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Abstract

Phytoplasmas are microscopic plant pathogenic and cell wall-less
prokaryotes of the class Mollicutes the obligate intracellular parasites of
plants and insects cause devastative destruction and loss of valuable crops
worldwide. Phytoplasmas affect annual and perennial plants and gradually
cause decline and death of host plants. Genome sequencing of plant
pathogenic prokaryotes reveals their survival and parasitism strategies.
Considering the genome sequencing of a large number of phytoplasma
species and advances in understanding phytoplasma biology, the most
important mechanisms of pathogenicity in phytoplasmas have been
described in this research. The main pathogenic factors determined in
phytoplasmas include the Sec secretion system, effector proteins such as
TENGU, SAP11, PHYL1, SWP11 and SAP54, and membrane proteins.
Phytoplasmic effectors secreted by the Sec secretion system are the most
important pathogenic factors which by reducing activity of plant hormones
such as auxin and jasmonic acid, affect host plants and cause symptoms such
as witches’ broom, phyllody, virescence and etc. These symptoms are able
to increase the production of more young and green organs in infected plants
and the chance of phytoplasmas multiplication in the tissues. Leafhoppers,
which are the main insect vector of phytoplasmas, prefer young and
green/yellow tissues for feeding and laying eggs. Thus, phytoplasmas are
able to manipulate the infected host plants in a manner that they seem more
attractive to insects and increase their own transmission efficiency and
survival. Thus, Phytoplasma-induced symptoms in host plants might be a
benefit increasing their fitness and extending their ecological niche.
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Fig 1. Symptoms of virescence in flowers of delphinium, big bud on tomato and phyllody in the green rose (left to right)
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Table 1. Some important hosts of phytoplasmas, phytoplasma species and associated vectors reported from Iran

Host

disease name

phytoplasma

Transmission

Symptoms

References

Citrus limetta

Prunus avium

Cucumis sativus

Solanum lycopersicum

Prunus persica

Solanum tuberosum

Capsicum annuum

Prunus amygdalus

Vitis vinifera

Pistacia vera

Olea europaea

Helianthus annuus

Morus alba

Salix alba

Glycine max

Lime witches'
broom

Cherry
decline
disease
Cucumber
witches'
broom
Tomato
yellow
disease
Peach decline
disease

Potato purple
top disease

Pepper
phyllody

Almond
witches'
broom
Grapevine
yellows
disease

Pistachio
witches'
broom

Olive decline
disease

Sunflower
phyllody

Mulberry
dwarf disease

Salix
witches'
broom
Soybean

phyllody

Candidatus
Phytoplasma
aurantifolia
Candidatus
Phytoplasma asteris

Candidatus
phytoplasma asteris

Candidatus
Phytoplasma
aurantifolia
Candidatus
Phytoplasma
phoenicium
Candidatus
Phytoplasma solani

Candidatus
Phytoplasma asteris

Candidatus
Phytoplasma
phoenicium
Cabdidatus
Phytoplasma solani
Candidatus
Phytoplasma trifolii
Candidatus
Phytoplasma
aurantifolia
Candidatus
Phytoplasma asteris

Candidatus
Phytoplasma asteris

Candidatus
Phytoplasma mori

Candidatus
Phytoplasma salicis

Candidatus
Phytoplasma trifolii

Hishimonus  phycitis,
grafting, doddor

Cacopsylla pruni, root
grafting

Hyalesthes obsoletus,
grafting

Orosius
grafting

albicinctus,

Hyalesthes obsoletus,
grafting

Circulifer tenellus,
root grafting

Orosius  albicinctus,
grafting

Hyalesthes obsoletus,
grafting

Hyalesthes obsoletus,

grafting

Hishimonus
root grafting

phycitis,
Hyalesthes obsoletus,
grafting

Orosius
grafting

albicinctus,

Hyalesthes obsoletus,
grafting

Cacopsylla pulchella,
grafting

Orosius albicinctus

Witches' broom, yellowing,
crop reduction

Low growth of trees,
shrinking of leaves
Thickening of  leaves,

greening of petals

Swelling of buds, reduction
of fruit production

Witches' broom, yellowing,
necrosis and death of trees
Wilt, leaf aerial
tubers

rolling,

Yellowing, big bud,
viruscence

Witches' broom,
and tree death

Necrosis,

Yellowing, stunted growth,
leaf necrosis

Witches' broom, yellowing,
reduced yield

Phyllody, small leaf
formation, stunted growth

phyllody, stunted growth,
and reduced seed production

Witches' broom, dwarf

witches' broom, proliferation

Bud proliferation, aborted
seed pods, stunting, chlorosis

Bové et al. 2000

Akbari motlagh et
al. 2016

Zarhoun et al. 2022

Sharifi et al. 2014

Zarhoun et al.
2022

Salehi et al. 2017

Faghihi et al. 2016

Verdin et al. 2003

Shahryari et al.
2019

Hosseini & Babaie,
2023

Gayeb Zamharir &
Razavi, 2016

Salehi et al. 2015

Salehi et al. 2020

Gayeb  Zamhari,

2017

Zamharir et al.
2022
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Fig 2. Hypothetical mechanism of witches’ broom symptoms induced by a small protein secreted by phytoplasma (TENGU). The primary
TENGU protein is detected by the Sec secretion system with a 32 amino acid signal peptide at the N-terminal, and after removing the signal,
the 38 amino acids at the C-terminal of the primary protein are secreted into the phloem vessel and transported from phloem into parenchyma
and apical buds. During the transfer process in the plant, TENGU is converted into an active form containing 12 amino acids at the N-

terminal. The active form of the protein inhibits the auxin-related pathways and resulting in the witches” broom symptoms (Bertaccini et al.,

2019).
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Fig 3. Model for TENGU-induced reduction of endogenous jasmonic acid and auxin levels. Black arrows indicate mRNA, protein or

phytohormone products. Dark blue T-bars indicate the proposed molecular events that lead to repression of ARF gene expression and auxin
synthesis. Gray letters indicate negative effects of TENGU in each part of the flower maturation pathway (Minato et al. 2014)
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Table 2. Effector proteins and their roles in various phytoplasmas

Phytoplasma Effector Function Reference
AY-WB SAP11 Witches' broom, Affects hormones, Attract Chang et al. 2018, Boonrod et al. 2023, Sugio et al.
insects, Immunity 2011, Lu et al. 2014
SAP05 Dwarf, Witches' broom Huang et al. 2021
SAP54 Floral dysplasia, Attract insects MacLean et al. 2011
PHYL1 Floral dysplasia Maejima et al. 2014,
oY-M TENGU Witches' broom, Dwarf, Floral dysplasia, Hoshi et al. 2009
Affects hormones
WBDL SAP11 Witches' broom Al-Subhi et al. 2021
CaPT SWP1 Witches' broom Wang et al. 2018
SWP11,12 and Immunity Bai et al. 2022
16
CaPM SAP11 Witches' broom, Leaf dysplasia, Dwarf, Mittelberger et al. 2022, Tan et al. 2016
Volatile
PM19 00189 Witches' broom, Leaf dysplasia, Boonrod et al. 2022, Boonrod et al. 2023
PME2 Disrupts cell integrity Mittelberger et al. 2019
ATP_00189 Affects hormones Janik et al. 2017
PM19_00185 Attract insects Strohmayer et al. 2021
ATP_00136 Immunity Mittelberger et al. 2019
CaPT: Ca. Phytoplasma tritici, CaPM: Ca. Phytoplasma mali
e T =" Phytoplasma
beo LENG St sese smahoa ARF ' Egg
SAPI1 26S TCPs
Proteasome
A SAP54 MTFs "
‘\:\ "
> SAPOS — ‘\sPL GATA /e
SWP12 WRKY
PM19 00185 E2 ~~.
SWP16 SKPI
Healthy Eftector Pathway Target Phvtoplasma-infected

@.?r_: wbﬁ‘ 9 a\:§ Lsut\ﬁ.) U,LA\S o9 ukwy\i}:.:.ﬁ SWP16 9 PM19_00185 SWP12 L;Lh)jigﬁ\ L}.ila..ﬂﬁkgjicﬁ Lgl.h)jlgﬁ\ Lu ol.:§ [ESPE [SS) -t Jg“:‘
S Sy sl 8 el s JUESH s 5 das o Aol Wl oo s Uls 5 AS o dor adis gl |y ol i SAPSA 5 s e LDl sid
S e sl OLLS 55 S5 4058, 50 sl S S5 SAPO5 , TENGU SAPS4 SAP1L

Fig 4. Phytoplasma effectors modulate plants through various mechanisms. The effectors SWP12, PM19_00185, and SWP16 reduce plant
defense responses and promote the accumulation of phytoplasmas. SAP54 attracts insects to feed on plants and increases their reproductive
potential, thus enhancing phytoplasma transmission. Besides, SAP11, SAP54, TENGU, and SAP05 induce morphological changes in plants.
(Wang et al. 2024).
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