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Phytoplasmas are minute, cell wall-less bacteria responsible for devastating plant diseases,
leading to significant economic loss in agriculture. This article explores recent advancements in
phytoplasma research, focusing on pathogenesis, taxonomy, and diagnostics through top-down and
bottom-up approaches. Top-down multi-omics studies have provided a system-level understanding of
phytoplasma-induced disruptions, particularly in sugar metabolism and hormone signaling, revealing
their extensive impact on plant physiology. Complementing this, bottom-up strategies have dissected
molecular interactions, elucidating how phytoplasmas derail meristem fate, modulate plant growth
patterns, alter plant architecture, and induce characteristic symptoms. Advances in taxonomy and
classification have improved species differentiation, integrating 16S rRNA sequencing, multilocus
sequence typing (MLST), and whole-genome sequencing (WGS), with database-guided tools refining
classification accuracy. The development of cutting-edge diagnostic technologies, such as clustered
regularly interspaced short palindromic repeats-based (CRISPR-based) detection, has significantly
enhanced the sensitivity, specificity, and efficiency of phytoplasma identification and surveillance.
Additionally, the integration of big data analytics and Al-driven models has pioneered image-based
symptom recognition, supporting disease surveillance and monitoring.
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INTRODUCTION

Phytoplasmas are small bacteria that infect
a wide range of plants, causing severe economic
loss worldwide. Residing in plant phloem tissues
and being adapted to the nutrient-rich environ-
ment, phytoplasmas have gone through reductive
evolution, as manifested by the lack of many
genes that are involved in metabolic pathways
essential to free-living organisms (Oshima et
al. 2004; Kube et al. 2012; Tan et al. 2021). In
nature, phytoplasmas are transmitted by phlo-

em-feeding insect vectors, primarily leathop-
pers, planthoppers, and psyllids, which acquire
the pathogen while feeding infected plants and
spreading it to healthy ones. This vector-mediat-
ed transmission enables phytoplasmas to persist
in ecosystems and infect a wide range of plant
species, often leading to devastating outbreaks
in both agricultural and natural environments
(Weintraub & Beanland 2006). Phytoplasmas
cannot be cultured in vitro (Wei & Zhao 2022),
presenting a significant challenge for research,
diagnostics, and disease management.
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Phytoplasma-infected plants exhibit a di-
verse array of symptoms, including virescence
(greening of floral organs), phyllody (conversion
of floral structures into leaf-like formations),
witches’-broom (WB) (excessive shoot prolifer-
ation), yellowing, and stunted growth (Wei et al.
2013, 2022). These physiological disruptions can
severely impact plant development and produc-
tivity, leading to economically significant diseas-
es such as grapevine yellows, date palm dieback,
and apple proliferation (Seemiiller & Schneider
2004; Belli et al. 2010; Gurr et al. 2016).

Beyond their detrimental effects, phyto-
plasmas can induce unusual yet visually strik-
ing morphological changes, which are some-
times considered beneficial in horticultural
settings. For example, phytoplasma-associated
poinsettias exhibit a branching phenotype,
which is more attractive in aesthetics (Lee et
al. 1997). The ability of these pathogens to
manipulate plant development raises a funda-
mental question: What molecular and cellular
mechanisms drive these alterations in plant
morphology? Understanding these mechanisms
is essential for unraveling phytoplasma-host
interactions and developing effective disease
control strategies.

A systematic and integrative research ap-
proach is necessary to investigate the complexity
of phytoplasma-induced morphological changes.
This involves top-down and bottom-up method-
ologies (Shahzad & Loor 2012). The top-down
approach, often applied through high-through-
put omics studies, provides a broad overview of
host responses at the genomic, transcriptomic,
proteomic, and metabolomic levels (Tan et al.
2021, 2025). This comprehensive perspective
helps identify global changes in gene expression
and biochemical pathways that occur upon phy-
toplasma infection. In contrast, the bottom-up
approach focuses on specific molecular players,
including key regulatory genes, proteins, and
signaling molecules. Research using this ap-
proach has identified meristem-regulating genes
and floral organ identity genes that undergo dis-
ruption upon infection, leading to developmental
reprogramming (MacLean et al. 2011; Sugio et
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al. 2011; Wei et al. 2013, 2019, 2022). Addi-
tionally, several phytoplasma-derived effector
proteins have been identified as key factors in
manipulating plant growth by targeting host reg-
ulatory pathways (Hoshi ef al. 2009; MacLean et
al. 2011; Sugio et al. 2011; Maejima et al. 2014;
Huang et al. 2021).

These complementary approaches en-
hance the understanding of how phytoplasmas
alter plant architecture and provide valuable
insights into plant-pathogen interactions. By
deciphering these molecular mechanisms, fu-
ture strategies can be developed to mitigate the
negative impacts of phytoplasma diseases while
exploring potential applications for controlled
morphological modifications in agriculture and
horticulture.

Phytoplasma taxonomy has transitioned
from early misclassification to a molecu-
lar-based framework, addressing challenges as-
sociated with their unculturable nature (Wei &
Zhao 2022). The Candidatus Phytoplasma des-
ignation, along with whole-genome sequencing
(WGS), average nucleotide identity (ANI),
and multilocus sequence typing (MLST), has
refined species delineation and classification
(Bertaccini et al. 2022; Wei & Zhao 2022).
The iPhyClassifier database further standard-
izes strain identification, automating classifi-
cation and expanding reference datasets (Zhao
et al. 2009; Wei & Zhao 2022). Advances in
molecular diagnostics, including polymerase
chain reaction-based (PCR-based) methods
(Lee et al. 1993), loop-mediated isothermal
amplification (LAMP) (Dickinson 2015), and
clustered regularly interspaced short palin-
dromic repeats-based (CRISPR-based) detec-
tion (Wheatley et al. 2022), have improved
disease surveillance and management.

Al and data science are introducing new
approaches to phytoplasma research, particu-
larly in disease monitoring and classification.
Al-driven image analysis using convolutional
neural networks (CNNs) shows promise in as-
sisting disease detection, while databases such
as iPhyDSDB and the Phytoplasma Disease and
Classification Database enhance disease rec-
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ognition and classification (Wei et al. 2024a,
2024b). Big data analytics are also improving
the understanding of disease patterns, aiding
more informed management strategies. Ongoing
research into phytoplasma biology, taxonomy,
and disease monitoring, combined with ad-
vancements in molecular diagnostics, Al, and
big data analytics, may further enhance disease
detection and management in agriculture.

PHYTOPLASMA-INDUCED

ALTERATIONS OF PLANT

GROWTH PATTERNS AND
ARCHITECTURE

Sexual reproduction is a key process in the
life cycle of seed plants, occurring in three main
phases: flowering, fruit formation, and seed dis-
persal, followed by germination (Lord & Russell
2002). The transition to flowering marks the shift
from vegetative to reproductive growth, regulat-
ed by genetic programs and environmental cues
such as light, temperature, and hormones. During
this stage, the shoot apical meristem transforms,
with the vegetative meristem (VM) converting
into an inflorescence meristem (IM), which gen-
erates floral meristems (FMs). These FMs devel-
op into sepals, petals, stamens (male reproduc-
tive organs), and carpels (female reproductive
organs containing ovaries and ovules) (Kater et
al. 2006). Once carpels form, FMs cease further
meristematic activity.

Pollination, facilitated by wind, water, or
pollinators, transfers pollen from the stamen to
the carpel, where fertilization occurs, initiat-
ing seed and fruit development (Seymour et al.
2013). The fruit protects seeds and aids in their
dispersal through various mechanisms. Dormant
seeds remain inactive until favorable conditions
trigger germination, reactivating metabolic
processes and stimulating root and shoot apical
meristems for new growth (Koornneef et al.
2002). From flowering to germination, this cy-
cle is tightly regulated by genetic pathways and
environmental factors, ensuring reproductive
success and species survival (De Kroon ef al.

2005; Barthélémy & Caraglio 2007). In healthy
plants, once the floral transition is complete, the
formation of flowers, fruits, and seeds follows
a predetermined, irreversible process. However,
in plants infected by phytoplasmas, this natu-
ral progression is disrupted, leading to distinct
abnormalities such as virescence, phyllody, and
arrested inflorescence, leading to a significant
reduction in fruit set and seed formation (Wei et
al. 2013, 2019).

A bottom-up approach was employed to
explore the mechanism underlying these mor-
phological alterations, focusing on Columbia
Basin potato purple top (PPT) phytoplasma
and its alternate host, the tomato (the model
pathogen-host pair our group is utilizing for
interaction studies).

Small seedling graft inoculation

The experimental plants were established
using a graft inoculation technique. PPT phyto-
plasma was introduced into small tomato seed-
lings at the four-leaf stage (rootstock, Wei et
al. 2013, 2019). Infected shoots displaying WB
symptoms were used for the phytoplasma inoc-
ula (scions). This small-seedling grafting meth-
od allowed for a controlled infection process,
providing a clear timeline for symptom progres-
sion and enabling researchers to observe the se-
quential development of phytoplasma-induced
symptoms. The study challenged the previous
assumption that phytoplasmas cause unique,
host-specific symptoms. Instead, the findings
demonstrated that a single phytoplasma strain
can induce distinct symptoms depending on the
meristematic stage it infects, highlighting the
critical role of meristem fate in determining the
nature of phytoplasma-induced abnormalities.

Phytoplasma infection-induced
meristematic derailment

Phytoplasma infections exert their effects
by disrupting meristems responsible for cell di-
vision and differentiation in plants. The specific
developmental outcome of infection depends
on whether the vegetative meristem, inflores-
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cence meristem, floral meristem, or flower
organ primordia are affected (Fig. 1, Wei ef al.
2013). The floral transition follows a sequential
shift in meristematic fate, progressing from the
vegetative meristem to the inflorescence mer-
istem, then to the floral meristem, and finally
to flower organ primordia formation. However,
when phytoplasmas infect plants, the disruption
initially affects the later stages of floral tran-
sition, as the infection occurs after the process
has already begun, primarily targeting the floral
meristem and flower organ primordia. As symp-
toms progress, the infection gradually extends
to earlier stages, including the inflorescence
meristem and the vegetative meristem, leading
to broader developmental abnormalities (Wei et
al. 2013, 2019).

In a normal flowering tomato line, 28 d
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post inoculation (dpi), PPT phytoplasma in-
fection directly affects the floral meristem.
The development of flowers is prematurely
terminated, leading to the formation of flat-
tened floral meristems. This results in the big
bud (BB) phenotype, where sepals enlarge ab-
normally, and petals, stamens, and carpels are
underdeveloped and fail to develop into fully
formed flowers (Fig. 1A).

At 45 dpi, PPT phytoplasma infection af-
fects the inflorescence meristem, arresting the
initiation of floral meristems. Instead of form-
ing individual flowers, the plant continuously
produces repetitive inflorescence meristems,
resulting in a cauliflower-like inflorescence
structure (CLI, Fig. 1B). This disruption sug-
gests that phytoplasma alters the delicate regu-
latory balance between meristem maintenance

Phytoplasma-induced symptoms

Abnormalities in reproductive growth
(Floral transition, flower organ development and fruit set)

Abnormalities in
vegetative growth

Normal
flowering
line
Phyllody  Cauliflower-like Disrupted Witches'-
inflorescence  sympodial growth broom
pattern
Early
flowering
line

Virescence

Fig. 1.

Twin flowers

Parthenocarpy Vivipary

Symptoms of potato purple top (PPT) phytoplasma infection in tomato plants showing abnormalities in veg-

etative and reproductive growth. (A—C) Abnormalities in reproductive growth in normal flowering tomato line (flower
after 10-12 leaves). (A) Big bud (BB) or phyllody; (B) cauliflower-like inflorescence (CLI); (C) disrupted sympodial
growth pattern (DSGP); (D) PPT phytoplasma-induced alterations in vegetative growth. Witches’-broom (WB) is
characterized by dense clustering of shoots due to abnormal branching. (E-H) Abnormalities in reproductive growth
in early flowering tomato line (flower after 3—5 leaves, E-H). (E) virescence; (F) twin flowers; (G) parthenocarpy; (H)

vivipary.
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and differentiation, preventing proper floral
development.

When PPT phytoplasma infection targets
the vegetative meristem, the transition from
vegetative to reproductive growth is delayed,
resulting in an extended vegetative phase with
the production of excess leaves. Instead of three
leaves per sympodium unit, more leaves are
produced in PPT phytoplasma-infected plants.
This phenomenon is called “disrupted sympodi-
al growth pattern” (DSPG, Fig. 1C).

An early flowering tomato line, which
overexpresses the Single Flower Truss (SFT)
gene and flowers after producing three to
five leaves (Lifschitz et al. 2006; Shalit et
al. 2009), is also used for PPT phytoplasma
infection. SFT, the tomato ortholog of Flow-
ering Locus T (FT) in Arabidopsis thaliana,
encodes florigen, a mobile signaling molecule
that promotes flowering. By performing graft
inoculation at the four-leaf stage combined
with an early flowering line (35S: SFT), this
setup provided an extended time window for
phytoplasma-plant interactions, particularly
during critical developmental phases of floral
transition. As a result, more developmental ab-
normalities in flower, fruit, and seed formation
are observed (Fig. 1E-G). Some plants devel-
op virescence, where floral organs, especially
petals, turn green (Fig. 1E), and twin flowers,
where flower organs are duplicated (Fig. 1F).
Another common abnormality is partheno-
carpy, where fruits develop without fertiliza-
tion (Fig. 1G). Additionally, very few plants
set fruit, and some exhibit vivipary, where
seeds begin germinating while still inside the
fruit (Fig. 1H). This phenomenon indicates that
phytoplasma infection disrupts seed dorman-
cy mechanisms, possibly by altering abscisic
acid (ABA) levels, which generally prevent
premature germination. As symptoms progress,
phytoplasma infection can primarily affect
the early stages of floral transition; therefore,
virescence, twin flowers, parthenocarpy, and
vivipary are no longer observed; instead, like
the normal flowering line, only BB and CLI
remain detectable.

Gene regulation and functional studies

In phytoplasma-infected plants, genes in-
volved in meristem maintenance and transition,
including SFT, FA, and AN, as well as floral or-
gan identity genes (MC, LePl, TAP3, TAG, and
TM5) and those regulating floral organ primordia
development, were found to be misregulated.
These observations were made using gain- and
loss-of-function tomato lines to dissect the reg-
ulatory impacts of infection. The data indicated
that phytoplasma infection leads to the down-
regulation of inflorescence and floral meristem
identity genes while simultaneously upregulating
genes involved in meristem reiteration, explain-
ing the prolonged vegetative growth, loss of
floral determinacy, and floral malformations ob-
served in infected plants (Wei ez al. 2013, 2019).

Based on these findings, a working model
was developed to explain how phytoplasma in-
fection disrupts plant meristem function, lead-
ing to diverse developmental abnormalities.
This model suggests that phytoplasma manip-
ulates gene regulatory networks in three main
ways: delaying floral transition by suppressing
flowering genes, arresting floral meristem
initiation by disrupting meristem maintenance
pathways, and altering floral organ identity by
misregulating homeotic gene expression (Wei
etal. 2013, 2019).

PHYTOPLASMA-INDUCED
ALTERATION IN VEGETATIVE
GROWTH (WITCHES-BROOM)

In addition to the symptoms tied to plant
reproductive growth, phytoplasma-induced
symptoms include a typical abnormality called
“witches’-broom” (WB, Fig. 1D), which spe-
cifically affects the plant’s vegetative growth.
This branching arises from each leaf axil and
further develops axillary buds, resulting in an
excessive, broom-like appearance (Wei et al.
2013, 2022). While shoot branching is observed
in plants infected by viruses, viroids, and fungi
(Satoh et al. 2013; Kaur & Kaur 2018; Bao et
al. 2019; de Haro et al. 2019), phytoplasma-in-
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duced branching tends to be more severe. The
underlying cause of this abnormal branching
is suspected to be the disruption of plant sugar
metabolism and hormonal balance due to the
pathogen’s presence.

Our top-down omics findings also indicate
that phytoplasma infection leads to significant
alterations in the sugar metabolism of host plants
(Details, please refer to the next section). To
elucidate the mechanism underlying the forma-
tion of WB, the bottom-up approach focusing on
starch and sucrose was employed. A significant
starch buildup was observed in PPT phytoplas-
ma-infected leaf samples using Lugol’s iodine
staining (Wei ef al. 2022). Under transmission
electron microscopy (TEM), irregular and swol-
len starch granules were also found. This TEM
image showed that the swelling starch granule
occupied almost all the chloroplast, leading to
damage to the chloroplast. This phytoplasma-in-
duced blockage of starch breakdown triggers au-
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tophagy to degrade the injured chloroplasts (Wei
et al. 2022; Inaba et al. 2023a).

The sucrose content in different plant
tissues was measured, and the distribution of
auxins and cytokinins was visualized using the
reporter tomato lines, including DRS5 (direct re-
peat 5)::GUS (B-glucuronidase) and ARRS (ara-
bidopsis response regulator 5)::GUS lines (Wei
et al. 2022). The expression profile of genes
involved in lateral bud initiation and outgrowth
was assessed. The sucrose level was higher in
source leaves and leaf axils and lower in stem
and root (Wei et al. 2022). This indicates phyto-
plasma infection disrupts phloem translocation
of sucrose, and this is caused by excessive cal-
lose deposition (Fig. 2). Aniline blue staining
revealed that more callose was found in infect-
ed phloem compared to healthy phloem (Fig.
2A and B). Using TEM, it is evident that callose
depositions sealed the sieve pores of infected
plants (Fig. 2C and D). Our results showed that

Fig. 2. Callose deposition in the tomato plants induced by potato purple top (PPT) phytoplasma. (A, B) Aniline blue
staining of cross-stem sections of (A) mock control and (B) infected plants. Red triangles show the phloem’s callose
deposition (bright blue fluorescence). Scale bar = 50 um. (C, D) Transmission electron microscopy (TEM) analysis
revealed excessive callose deposition in the sieve plates of tomato plants induced by PPT phytoplasma. Blue arrow-
heads point to the sieve plate and sieve pore (Spo), respectively. Black arrows indicate callose (Ca) deposition. Scale
bar = 500 nm. This figure is attributed to https://doi.org/10.3390/ijms23031810. Reproduced according to the terms of

the Creative Commons Attribution License.
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sucrose accumulation in leaf axils triggers the
initiation of axillary buds. This process is com-
plemented by the involvement of cytokinins, as
evidenced by their distinct distribution in leaf
axils (Fig. 3, Wei et al. 2022).

Moreover, the findings indicate that phy-
toplasma infection leads to early leaf senes-
cence, and the marker genes that induce leaf
early senescence were significantly upregulat-
ed. Phytoplasma-induced blockage of starch
breakdown down-regulated expression of genes
involved in gibberellin synthesis. Gibberellin
is a well-known plant hormone that contributes
to plant height. This is why the stunted growth
was observed in phytoplasma-infected plants.
Expression patterns of genes associated with
axillary bud outgrowth, such as BRCI and
SPLs, change infection, contributing to shoot
branching (Wei et al. 2022).

Based on these findings, we proposed a
model (Fig. 4), which demonstrates that phy-
toplasma-induced WB symptom is driven by
a multitude of mechanisms, including the
blockage of starch breakdown, chloroplast deg-
radation, premature leaf senescence, sucrose

(A)

LA-AB

reallocation, and cytokinin redistribution. As a
result, infected plants exhibit leaf chlorosis, re-
duced leaf size (little leaf), and stunted growth.
Furthermore, phytoplasma infection disrupts
sugar metabolism and interferes with sucrose
transport, causing sucrose to be redirected to
leaf axils. This redistribution coincides with an
increased cytokinin concentration, promoting
axillary bud initiation. The continuous cycle of
axillary bud formation and excessive outgrowth,
coupled with accelerated leaf senescence, ulti-
mately manifests as WB symptoms.

“OMICS” STUDIES ON
PHYTOPLASMAS AND
INFECTED PLANTS

The top-down approach was employed to
study interactions between phytoplasmas and
plants, including widely used genomics, tran-
scriptomics, proteomics, and metabolomics (Tan
et al. 2021), as well as additional derivative
omics such as ubiquitomics, lipidomics, and
volatilomics (Inaba et al. 2023b; Ivanauskas et
al. 2023).
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Fig. 3. Distribution of cytokinin-responsive signal and sugar content in leaf axils of ARRS (arabidopsis response
regulator 5)::GUS (B-glucuronidase) cytokinin reporter tomato plants infected with potato purple top (PPT) phyto-
plasma. (A) Cytokinin activity, as indicated by GUS staining, was analyzed in leaf axils of ARRS5::GUS reporter to-
mato plants infected with PPT phytoplasma. Intense GUS staining, reflecting a high level of cytokinin, was observed
in leaf axils where a new axillary bud had been initiated (LA-AB, left panel). In contrast, light GUS staining, indicat-
ing a lower cytokinin signal, was detected in leaf axils where no axillary bud developed (LA-NO-AB, right panel).
The newly initiated bud is marked by a white triangle. Leaf axils (LA-ABs and LA-NO-ABs) highlighted with white
circles were collected for sugar content analysis. Scale bar = 0.5 mm. (B) Glucose and sucrose levels were measured
in the sampled leaf axils of PPT phytoplasma-infected plants. Significantly higher glucose and sucrose contents were
detected in LA-ABs compared to LA-NO-ABs ("P < 0.01), suggesting a correlation between cytokinin accumulation,
sugar availability, and axillary bud initiation. This figure is attributed to https://doi.org/10.3390/ijms23031810. Repro-
duced according to the terms of the Creative Commons Attribution License.
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A working model for symptoms induced by PPT

phytoplasma in the late infection stage

Axillary bud (Sink)

Starch breakdown)
blockage

GA synthesisl,
stunting
chlo a:
degradation
yellowing

premature leaf
senescence

little leaf

low sucrose
reduced
root em

sucrose
starch

callose
cytokinin
auxin
plasmodesmata
c ; «=p SUCTOSe
°’“F'3"""°" transportation

Healthy plants

Fig. 4. A proposed working model for symptoms induced by potato purple top (PPT) phytoplasma in the late infec-
tion stage. In this model, PPT phytoplasma infection disrupts starch breakdown, leading to the degradation of dam-
aged chloroplasts and premature leaf senescence. As a result, symptoms such as little leaf and leaf chlorosis emerge.
The blockage of starch breakdown also suppresses gibberellin (GA) synthesis, restricting plant growth and reducing
height. Additionally, PPT phytoplasma infection causes excessive callose deposition, reducing sieve pore size and
impeding sucrose translocation through the phloem. This leads to sucrose accumulation in leaf axils, which, in turn,
triggers axillary bud initiation. Cytokinin distribution in leaf axils contributes to this process, while auxin promotes
the elongation of the axillary buds. Repetitive axillary bud initiation and outgrowth lead to witches’-broom formation.
This figure is attributed to https://doi.org/10.3390/ijms23031810. Reproduced according to the terms of the Creative

Commons Attribution License.

Genomic characteristics of phytoplasmas

Phytoplasma genomes are small and ade-
nine-thymine-rich (AT-rich), with sizes ranging
from 530 to 1,200 kb (Tan et al. 2021; Wei &
Zhao 2022). Their reduced genome size results
from extensive gene loss, a characteristic com-
mon among obligate intracellular pathogens.
A defining feature of phytoplasma genomes
is the presence of clustered, multiple-copy
genes, forming a distinctive genomic archi-
tecture known as sequence-variable mosaics
(SVMs) (Jomantiene et al. 2007). These struc-
tures are highly dynamic, repetitive sequences
that exhibit high variability across different
phytoplasma strains. The presence of these
mosaics suggests an evolutionary mechanism
that allows phytoplasmas to maintain genetic
diversity despite their reduced genome size.

This flexibility may play a critical role in their
ability to adapt to different hosts, evade plant
immune responses, and manipulate host phys-
iology. These variable genomic regions have
also been described as potential mobile units
(PMUs) (Bai et al. 2006) or mobile unit genes
(MUGSs) (Arashida ef al. 2008). The terminol-
ogy reflects their suspected role in genomic
plasticity, where mobile genetic elements fa-
cilitate genetic recombination, allowing phy-
toplasmas to acquire or modify new functions.
These mobile units may contribute to the hor-
izontal exchange of genes among phytoplasma
strains, promoting adaptability in response to
environmental pressures and interactions with
diverse host species.

The origin of these mobile elements re-
mained a mystery until their relationship to
prophages was discovered (Wei et al. 2008a).



Systemic Approaches in Phytoplasma Research 367

This finding linked the presence of SVMs and
PMUs to bacteriophage-derived genetic materi-
al, suggesting that horizontal gene transfer via
phage activity has significantly shaped phyto-
plasma genomes. Despite variations in genome
sizes, after removing the prophage sequence,
the genomes of all phytoplasmas were similar in
size, around 550 to 580 kb, akin to the circular
chromosome of Mycoplasma genitalium, known
for its minimal gene set for cellular life (Zhao
et al. 2014). No SVMs were observed in achole-
plasmas, spiroplasmas, or mycoplasmas, which
share a close phylogenetic relationship with phy-
toplasmas. However, all phytoplasmas possess
SVMs. This discovery implies that phage-me-
diated recombination has played a fundamental
role in the evolution of phytoplasmas, introduc-
ing new genetic material that may enhance viru-
lence, host adaptation, and transmission efficien-
cy. Phytoplasmas likely acquired these mobile
elements through repeated cycles of phage in-
fection, allowing them to incorporate and retain
beneficial genetic fragments over time.

Another common trait within phytoplasma
genomes is the absence of various genes relat-
ed to metabolic pathways, including the tricar-
boxylic acid cycle, pentose phosphate pathway,
sterol biosynthesis, fatty acid biosynthesis, de
novo nucleotide synthesis, and biosynthesis of
most amino acids (Oshima et al. 2004). How-
ever, phytoplasma genomes harbor multiple
copies of transporter-related genes, such as
ABC transporters, that can import nutrients
into the cell. This indicates that phytoplasmas
are highly dependent on metabolites imported
from the hosts for their own growth and infec-
tion (Oshima et al. 2004).

Phytoplasma infection-induced metabolic
reprogramming in plants

Phytoplasma infection induces significant
metabolic reprogramming in host plants, lead-
ing to extensive alterations in primary and sec-
ondary metabolic pathways. By utilizing sweet
cherry trees and sweet cherry virescence (SCV)
phytoplasma, the metabolomics study identi-
fied 676 metabolites, with 187 differentially

expressed metabolites. The majority of these
belonged to categories such as carbohydrates,
fatty acids/lipids, amino acids, and flavonoids,
indicating a broad metabolic shift in response
to infection. These findings suggest that phy-
toplasma systematically manipulates host me-
tabolism to optimize conditions for its survival
and proliferation (Tan ef al. 2021).

One observation was the upregulation of
glycolysis and pentose phosphate pathway (PPP)
activity, which provides the energy and build-
ing blocks necessary for phytoplasma growth
and replication. The infection-induced increase
in glucose-6-phosphate, sedoheptulose 7-phos-
phate, and maltotetraose suggests a breakdown
of carbohydrates (Tan et al. 2021). By promot-
ing these pathways in the plant, phytoplasma
ensures a steady influx of energy-rich com-
pounds and metabolic intermediates, which are
likely to sustain its proliferation.

Increased accumulation of several key
sugars, such as D-glucose, D-glucose-6-phos-
phate, and D-sedoheptulose-7-phosphate, in-
dicates a shift in source-to-sink relationships
within the plant, potentially redistributing
resources to favor the pathogen’s needs. This
metabolic reprogramming is consistent with
previous transcriptomic studies showing up-
regulation of genes related to sugar transport
and metabolism in phytoplasma-infected plants
(Tan et al. 2019). Furthermore, the detection
of melezitose, a sugar known to attract insect
vectors, suggests that phytoplasma infection
may also indirectly facilitate its own spread by
modifying plant metabolism to enhance insect
feeding behavior.

Transcriptomic insights into phytoplasma-
induced symptoms (little leaf formation
within WB structures)

The transcriptomic changes underlying the
formation of little leaves within WB structures
in sweet cherry trees infected by Sweet Cherry
Virescence (SCV) phytoplasma were investigat-
ed. This research focuses on how phytoplasma
infection alters plant growth, particularly in
terms of leaf size reduction and premature se-
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nescence (Tan et al. 2025). Morphological anal-
ysis revealed that infected leaves were smaller,
yellowed, and irregularly shaped, with reduced
palisade cell numbers and phloem lumen size,
impairing expansion and sugar transport. Hor-
monal imbalances, including increased abscisic
acid (ABA) and jasmonic acid (JA) but reduced
cytokinins, contributed to growth inhibition and
premature senescence.

Transcriptomic analysis revealed exten-
sive changes in gene expression, particularly
in pathways involved in ribosome biogenesis,
DNA replication, and cell cycle progression.
Many genes related to ribosome formation and
protein synthesis were significantly downregu-
lated, leading to an overall suppression of cell
division. The downregulation of key cyclin
genes (CYCD3; 1 and CYCDG6; 1) suggests
that phytoplasma infection causes a cell cycle
arrest at the G1 phase, preventing proper leaf
expansion and growth. Despite these disrup-
tions, genes involved in photosynthesis and
sugar metabolism were upregulated, likely as
a compensatory response to the plant’s energy
deficit. However, this increased gene expres-
sion did not translate into higher sugar avail-
ability, as transport and utilization remained
impaired (Tan ef al. 2025).

Further analysis indicated that little leaf
formation might be associated with premature
leaf senescence. Marker genes associated with
senescence, such as autophagy-related protein
8 (ATGS) and superoxide dismutase genes,
showed altered expression patterns, suggest-
ing that infected leaves age and deteriorate
more quickly than healthy ones. Additionally,
metabolic changes, including increased lignin
production and secondary metabolite accu-
mulation, suggest that the plant is responding
to stress by strengthening its cell walls and
modifying its defense mechanisms (Tan et al.
2025). These findings indicate that phytoplas-
ma infection triggers premature senescence and
structural changes as stress responses, leading
to leaf size reduction and bushy growth (witch-
es’-broom).

Integrating omics-based and targeted mo-
lecular studies enhances understanding of phy-
toplasma-host interactions, guiding strategies
for disease resistance and management in sweet
cherry and other crops. Future research should
focus on identifying resistance genes, effector
targets, and metabolic pathways to develop phy-
toplasma-resistant crops and targeted disease
control interventions.

PHYTOPLASMA TAXONOMY:
NOMENCLATURE,
CLASSIFICATION, AND
IDENTIFICATION

Historical background and challenges
in phytoplasma classification

Phytoplasmas were historically misclassi-
fied as viruses due to their uncultivable nature.
In 1967, researchers identified them as bac-
teria which were initially referred to as my-
coplasma-like organisms (MLOs) due to their
resemblance to mycoplasmas, which infect
animals (Doi et al. 1967). In 1993, the Interna-
tional Committee on Systematic Bacteriology
(ICSB) formally designated them as phytoplas-
mas, emphasizing their role as plant pathogens
(International Committee on Systematic Bac-
teriology Subcommittee on the Taxonomy of
Mollicutes 1993).

One of the biggest challenges in phytoplas-
ma research is their lack of cultivability, mak-
ing identification, classification, and characteri-
zation particularly difficult. Early classification
attempts were based on symptomatology, host
range, insect vector specificity, and serological
markers. However, these approaches were in-
consistent and unreliable due to the variability
in symptom expression and host-pathogen in-
teractions. The situation changed in the 1990s
with the introduction of molecular and cul-
ture-independent genotypic approaches, which
revolutionized bacterial systematics, including
the study of both culturable and non-culturable
bacteria like phytoplasmas (Wei & Zhao 2022).
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Phytoplasma nomenclature

Since phytoplasmas cannot be grown in
vitro, they are currently accommodated under
the genus ‘Candidatus Phytoplasma’ (Murray
& Schleifer 1994). The first formally recog-
nized ‘Candidatus Phytoplasma’ species was
‘Ca. Phytoplasma aurantifolia’ in 1995, asso-
ciated with lime witches’-broom disease (Zreik
et al. 1995).

For decades, phytoplasma naming was pri-
marily based on 16S rRNA gene sequencing,
with a demarcation threshold of 97.5% sequence
identity to define species (IRPCM Phytoplasma/
Spiroplasma Working Team- Phytoplasma Taxon-
omy Group 2004). However, as sequencing tech-
nologies advanced, whole-genome sequencing
(WGS) emerged as a more precise classification
method. In 2022, the following new guidelines
were introduced for phytoplasma taxonomy:
(1) Increase the 16S rRNA sequence identity
threshold from 97.5% to 98.65% for species-lev-
el differentiation, (2) Introduce whole-genome
average nucleotide identity (ANI) with a thresh-
old of 95-96% as a key classification criterion,
(3) Incorporate multi-locus sequence analysis
(MLSA), using conserved housekeeping genes
such as groEL, tuf, secA, and secY to distinguish
closely related species (Bertaccini et al. 2022;
Wei & Zhao 2022).

Database-guided phytoplasma
classification

Phytoplasmas are primarily classified us-
ing the 16Sr group/subgroup system, which is
based on restriction fragment length polymor-
phism (RFLP) analysis of the 16S rRNA gene
(Lee et al. 1995). This method, developed in
the 1990s, allows researchers to group phy-
toplasma strains into well-defined categories
based on genetic similarity. An online tool
called iPhyClassifier has been developed to
facilitate this classification, allowing scien-
tists to automate the process of assigning new
phytoplasma strains to existing groups (Fig.
5; Wei et al. 2007, 2008b; Zhao et al. 2009).

iPhyClassifier is a user-friendly online tool
that allows researchers to (1) assign species
under the ‘Candidatus Phytoplasma’ system,
(2) classify phytoplasmas into 16Sr groups and
subgroups, (3) calculate RFLP similarity co-
efficients, (4) generate virtual gel images for
comparative analysis, and (5) compare RFLP
patterns with reference strains.

By simply inputting a phytoplasma 16S
rRNA gene sequence, users can obtain auto-
mated classification results, making phytoplas-
ma taxonomy more efficient and standardized.
Using iPhyClassifier, researchers have iden-
tified emerging and reemerging phytoplasma
diseases, improving disease surveillance and
classification accuracy.

Currently, phytoplasmas are divided into
37 groups and more than 150 subgroups. Each
group typically corresponds to a specific dis-
case and geographical distribution (Wei & Zhao
2022). For example, the 16Srl (Aster Yellows
Group) includes phytoplasmas that infect a wide
variety of crops, including wheat, lettuce, and
tomatoes. However, classification remains chal-
lenging, as some phytoplasma strains share high
genetic similarity but differ significantly in eco-
logical behavior, host range, and insect vector
specificity. The integration of whole-genome
sequencing into phytoplasma classification is
expected to resolve many of these ambiguities
and improve species differentiation.

Phytoplasma identification and diagnostic
methods

Since phytoplasmas cannot be cultured,
their identification relies entirely on molecular
diagnostic techniques. Among the most widely
used methods, PCR-based detection remains the
standard approach for detecting phytoplasma
DNA in infected plant tissues. Conventional
PCR is commonly employed to amplify phy-
toplasma DNA, providing a reliable means of
detection (Lee et al. 1993). However, when
phytoplasma concentrations are low, nested
PCR is often used for its enhanced sensitivity,
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enabling more accurate detection in samples
with minimal pathogen presence (Gundersen
& Lee 1996). More advanced methods, such as
PCR, nested PCR, real-time PCR (qPCR, Chris-
tensen ef al. 2004; Wei et al. 2004) and droplet
digital PCR (ddPCR, Mehle ef al. 2014), enable
quantitative detection, offering deeper insights
into disease progression and pathogen load in
infected plants.

In addition to PCR-based methods, recent
advancements in field-based diagnostics have
significantly improved the speed and accuracy
of phytoplasma detection. Loop-mediated iso-

thermal amplification (LAMP) has emerged as
a rapid and cost-effective technique that does
not require sophisticated laboratory equip-
ment, making it suitable for on-site diagnostics
(Dickinson 2015). Another cutting-edge tech-
nology, CRISPR-based detection, leverages
CRISPR-Cas systems to identify phytoplas-
ma DNA with high specificity and accuracy
(Wheatley et al. 2022). This approach holds
great promise for real-time, field-deployable
diagnostics, allowing for quicker disease man-
agement and intervention in agricultural set-
tings.
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Al AND DATA SCIENCE IN
PHYTOPLASMA RESEARCH:
ENHANCING DISEASE
MONITORING

Al-based detection of phytoplasma
diseases

Traditional diagnostic methods, such as
polymerase chain reaction (PCR), and quantita-
tive PCR, are time-consuming, labor-intensive,
and require specialized laboratory equipment,
making them impractical for most farmers, par-
ticularly in resource-limited settings. As a result,
there is a growing need for rapid, accessible, and
cost-effective diagnostic solutions. Our group
explores an Al-driven system utilizing Convolu-
tional Neural Networks (CNNs) to analyze plant
images for early and efficient disease detection,
enabling timely intervention for improved crop
management (Wei et al. 2024b; Wei et al. 2025).

A case study was conducted on tomato
plants infected by PPT phytoplasma. A com-
prehensive dataset was compiled, consisting
of thousands of images capturing both healthy
and infected plants. To ensure the reliability of
the model, 20% of the dataset was reserved for
testing and validation. Five CNN architectures
were trained using transfer learning: four pre-
trained models (VGG-16, Google Inception v3,
NASNet, and DenseNet201) and one custom
model specifically designed for phytoplasma
detection. The pre-trained models leveraged
weights from ImageNet, which provided a
strong foundation for feature extraction and im-
age classification. In contrast, the custom model
was developed from scratch to capture unique
morphological changes associated with phyto-
plasma infections. To enhance model robustness
and reduce overfitting, TensorFlow was used
to implement data augmentation techniques,
including image rotation, flipping, and contrast
adjustments. These preprocessing techniques
helped simulate real-world variations in plant
appearances, ensuring that the model generaliz-
es well to diverse conditions (Wei ef al. 2025).

The pre-trained models exhibited strong
performance due to their extensive prior train-
ing on large-scale image datasets, allowing
them to effectively distinguish between healthy
and diseased plants. Among the pre-trained
models, DenseNet201 and NASNet demon-
strated the highest classification accuracy,
demonstrating their ability to recognize subtle
visual patterns indicative of phytoplasma in-
fections. The custom model, while requiring
more data and training time, provided valuable
insights into phytoplasma-specific markers and
offered a more tailored approach to disease
identification (Wei et al. 2025). To enhance
diagnostic accuracy and overall reliability, en-
semble learning techniques were implemented.
By combining the predictions of multiple mod-
els using majority and weighted voting strat-
egies, the system mitigated the limitations of
individual models and significantly improved
classification performance. The ensemble ap-
proach effectively reduced false positives and
false negatives, ensuring more consistent and
dependable results across varied image inputs
(Wei et al. 2025). Future research should focus
on expanding the dataset to include a wider
range of plant species and different phytoplas-
ma diseases.

Phytoplasma Disease and Symptom
Database (/PhyDSDB)

In the meantime, to support farmers and
growers in recognizing diseases in their crops,
we developed an image and symptom database
known as the Phytoplasma Disease and Symp-
tom Database (iPhyDSDB, Fig. 5; Wei et al.
2024a). This database contains a comprehensive
collection of plant symptom images and asso-
ciated data. It serves as a critical backup tool,
allowing users to compare symptoms observed
in their crops with those in the database, help-
ing them to identify potential infections early
on. By offering this interim solution, we aim to
empower farmers and gain recognition while
the Al-based system undergoes further devel-
opment. Ultimately, the combination of the Al
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model and this robust database will provide an
integrated, scalable approach to managing phy-
toplasma diseases and safeguarding crop pro-
duction.

Phytoplasma Disease and Classification
Database

A Phytoplasma Disease and Classification
Database is under construction (unpublished).
This is a searchable database that links each
isolated case and provides the users with a com-
prehensive view, making it possible to quickly
compare various phytoplasma diseases from
symptoms, host, and classification status. The
Phytoplasma Disease and Classification Da-
tabase is very helpful for early warning of the
occurrence of phytoplasma diseases and pro-
vides the basis for the formulation of effective
prevention and control measures.

In recent years, the introduction of drone
technology has transformed phytoplasma re-
search by enabling efficient sample collection
from previously inaccessible regions, improving
the identification of new phytoplasma strains
and enhancing disease epidemiology studies.
As plant and insect sampling increases, so will
discoveries of novel phytoplasmas, further
expanding our understanding of their distribu-
tion and impact. Big data analytics has already
demonstrated its potential in tools such as iP-
hyClassifier, iPhyDSDB, and the Phytoplasma
Disease and Classification Database, streamlin-
ing taxonomy and disease monitoring. Moving
forward, the integration of big data, knowledge
networks, and precision agriculture technolo-
gies will enhance research depth and improve
disease management strategies.

CONCLUSIONS

The combination of top-down multi-omics
and bottom-up molecular analyses has advanced
phytoplasma research, revealing key molecu-
lar mechanisms of pathogenesis and symptom
development. Innovations in whole-genome se-
quencing, molecular detection tools, Al-driven

4% FHa4M

surveillance, and big data analytics continue to
refine taxonomy, diagnostics, and disease man-
agement. Sustained interdisciplinary collabo-
ration will be crucial for developing effective
and sustainable strategies to mitigate phytoplas-
ma-related agricultural loss.

ACKNOWLEDGEMENTS

Sincere appreciation is extended to all
team members and collaborators for their dedi-
cation, hard work, and contributions. The work
was primarily supported by the US Department
of Agriculture, Agricultural Research Service
(Project number 8042-22000-320-00D).

REFERENCES

Arashida, R., S. Kakizawa, A. Hoshi, Y. Ishii, H. Y. Jung,
S. Kagiwada, ... S. Namba. 2008. Heterogeneic dy-
namics of the structures of multiple gene clusters in
two pathogenetically different lines originating from
the same phytoplasma. DNA Cell Biol. 27:209-217.
doi:10.1089/dna.2007.0654

Bai, X., J. Zhang, A. Ewing, S. A. Miller, A. Jancso
Radek, D. V. Shevchenko, ... S. A. Hogenhout.
2006. Living with genome instability: The adap-
tation of phytoplasmas to diverse environments of
their insect and plant hosts. J. Bacteriol. 188:3682—
3696. doi:10.1128/JB.188.10.3682-3696.2006

Bao, S., R. A. Owens, Q. Sun, H. Song, Y. Liu, A. L. Ea-
mens, ... R. Zhang. 2019. Silencing of transcription
factor encoding gene StTCP23 by small RNAs de-
rived from the virulence modulating region of potato
spindle tuber viroid is associated with symptom
development in potato. PLoS Pathog. 15:¢1008110.
doi:10.1371/journal.ppat.1008110

Barthélémy, D. and Y. Caraglio. 2007. Plant architecture:
A dynamic, multilevel and comprehensive approach
to plant form, structure and ontogeny. Ann. Bot.
99:375-407. doi:10.1093/aob/mcl260

Belli, G., P. A. Bianco, and M. Conti. 2010. Grapevine
yellows in Italy: Past, present and future. J. Plant
Pathol. 92:303-326.

Bertaccini, A., Y. Arocha-Rosete, N. Contaldo, B. Duduk,
N. Fiore, H. G. Montano, ... A. Zamorano. 2022.
Revision of the ‘Candidatus Phytoplasma’ species
description guidelines. Int. J. Syst. Evol. Microbiol.
72(4):005353. doi:10.1099/ijsem.0.005353

Christensen, N. M., M. Nicolaisen, M. Hansen, and A.
Schulz. 2004. Distribution of phytoplasmas in infect-



Systemic Approaches in Phytoplasma Research 373

ed plants as revealed by real-time PCR and bioim-
aging. Mol. Plant Microbe Interact. 17:1175-1184.
doi:10.1094/MPMI1.2004.17.11.1175

de Haro, L. A., S. M. Arellano, O. Novak, R. Feil, A. D.
Dumon, M. F. Mattio, ... M. del Vas. 2019. Mal de
Rio Cuarto virus infection causes hormone imbal-
ance and sugar accumulation in wheat leaves. BMC
Plant Biol. 19:112. doi:10.1186/s12870-019-1709-y

De Kroon, H., H. Huber, J. F. Stuefer, and J. M., Van
Groenendael. 2005. A modular concept of pheno-
typic plasticity in plants. New Phytol. 166:73-82.
doi:10.1111/j.1469-8137.2004.01310.x

Dickinson, M. 2015. Loop-mediated isothermal amplifi-
cation (LAMP) for detection of phytoplasmas in the
field. p.99—111. in: Plant Pathology: Techniques and
Protocols. (Lacomme, C. ed.) Humana Press. New
York, NY. 352 pp. doi:10.1007/978-1-4939-2620-
68

Doi, Y., M. Teranaka, K. Yora, and H. Asuyama. 1967.
Mycoplasma- or PLT group-like microorganisms
found in the phloem elements of plants infected with
mulberry dwarf, potato witches’ broom, aster yel-
lows, or paulownia witches’ broom. Ann. Phytopath.
Soc. Japan 33:259-266. (in Japanese with English
abstract) doi:10.3186/jjphytopath.33.259

Gundersen, D. E. and 1. M. Lee. 1996. Ultrasensitive de-
tection of phytoplasmas by nested-PCR assays using
two universal primer pairs. Phytopathol. Mediterr.
35:114-151.

Gurr, G. M., A. C. Johnson, G. J. Ash, B. A. L. Wilson,
M. M. Ero, C. A. Pilotti, ... M. S. You. 2016. Co-
conut lethal yellowing diseases: A phytoplasma
threat to palms of global economic and social sig-
nificance. Front. Plant Sci. 7:1521. doi:10.3389/
fpls.2016.01521

Hoshi, A., K. Oshima, S. Kakizawa, Y. Ishii, J. Ozeki, M.
Hashimoto, ... S. Namba. 2009. A unique virulence
factor for proliferation and dwarfism in plants iden-
tified from a phytopathogenic bacterium. Proc. Natl.
Acad. Sci. U.S.A. 106:6416-6421. doi:10.1073/
pnas.0813038106

Huang, W., A. M. MacLean, A. Sugio, A. Magbool, M.
Busscher, S. T. Cho, ... S. A. Hogenhout. 2021.
Parasitic modulation of host development by ubiqui-
tin-independent protein degradation. Cell 184:5201—
5214. doi:10.1016/j.cell.2021.08.029

Inaba, J., B. M. Kim, Y. Zhao, A. M. Jansen, and W.
Wei. 2023a. The endoplasmic reticulum is a key
battleground between phytoplasma aggression and
host plant defense. Cells 12(16):2110. doi:10.3390/
cells12162110

Inaba, J., B. M. Kim, Y. Zhao, and W. Wei. 2023b. Phyto-

plasma infection alters polar lipid composition and
triggers chloroplast autophagy in host plants. Phy-
topathogenic Mollicutes 13:3—4. doi:10.5958/2249-
4677.2023.00002.6

International Committee on Systematic Bacteriology Sub-
committee on the Taxonomy of Mollicutes. 1993.
International Committee on Systematic Bacteriology
Subcommittee on the Taxonomy of Mollicutes. Min-
utes of the interim meetings, 1 and 2 August, 1992,
Ames, lowa. Int. J. Syst. Bacteriol. 43:394-397.
doi:10.1099/00207713-43-2-394

IRPCM Phytoplasma/Spiroplasma Working Team - Phy-
toplasma Taxonomy Group. 2004. ‘Candidatus
Phytoplasma’, a taxon for the wall-less, non-helical
prokaryotes that colonize plant phloem and in-
sects. Int. J. Syst. Evol. Microbiol. 54:1243-1255.
doi:10.1099/ij5.0.02854-0

Ivanauskas, A., A. Zhang, Y. Zhao, and W. Wei. 2023.
Exploring changes in volatile organic compounds
profiles of tomato plants infected with phyto-
plasmas. Phytopathogenic Mollicutes 13:5-6.
doi:10.5958/2249-4677.2023.00003.8

Jomantiene, R., Y. Zhao, and R. E. Davis. 2007. Se-
quence-variable mosaics: Composites of recurrent
transposition characterizing the genomes of phylo-
genetically diverse phytoplasmas. DNA Cell Biol.
26:557-564. doi:10.1089/dna.2007.0610

Kater, M. M., L. Dreni, and L. Colombo. 2006. Functional
conservation of MADS-box factors controlling floral
organ identity in rice and Arabidopsis. J. Exp. Bot.
57:3433-3444. doi:10.1093/jxb/erl097

Kaur, A. and N. Kaur. 2018. Mango malformation: A
fungal disease, physiological disorder or malady of
stress. J. Appl. Nat. Sci. 10:403-409. doi:10.31018/
jans.v10il.1638

Koornneef, M., L. Bentsink, and H. Hilhorst. 2002. Seed
dormancy and germination. Curr. Opin. Plant Biol.
5:33-36. doi:10.1016/S1369-5266(01)00219-9

Kube, M., J. Mitrovic, B. Duduk, R. Rabus, and E.
Seemiiller. 2012. Current view on phytoplasma

genomes and encoded metabolism. Sci. World J.
2012:185942. doi:10.1100/2012/185942

Lee, I. M., A. Bertaccini, M. Vibio, and D. E. Gundersen.
1995. Detection of multiple phytoplasmas in peren-
nial fruit trees with decline symptoms in Italy. Phy-
topathology 85:728-735. doi:10.1094/Phyto-85-728

Lee, I. M., M. Klopmeyer, I. M. Bartoszyk, D. E. Gun-
dersen-Rindal, T. S. Chou, K. L. Thomson, and R.
Eisenreich. 1997. Phytoplasma induced free-branch-
ing in commercial poinsettia cultivars. Nat. Biotech-
nol. 15:178-182. doi:10.1038/nbt0297-178

Lee, I. M., R. W. Hammond, R. E. Davis, and D. E. Gun-



374 H SRS

dersen. 1993. Universal amplification and analysis
of pathogen 16S rDNA for classification and identi-
fication of mycoplasmalike organisms. Phytopathol-
ogy 83:834-842. doi:10.1094/Phyto-83-834

Lifschitz, E., T. Eviatar, A. Rozman, A. Shalit, A. Goldsh-
midt, Z. Amsellem, ... Y. Eshed. 2006. The tomato
FT ortholog triggers systemic signals that regulate
growth and flowering and substitute for diverse en-
vironmental stimuli. Proc. Natl. Acad. Sci. U.S.A.
103:6398-6403. doi:10.1073/pnas.0601620103

Lord, E. M. and S. D. Russell. 2002. The mechanisms of
pollination and fertilization in plants. Annu. Rev.
Cell Dev. Biol. 18:81-105. doi:10.1146/annurev.
cellbio.18.012502.083438

MacLean, A. M., A. Sugio, O. V. Makarova, K. C. Find-
lay, V. M. Grieve, R. Téth, ... S. A. Hogenhout.
2011. Phytoplasma effector SAP54 induces indeter-
minate leaf-like flower development in Arabidopsis
plants. Plant Physiol. 157:831-841. doi:10.1104/
pp-111.181586

Magejima, K., R. Iwai, M. Himeno, K. Komatsu, Y. Kitaza-
wa, N. Fujita, ... S. Namba. 2014. Recognition of
floral homeotic MADS domain transcription factors
by a phytoplasmal effector, phyllogen, induces phyl-
lody. Plant J. 78:541-554. doi:10.1111/tpj.12495

Mehle, N., T. Dreo, and M. Ravnikar. 2014. Quantitative
analysis of “flavescence doreé¢” phytoplasma with
droplet digital PCR. Phytopathogenic Mollicutes
4:9-15. doi:10.5958/2249-4677.2014.00576.3

Murray, R. G. E. and K. H. Schleifer. 1994. Taxonomic
notes: A proposal for recording the properties of pu-
tative taxa of procaryotes. Int. J. Syst. Evol. Micro-
biol. 44:174-176. doi:10.1099/00207713-44-1-174

Oshima, K., S. Kakizawa, H. Nishigawa, H. Y. Jung,
W. Wei, S. Suzuki, ... S. Namba. 2004. Reductive
evolution suggested from the complete genome
sequence of a plant-pathogenic phytoplasma. Nat.
Genet. 36:27-29. doi:10.1038/ng1277

Satoh, K., K. Yoneyama, H. Kondoh, T. Shimizu, T. Sa-
saya, I. R. Choi, ... S. Kikuchi. 2013. Relationship
between gene responses and symptoms induced by
Rice grassy stunt virus. Front. Microbiol. 4:313.
doi:10.3389/fmicb.2013.00313

Seemiiller, E. and B. Schneider. 2004. ‘Candidatus Phy-
toplasma mali’, ‘Candidatus Phytoplasma pyri” and
‘Candidatus Phytoplasma prunorum’, the causal
agents of apple proliferation, pear decline and
European stone fruit yellows, respectively. Int. J.
Syst. Evol. Microbiol. 54:1217-1226. doi:10.1099/
1js.0.02823-0

Seymour, G. B., L. @stergaard, N. H. Chapman, S.
Knapp, and C. Martin. 2013. Fruit development

4% FHa4M

and ripening. Annu. Rev. Plant Biol. 64:219-241.
doi:10.1146/annurev-arplant-050312-120057

Shahzad, K. and J. J. Loor. 2012. Application of top-
down and bottom-up systems approaches in rumi-
nant physiology and metabolism. Curr. Genomics
13:379-394. doi:10.2174/138920212801619269

Shalit, A., A. Rozman, A. Goldshmidt, J. P. Alvarez, J.
L. Bowman, Y. Eshed, and E. Lifschitz. 2009. The
flowering hormone florigen functions as a gener-
al systemic regulator of growth and termination.
Proc. Natl. Acad. Sci. U.S.A. 106:8392-8397.
doi:10.1073/pnas.0810810106

Sugio, A., H. N. Kingdom, A. M. MacLean, V. M. Grieve,
and S. A. Hogenhout. 2011. Phytoplasma protein
effector SAP11 enhances insect vector reproduction
by manipulating plant development and defense
hormone biosynthesis. Proc. Natl. Acad. Sci. U.S.A.
108:1254-1263. doi:10.1073/pnas.1105664108

Tan, Y., Q. Li, Y. Zhao, H. Wei, J. Wang, C. J. Baker, ... W.
Wei. 2021. Integration of metabolomics and existing
omics data reveals new insights into phytoplas-
ma-induced metabolic reprogramming in host plants.
PLOS ONE 16:¢0246203. doi:10.1371/journal.
pone.0246203

Tan, Y., J. Wang, R. E. Davis, H. Wei, X. Zong, W. Wei,
... Q. Liu. 2019. Transcriptome analysis reveals a
complex array of differentially expressed genes
accompanying a source-to-sink change in phytoplas-
ma-infected sweet cherry leaves. Ann. Appl. Biol.
175:69-82. doi:10.1111/aab.12511

Tan, Y., L. Xu, M. Zhu, Y. Zhao, H. Wei, and W. Wei.
2025. Unraveling morphological, physiological, and
transcriptomic alterations underlying the formation
of little leaves in phytoplasma-infected sweet cherry
trees. Plant Dis. 109:373-383. doi:10.1094/PDIS-
04-24-0862-RE

Wei, W., R. E. Davis, G. R. Bauchan, and Y. Zhao. 2019.
New symptoms identified in phytoplasma-infected
plants reveal extra stages of pathogen-induced mer-
istem fate-derailment. Mol. Plant-Microbe Interact.
32:1314-1323. doi:10.1094/MPMI-01-19-0035-R

Wei, W., R. E. Davis, R. Jomantiene, and Y. Zhao. 2008a.
Ancient, recurrent phage attacks and recombination
shaped dynamic sequence-variable mosaics at the
root of phytoplasma genome evolution. Proc. Natl.
Acad. Sci. U.S.A. 105:11827-11832. doi:10.1073/
pnas.0805237105

Wei, W., R. E. Davis, I. M. Lee, and Y. Zhao. 2007. Com-
puter-simulated RFLP analysis of 16S rRNA genes:
identification of ten new phytoplasma groups. Int. J.
Syst. Evol. Microbiol. 57:1855-1867. doi:10.1099/
1js.0.65000-0



Systemic Approaches in Phytoplasma Research 375

Wei, W., R. E. Davis, D. L. Nuss, and Y. Zhao. 2013.
Phytoplasmal infection derails genetically prepro-
grammed meristem fate and alters plant architecture.
Proc. Natl. Acad. Sci. U.S.A. 110:19149-19154.
doi:10.1073/pnas.1318489110

Wei, W., J. Inaba, Y. Zhao, J. D. Mowery, and R. Ham-
mond. 2022. Phytoplasma infection blocks starch
breakdown and triggers chloroplast degradation,
leading to premature leaf senescence, sucrose real-
location, and spatiotemporal redistribution of phy-
tohormones. Intl. J. Mol. Sci. 23:1810. doi:10.3390/
jms23031810

Wei, W., S. Kakizawa, S. Suzuki, H. Y. Jung, H. Nishi-
gawa, S. I. Miyata, ... S. Namba. 2004. In planta
dynamic analysis of onion yellows phytoplasma
using localized inoculation by insect transmission.
Phytopathology 94:244-250. doi:10.1094/PHY-
TO.2004.94.3.244

Wei, W., I. M. Lee, R. E. Davis, X. Suo, and Y. Zhao.
2008b. Automated RFLP pattern comparison and
similarity coefficient calculation for rapid delinea-
tion of new and distinct phytoplasma 16Sr subgroup
lineages. Int. J. Syst. Evol. Microbiol. 58:2368-
2377. doi:10.1099/ijs.0.65868-0

Wei, W., J. Shao, and Y. Zhao. 2024a. Artificial intelli-
gence-based diagnosis of phytoplasma diseases:
A case study on tomato plants infected by potato
purple top phytoplasma (Oral presentation). p.71. in:
25" The International Organization for Mycoplas-
mology Congress. July 7-11, 2024. Las Palmas de
Gran Canaria, Spain. International Organization for
Mycoplasmology, Saint Paul, MN.

Wei, W., J. Shao, and Y. Zhao. 2025. Leveraging arti-
ficial intelligence and big data to advance phy-
toplasma disease detection and crop health man-
agement. Phytopathogenic Mollicutes 15:15-16.
doi:10.5958/2249-4677.2025.00007.6

Wei, W., J. Shao, Y. Zhao, J. Inaba, A. Ivanauskas, K. D.
Bottner-Parker, ... J. Escobar. 2024b. iPhyDSDB:
Phytoplasma disease and symptom database. Biolo-
gy 13:657. doi:10.3390/biology 13090657

Wei, W. and Y. Zhao. 2022. Phytoplasma taxonomy: No-
menclature, classification, and identification. Biolo-
gy 11:1119. doi:10.3390/biology11081119

Weintraub, P. G. and L. Beanland. 2006. Insect vectors
of phytoplasmas. Annu. Rev. Entomol. 51:91-111.
doi:10.1146/annurev.ent0.51.110104.151039

Wheatley, M. S., Q. Wang, W. Wei, K. D. Bottner-Parker,
Y. Zhao, and Y. Yang. 2022. Casl2a-based diag-
nostics for potato purple top disease complex asso-
ciated with infection by ‘Candidatus Phytoplasma
trifolii’-related strains. Plant Dis. 106:2039-2045.
doi:10.1094/PDIS-09-21-2119-RE

Zhao, Y., R. E. Davis, W. Wei, J. Shao, and R. Jomantiene.
2014. Phytoplasma genomes: Evolution through
mutually complementary mechanisms, gene loss
and horizontal acquisition. p.235-271. in: Genomics
of Plant-Associated Bacteria. (Gross, D., A. Li-
chens-Park, and C. Kole, eds.) Springer. Berlin, Ger-
many. 278 pp. doi:10.1007/978-3-642-55378-3_10

Zhao, Y., W. Wei, 1. M. Lee, J. Shao, X. Suo, and R. E.
Davis. 2009. Construction of an interactive online
phytoplasma classification tool, iPhyClassifier, and
its application in analysis of the peach X-disease
phytoplasma group (16SrIll). Int. J. Syst. Evol. Mi-
crobiol. 59:2582-2593. doi:10.1099/ijs.0.010249-0

Zreik, L., P. Carle, J. M. Bove, and M. Garnier. 1995.
Characterization of the mycoplasmalike organism
associated with witches’-broom disease of lime and
proposition of a Candidatus taxon for the organism,
“Candidatus Phytoplasma aurantifolia”. Int. J. Syst.
Bacteriol. 45:449-453. doi:10.1099/00207713-45-3-
449



376 BIEBEEENTTE 274 4

B LM A TmLEREYEEREMR
Homik « D RBREZERINER

e

Wei, W. 2025. Top-down and bottom-up approaches in phytoplasma research: advancing
pathogenesis, taxonomy, and diagnostics. J. Taiwan Agric. Res. 74(4):359-376.

TEYI B GRS R fiv ) Bl B Y Al BRIV IE YR > SR R EREOR IR o ARSCEREY
YIRS RSV BT IT R - BB R H BRI ~ s B DU A s i N B T i B2 T A -
T HYZAEE2WTSE (multi-omics studies) » $FAE YR B #EFTS HEAY T8 CUHZIEEACH BTE S E T
M) $EHE RSB REVEfE > R B A 2 B2 28 - BRIL > B AR SRS RIS T 4 THH A
> RIBHE Y E RS a0 ] T8 o A 4R AR AV ERAE ~ QTR ETE AR A X DLS el i B A P 4 I 75 55 T
TEREPHRHEEIEERUR « 7385 (taxonomy) BLURHEEREAY 38025 (classification) HYEE I T Wi L
LT 16S rRNA FEfR ~ 2 Bi4157A! (multilocus sequence typing; MLST) K4 FLN4HE > (whole-genome
sequencing; WGS) » Wi & #E R EEE T EE S T 0 B AEMEM: o 7 clustered regularly interspaced short
palindromic repeats-based (CRISPR) Byt HISF SR lims2 BT HY 2 i - SRRt T TG e el B BRI URR
&~ RRERME R o AN - RS IREL T S RRE BRI & > BRI T B s A ARER IR - By
SR BN BRI AR - ARSCEES T BRI SC R BRI HE D - R T RS B T HY 2R & YER (systems
biology) BFH T LAY S3F-53 47 > AMEr BT HEEMA Y B ERSHIAR ~ 530 H DL Bk BRI B ER SR -

RABEE ¢ or/EAEka i (REE - iphy SRS - NTEE - A5 - U -

s H ] 22025 6 16 H 5 2 HW 20258 H 13 H -

"EHEE - wei.wei@usda.gov

' Research Plant Pathologist, Molecular Plant Pathology Laboratory, Beltsville Agricultural Research Center, Agricultural Research
Service, United States Department of Agriculture, Beltsville, MD, USA.



