8].All phytoplasmas are transmitted with the aid of
phloem-feeding insects, in most cases leathoppers, planthoppers, and psyllids. After 19t century,
with the development of advanced technology, the identification and its characterization have been
largely envisaged and proposed. Because of its non-culturable nature, the phytoplasmas genus is
designated as ‘Candidatus Phytoplasma’[9]. And till date forty four phytoplasma groups have been
proposed mainly based on PCR analysis, restriction Polymorphism and sequence analysis.[10].

In the last few decades, several new technologies for the detection of plant pathogens have
evolved butthe important thing is that these are rigorously authenticated regardingsensitivity and
specificity, not only withpure DNA samples or pure cultures but also with diseased plant samples
associated with the target plant pathogen. Before using a new technique in practice, it should be
compared to more conventional methods and assessed for cost-effectiveness [11]. The current
approaches to managing phytoplasmoses focus on producing planting material free of pathogens,
eradication programmes, quarantine restrictions, and chemical control of insect vectors. Sensitive
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diagnostic instruments and a fundamental understanding of phytoplasma presence in fruit trees and

their potential vectors in fruit-growing areas are prerequisites for the adoption of these procedures.
This review article provides an in-depth exploration of phytoplasma diseases affecting trees

worldwide, encompassing their epidemiology, symptomatology, impact and management strategies.

A. Phytoplasmas Associated with Fruit Trees

Phytoplasma detection in fruit crops and in insect vectors is now mainly based on molecular
tools as for all phytoplasma diseases. For a number of these species grown in temperate areas,
phytoplasma-specific protocols that allow sensitive andreliable detection were developed and
validated. Phytoplasmas have small genomes missing major metabolic pathways. More recent efforts
of scientists have centered at the characterization of phytoplasma virulence factors. Proteins
expressed via plasmids and plentiful cells floor proteins are virulence factors concerned in insect
transmission. Phytoplasmas use the Sec-established protein translocation device for secretion of
virulence elements, which includes effector proteins, into plant and insect hosts. several effector
proteins of the AY-WB phytoplasma target nuclei of plant cells and are probably concerned with the
manipulation of plant tactics. Extending the concept of effectors to the phytoplasmasfactors to novel
studies strategies for unravelling pathogenicity mechanisms of those fascinating pathogens [12].
Phytoplasmas in the 165rX group, specific primers [13,14] that usually also require Restriction
Fragment Length Polymorphism analysis of the amplified fragments can be employed. Specific
primer pairs are also available that target non-ribosomal genes [15]. Several qPCR assays based either
on SybrGreen® [16,17] or TagMan® [18-20] technologies have been developed; group specific qPCR
systems [21] can also be employed. Finally, a LAMP-based technique has been developed recently
[22]. Latterly, the low cost Illumina sequencing technology,is widely used and more than thirty
phytoplasma draft genome sequences were published [23].

In the pome and stone fruits, several other non species-specific phytoplasmas were detected
worldwide as summarized below:

1. Pome Fruit

Pome fruits belong to the botanical family Rosaceae, specifically the sub-family pomoideae.
These fruits are characterized by their central core, which contains multiple small seeds, enveloped
by a resilient membrane. This membrane is further enclosed within a layer of edible flesh. The trees
bearing pome fruits are deciduous and undergo a period of dormancy during winter, necessitating
cold temperatures for the tree to successfully emerge from dormancy in the spring season. The main
phytoplasma historically linked with diseases in apples and pears are ‘Candidatus Phytoplasma mali’
and ‘Ca. Phytoplasma pyri’, respectively [24]. They both belong to 165rX-A and 165rX-C subgroups
[25].Due to the ecological complexity of plant host and insect vectors in the biological cycle of “Ca.
Phytoplasma mali’, various studies have been conducted focusing on the the identification of
molecular markers prioritizing the distinction of strains linked to specific biological features.
Furthermore, nucleotide sequence analyses of multiple genomic regions appear as a significant tool
in identifying genetic diversity within ‘Ca. Phytoplasma mali’ populations [26,27]. The whole genome
of ‘Ca. P. mali’ has already been sequenced, while for ‘Ca. Phytoplasma pyri’ it was estimated to be
linear, as reported for the other available phytoplasma genomes. Full-length genome sequencing
provides an access to identify genes coding AA'A+ ATPases and HfIB/FstH proteases, suitable for
distinguishing closely related strains that display a wide range of virulence during the infection [28].

1.1. Apple

Apple (Malus domestica; Family: Rosaceae) trees yield a wide variety of apple cultivars, which
are consumed fresh, used in cooking, pressed for apple juice and cider, and made into pies and
sauces. They are also utilized for the making of apple-based products like applesauce and apple
butter.
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Apple proliferation is a devastating disease affecting apple trees (Malus domestica Borkh.)
leading to huge economic losses in apple production. Apple's proliferation (AP) disease is well
known to cause a huge economic loss in some of the biggest apple growing regions in Europe of
about € 50 mill. in the high-incident years 2006 and 2013 [29].'Ca. Phytoplasma mali' is a phytoplasma
associated with Proliferation of Apple disease that led to significant yield losses in as grow apples for
commercial use[24].

Diseased trees show symptoms of small fruits with pale colour that appear unripe [30]. Few
other symptoms of Apple proliferation (AP) are witches’ brooms,early bud break in spring,
premature reddening of the foliage, late bloom, chlorosis, and enlarged stipules with dents [31].
Enlarged stipules and witches’ brooms appear to be the most significant symptoms for apple
proliferation detection in apple orchads. Witches” brooms arise during the summers and are most
clearly visible in autumn. So far, no curative treatment for AP disease is reported. Hence, the disease
spread could be possibly checked only by phytosanitary measures and eradication of diseased
trees.However, the most efficient method for determining a tree's infection status at any point
throughout the vegetative season is the detection of pathogen in tree roots using a (PCR) based
method that detects phytoplasma-specific DNA. Spectroscopic techniques in combination with
multivariate data analysis and statistical approaches are few trustworthy tools providing economical,
efficient, fast and non-destructive detection of plant diseases [31]. Apple proliferation (AP) disease is
related to ‘Ca. P. mali’, one of the most important diseases of apple trees. In case of intensive
cultivation, disease is the main limiting factor for the crop sustainability. ‘Ca. P. mali’ is considered
as a quarantine pathogen for both EPPO in Europe and NAPPO in North America, it weakens the
productivity of trees whose fruit cannot be commercialized because of their poor organoleptic
qualities. AP disease was first described in 1950 in Italy and has been reported in several other
countries in European region such as, Norway, Germany, Czech Republic, Albania, Romania,
Slovenia, Switzerland, Austria, Bulgaria, Croatia, France, Greece, Hungary, Moldova, the
Netherlands, Poland, Southern Russia, Serbia and Montenegro, Slovakia, Spain, and Ukraine. In Asia,
AP disease is only reported in Turkey. The epidemics of the disease is studied in various Italian
northern regions that demonstrate Malus domestica cultivars as the main hosts of ‘Ca. Phytoplasma
mali” and the majority of cultivars being susceptible. The reported host range include, periwinkle,
oriental lily, apricot, pear, apple, bindweed, hazelnut, Bermuda grass, magnolia, cherry, plum,
Japanese plum and rose [32,33]. In extreme conditions, AP can result in productivity losses ranging
from 50% to 80%, contingent upon the type, rootstock, surrounding circumstances, and agronomic
management practices employed [34]. The most characteristic symptom is proliferation of the buds,
which generally appear near the apex of the plant as a result of axillary buds’ development.The initial
symptom develops a year after the infection, when the presence of phytoplasma encourages the
formation of secondary shoots that are sensitive to powdery mildew and subsequently to witches’
brooms. The disease leads to loss of vitality and the flowers exhibit phyllody in spring. The leaves
are smaller, roll downward, and become brittle; also, they are delicate, show irregularly serrations,
sometimes display signs of early autumn.Psyllids transfer "Ca. P. mali" from symptomatic plants to
healthy plant species. The main vector of "Ca. Phytoplasma mali" in Northwestern areas of Italy is
Cacopsyllamelanoneura (Forster) [35], whereas the main vector of "Ca. P. mali" in Germany is C. picta
(Forster) [36,37] in the northeastern areas [38]. The disease shows graft transmission with varying
efficacy rates; moreover, the transmission rates vary up to 30% in response to the seasonal variation
in colonization of aerial parts of apple trees. The tools available for proper management of the disease
are not reliable and effective for apple proliferation. Therefore, in specific areas of interest, regular
application of pesticides is essential for management of insect vectors in addition to eradication of
infected symptomatic plants.

1.2. Pear

Pear Pyrus communisdecline is an important disease on pear trees described in Europe, North
America, South America, Middle East, Chile and also Taiwan [39-42]. Pear decline (PD) is a
devastating disease of pear (Pyrus communis L.) caused by 'Candidatus Phytoplasma pyri', which
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assigned to the subgroup 165rX-C of the apple proliferation (AP) group of phytoplasmas first time
reported in Canada [42]. The significance of "Ca. P. pyri" in pear production is continuously
increasing, and there has been a proposal to regulate it as a quarantine organism in the European
Union's A2 List (EPPO Global Database 2009). The Ca. P. pyri, transmitted by pear psylla, causes pear
decline. Cacopsylla bidens, which may be another vector of PD in Bulgaria, has been found to carry
"Ca. P. pyri" [43]. This phytoplasma can also be transmitted through grafting and budding. Trees with
rootstocks of Pyrus ussuriensis or P. pyrifolia are more susceptible to decline than those propagated on
domestic P. communis roots. Pear decline is characterized by two phases: quick decline and slow
decline. Infected trees may wilt, scorch, and die in a few weeks, or lose vigor over several seasons,
with sparse foliage and little or no terminal growth. Leaves turn red early due to starch accumulation
in the upper tree. Yellowing symptoms , reddening, loss of vigor, early blooming, and, in some cases,
a general collapse are exhibited by pear trees infected by this pathogen. The rootstock and the stage
of the disease significantly influence disease development and symptoms expressed [44]. “Ca. P. pyri"
has also been associated with peach yellow leaf roll (PYLR) diseases in North America, Europe, and
Argentina [39]

Among the genes of pears involved in the metabolism of carbohydrates examined in this study,
in PD-infected leaves of selection 8824-1 a significant up-regulated expression of both a sucrose
synthase and an acid invertase gene was noticed , even though the PD population was similar to that
of selection 9328-1 in leaves. The study selected pear sucrose synthase and acid invertase genes based
on their up-regulation in grapevine leaves infected with FD, BN, and Stolbur phytoplasmas, as well
as periwinkle and tomato leaves infected by Stolbur phytoplasma. The cleavage of sucrose by these
enzymes results in fructose and UDP-glucose or fructose and glucose. The localized increase in
sucrose synthase and vacuolar invertase can lead to a decrease in sucrose levels and an upgradation
in fructose and glucose levels. Phytoplasmas require an upgrade in host sucrose synthase and
vacuolar invertase gene expression due to their inability to import and phosphorylate sugars, such
as sucrose, glucose, and fructose, as they lack the enzymes in phosphotransferase systems.Thus,
increasing sucrose synthase and vacuolar invertase activities in host cells will allow for greater
breakdown of host sucrose into fructose and glucose for phytoplasma growth [45,46].

2. Stone Fruit

A global report by Zirak et al.[47] revealed that stone fruit trees are vulnerable to numerous
phytoplasma strains, which are classified under at least 14 distinct 'Candidatus Phytoplasma
species'.Stone fruits are extensively cultivated worldwide, occupying a vast area of 5.07 million
hectares and yielding a production of 35.24 million tons. Prunus is a genus of trees and shrubs, which
includes the fruits cherries, peaches, plums, nectarines, apricots, and almonds. Native to the North
American temperate regions, the neotropics of South America, and the paleotropics of Asia and
Africa, [48]. In India, a total of 43,000 hectares are dedicated to the cultivation of apricots, peaches
and nectarines, plums, and cherries, with an annual production of approximately 0.25 million tons
(FAO, 2008). The cultivation of these fruits can be leveraged for profitable purposes, particularly
through the production of fruit wines, which can generate employment opportunities and provide
better returns to the orchardists [49,50].

Prunus sp. are associated with several phytoplasmas diseases among which European stone fruit
yellows (ESFY) disease is the most frequent and is caused by ‘Candidatus Phytoplasma prunorum’.
European stone fruit yellows disease causes huge economic losses in Prunus species throughout Asia
and Europe. Phytoplasma associated stone fruit diseases for example Diseases of stone fruits
associated with phytoplasma infection including apricot chlorotic leaf roll, Plum leptonecrosis peach
yellowing and declining of plum , almond and peach [51-54], were detected to have a similar
epidemiology. That’s why for all stone fruit diseases a common name was proposed as European
stone fruit yellows (ESFY) disease [55]. ‘Candidatus Phytoplasma prunorum’, is the main causal
organism of stone fruits diseases  [24]. European and Mediterranean Plant Protection Organization
(EPPO) included this phytoplasma agent as quarantine pathogen due to huge losses caused by this
pathogen in fruit trees worldwide. Cultivated and wild Prunus sp. act as the natural hosts of
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‘Candidatus Phytoplasma prunorum’ [54,56-58]. Carraro et al. [58] further proved that ‘Ca. P.
prunorum’ primarily infects cherry plum (P. cerasifera Ehrh.), apricot (Prunus armeniaca L.), peach (P.
persica L.), European plum (P. domestica L.), blackthorn (P. spinosa L.) and Japanese plum (P. salicina
Lindley). Mahaleb (P. mahaleb L.) and sweet cherry (P. avium L.) were recognized as uncommon
natural hosts. The causal agent was also identified in wild growing ash (Fraxinus excelsior L.), and
hackberry (Celtis australis L.), dog rose (Rosa canina L.) in France [59], as well as in grapevine in
Hungary [60] and Serbia [61]. However, earlier reports of European stone fruit yellows phytoplasma
presence in Ribes rubrum in the Czech Republic were not substantiated [62].

2.1. Almond

The almond tree, scientifically known as Prunus dulcis, bears an edible seed. It is native to
southwestern Asia and is a significant crop tree that is primarily cultivated in Mediterranean climates
between 28° and 48° N and between 20° and 40° S. California is the leading producer, accounting for
nearly 80 percent of the world's almond supply. The most commonly observed phytoplasma diseases
in almond trees include almond witches' broom, Peach yellows, stone fruit yellows and X-disease
[63]. The occurrence of Almond witches' broom (AImWB) disease is linked to the presence of a
phytoplasma known as 'Candidatus Phytoplasma phoenicium’, specifically the 16SrIX-B strain [64].
The first outbreak of this lethal and devastating disease in almond trees (Prunus dulcis) was observed
in the southern region of Lebanon during the early 1990s. Subsequently, it was also reported in
northern Lebanon and Iran, starting in 1995 [65-67].

During the past two decades, the emergence of AImWB has resulted in a rapid decline of almond
trees in northern regions and the Bekaa Valley in Lebanon [66,68], as well as in Fars province and
other southern provinces in Iran [69]. In past ten years, the disease rapidly spread throughout
Lebanonfrom coastal areas to high mountainous regions, lead to the death of around 100,000 trees.In
southern Lebanon, in year 2009 ‘Ca. P. phoenicium' was reported to be in association with serious
disease affecting peach (P. persica) and nectarine (P. persica var. nucipersica) trees [70]. In 16 out of 24
Lebanese districts, over 40,000 newly diseased almond trees were observed in year 2010 [67].

In Iran, the phytoplasma 'Ca. P. phoenicium' has been detected in other plant species such as GF-
677 (P. amygdalus x P. persica) and wild almond (P. scoparia) [71]. The manifestation of symptoms
typically leads to a complete loss of production within 1-2 years of initial appearance [66].It has been
noted that AImWB infects solitary wild trees, abandoned orchards, and well-managed
orchards.Characteristic symptoms in almond trees include (i) a proliferation of shoots on the main
trunk leading to witches' broom; (ii) the perpendicular development of many axillary buds with
small, yellowish leaves; and (iii) a general tree decline that eventually results in dieback. Using
housekeeping gene sequence analyses, multiple gene typing analyses of "Ca. P. phoenicium" strains
infecting almond, peach, and nectarine trees in Lebanon have shown a significant genetic
homogeneity within the analyzed phytoplasma populations. Additionally, the IMP (integral
membrane protein) gene sequence assay has enabled the detection of distinct phytoplasma strains
associated with AImWB from a variety of host plants.

This evidence in correlation to other reports of multiple insects” vectors indicate that AlImWB
might be associated to phytoplasma strains that are adapted from an original strain to various hosts
[72].Strains of ‘Ca. P. phoenicium' are considered as genetic variants of 16SrIX-B subgroup because
of shared biological characteristics and are classified among 16SrIX-F and 16SrIX-G subgroups [73].

The primary measures employed for containing AImWB involve the use of healthy plant
material and vector control. Other almond phytoplasma diseases, known as AImWB-like diseases,
have been reported worldwide, causing broomings in Iran [64] in association with phytoplasmas
classified in subgroup 16SrIX-C [69]. One of the most prevalent phytoplasma infecting Prunus dulcis,
resulting in aster yellows disease, is 'Candidatus Phytoplasma asteris'. In recent times, almond
plantations in the Nauni region of India have been consistently impacted by phytoplasma. This has
been confirmed through the observation of visible symptoms, fluorescent microscopic studies, and
molecular characterization conducted byGupta et al. [63].
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2.2. Apricot

Apricot (Prunus armeniaca) trees produce small, orange fruits that are enjoyed fresh, dried, or
used in jams and desserts. The phytoplasma associated with the disease known as apricot chlorotic
leaf roll assigned to the 16SrX-B subgroup, which is also referred to as stone fruit yellows (ESFY) or
'Ca. P. prunorum' [22]. This pathogen is considered to be the most destructive to apricot trees
[54,59,74-78]. ESFY has been found to cause high mortality rates in apricot trees, with a study
performed in France showing an average annual mortality rate of 5% in infected plants [79]. The
prevalence of infected plants in each orchard is influenced by factors such as the variety of apricot,
rootstock, age of the orchard, environmental conditions, infecting strain, and populations of insect
vectors. In certain orchards in Germany, the prevalence of infected plants has reached up to 80% [59].
Prevalence values range from 5% to 40% in different studies [74,80], while in Italy and Switzerland,
the prevalence rates are 93% and 4% respectively [81,82]. During the spring, infected plants initially
exhibit leaf production instead of flowers. From the end of summer until the middle of autumn, the
main symptoms include yellowing and upward rolling of the leaves, followed by leaf reddening,
branch and phloem necrosis, and overall decline. The decline of apricot trees in European countries,
such as Hungary, is resulting in increasing economic losses caused by 'Candidatus Phytoplasma
prunorum’. This study utilized nested-PCR to identify the pathogen in plant tissues and insects,
which were identified through morphology and molecular methods. The incidence of the disease was
recorded to be 29.6% in randomly selected apricot trees, with most infected trees exhibiting
symptoms dying within a year.These discoveries show that phytoplasma are characteristically
present and cause damage in examined plantations. Plum psyllid, Cacopsylla pruni, is regarded as the
sole insect vector of this phytoplasma, regular encounters were common in the surveyed apricot
orchards and the surrounding. According to a two-year study, several adult vectors among the
sampled specimens carried the pathogen confing the association of these insect vectors in
phytoplasma transmisssion. In addition to this, several adult species of Cacopsylla crataegi were also
found associated with the pathogen in samples.In the two psyllid species' adult male and female, the
frequencies of the phytoplasma seem to be similar. Later, under examination genetic differences
among the C. crataegi individuals were observed and from the specimens involved in a previous
investigation [83].

2.3. Peach and Nectarine

The ESFY phytoplasma in the Mediterranean region is associated with yellows and decline
diseases [75,84-91]. Peach species, along with apricot and plum, are highly susceptible to ESFY [92].
Infected plants exhibit reduced productivity and vigor, and may succumb to the disease within a few
years. In Spanish peach orchards, the prevalence of infected plants ranged from 5% to 25%. Peach
(Prunus persica) is highly susceptible to phytoplasma infection. Numerous peach diseases have been
reported worldwide in association with genetically and biologically distinct phytoplasmas belonging
to at least eleven16Sr taxonomic groups (1651l 11, 111, V, VI, VI, IX, X, XII, XV, and XVII) [93].In case
of North America, peach production is adversely affected by destructive phytoplasma diseases such
as, peach rosette, western X-disease and peach yellows. These diseases are linked with 'Candidatus
Phytoplasma pruni' subgroup 16SrIll-B [28,93,94]. In contrast, peach yellow leaf roll is related with a
'Ca. Phytoplasma pyri' subtype belonging to subgroup 165rX-C. In Europe, 'Ca. P. prunorum/,
subgroup 165rX-B associated with European stone fruit yellows (ESFY) of Prunus species, like peach,
is an essential phytoplasma disease. In Lebanon, 'Ca. P. phoenicium', subgroup 165rX-B (an
etiological agent of almond witches'-broom disease) is related to the most devastating disease of
peach [28,59]. In Iran, grafting transmission trials under controlled environment conditions proved
that ‘Ca. P. phoenicium' from almond-infected scions can be successfully transmitted and induce
symptoms in peach trees [95].
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2.4. Plum

Plum trees produce sweet and juicy fruits that are consumed fresh, dried into prunes, used in
jams, and baked in desserts.Among the phytoplasmas affecting plum in Europe, 'Ca. P. prunorum' is
the most significant in terms of economic impact. It causes significant damage to Japanese plum [96]
and is a major constraint in the production of this crop in Mediterranean countries such as Spain,
France, Italy, and the Balkans, where Japanese plum and other susceptible Prunus species are widely
cultivated. The high percentage of naturally infected trees, often leading to a high mortality rate,
renders orchards unproductive within 8-10 years of planting. In some cases, infection rates of up to
100% have been observed in susceptible Japanese plum cultivars Ozark Premier and Shiro after 7
years of growth [38]. However, certain Japanese plum varieties, such as Bragialla, Brarossa, Fortune,
and Ruby Crunch, have shown resistance to ‘Ca. P. prunorum' infection under natural pressure from
ESFY disease, as observed over a 5-year period [97]. The impact of ESFY disease on European plum
varies, with severe symptoms resembling those seen in Japanese plum observed in Italy on the
"Susina di Dro" variety [98]. A 5-year monitoring period has provided valuable insights into the
effects of ESFY disease on European plum. During a 5-year monitoring period conducted in orchards
situated in a natural and severely ESFY-affected region, it was observed that only 6 out of 39 cultivars/
selections were found to be infected, with 4 of these exhibiting only mild symptoms (Landi et al.
2010). Phloem necrosis may also occur, particularly following winter frost. A decrease in fruit
production is evident, with smaller fruits that ripen later than those from healthy trees and are prone
to premature falling. Additionally, an earlier defoliation typically takes place in the summer or early
autumn. Initially, the disease may affect a single branch, but within 2-3 years, the entire plant can
become affected and perish. Abnormal appearance of suckers from the rootstock is typically observed,
which can continue to grow even after the aboveground section of the tree has died. Among the
Prunus species, psyllid Cacopsylla pruni (Scopoli) is the only known vector of 'Ca. P. prunorum' [38],
moreover the two distinct genetic groups of C. pruni [99] represent divergent biological species [100].
During winters ‘Ca. P. prunorum' persist in the stem, therefore it can be transmitted efficiently
throughout the year by grafting (Seemiiller et al. 1998). As per the monitoring of ESFY in an Italian
plum-growingregions, myrobolan rootstocks infected with ‘Ca. P. prunorum' resulted in 100%
infection of newly grafted scions during single winter season [101].

The presence of 'Ca. P. solani' in plum in Jordan was confirmed through virtual RFLP. These
findings indicate that 'Ca. P. solani' may pose a potential threat to other susceptible stone fruit hosts,
including peach, almond, and cherry, which have already been reported to be susceptible to this
pathogen. The presence of bindweed in Jordan [102], a known natural reservoir for phytoplasma [89],
along with potential insect vectors such as Hyalesthes obsoletus [72] and the use of vegetatively
propagated plant material [103], may have contributed to the infection of plum in Jordan [102].

2.5. Sweet and Sour Cherry

Cherry trees produce delicious fruits that are eaten fresh, used in pies, jams, and various
desserts. Some cherry varieties are also utilized in the formation of wine and liqueurs. The disease
known as "Moliere decline", which is associated with ESFY, was initially observed in sweet cherry in
France [104]. However, a definitive link between the presence of ‘Ca. P. prunorum' and cherry
"Moliére decline” was not established. The symptoms of this disease include yellowing of leaves,
decline of shoots, and ultimately, death of the plant. The destructive nature of 'Ca. P. prunorum' was
first noted by Kison and Seemiiller [80], who observed that flowering cherry used as scion on
rootstocks showed symptoms of leaf yellowing and reduced vigor, ultimately resulting in the death
of the entire plant or scion. 'Ca. P. prunorum' has since been detected in sweet and sour cherry in
Poland and Hungary, and only in sour cherry in the Czech Republic. In addition, an ESFY-infected
sour cherry plant in the same country exhibited stunting, leaf rolling, and yellowing.

The United States has also experienced widespread epidemics of X-disease in cherry trees, which
have been associated to the presence of 'Ca. P. pruni', a member of the ribosomal subgroup 16SrIII-A
[105]. Initially, the disease was reported in sweet cherry plants in California and later in peach trees
in Connecticut. X-disease has only been detected in peach trees in Canada, in addition to the United
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States [106]. The latter species serves as an important reservoir for the phytoplasma, along with
certain spontaneous herbaceous species such as Erigeron canadensis, Solidago rugosa, Medicago
hispida, and Asclepias syriaca [106].The severity of X-disease is contingent upon climatic conditions,
with its impact being more pronounced in California than in Washington State. Conversely, sweet
cherry scions that are grafted on P. mahaleb exhibit a rapid decline due to the hypersensitivity
reaction of this rootstock, which is purportedly resistant to the pathogen. The phytoplasma can be
transmitted by several species of leafhopper, including Colladonas clitellarius, C. montanus, C.
geminatus, Euscelidius variegatus, Fieberiella florii, Graphocephala confluens, Gyponana lamina, Keonella
confluens, Norvellina seminuda, Osbornellus borealis, Paraphlepsius irroratus, Scaphytopius delonghi, and S.
acutus[107]. 'Ca. P. pruni' was detected in symptomatic trees in British Columbia. A total of 118
samples of leaves and fruit stems were collected from individual symptomatic trees before harvest,
originating from nine cherry orchards and one nectarine orchard in the Okanagan and Similkameen
Valleys in BC. The observed symptoms included the small and misshapen fruit with inadequate color
development. 'Ca. P. Pruni' presence was confirmed in sweet cherry samples from British Columbia.
Previous reports have indicated the occurrence of 'Ca. P. Pruni'-related strains in commercial
poinsettias (Euphorbia pulcherrima) in Canada [108].

B. Phytoplasmas Associated with Forest Trees

Forest trees are essential for both environmental and economical necessities. They are important
for global biodiversity, pollution reduction, and subsequent reduction in effects of climate change, in
addition to serve as an alternative source of bioenergy. Generally, forest products including lumber
show significant impact on revenue generation of many governments worldwide. An increase in
demands for timber along with related products is predicted to be continued for near future.

However, diseases, adverse weather and insect pests are certain potent threats to sustainable
supply of forest products. Few important severe epidemics of tree disease reported in last century
include, Dutch elm disease (ED), chestnut blight, heterobasidion root and stem rot, sudden oak death
(50D), eucalyptus myrtle rust, and the most recent ash dieback [109].

The genetic and bioecological diversity of 'Ca. Phytoplasma' taxa is particularly evident in
phytoplasmas that are associated with trees. In these obligate bacteria, their diversity plays a crucial
role in the forest ecosystem [110]. The occurrence of phytoplasmas in urban areas is primarily linked
to human activities such as plant propagation, horticulture, transportation, and trade, thereby serving
as a constant source for the dissemination of these pathogens. Regrettably, there is a lack of
comprehensive research on various aspects of phytoplasma presence in both forest and urban
ecosystems. The diversity of phytoplasmas associated with different tree species exhibits significant
epidemiological characteristics, ranging from severe impacts on infected host plants at a large
regional level [111] to subtle symptoms of discoloration or even the absence of any visible signs [112].
Phytoplasma associated with Forest trees worldwide are described below:

3.1. Sandal

Sandalwood (Santalum spp)trees are famous for their aromatic heartwood, which is used to
extract sandalwood oil. This oil is used in perfumes, cosmetics, and incense. Sandalwood is also used
in traditional medicine and religious rituals.Sandal, is affected by a devastating disease called
sandal spike (SAS), which is prevalent in southern India, particularly in the states of Karnataka, Tamil
Nadu, and Kerala, but is not found elsewhere [113-115]. Over the years, SAS disease has spread
progressively, causing significant damage to huge forest areas and posing a threat to the sandal
industry in south India, where the production of sandalwood oil is of great importance. The most
distinctive symptoms of SAS include shortened internodes, small and extremely thin leaves, and
phyllody. The affected leaves, which are pale green or yellow, stand rigidly upright from the shoots,
resembling spikes. The severely infected trees generally die within 2 or 3 years from the onset of
symptoms. In southern Karnataka, a disease incidence of up to 55% has been recorded [116]. SAS is
associated with the aster yellows agent 'Ca. P. asteris,' subgroup 16SrI-B [114,117,118]. The SAS
phytoplasma has been transmitted from diseased sandal trees to Catharanthus and then back to sandal


https://doi.org/10.20944/preprints202312.1511.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 December 2023 doi:10.20944/preprints202312.1511.v1

9

trees through dodder (C. subinclusa) bridges. Additionally, experimental transmission from sandal to
sandal has been achieved through grafting. The leafhopper Coelidia indica, initially identified as Jassus
indicus, has been reported as a natural vector of SAS [119]. However, no insect vectors have been
confirmed to be responsible for spreading SSD at this time [120].

3.2. Eucalyptus

Eucalyptus (Eucalyptus spp)trees are valued for their timber, essential oils, and medicinal
properties. They are used in the production of paper, as a source of eucalyptus oil, and in traditional
medicine for their antimicrobial properties.Eucalyptus little-leaf is a disease caused by phytoplasma
that affects various species of eucalyptus. It was initially observed in India in 1971 and was initially
believed to be caused by a virus [121]. Subsequently, further researchers examined phytoplasma
presence in diseased eucalyptus through the use of electron and light microscope observations [123].
This disease has also been documented in other countries such as Italy, China, Sudan, Iran, and Brazil
[122-127]. The symptoms reported in different geographic regions and eucalyptus species are similar.
These symptoms include the presence of small leaves, yellowing, and the growth of broom-like
structures from axillary buds. Affected trees or their symptomatic parts do not produce fruits, exhibit
stunted growth, and experience die-back. Severely affected trees show a decline in health. In Italy, a
phytoplasma of the 16SrV group was identified in ELL-affected trees [126]. Moreover, the titre of
phytoplasma in these infected trees was so low, nevertheless the infections could be analyzed by
nested PCR assays. In addition to this, 165rI-B and 16SrI-C group phytoplasmas were identified in
affected eucalyptus trees in Italy, whereas 16SrI-B phytoplasma was detected in affected eucalyptus
(E. camaldulensis) trees in Iran [122,125]. In Iran, phytoplasmas belonging to other taxonomic groups
were also reported. Azimi et al. [126] in Ahvaz, southwestern Iran reported the detection of 'Ca.
Phytoplasma aurantifolia' related strain belonging to 16Srll-D subgroup, in yellows-diseased E.
camaldulensis trees. Disease incidence of 5% was recorded in affected trees in this area. Baghaee-
Ravari et al. [127] conducted a study in Iran to detect a strain related to ‘Ca. Phytoplasma solani’,
specifically subgroup 16SrXII-Ainyellows, which causes disease in Eucalyptus camaldulensis trees.
The provinces of Fars and Khozestan were included in the study. The researchers employed nested
PCR assays to identify the strain and found it in 14 out of 22 symptomatic trees, representing
approximately 64% of the sample. In a separate study conducted in Brazil, a strain related to "Ca.
Phytoplasma aurantifolia', subgroup 16Srll-C, was detected in diseased Eucalyptus urophylla trees.
Similarly, nested PCR assays were used, and 14 out of 22 symptomatic eucalyptus trees tested
positive, accounting for approximately 64% of the sample [127]. However, the molecular methods
used to determine the identity of phytoplasmas infecting eucalyptus trees in India, China, and Sudan
have not been established [127].The eucalyptus trees associated with phytoplasma showing excessive
shoot proliferation , reduced leaf size, and shortened internodes, has been reported in India, Sudan,
China and Italy and the disease is known as little-leaf disease [112]. De Souza et al. [128] first reported
phytoplasma associated with eucalyptus trees showing witches” broom and little leaf symptoms in
Brazil.

3.3. Mulberry

Mulberry (Morus spp.) trees are primarily grown for their sweet and juicy berries, which are
used in cooking, making jams, and eaten fresh. Mulberry leaves are also used as food for silkworms
in the silk industry. it is widely distributed in Africa, Asia and Europe and has diverse beneficial
characteristics [129].Mulberry dwarf (MD) is a severe disease that affects various species of Morus
(mulberry), including M. bombycis , M. alba and M. multicaulis. It has been documented in Japan and
Korea [130]. The presence of phytoplasma in association with this disease was first confirmed in 1967
by Doi et al.[131], who observed numerous wall-less, pleomorphic bodies in the phloem sieve tube
elements of mulberry plants affected by yellows disease. These bodies exhibited morphological and
ultrastructural similarities to mycoplasmas, which are known to cause diseases in animals and
humans. Around the same time, Ishiie et al. [132] successfully alleviated the symptoms of diseased
mulberry plants by applying tetracyclines. The most notable symptoms of MD include yellowing of
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the leaves, phyllody, stunting, proliferation, and witches' brooms. The disease is associated with the
presence of the aster yellows agent ‘Ca. P. asteris,' subgroup 16SrI-B [130]. The MD phytoplasma is
naturally spread by leathoppers, specifically Hishimonoidessellatus and H. sellatiformis, with the former
being a more efficient vector. In experimental settings, H. sellatus has been shown to transmit the MD
phytoplasma to five herbaceous species, including periwinkle, white clover, Ladino clover, red
clover, and Chinese milk vetch [133]. Certain cultivars of M. alba have been found to possess natural
resistance to the MD phytoplasma, which is attributed to the concentration of phytoalexins in the
cortex of the mulberry tree. Resistant cultivars have been found to contain four times higher levels of
a specific group of compounds isolated through thin-layer chromatography compared to susceptible
cultivars [134].

The causal agent of mulberry yellow dwarf (MYD) disease, known as 'Ca, P. asteris', is
responsible for significant economic losses in the sericulture industry. Despite limited genomic
resources, the molecular pathogenesis of ‘Ca. P. asteris' remains poorly understood. In an effort to
address this knowledge gap, a phytoplasma strain called MDGZ-01 was isolated from infected
mulberry leaves in Guangdong, China. Utilizing Illumina NovaSeq sequencing technology, we
conducted a comprehensive analysis of the MDGZ-01 genome. The resulting genome sequence
revealed a circular chromosome spanning 622,358 bases, with a GC content of 29.10%. This valuable
genomic resource offers an opportunity to investigate the mechanisms underlying MYD disease
[135].

3.4. Paulownia

Paulownia (Paulownia tomentosa)trees are known for their fast growth and lightweight wood.
They are used in the production of furniture, musical instruments, and as a source of biomass for
paper and biofuel production.Several species of Paulownia trees are affected by a plant disease
known as paulownia witches' broom (PaWB), which was one of the first phytoplasma diseases to be
described. In trees affected by PaWB, growth and vitality are significantly reduced, and the leaves on
affected branches appear yellowish, deformed, and smaller in size. Additionally, flower clusters, if
produced, exhibit varying degrees of distortion and abnormal coloration, and may also be sterile. The
emergence of slender shoots from the main branches gives rise to the characteristic appearance of
witches' brooms. Affected branches display necrosis in the phloem and an irregular arrangement of
cells in the woody cylinder, particularly around the vessel. Severely affected trees experience
premature death. The wood from infected trees is of low quality and often unsuitable for commercial
use. In China, the rapid spread of PaWB was facilitated by the extensive expansion of paulownia
plantations in the 1970s, which involved the widespread use of PaWB-infected root cuttings for
propagation. In the early 1970s, the incidence of the disease in northern China was 10-20%, which
increased to over 70% in the 1980s. A separate survey conducted in China reported an incidence of
5-10% at the seedling stage, 10-20% in 1-year-old saplings, 50% at the middle age stage, and 70-100%
in trees of several years old. PaWB is associated with a specific member of the aster yellows
phytoplasma group, known as subgroup 16SrI-D [117,118,136].Paulownia is the exclusive natural host
of PaWB and was experimentally transmitted to periwinkle by dodder in a study conducted by Doi
and Asuyama [137]. Another study by Zhao et al. in 2016 found that there were minimal genetic
variations in genes other than the 165 rRNA gene. The PaWB agent is known to be transmitted by
three species of heteropteran insects from the family Pentatomidae, namely Halyomorpha mista, H.
halys, and H. picus. This information was reported by Hiruki [138] and Weintraub and Beanland
[139].

Paulownia witches” broom (PaWB), caused by phytoplasmas, is a highly destructive infectious
disease that affects Paulownia trees. While a few MADS-box transcription factors have been
identified as being involved in the development of PaWB, there has been limited research on the
entire MADS-box gene family in Paulownia. To address this gap, bioinformatics software was
utilized to identify, characterize, localize, and analyze the phylogenetic relationships of the MADS-
box genes. Additionally, conserved motifs, gene structures, cis-elements, and protein-protein
interaction networks were predicted. The expression patterns of PIMADS-box genes in different
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tissues were analyzed using quantitative real-time polymerase chain reaction (qQRT-PCR). By
integrating transcriptome data and protein interaction network predictions, potential genes
associated with PaWB formation were identified.89 MADS-box genes, classified into 14 subfamilies

were found in P. fortunei genome by Deng et al. [140]. The comprehensive analysis revealed that
segment duplication events largely contribute to the evolution of the PIMADS-box gene family;
identical motif distribution of proteins in the same subfamily; the promoter regions were highly
enriched in cis-elements related to stress and phytohormone-responsive development.The tissue
expression pattern of PEIMADS-box genes revealed significant subfunctional differentiation they

undergo.PMADS3, PMADS57, and PMADSS87 are the three genes that might be associated
with the presence of PaWB.These investigations led to a useful resource for investigating the possible
activities and functions of PEIMADS-box genes and establish a strong basis for comprehending the
functions of PEIMADS-box genes involved in interactions between Paulownia and phytoplasmas.

3.5. Poplar

Poplar (Populus spp) trees are often grown for their wood, which is used in making furniture,
paper, and various wood products. They are also used in landscaping and for providing shade.The
poplar witches” broom (PopWB) phytoplasma disease was characteristically discovered in Bulgaria
on P. nigra cv Italica trees (Lombardy or black poplar) alongwith P. canadensis (Canadian poplar) in
1973 [141]. Eventually, the first record of the disease was from Netherlands on P. canescens (gray
poplar), Lombardy poplar and P. alba (white poplar) [142], similarly from France on white and
Lombardy poplar, Germany on P. tremula (aspen)Lombardy and white poplar, and then from
Hungary on white poplar, and Croatia and Serbia on Lombardy poplar [143-149].

The disease is primarily identified by witches' broom, but on P. nigra cv Italica trees, only
nonspecific symptoms like yellowing and undersized leaves, sparse foliage, stunting, dieback, and
decline may be observed. On aspen trees, the disease is often linked to foliar reddening, yellowing,

and decline symptoms, while witches' broom may occasionally develop on vigorous shoots.PopWB
is related to ‘Candidatus Phytoplasma asteris,” subgroup 165rI-B [146,151] as a result of subsequent
infection of 16Srl-A and 16SrI-P subgroup phytoplasma strains in PoWB-affected P. nigra cv Italica
trees observed in Croatia and Serbia [147].Phytoplasma strains infecting P. nigra cv Italica, P. alba, and
P. tremula in Germany, France, and Hungary showed three variable RFLP profiles on digestion with
Alul restriction enzyme as a result of RFLP analyses of 165 rDNA and 165-23S rDNA spacer region
sequences [146]. Consequent differences between German and French strains infecting P. nigra cv
Italica trees were found through Heteroduplex mobility assays of 165 rDNA and 165-23S rDNA
spacer region sequences [149]. 165rI and 16SrVII group phytoplasmas were observed in infected P.
nigra trees in Colombia [150]. Leafhoppers, Tremulicerus vitreus and Rhytidodus decimusquartus feeding
on Populus speciesare reported as vector of PopWB in France [145,149].

3.6. Elm

Ulmus sp.commonly called elm belong to family Ulmaceae, mostly used for making furniture
and boats it shows good resistance against water. Elm trees are infected by Elm yellows (EY) a
common disease in Europe and North America [151] . Formely elm yellows disease was called elm
phloem necrosis due to necrosis of phloem cells in the elm infected trees occurred. EY was first
reported in Ohio [152]. Later on it was found that EY disease were caused by ‘Ca. Phytoplasma
ulmi’ , assigned to the EY phytoplasma or 165rV -A subgroup. And the genetic diversity of EY
phyoplasma have been identified in other gene sequences like rplV, rpsC, secY and imp gene [112].
Another phytoplasma group has been found to be associated with EY was reported in Illinois , USA
named ILEY phytoplasma associated with 16SrVI-C subgroup , i.e., clover proliferation group [153].
Along with these two phytoplasma groups two more groups were reported on Elm trees are stolbur
group (165rXII) and aster yellows group (16Srl ) from Italy . , The important symptoms of EY are
premature casting of the leaves, yellowing, witches broom , early bud break, brown discoloration of
the phloem tissue, and tree death. In china brooming and stunting are typical symptoms of EY-
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affected elm trees. In several other European and Asian elm genotypes. Yellowing or reddening,
reduced vigor, witches” brooms, and die-back but not phloem discoloration are known to occur. The
presence of ‘Ca. Phytoplasma ulmi’ are also many times reported in asymptomatic trees
belonging to some Asian and European elm genotypes [58]. In North America leafthopper
Scaphoideus luteolus is known to transmit ‘Ca. Phytoplasma ulmi’. Other vectors are also responsible
for EY phytoplasma transmission as many insects are recorded on Elm trees for example Allygus
atomarious and the spittlebug Philaenus spumarius [154]. Resistant Ulmus spp. Of asia and europ ,
either naturally infected or graft-inoculated, develop witches' brooms symptom and grow slowly and
decline, but no phloem necrosis symptoms were observed. There are no practical methods for the
prevention or cure of the mentioned condition. Nevertheless, there are available tolerant Ulmus
species and cultivars. These tolerant species comprise Ulmus glabra, U. laevis, U. macrocarpa, U. minot,
U. pumila, and U. wilsoniana [155].

Table 1. Summarized the trees associated with phytoplasma group , their botanical and common
names and distribution worldwide.

Accession No. with

S. Name of Tree species Common Location Phytoplasma Group/ References
No. name
Subgroup
AJ542541
Malus domestica Borkh. Dossenheim, . J5425 . Seemiiller and
1. Apple Candidatus Phytoplasma mali )
(Rosaceae) Germany Schneider, 2004
(165rX)
Pyrus communis L KX644950
2. Y (Rosaceae) ’ Pear Chile Candidatus Phytoplasma pyri Facundo et al., 2017
(165rX-C)
Prunus dulcis(Mill.) KM275491
3. D.A. Webb Almond Lebanon Candidatus P.h}.rtoplasma Quaglino et al.,
(Rosaceae) phoenicium 2015
(16SrIX-B)
Y11933
Prunus armeniaca Apricot . Candidatus Phytoplasma Seemiiller &
4. h R 1
(Rosaceae) Czech Republic prunorum Schneider, 2004
(16SrX)
Prunus persica AJ575108
did Phytopl Ludvikova v
5 (Rosaceae) Peach Spain Candidatus Phytoplasma udvikovd et al
prunorum 2011
(16SrX-B)
) MH085227
Prunus domestica Candidatus Phytoplasma
6. (Rosaceae) Plum Jordan y p Salem et al., 2019
solani
(16SrXII)
Prunus avium, and Sweet Lithuania Candidalt?lzsséizio lasma
7. Prunus cerasus cherry, and -, ytop'a Valiunas et al., 2009
(Rosaceae) Sour cherr asteris’-related strains
b Y (165t])
EF050071
Santalum spp. . Candu.:lrjltus Phytopl;ilsma Khan et al., 2008
8. (Santalaceae) Sandal India asteris’-related strains
antalaceae (16S11-B)
Eucalyptus spp KMb97065
' . CandidatusPhytoplasma Neves de Souza et
9. (Myrtaceae) Eucalyptus Brazil aurantifolia al, 2015
(16SrII-C)
Morus spp. MTO075612
10. (Moraceae) Mulberry  Japan and Korea  Candidatus Phytoplasma Jietal. 2009

asteris
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(16SrT)
DQ851169
1 Paulownia t?mentosa Paulownia China Candidatus Phytoplasma Yue et al,, 2008
(Paulowniaceae) asteris
(165r1-D)
AF “
Populus s Bulgaria CandidatusSI(’)iS?i lasma Seruga et al., 2003
12. PRIS SPP. Poplar Colombia yiop Perilla-Henao et al.
(Salicaceae) France asteris 2012
(16Sr1-P)
American AF122910,
Ulmus sp. (U. olm Ohio, New York, AF122911, Criffiths et al. 1999:
americana, U. rubra, U. __. West Virginia and AY197649, 7 !
13. ) Slippery elm Leeetal,
minor) . Italy AY197656 .
. Field Elm 2004Swingle , 1938
Rubus fruticosus Blackb Elm yellows group
ackberty (16S1V)

&8 — EFDS0OTY Sandal (16 S
| srsnasea Papler (16 51)
0851169 Paulownia (16 &
MTGTS612 Mulbery (16 81
FJ231729 Cherry (16 51

Rl

% MHOB5227 Pl (16 St A1)
KMBGT08S Eusalyplus (16 51)
KM2T8481 Almond (16 SrX)
i B — AY197655 Blackbemy (16 S1)
a 100 AY187849 Field Eim (16 SrY)
0 | AF122911 Slippery e (16 SA4)
7 = AF122910 Ameican alm {16 SrY)
KX544330 Par (16 S¥)
AJS42841 Appie (16 S4K)
11933 Apricat (16 5rX)
b1 | ALETB108 Paach (16 5r¥)
NR 074448 Acholaplasma laidlawi
 —

o

Figure 1. Phylogenetic tree shows relationship of different groups of phytoplasma associated with
trees. Acholeplasma laidlawii is used as outgroup species to root up the tree.

C. Discussion and Conclusion

Phytoplasma detection on trees are made detectable with the development of new technologies
in the field of molecular assays. Some of the important diseases of phytoplasma on trees specially
Apple proloferations, caused by Ca. P. mali, Pear decline caused by Ca.P.pyri and elm yellows caused
by Ca. P. ulmi are very devastating diseases of forest and fruit trees worldwide causes upto 40-60%
yield losses. Research on the role of phytoplasmas as the cause of diseases of forest trees has recently
been intensified due to the availability of sensitive and specific detection methods, primarily based
on PCR technology. These methods have allowed for the detection of phytoplasma infections in
several trees for the first time, indicating that phytoplasma diseases may have a similar impact on
forest trees as they do on fruit trees. As a result, there has been a significant increase in the number
of phytoplasma diseases affecting trees and the associated phytoplasmas [156]. Many of these
diseases are associated with taxonomically distinct phytoplasmas, which induce identical symptoms
in a given plant and are found in the same areas or different countries. Furthermore, a single plant
host may be infected with multiple phytoplasmas, a phenomenon that appears to be common in
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woody plants that are frequently visited by insect vectors over time.Malus domestica infected with
16SrX group of phytoplasma recorded from Germany, Pyrus communisinfected with 165rX group
phytoplasma recorded from Chile, Prunus dulcisinfected with 16SrIX group phytoplasma recorded
from Lebanon, Prunus armeniacainfected with 16SrX group phytoplasma recorded from Czech
Republic , Prunus persicainfected with 16SrX group phytoplasma recorded from Spain, Prunus
domestica infected with 16SrXII group phytoplasma recorded from Jordan, Prunus avium infected with
16511 group phytoplasma recorded from Lithuania, Santalum spp.infected with 16Srl group
phytoplasma recorded from India, Eucalyptus spp.infected with 16SrIl - group phytoplasma recorded
from Brazil, Morus spp. infected with 165r] group phytoplasma recorded from Japan and korea,
Paulownia tomentosainfected with 16Srl group phytoplasma recorded from China, Populus spp.
infected with 16511 group phytoplasma recorded from Bulgariaand Ulmus sp. infected with 165rV
group phytoplasma recorded from Italy, New York [24,40,72,88,98,111,115,124,130,136,147,150,152].

Based on this review, it has been determined that the Candidatus Phytoplasma asteris, 165rI and
Candidatus Phytoplasma prunorum, 165rX group are the most widespread among the different
phytoplasma groups affecting tree populations. Interestingly, the majority of trees affected by this
group belong to the family Rosaceae, which might be because of the presence of potential vectors.
Phytoplasma diseases have significant economic and ecological importance globally, particularly in
forest trees. Over the years, various phytoplasma taxa have been identified in trees that are singly,
doubly, or multiply infected, causing yellows and decline diseases. However, despite extensive
research on well-studied phytoplasma diseases like EY and AshY, there is still a lack of information
on insect vectors, plant host range, strain virulence, pathogenicity, and host tolerance and resistance
for most of these diseases. To effectively manage these diseases, it is crucial to have a comprehensive
understanding of these aspects. Further research is needed to investigate the role of phytoplasmas in
asymptomatic trees and their relationship to the absence of symptoms. Additionally, the etiological
role of various 'mon-specific' phytoplasma taxa found in forest trees without pathological data
requires further investigation. Moreover, there is still a lack of information on several aspects,
including insect vectors, relationships between phytoplasmas and insect vectors, interactions
between phytoplasmas and host plants, strain virulence, strain interference, host tolerance, host plant
range, and the impact of phytoplasma infections on the growth and yield of affected plants.
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