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Phytoplasmas are pleomorphic, wall-less intracellular bacteria that can cause devastating diseases in a wide variety of

plant species. Rapid diagnosis and precise identification of phytoplasmas responsible for emerging plant diseases are

crucial to preventing further spread of the diseases and reducing economic losses. Phytoplasma taxonomy (identification,

nomenclature, and classification) has lagged in comparison to culturable bacteria, largely due to lack of axenic

phytoplasma culture and consequent inaccessibility of phenotypic characteristics. However, the rapid expansion of

molecular techniques and the advent of high throughput genome sequencing have tremendously enhanced the nucleotide

sequence-based phytoplasma taxonomy. 
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1. Phytoplasma Nomenclature: Delineation of Candidatus Phytoplasma
Species

Traditional polyphasic approach, which integrates phenotypic and genotypic data and reflects the ecological nature of the

bacteria, is considered as the gold standard for bacterial taxonomy . The phenotypic markers mainly include

morphological, physiological, and biochemical characteristics of cultivatable bacteria ; however, inability to culture

phytoplasma in vitro impeded the accessibility of the above-mentioned phenotypic characteristics to differentiate

phytoplasmas. Several decades ago, scientists attempted to distinguish phytoplasmas by using symptoms induced by

phytoplasmas, plant host range, insect vector specificity and serological correlations as markers, but were ultimately

unsuccessful due to lack of consistency . The subsequent development of culture-independent modern

genotypic approach based on heredity information has rapidly and considerably enhanced the entire bacterial

systematics, providing high levels of resolution and differentiation. In particular, the advent of DNA sequencing technology

and exploitation of 16S rRNA gene sequences have tremendously facilitated taxonomy, tree of life, evolution, and diversity

studies of unculturable bacteria . Based on 16S rRNA gene sequences, many bacteria have been reclassified and

renamed .

As with many other unculturable bacteria, the higher rank taxa of phytoplasmas (Mycoplasmatota [originally named

Tenericutes]/Mollicutes/Acholeplasmatales/incertae sedis—Family II) were named in the absence of type genus and

species . While the Candidatus status was used to reserve the putative lower rank taxa (Genus and Species ).

The term Candidatus was first introduced in 1994 to nonculturable bacteria, granting appropriate status of potential taxa

based on 16S rRNA gene sequences ( ; Figure 1). Candidatus is not a rank, nor is it governed by Prokaryotic Code .

Currently, all phytoplasma strains are accommodated within the provisional Candidatus Phytoplasma genus. The main

function of the phytoplasma taxonomic nomenclature system is naming ‘Candidatus Phytoplasma’ species as species is

the most basic taxon of bacteria .
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Figure 1. Key events of phytoplasmas and milestones of phytoplasma taxonomy. Details please see references 

.  Severin, 1942;  Black, 1953;  Doi et al., 1967;  Lim and

Sears, 1989;  ICSB, 1993;  Oshima et al., 2004;  Kirkpatrick et al., 1987;  Murray and Schleifer, 1994;  Lee

et al., 1995;  IRPCM, 2004;  Zhao et al., 2009;  Kirdat et al., 2021;  Bertaccini et al., 2022;  Schildkraut et

al., 1961;  Woese and Fox, 1977;  Wayne et al., 1987;  Hills and Dixon, 1991;  Hugenholtz et al., 2021; 

Stackebrandt et al., 2002;  Auch et al., 2010.

2. Phytoplasma Classification: 16Sr Group/Subgroup Classification
System Based on Collective RFLP Profiles

Classification is the systematic and orderly arrangement of organisms into groups or categories according to established

criteria. Different from taxonomic nomenclature system, a classification scheme is often designed to meet practical needs,

emphasizing less academic significance. Therefore, different scientists may classify the same organism differently .

Phytoplasma classification also has followed this principle. Phenotypic approaches such as symptomology, vectorship,

and serology were employed to classify phytoplasmas in early days, but this has proved not suitable or practical  as

in many cases the same phytoplasma strain may induce different symptoms in different hosts, and different phytoplasma

strains may share a common vector or cause diseases exhibiting similar symptoms . Until the 1990s, the 16Sr

group/subgroup classification scheme was established based on RFLP profiles of PCR amplified F2nR2 fragment of the

16S rRNA gene . This classification system is most widely adopted by phytoplasma researchers so far 

.

The RFLP-based phytoplasma classification scheme exploits a high-resolution subset of the 16S rRNA gene

characteristics, namely, the recognition sites of 17 restriction enzymes, to differentiate diverse phytoplasmas . The

16Sr groups delineated with this RFLP classification scheme are consistent with the 16S rRNA gene phylogenetic clades.

More advantageously, by distinguishing subtle pattern differences, this RFLP analysis-based scheme is able to identify

and distinguish different subgroup lineages within any given group . Operationally, traditional RFLP analysis

requires actual enzymatic gel electrophoresis and visual comparisons of various banded patterns. It is inconvenient, and

few people are willing to do that anymore. The current virtual RFLP analysis approach is operated based on DNA

sequences but retains the principles and criteria of the original phytoplasma classification scheme. Using accurate

sequence data, the virtual gel patterns generated by computer simulated RFLP analysis can faithfully duplicate the

classical and authoritative patterns established by conventional RFLP analysis. The new pattern types derived from virtual

RFLP analysis have also been confirmed by actual enzymatic gel electrophoresis . Furthermore, based on the virtual

RFLP analysis approach, the interactive online tool iPhyClassifier was constructed, enabling and facilitating database-

guided phytoplasma classification and identification .

Some scientists might think that the RFLP approach is obsolete. The truth is RFLP analysis still plays an important role in

the classification and differentiation of many unculturable and fastidious bacteria, and fungi . Examples include

classifications of genus Basidiobolus  and genus Vibrio . In the past five years (2017 to present), around 15,000

papers have been published on the classification and differentiation of bacteria and fungi based on RFLP analysis,

including nearly 1600 articles on phytoplasma classification and identification. Computer-simulated virtual RFLP analysis

undoubtedly enhanced the applicability of the RFLP analysis-based classification.
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Importantly, the 16Sr group/subgroup classification system complements ‘Candidatus Phytoplasma’ species affiliation

assignment. A striking example is the aster yellows (AY) phytoplasma group, which contains hundreds of known strains

around the globe. The current taxonomic system assigns all the AY strains as ‘Ca. Phytoplasma asteris’-related strains,

which grossly masks the differences among the strains. On the other hand, the existing 16Sr group classification scheme

can differentiate the AY strains into more than two dozen subgroups, each of which has its own unique RFLP profile. In

addition, some subgroups are only (or predominantly) present in certain geological regions and associated with different

ecological niches .

In addition, in certain cases, the current phytoplasma taxonomic system may even have difficulty to assign certain strains

to the existing ‘Ca. Phytoplasma’ species. For example, a strain (KJ452548) in the elm yellows phytoplasma group shares

99.1–99.3% identities with ‘Ca. Phytoplasma ulmi’- and ‘Ca. Phytoplasma ziziphi’-related strains in their 16S rRNA gene

sequences. So, what species should this strain be affiliated with, ‘Ca. Phytoplasma ulmi’ or ‘Ca. Phytoplasma ziziphi’?

Well, the RFLP-based group/subgroup classification system can at least provide distinguishing RFLP markers to separate

them and classify the strain into a new subgroup other than 16SrV-A and 16SrV-B. This example strongly demonstrates

that the group/subgroup classification system effectively avoids the ambiguity caused by the term, ‘Candidatus
Phytoplasma sp.’-related strain, and helps diagnosticians and regulatory agencies distinguish closely-related phytoplasma

strains.

In 2007, based on the virtual RFLP analysis of all 16S rRNA gene sequences available at the time (F2nR2 fragment of

about 1250 bp), the number of phytoplasma classification groups was expanded from 19 to 28 (16SrXIX-16SrXXVIII), and

some potentially new species were proposed with suggested reference strains (Table 1). In the present research,

groups/subgroups corresponding to Candidatus Phytoplasma species, especially the newly named species are updated

(Table 1 ).

Two new groups (16SrXXXVIII and 16SrXXXIX) are established based on the criterium which requires the collective

F2nR2 RFLP pattern of any new group representative has a similarity coefficient of <0.85 with that of all previously

recognized 16Sr groups . The reference strains of ‘Ca. Phytoplasma noviguineense’ and ‘Ca. Phytoplasma dypsidis’

were designated as representative strain of 16SrXXXVIII-A (LC228755) and 16SrXXXIX-A (MT536195), respectively.

Table 1. An updated list of 16Sr groups/subgroups corresponding to named Candidatus Phytoplasma species.

Group Number of ‘Ca. Phytoplasma’
Species

Accession Number of
Reference Strain Subgroup Reference

16SrI: Aster yellows group 3

‘Ca. Phytoplasma
asteris’ M30790 16SI-B

‘Ca. Phytoplasma
lycopersici’ EF199549 16SrI-Y

‘Ca. Phytoplasma
tritici’ NZ AVAO01000003 16SrI-C

16SrII: Peanut witches’
broom group

1 ‘Ca. Phytoplasma
aurantifolia’ U15442 16SrII-B

*
Abolished

‘Ca. Phytoplasma
australasia’ Y10096 16SrII-D

16SrIII: X-disease group 1 ‘Ca. Phytoplasma
pruni’ JQ044393 16SrIII-A

16SrIV: Coconut lethal
yellows group 2

‘Ca. Phytoplasma
palmae’ U18747 16SrIV-A

‘Ca. Phytoplasma
cocostanzaniae’ X80117 16SrIV-C

16SrV: Elm yellows group 4

‘Ca. Phytoplasma ulmi’ AY197655 16SrV-A

‘Ca. Phytoplasma
ziziphi’ AB052876 16SrV-B

‘Ca. Phytoplasma rubi’ AY197648 16SrV-E

‘Ca. Phytoplasma
balanitae’ AB689678 16SrV-new

subgroup
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Group Number of ‘Ca. Phytoplasma’
Species

Accession Number of
Reference Strain Subgroup Reference

16SrVI: Clover proliferation
group 2

‘Ca. Phytoplasma
trifolii’ AY390261 16SrVI-A

‘Ca. Phytoplasma
sudamericanum’ GU292081 16SrVI-I

16SrVII: Ash yellows group 1 ‘Ca. Phytoplasma
fraxini’ AF092209 16SrVII-A

16SrVIII: Loofah witches’
broom group 1 ‘Ca. Phytoplasma

luffae’ AF248956 16SrVIII-A

16SrIX: Pigeon pea
witches’ broom group 1 ‘Ca. Phytoplasma

phoenicium’ AF248956 16SrIX-D

16SrX: Apple proliferation
group 4

‘Ca. Phytoplasma mali’ AJ542541 16SrX-A

‘Ca. Phytoplasma pyri’ AJ542543 16SrX-C

‘Ca. Phytoplasma
prunorum’ AJ542544 16SrX-F

‘Ca. Phytoplasma
spartii’ X92869 16SrX-D

16SrXI: Rice yellow dwarf
group 3

‘Ca. Phytoplasma
oryzae’ AB052873 16SrXI-A

‘Ca. Phytoplasma cirsii’ KR869146 16SrXI-D

‘Ca. Phytoplasma
sacchari’ VWXM00000000 16SrXI-B

16SrXII: Stolbur group 5

‘Ca. Phytoplasma
australiense’ L76865 16SrXII-B

‘Ca. Phytoplasma
japonicum’ AB010425 16SrXII-D

‘Ca. Phytoplasma
fragariae’ DQ086423 16SrXII-E

‘Ca. Phytoplasma
solani’ AF248959 16SrXII-A

‘Ca. Phytoplasma
convolvuli’ JN833705 16SrXII-H

16SrXIII: Mexican
periwinkle virescence
group

2

‘Ca. Phytoplasma
hispanicum’ AF248960 16SrXIII-A

‘Ca. Phytcoplasma
meliae KU850940 16SrXIII-G

16SrXIV: Bermudagrass
white leaf group 1 ‘Ca. Phytoplasma

cynodontis’ AJ550984 16SrXIV-A

16SrXV: Hibiscus witches’
broom group 1 ‘Ca. Phytoplasma

brasiliense’ AF147708 16SrXV-A

16SrXVI: Sugar cane
yellow leaf syndrome
group

1 ‘Ca. Phytoplasma
graminis’ AY725228 16SrXVI-A

16SrXVII: Papaya bunchy
top group 1 ‘Ca. Phytoplasma

caricae’ AY725234 16SrXVII-A

16SrXVIII: American potato
purple top wilt group 1 ‘Ca. Phytoplasma

americanum’ DQ174122 16SrXVIII-A

16SrXIX: Japanese
chestnut witches’ broom
group

1 ‘Ca. Phytoplasma
castaneae’ AB054986 16SrXIX-A

16SrXX: Buckthorn
witches’ broom group 1 ‘Ca. Phytoplasma

rhamni’ X76431 16SrXX-A
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Group Number of ‘Ca. Phytoplasma’
Species

Accession Number of
Reference Strain Subgroup Reference

16SrXXI: Pine shoot
proliferation group 1 ‘Ca. Phytoplasma pini’ AJ632155 16SrXXI-A

16SrXXII: Nigerian coconut
lethal decline group 1 ‘Ca. Phytoplasma

palmicola’ KF751387 16SrXXII-A

16SrXXIII: Buckland Valley grapevine
yellows group

1 unnamed species
identified AY083605 16SrXXIII-A

16SrXXIV: Sorghum
bunchy shoot group   1 unnamed new

species identified AF509322 16SrXXIV-A

16SrXXV: Weeping tea tree
witches’ broom group   1 unnamed new

species identified AF521672 16SrXXV-A

16SrXXVI: Mauritius sugar cane yellows
D3T1 group

1 unnamed new
species identified AJ539179 16SrXXVI-A

16SrXXVII: Mauritius sugar cane yellows
D3T2 group

1 unnamed new
species identified AJ539180 16SrXXVII-A

16SrXXVIII: Havana derbid
group   1 unnamed new

species identified AY744945 16SrXXVII-A

16SrXXIX: Cassia witches’
broom group 1 ‘Ca. Phytoplasma

omanense’ EF666051 16SrXXIX-A

16SrXXX: Salt cedar
witches’ broom group 1 ‘Ca. Phytoplasma

tamaricis’ FJ432664 16SrXXX-A

16SrXXXI: Soybean stunt
phytoplasma group 1 ‘Ca. Phytoplasma

costaricanum’ HQ225630 16SrXXXI-A

16SrXXXII: Malaysian
periwinkle virescence
group

1 ‘Ca. Phytoplasma
malaysianum’ EU371934 16SrXXXII-A

16SrXXXIII: Allocasuarina
group 1 ‘Ca. Phytoplasma

allocasuarinae’ AY135523 16SrXXXIII-A

16SrXXXIV: grapevine
yellows   No new species

identified, abolished DQ232752    

16SrXXXV: Pepper
witches’-broom   No new species

identified, abolished EU125184    

16SrXXXVI: foxtail palm
yellow decline group 1 ‘Ca. Phytoplasma

wodyetiae’ KC844879 16SrXXXVI-A

16SrXXXVII: Stylosanthes
little leaf group 1 ‘Ca. Phytoplasma

stylosanthis’ MT431550 16SrXXXVII-A

16SrXXXVIII: Bogia
coconut syndrome group 1 ‘Ca. Phytoplasma

noviguineense’ LC228755 16SrXXXVIII-A

16SrXXXIX: Palm lethal wilt
group 1 ‘Ca. Phytoplasma

dypsidis’ MT536195 16SrXXXIX-A

* Abolished: ‘Ca. Phytoplasma australasia’ was originally described by White et al. . It was later removed from the ‘Ca.
Phytoplasma’ species list by the IRPCM as its 16S rRNA gene sequence shares 99.5% sequence identity with that of ‘Ca.

Phytoplasma aurantifolia’ and there is no evidence that it represents an ecologically separated population . ‘Ca.
Phytoplasma australasia’ was erroneously included in 2022 guidelines  and should be removed.

Currently, there are a total of 37 groups and 48 named Candidates phytoplasma species (Table 1). Each group should

contain at least one Candidatus species . As shown in Table 1, nearly ten novel groups have been identified since

2007 (16SrXXIX-16SrXXXIX). However, it is noteworthy that no new phytoplasmas have been identified in groups

16SrXXIII-16SrXXVIII during the past 15 years. This suggests that the phytoplasmas belonging to these groups may be

rare or the sequences representing these groups contain errors. In addition, the researchers also noted that several pairs

of strains share high sequence identity, but very low RFLP similarity coefficients. Such discrepancy might be caused by

indels or sequencing errors that occurred within restriction enzyme recognition sites.
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3. Phytoplasma Identification: Detection, Diagnostics and
Characterization

The early identification and diagnosis of phytoplasmas and phytoplasmal diseases are vital for the formulation and

implementation of rapid control measures. This not only thwarts the further spread of disease and reduce direct economic

losses from plant death/damage, but also prevents delays and restrictions on the import and export of plant materials.

Plants infected by phytoplasmas often exhibit remarkable symptoms. These symptoms include virescence (flower petals

turning green), phyllody (leafy flowers), cauliflower-like inflorescence (repetitive initiation of inflorescence meristems), and

witches’-broom (excessive shoot proliferation) . In addition to these characteristic symptoms, phytoplasma infection

can also induce some general symptoms seen in diseases caused by various other plant pathogens. Such general

symptoms include leaf discoloration (such as purple leaves and leaf yellowing), little leaf, stem fasciation, and stunting 

. Furthermore, asymptomatic phytoplasma infections were reported as well .

As phytoplasmas cannot be cultured in vitro, the routine culture-dependent metrics and characteristics for bacterial

identification (morphological observation, biochemical assay, serotyping and antibiotic inhibition/resistance pattern

assessment) cannot be employed. Phytoplasma detection and characterization heavily rely on the molecular diagnostic

techniques. With the rapid development of molecular diagnostic techniques, a variety of fast, sensitive, and cost effective

phytoplasma detection methods have emerged, ranging from PCR, nested PCR, real time PCR, droplet digital PCR

(ddPCR), and loop-mediated isothermal amplification (LAMP) to CRISPR-based detection methods. These methods are

devised based on highly conserved gene sequences of phytoplasmas, namely 16S rRNA gene, rp gene, SecY gene and

tuf gene, etc. .

Currently, the most widely adopted procedure for the phytoplasma identification and further classification includes the

following steps: (i) PCR or nested PCR amplification of phytoplasma DNA using universal primers of 16S rRNA gene, for

example, P1, P7, P1A, P7A, 16S-SR, 16RF2n, and R16R2 ; (ii) Sequencing of PCR amplicons (direct

sequencing or sequencing after amplicon cloning); and (iii) Sequence analysis using iPhyClassifier, classifying the

phytoplasma strain under study to existing 16Sr group/subgroup and assigning (relating) the strain to previously named

Candidatus Phytoplasma species. Results from the last step also offer opportunities for establishing new

groups/subgroups and discovering novel Candidatus Phytoplasma species.

MLSA-based classification schemes have been established in many bacteria, but not yet implemented in non-culturable

phytoplasmas. However, this does not affect MLSA as a very effective method for phytoplasma diversity studies and fine

differentiation of closely related phytoplasmas. For example, MLSA-based approach revealed the genetic diversity of

apple proliferation phytoplasmas ; in addition, 16S rRNA, rp, and secY genes based MLSA characterization also

indicated azalea little leaf phytoplasmas represented a distinct lineage within 16SrI group .
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