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Phytoplasmas are important prokaryotic pathogenic bacteria without cell walls, which
were formerly known as mycoplasma-like organisms, and belong to the Mollicutes
class, Candidatus Phytoplasma genus. They are widely distributed in plants and
insects, and can cause serious diseases in important food crops, vegetables, fruit
trees, ornamental plants and trees, resulting in huge economic losses. To date, more
than 100 phytoplasma diseases have been reported in China, which are distributed
throughout the country. Jujube witches’-broom, paulownia witches’-broom, wheat blue
dwarf, banana bunchy top, sugarcane white leaf, rice orange leaf and mulberry dwarf
represent the phytoplasma diseases causing the most serious damage in China. New
phytoplasma diseases and their strains are being reported continuously, indicating
that phytoplasmas are more diverse than previously thought. Phytoplasmas are mainly
transmitted by insect vectors, such as leafhopper and planthopper, and can also
be spread by grafting or Cuscuta australis (known as dodder). Mixed infections of
phytoplasmas and viruses, bacteria, and spiroplasmas have also become a serious
problem in several crops and are responsible for more synergistic losses. With the
continuous development and improvement of technology, molecular biological detection
has become the main technique for phytoplasma detection and identification. Currently,
research on phytoplasma diseases in China mainly focuses on pathogen identification
and classification, and insect vector and host diversity; however, there is less focus on
pathogenicity, comparative genomics, and effect factors. More research attention has
been paid to wheat blue dwarf phytoplasma, paulownia witches’-broom phytoplasma,
jujube witches’-broom phytoplasma, and sugarcane white leaf phytoplasma. Other
phytoplasma diseases have been reported; however, there have been no in-depth
studies. In this paper, the history and present situation of phytoplasma research, and the
status, distribution, and diversity of phytoplasma diseases are summarized, and some
possible research directions of phytoplasma in the future in China are proposed.
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INTRODUCTION

Phytoplasma was first discovered by Doi et al. in Japan in 1967,
and was initially termed a mycoplasma-like organism (MLO)
(Doi et al.,, 1967). In 1992, at the 9th International Organization
of Mollicutes (IOM) conference, it was first proposed to replace
MLO with “phytoplasma” (Yang et al., 2020). Phytoplasma
belongs to Mollicutes, Candidatus Phytoplasma genus. It is a
pleiomorphic procaryotic organism with no cell wall that inhabits
the phloem in infected plants and has a volume of 50-1,000 nm
(Lai et al., 2008; Yang et al., 2020). Based on the 16S rRNA gene
sequence, phytoplasma has been identified and classified into 52
Candidatus species, comprising 34 groups and more than 100
subgroups presently (Yang et al., 2020).

Phytoplasmas cause more than 1,000 kinds of plant disease
worldwide, resulting in large economic losses to agricultural and
forestry production (Che et al., 2009). The typical symptoms
of phytoplasma infection include witches’-broom, yellow leaves,
floral metamorphosis, plant dwarfing, and phloem tissue necrosis
(Yang et al., 2014a; Geng et al, 2015). Phytoplasmas can be
transmitted by vegetative propagation of host plants, parasitic
plants, and piercing-sucking insect vectors, such as leathopper
and planthopper (Weintraub and Beanland, 2006; Sugio et al.,
2011). Although a few phytoplasmas can be cultured in vitro
(Contaldo et al., 2012), their culture conditions are strict
and their artificial cultivation is difficult, making the study
of phytoplasma pathogenesis challenging. The first complete
sequence of a phytoplasma genome was produced in 2014,
allowing a preliminary understanding of the pathogenic effectors
of phytoplasma (Oshima et al, 2004). To date, 7 complete
phytoplasma genome sequences (Oshima et al., 2004; Bai et al,,
2006; Kube et al., 2008; Tran-Nguyen et al., 2008; Andersen
et al, 2013; Wang et al, 2018; Liang et al, 2020) and 19
phytoplasma genome sketches and incomplete genome series
have been reported (Saccardo et al., 2012; Chung et al., 2013;
Chen et al., 2014; Kakizawa et al., 2014; Mitrovic et al., 2014;
Chang et al., 2015; Lee et al, 2015; Quaglino et al., 2015;
Fischer et al., 2016; Zamorano and Fiore, 2016; Zhu et al., 2017;
Sparks et al., 2018; Town et al., 2018; Music et al., 2019). The
phytoplasma genome is between 530 kb and 1,350 kb, with a G4-C
content of 24-35% (Yang et al., 2014b). Based on the whole
genome sequence of phytoplasmas, many phytoplasma effector
proteins have been identified. However, mechanistically, only
Secreted AY-WB Protein 11 (SAP11), Secreted AY-WB Protein
54 (SAP54), Secreted AY-WB Protein 05 (SAP05) and Tengu have
been studied in depth, which are multifunctional effector proteins
(MacLean et al.,, 2011; Sugio et al., 2011; Minato et al., 2014; Tan
etal., 2016; Huang et al., 2021).

Before the application of molecular techniques, the early
detection and identification of phytoplasma mainly depends on
ultrathin section electron microscope observation, fluorescence
microscope, symptomatology, host reaction, relationship with
transmitted vectors and antibiotic experiment. Since the 1980,
with the development of molecular biology detection technology,
especially PCR-based techniques are now used to detect various
phytoplasmas associated with plants and insects and study in
various fields of phytoplasmas diseases research (Smart et al.,

1996; Lee et al, 1998; Lu et al, 2016). To date, research
on phytoplasma diseases has made some important progress
in China. Research has mainly focused on the detection
and identification of phytoplasmas, insect vector identification,
and host diversity. In the future, in-depth research should
be carried out in the fields of interaction and transmission
mechanisms between phytoplasmas and insect vectors, the
pathogenic mechanism of phytoplasmas, and the control of
diseases. In this paper, the history and present situation of
phytoplasma research, and the status, distribution, and diversity
of phytoplasma diseases are summarized, and some possible
research directions of phytoplasma in the future in China
are proposed.

HISTORICAL BACKGROUND

Phytoplasma disease has a long history in China. As early as
1640 CE, there was a record of mulberry dwarf disease (Yang
et al., 2020). In 1965, Kuai et al. (2000) reported the existence
of mulberry dwarf disease in east, south, and north China. In
1958, sugarcane white leaf (SCWL) was reported in Taiwan,
China (Ling, 1962). In 1987, Zhou et al. (1987) used electron
microscopy to show that SCWL also occurred in some cultivars
in sugarcane producing areas such as Fujian, Guangxi Nanning,
and Yunnan Kaiyuan. In 2013, Li et al. (2013b) first confirmed
the existence of SCWL in Baoshan, Yunnan, China using nested
PCR. Subsequently, the disease was reported in Lincang and Puer,
Yunnan (Zhang et al., 2019, 2020). Rice orange leaf disease caused
by a phytoplasma was first found in Xishuangbanna, Yunnan
Province in 1978 (Wu et al., 1980). Then, it was historically
outbreak in parts of southern China during the late 1980’ to the
early 1990s (Zhang et al., 1995). In 1982, tomato big bud disease
was first discovered in Hainan Island, China (Tang et al., 1986). In
1984, rubber witches’ -broom disease was reported in China, and
then phytoplasma was also observed in rubber tree tissues with
witches’ -broom symptoms using electron microscopy (Chen
et al,, 1991). In 1985, areca nut yellow leaf disease was reported
in Wanning and Tunchang, Hainan, China (Yu et al., 1986).
In the same year, rice yellow dwarf was found in Fujian, China
(Lin and Xie, 1985). In the 21st century, further phytoplasma
diseases have been reported in China. Cactus witches’ broom
disease was first reported in Yunnan, China in 2002 (Cai et al.,
2002). In 2004, transmission electron microscopy was used to
observe the ultrastructure of diseased apricot trees with chlorotic
leaf curling in Xinjiang, which confirmed that a phytoplasma
was the causative pathogen (He et al., 2012). In 2006, spiraea
witches’ -broom disease was reported in Qingzhou, Shandong
(Gao et al., 2007). In 2009, locust trees witches -broom disease
was found in Taian, Shandong (Yu et al., 2012). In July 2010, the
cactus witches’ -broom disease caused by the 16SrII-C subgroup
was first reported in Yangling, Shanxi (Li et al., 2012). Tomato
yellowing disease caused by a 16SrII-A phytoplasma was first
reported in Yunnan Province in 2011 (Dong et al., 2013). In 2012,
the camellia yellow flower disease caused by a 16SrV-B subgroup
phytoplasma was first reported in Taian, Shandong, China (Gao
et al., 2015). Reed witches -broom disease was first reported
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in China in 2013 (Li et al, 2013a). In 2020, Eclipta and lilac
witches’ broom caused by a phytoplasma were reported in Haikou
and Beijing, China, respectively (Chen et al., 2020; Yang et al,,
2020). To date, more than 100 kinds of phytoplasma diseases have
been reported in China. Among them, jujube witches’- broom,
mulberry dwarf, paulownia witches’ -broom, wheat blue dwarf
are widely distributed and have caused serious damaged in China.
SCWL disease, rice orange leaf disease, cherry lethal yellow,
groundnut witches’ broom, and areca nut yellow leaf disease, are
distributed in some areas in China (Zhang et al., 1995; Mou et al.,
2011; Yu et al., 2016; Song et al., 2018) (Table 1).

ECONOMIC IMPORTANCE

Although compared with plant fungi, bacteria and virus diseases,
may be due to the application of pesticides, the losses caused by
phytoplasmas may less than fungi, bacteria and virus diseases,
they also can caused significant economic losses to agricultural
and forestry production in China. For example, wheat stripe rust,
a fungus disease of wheat, has been prevalent three times in
1950, 1964 and 1990, causing 6 billion kg, 3 billion kg and 2.6
billion kg of yield loss respectively in China (Wan, 2000). In 2006,
wheat yellow mosaic virus damaged 2 million hectares of wheat
in 9 provinces of China, causing losses of 1.5 billion kg (Yue
et al., 2008a). Since the 1960’s, outbreaks of wheat blue dwarf
have occurred more than 10 times in Shaanxi, China, resulting
in an annual loss of ~50 million kg of wheat yield (Chen et al,,
2014). According to the statistics in 2006, Paulownia witches’
-broom disease has affected 880,000 hm? of wood production
and caused billions of dollars in economic losses (Yue et al.,
2008b; Geng et al., 2015). Mulberry dwarf disease has occurred in
various silkworm breeding areas in China, with a relatively high
incidence rate, causing serious economic losses to sericulture
production (Zhao et al.,, 2017). Since the discovery of SCWL in
Baoshan, Yunnan, China in 2012, SCWL has spread rapidly in
many sugarcane areas, such as Lincang, Baoshan and Puer in
Yunnan, causing marked economic losses (Zhang et al., 2019,
2020). The occurrence area of SCWL in Yunnan has expanded to
more than 6,000 hm?, and the loss of sugarcane yield has reached
100% in severely affected fields (Huang et al., 2018). Currently,
areca nut yellow leaf disease is spreading rapidly in Hainan, with
an area of about 53,333 hm? and is increasing year by year.
The yield reduction has ranged from 10 to 60%, and the annual
loss caused by areca nut yellow leaf disease was more than 2
billion RMB (Wang, 2019). Jujube witches’ broom is a devastating
phytoplasma disease for jujube trees, which has occurred in all
jujube production areas in China. The incidence rate in severely
affected areas reached 60-80%, and the mortality rate exceed
30%. The annual loss caused by jujube witches’ broom reached
hundreds of millions of RMB (Zhao et al.,, 2006; Wang et al.,
2018). Phytoplasma disease has become an important disease
in potato production in southwest China, severely restricting
the farmers’ income and the quality of the potatoes (Liang
et al., 2020). Phytoplasma diseases have become one of the most
important diseases to threaten the development of China’s cherry
industry in recent years. They mainly cause symptoms of cherry

phyllody and yellowing, and eventually lead to rapid plant death
within 2-5 years, which has caused significant losses to the
Chinese cherry industry (Mu et al., 2019).

DETECTION OF PHYTOPLASMAS

Doi et al. (1967) first observed phytoplasma in plant tissues
using electron microscopy. Since then, Chinese researchers have
used electron microscopy to observe phytoplasmas on various
plants such as Zephyranthes candida, sugarcane, jujube, amorpha,
and mulberry (Shi et al, 1984; Zhou et al, 1987; Chen and
Li, 1994; Jin and Wang, 1994; Xu and Feng, 1998). Since
the 1980’s, serology has gradually been developed and applied,
and many phytoplasmic detection methods based on serology
have been established (Lu et al., 2016). Chinese scholars have
successfully detected phytoplasma of paulownia witches’ -broom,
areca nut yellow leaf disease, and wheat blue dwarf using
serological methods (Mou et al., 2011; Yang et al, 2014a,b).
In the early 1990s, PCR technology was first used to detect
phytoplasma diseases (Deng and Hiruki, 1991). Their high
detection sensitivity has meant that PCR-based methods have
become the most important techniques to detect and identify
phytoplasmas. In addition to conventional PCR techniques,
nested PCR, real-time PCR, immune-capture PCR (IC-PCR),
and competitive quantitative PCR are currently used to detect
phytoplasmas. In recent years, real-time PCR has been widely
used to detect phytoplasma diseases in China. Liao et al.
(2002) successfully applied real-time PCR to detect phytoplasmas
of coconut lethal yellow, apple proliferation, and elm yellow
disease. Ren et al. (2015) used real-time PCR to determine the
phytoplasma concentration in different jujube witches’ -broom
disease-resistant varieties. Che et al. (2017) established a real-
time PCR rapid detection method for phytoplasma from areca
nut yellow leaf disease in Hainan. Loop-mediated isothermal
amplification (LAMP) is a nucleic acid amplification technology
established by Notomi et al. (2000). To date, this technology
has been used widely in phytoplasma detection. For example,
Han et al. (2015) established a visual LAMP detection method to
detect phytoplasma of Jujube witches broom; Wang et al. (2017)
established a LAMP detection method to detect five species of
16 Srl group phytoplasmas using the tuf gene as a target. Han
et al. (2020) established a LAMP method for the rapid detection
of phytoplasma of apricot chlorotic leaf curl according to the tuf
gene conserved sequence of a Xinjiang isolate.

Phytoplasma Diseases, Distribution, and
Diversity Infecting Different Crops in China

There are more than 100 phytoplasma diseases reported in
China and mainly caused by 11 phytoplasma groups, including
16Sr1, 16Srll, 16SrIII, 16SrV, 16SrVI, 16SrVII, 16SrVIII, 16SrX,
16SrXI, 16SrXII, and 16SrXIV, which are distributed throughout
China (Gong et al.,, 1990; Cai, 2007; Li et al., 2007, 2013a,b;
Chang et al, 2012; Li, 2015) (Figurel). Among them, in
addition to the phytoplasma diseases that seriously endanger
production, such as paulownia witches’ broom, mulberry dwarf,
jujube witches-broom and Eucalyptus witches’-broom, new
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TABLE 1 | List of main plant phytoplasma disease in China.

Disease name

16Sr groups

Insect vector

Distribution in China

Mulberry yellow dwarf

Paulownia witches’-broom

Rice orange leaf

Chinaberry witches’-broom

Periwinkle phyllody

Wheat blue dwarf

Areca nut yellow leaf
Peanut witches’-broom

Soybean witches’-broom

Christmas cactus witches’-broom

Sapium sebiferum yellow
Jujube witches’-broom

Cherry witches’-broom
Cherry lethal yellow
Tomato big bud

Brassica rapa virescence

Cherry fasciated
Luffa witches’-broom
Pear decline

Rice yellow dwarf

Sugarcane white leaf

Paper flower yellow

Paeonia suffruticosais yellow

Bermudagrass white leaf

Aster yellows group, 16Srl-B
(rpl-B)subgroup

Aster yellows group, 16SrI-D subgroup

Aster yellows group, 16Srl
Aster yellows group, 16SrI-B subgroup

Aster yellows group, 16SrI-B subgroup

Aster yellows group, 16Srl-C subgroup

Aster yellows group, 16Srl-G subgroup

Peanut witches’-broom group, 16Srll-A
subgroup

Peanut witches’-broom group, 16Srll-C
subgroup

Peanut witches’-broom group, 16Sr
II-C subgroup

X-disease group, 16Srlll
Elm yellows group, 16SrV-B subgroup

Elm yellows group, 16SrV-B subgroup
Elm yellows group, 16SrV-B subgroup

Clover proliferation group, 16SrVI-A
subgroup

Clover proliferation group, 16SrVI-A
subgroup

Ash yellows group, 16SrVII
Loofah witches’-broom group, 16SrVIII

Pigeon pea witches’-broom group,
16SrX

Rice yellow dwarf group, 16SrXI-A
subgroup

Rice yellow dwarf group, 16SrXI-B and
16SrXI-D subgroups

Stolbur group, 16SrXII-A subgroup
Stolbur group, 16SrXII-H subgroup

Bermudagrass white leaf group,
16SrXIV-A subgroup

Hishimonoides
sellatiformis,
Hishimonus sellatus

Halyomorpha picus,
Crytopeltis cenuis

Deltocephalus dorsalis
Unknown

Unknown

Psammotettix striatus

Unknown
Empoasca sp.

Unknown

Unknown

Unknown

Hishimonoides
aurifascialis, Hishimonus
sellatus

Unknown
Unknown

Orosius sp.

Unknown

Unknown
Unknown
Unknown

Nephotettix cineticeps

Tettigoniella viridis,
Clovia conifer

Unknown
Unknown

Unknown

Jiangsu, Zhejiang, Anhui, Shandong,
Hubei, Hunan, Fujian, Guangdong,
Guangxi, Shanxi, Hebei

Henan, Shandong, Shanxi, Beijing, Hebei,
Anhui, Gansu, Jiangsu, Shanxi et al.

Guangdong, Hainan, Guangxi, Yunnan

South China, East China, Zhejiang, Jiangxi,
Hunan, Hubei, Guangdong, Guangxi,
Jiangsu, Shanxi et al.

South China, Fujian, Guangdong, Beijing,
Yunnan

Shanxi, Shanxi, Gansu, Northwest China
etal.

South China, Southwest China, Hainan

South China, Hainan, Guangdong,
Guangxi, Fujian, Hunan, Taiwan et al.

South China

Yunnan

Shandong

Henan, Hebei, Shanxi, Shandong, Anhui,
Guizhou, Yunnan, Beijing, Liaoning et al.

East China, Southwest China
Sichuan
South China, Hainan

Shanxi

Beijing
Taiwan
Taiwan

Guangdong, Guangxi, Hunan, Hubei,
Yunnan, Zhejiang, Jiangsu, Anhui, Jiangxi,
Fujian, Taiwan, Shanghai et al.

Taiwan, South China, Yunnan

Shandong
Shandong
Shanxi

phytoplasma diseases have been reported continuously, and some
have caused serious economic losses (Lin et al., 2007; Xu et al.,
2009). For example, areca nut yellowing disease, which only
occurred in India and Hainan Province in China, has spread
rapidly in Hainan, resulting in an infected areca nut area of
more than 2,667 hm?. The areca nut orchard with early infection
was completely destroyed, and the incidence rate reached 90%.
The yield was reduced by 78-80%, and new areca nut orchards
have been constantly harmed (Che, 2010). The phytoplasma
disease that endangers wheat production was named wheat
blue dwarf (WBD), and was first reported in China by An

et al. (2006). Since 2000, this disease has been prevalent in
Shaanxi and Shanxi, resulting in large losses to wheat production
and posing a serious threat to the high and stable yield of
wheat. In Xichang, Sichuan Province, the phytoplasma of cherry
lethal yellowing disease almost destroyed a hundred-year-old
cherry orchard (Li, 2004). In 2012, Li et al. (2013a,b, 2014)
first detected a phytoplasma disease named sugarcane white
leaf disease (SCWL) in sugarcane planting regions of Baoshan
and Lincang in Southwest Yunnan, China. SCWL has strong
transmissibility and spreads rapidly. The diseased plant rate in
seriously affected fields was as high as 100%, and the loss of sugar

Frontiers in Sustainable Food Systems | www.frontiersin.org

June 2022 | Volume 6 | Article 943080


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles

Wang et al.

Phytoplasma Diseases in China

FIGURE 1 | Distribution of main phytoplasma diseases in China.

Kong O
N

&

I

Jujube witches’-broom
Mulberry yellow dwarf
Peanut witches’-broom

Paulownia witches’-broom

® » »>» B 1

Sugarcane white leaf

Wheat blue dwarf

@

Arecanut yellow leaf

Rice yellow dwarf

yield was serious, which was disastrous for the safe production
of sugarcane.

Phytoplasmas in China are widely distributed and diverse.
Currently, the phytoplasmas found in China can be divided
into 11 groups, including 16SrI, 16SrlI, 16SrIIl, 16SrV, 16SrV],
16SrVII, 16SrVIIL, 16SrX, 16SrXI, 16SrXIl, and 16SrXIV, among
which 16811 is having wide host range, followed by 16SrII and
16SrV groups (Lai et al., 2008). The representative phytoplasmas
of each group were selected to construct a phylogenetic
tree. The results showed that the 10 phytoplasma groups
could be divided into three major clades. 16SrV, 16SrVI,
16SrVIII, 16SrXIV, 16SrXI, 16Srlll, and 16SrIl were clustered
into one clade; 16SrI and 16SrXII were clustered into the
2" clade; and 16SrX formed a separate clade (Figure 2).
Qiu et al. (1998) confirmed that among 20 plants infected
with phytoplasma, 13 harbored phytoplasmas belonging to
16511, two harbored phytoplasmas belonging to 16SrVII, three
harbored phytoplasmas belonging to 16Srll, and two harbored
phytoplasmas belonging to 16SrVI. Cai (2007) studied the
diversity of phytoplasma strains and related diseases in Yunnan,
and identified 15 phytoplasma diseases belonging to the
16SrI-B, 16SrII-C, 16SrIII-B, and 16SrV-B subgroups. Among
them, cactus witches' broom caused by phytoplasmas of the
16SrI-B subgroup and 16SrIl groups was widely distributed
in Yunnan Province. Che et al. (2009) first discovered the
existence of 16SrV phytoplasma in naturally infected periwinkle.

Zhang et al. (2016) analyzed SCWL phytoplasmas in Yunnan,
which showed that SCWL is caused by phytoplasmas from
group 16SrXI, including subgroup 16SrXI-B and a new
subgroup, 16SrXI-D.

MIXED PHYTOPLASMA INFECTIONS

Mixed infections of phytoplasmas with viruses, bacteria, and
spiroplasmas have been reported in many plants in China.
A mixed infection of jujube witches’ broom phytoplasma and
paulownia witches’ broom phytoplasmas in jujube witches’
broom plants has been confirmed (Li et al, 2011). Two
phytoplasmas belonging to the 16SrI-D and 16SrII-A subgroups
were detected in lilac cluster leaf samples, which suggested that
the disease might be caused by the combined infection of the two
phytoplasmas (Wang, 2008). Momordica grosvenori (monkfruit)
blister leaf witches’ -broom disease is caused by the mixed
infection of Luohanguo mosaic virus and a phytoplasma (Li,
2005). Beefwood witches’-broom disease is caused by the mixed
infection of Rick-like bacteria and a phytoplasma (Zhang et al.,
1983). Rubber witches’- broom disease is caused by the mixed
infection of a phytoplasma and bacteria (Chen et al., 1998). Kelp
leaf roll disease is caused by the mixed infection of a phytoplasma
and a spiroplasma (Wang et al., 1983). Compared with the losses
caused by a single pathogen, the losses caused by these mixed
infections are more serious.
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100 I: Jujube witches’ -broom phytoplasma, Elm yellows group, 168rV-B [JQ675714]

87 Sunshine tree witches’-broom phytoplasma, Elm yellows group, 165rV-B [AY283184]

93

95

77

Tomato big bud phytoplasma, Clover proliferation group, 16SrVI-A [JQ807736]
105‘ Brassica juncea phyllody phytoplasma, Clover proliferation group, 16SrVI-A [MK660148]
Loofah witches’-broom phytoplasmaLoofah witches-broom group16SrVIII [AB667970]
Candidatus Phytoplasma cynodontis, Bermuda white leaf group, 16SrXIV [EU999999]
Sugarcane white leaf phytoplasma, Rice yellow dwarf group, 168rXI-D [KR020685]

99 L Sugarcane white leaf phytoplasma, Rice yellow dwarf group, 165rXI-B [KR020690]

Triadica sebifera yellows phytoplasma, X-disease group, 163111l [KF040448]
Christmas cactus witches’-broom phytoplasma, Peanut witches’-broom group, 16SrII-A [AY 647459]

100

00 Peanut witches’-broom phytoplasma, Peanut witches’-broom group, 163rII-A [GU113148]

100 Crotalaria witches’-broom phytoplasma, Peanut witches’ -broom group, 16StII-A [GU113154]
1 |~
Desmodivm ovalifolivum witches’-broom phytoplasma, Peanut witches’-broom group, 163rII-A [MK956144]

Artemisia scoparia witches’-broom phytoplasma, Stolbur group, 163rXII [KT 899994]

07| Aster yellows phytoplasma, Aster yellows group, 168rI-C [DQ078304]

Willow yellow phytoplasma, Aster yellows group, 165rI-C [FI179166]
Mulberry yellow dwarf phytoplasma, Aster yellows group, 16SrI-B [GQ249410]

|- Chinese periwinkle phyllody phytoplasma, Aster yellows group, 16SrI-B [GU113146)
— Carnation yellow phytoplasma, Aster yellows group, 16SrI-B [AY971669]

77
81

[
0.0100

Chinaberry witches’-broom phytoplasma, Aster yellows group, 16StI-B [DQ630726]
98 Orange little leaf phytoplasma, Aster yellows group, 16S1I-B [AY283183]

Arecanut yellow leaf disease phytoplasma, Aster yellows group, 1638rI-G [FI998269]
Elm witches’ -broom phytoplasma, Aster yellows group, 163rI-B [GU356533]

Aster yellows phytoplasma, Aster yellows group, 1631I-B [JQ675713]

Kerria japonica witches’ -broom phytoplasmaAster yellows group16SrI-D [IN031513]
Candidatus Phytoplasma pyri, Apple proliferation group, 165rX [DQ011588]

Acholeplasma brassicae [ AY538163]

FIGURE 2 | Phylogenetic tree constructed with 16S rDNA sequences of main phytoplasmas in China. Numbers at each node are the bootstrap values of the
Neighbor-Joining tree (1,000 replications). The homologous sequence of Acholeplasma brassicae was used as the outgroup.

CONCLUSIONS AND PROSPECTS

Compared with other plant pathogens, such as bacteria and
viruses, the study of phytoplasma have been focused on
its identification and classification, diversity, vector insects,
effect factors, comparative genome and gene function in some
developed countries such as Italy, the United States, Britain,
France and Germany, and large agricultural countries such as
India and Brazil. As far as China is concerned, phytoplasma
research is concentrated in the identification of new phytoplasma
and host diversity. More research attention has been paid
to wheat blue dwarf phytoplasma, paulownia witches'-broom
phytoplasma, jujube witches’-broom phytoplasma, rice orange
leaf phytoplasm and sugarcane white leaf phytoplasm. Genome
research has made some progress, for example, the complete
genome sequence of jujube witches’-broom Phytoplasma (jwb-
nky) was determined in China (Wang et al., 2018). Then, four
out of 19 phytoplasma genome sketches and incomplete genome
series were determined by Chinese scientists (Chung et al., 2013;
Chen et al,, 2014; Chang et al,, 2015; Zhu et al., 2017). However,
the pathogenicity research is very little. Other phytoplasma
diseases have been reported, but there is no in-depth study

(Ma et al, 2020). Since the discovery of phytoplasmas in
1640, research on phytoplasma diseases in China has made
a great progress. More and more phytoplasma diseases and
phytoplasma species have been found and identified, and the
molecular mechanisms of phytoplasma disease transmission
and epidemics have been gradually revealed. To date, more
than 100 kinds of phytoplasma diseases have been found and
identified, and the response of host plants to phytoplasma
infection has been analyzed. However, in view of the spreading
and damaging of phytoplasma, and its precise control, the
following research directions should be emphasized in the future:
(1) To establish the preservation and transmission methods of
phytoplasmas, and a high-throughput system of phytoplasma
race screening and host resource evaluation. (2) Digging up
molecular markers closely linked to resistance, fine locating
and cloning of phytoplasma resistance-related genes. (3) Mining
of the variable and invariant regions of the genome to infer
the genetic relationship and population structure characteristics
of phytoplasma. (4) Analysis of the genomic characteristics of
phytoplasma from different hosts, and mining of important
functional genes and secreted proteins. (5) The development
of rapid detection methods for phytoplasmas in the field, the
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generation of a prediction model for the occurrence and loss
of disease in the short and medium term, and clarification
of the transmission characteristics and epidemiological laws
governing the disease. (6) To accelerate the breeding of excellent
resistant varieties and developing economic and practical control
products and technologies. (7) Analyze and study the influence
of transmission vector on the epidemic of phytoplasma diseases,
and to effectively cut off insect vector transmission and
control strategies.
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