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Epidemiology of phytoplasmas associated with chickpea witches’ broom in Iran
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Abstract

Chickpea witches’ broom disease, characterized by symptoms including yellowing, excessive branching, leaf narrowing, and shortened
internodes, was first observed in 2020 in chickpea fields of Lorestan Province, Iran. Samples from symptomatic and asymptomatic
chickpea plants were collected and examined for the presence of phytoplasma using biological and molecular approaches. Phylogenetic
analysis and virtual RFLP patterns revealed that the phytoplasma associated with chickpea witches’ broom disease belongs to the
16SrIX group. Inoculation of healthy chickpea plants with infected scions and dodder (Cuscuta spp.) under insect-free greenhouse
conditions resulted in the development of disease symptoms. Among the weed species collected from around infected fields, Galium
aparine was identified as a host of phytoplasma groups 16SrIX-B and 16SrIX-C. Molecular analysis of sap-sucking insects (psyllids,
leafhoppers, and aphids) collected from infected fields did not identify any candidate insect vector. Nested PCR assays showed that
38% of seedlings grown from seeds collected from infected plants were phytoplasma-positive 20 days after germination, whereas
seedlings derived from asymptomatic plants were free of infection. Infected seeds produced two distinct symptom types, and biological
and molecular analyses indicated the presence of different phytoplasma groups, namely 16SrIX-B and 16SrIX-C. Simultaneous
infection of chickpea plants with both strains intensified symptom severity and induced necrotic reactions. These findings suggest that
interactions between phytoplasma strains play an important role in determining the severity of chickpea witches’ broom disease.

Keywords: Molecular detection, Phytoplasma identification, Seed transmission.
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Introduction

With the growing human population, food security,
particularly the availability of protein-rich crops, has become
a major concern. Chickpea (Cicer arietinum L.) is one of the
most important legumes cultivated in Iran and worldwide.
Legumes, including chickpeas, are among the earliest
domesticated plants, with a cultivation history dating back to
the Neolithic period (Gaur et al. 2009). Globally, chickpea is
grown on approximately 13.54 million hectares, producing an
average of 1.13 million tons annually (FAOSTAT, 2024). In
Iran, chickpea cultivation covers 550-650 thousand hectares,
with an average annual production of 300-350 thousand tons

(INCP, 2026).

Chickpea productivity is adversely affected by various biotic
and abiotic stresses. One emerging disease of concern is
chickpea witches’ broom (ChpWB), first observed in summer
2017 in Noorabad, Lorestan province, Iran (34.0720°N,
47.9738°E). Infected plants exhibited symptoms such as little
leaf, dwarfism, and witches’ broom, and preliminary analysis
revealed the presence of a 16SrIX phytoplasma (Ghayeb

Zambharir and Dehghani, 2019).

Phytoplasmas are phloem-limited bacterial pathogens
transmitted by phloem-feeding insects, including leafhoppers
and psyllids (Weintraub et al., 2019; Wang et al., 2024). These
pathogens are associated with various diseases in legumes. For
instance, proliferation disease has been reported in cowpea
(Vigna unguiculata) in India and China (Raj et al., 2006; Yan
et al., 2010), while phyllody disease has been observed in
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chickpea in Myanmar, where Candidatus Phytoplasma
aurantifolia was identified (Balol et al., 2021). Chickpea plants
infected with 16Srll-D phytoplasma in Oman displayed
yellowing, phyllody, and small leaves (Al-Subhi et al., 2020).
Witches’ broom disease has also been reported in peas (Pisum
sativum) from Poland (Zwolifiska et al., 2012), India (Raj et
al., 2006; Rao et al., 2018), China (Che et al., 2010), Australia
(Yang et al., 2013), Mexico (Luna-Esquivel et al., 2004),
Puerto Rico (Baquero, 1980), and Florida, USA (McCoy et al.,

1983).

The present study aimed to investigate the biology of ChpWB
phytoplasma in Iran by identifying phytoplasma strains,
assessing  transmission,  characterizing  host  plant
symptomatology, and determining the alternative host.
Materials and Methods

Plant Samples.

collected between 2023 and 2024 from both symptomatic and
asymptomatic chickpea (Cicer arietinum L.) plants exhibiting
witches” broom (ChpWB) dwarfism and proliferation,
characterized by grassy growth, reduced leaf size, and overall
stunted development (Fig. 1) symptoms. In addition,
herbaceous plants surrounding ChpWB-affected fields,
including German chamomile (Matricaria chamomilla L.),
cleavers (Galium aparine L.), licorice (Glycyrrhiza glabra
L.), and chicory (Cichorium intybus L.), were sampled to
investigate potential alternative hosts.

Insect Collection

Concurrent with plant sampling in May and June 2024, more
than eight insect populations were collected from ChpWB-
affected fields and adjacent herbaceous plants using an insect
net and sticky traps. The collected insects were preserved in
100% ethanol for subsequent identification and molecular
analyses.
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DNA extraction and phytoplasma detection

The total genomic DNA was extracted from 0.5 g of leaf
midrib tissue (Doyle and Doyle 1987). The extracted DNA
were electrophoresed in 1% agarose gel, quantified using a
Nano-drop  spectrophotometer and adjusted to the
concentration of 100 ng per pl. DNA was extracted from
insects according to Maixner et al. (1995). Insects tissue was
ground in extraction buffer (100 mM TrisHCI at pH 8.0, 2%
cetyltrimethylammonium bromide (CTAB), 1.4 M NaCl, 20
mM EDTA, and 0.2% 2-mercaptoethanol) at a ratio of 1.5
(wt/vol, tissue/buffer). The slurry was incubated for 20 min at
60°C and centrifuged for 10 min at 3,000 x g. The supernatant
was collected and extracted with an equal volume of
chloroform/isoamyl alcohol (24:1, vol/vol), followed by
centrifugation and precipitation with 1 volume of isopropanol.
Following 30-min incubation at —20°C, the DNA was pelleted
at 12,000 x g for 30 min. The pellet was washed twice with
70% ethanol and resuspended in 50 pl of 10 mM Tris and 1
mM EDTA at pH 8.0 (TE).

To detect phytoplasmas by the amplification of a 16S rDNA
fragment, two universal phytoplasma primer sets were used in
nested PCR reaction. The outside primer set was P1/Tint
(Deng and Hiruki, 1991; Smart et al. 1996) followed by

R16F2n/R16R2, or R16mF1/mR1
(GTCTTTACTGACGCTGAGGC) (Gundersen and Lee,
1996) or 16R758f/16R1232r

(CTTCAGCTACCCTTTGTAAC) (=M1/M2) (Gibb et al.
1995). Phytoplasma-positive controls consisted of DNA
extracted from phytoplasma reference strains maintained in
almond, while reactions lacking DNA template were included
as negative controls. First round PCR reactions were carried
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Figure 1. Symptoms of dwarfism, witches broom, and narrowing of leaves in chickpea plants (A) compared with healthy chickpea plants (B)

out in a total volume of 20 pL using Tag DNA Polymerase
Master Mix RED (Ampligon, Denmark) DNA was amplified
with 35 cycles consisting of denaturation at 94°C for 60 s (5
min for cycle 1), annealing at 53°C for 2 min, and primer
extension at 72°C for 3 min (5 min for final extebtion). For
nested PCR, the thermal conditions were the same as first
round except the annealing was at 55°C for 2 min. The
amplifications were carried out in a programmable
thermocycler (Bio-Rad, USA); the PCR products were
electrophoresed in 1.2% agarose gels in a TAE buffer and
visualized with a UV transilluminator following ethidium
bromide staining. The molecular weight of the PCR products
was estimated by comparison with the 1 kb DNA ladder

(Fermentas, Vilnius, Lithuania) .

Sequencing and phylogenetic analysis

R16F2n/R2 (1,248 bp) and M1/M2 (550 bp) amplified
fragments (Table 1) from the phytoplasmas detected in
symptomatic chickpea chickpea (leaf and seedling) and a
Cleavers weed, were directly sequenced in both directions.
The 10 sequences obtained were assembled, aligned and
compared with nucleotide sequences in the GenBank database,
using BLAST (version BLASTN 2.2.18) (National Center for
Biotechnology Information, Bethesda, MD, USA). Sequence
alignments were performed using ClustalX (Thompson et al.,
1997). Phylogenetic analyses were done with maximum
parsimony (MP) analysis and close-neighbour-interchange
algorithm, using 16S rDNA sequence from this study and from
40 ‘Candidatus Phytoplasma’ strains, using Acholeplasma
laidlawii as the outgroup. The analysis was replicated 100
times. A bootstrap analysis was performed to estimate the
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stability and support for the inferred clades (Tamura et al.,
2004).
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Table 1. Phytoplasma strains sequenced properties

Strain R16F2n/R2 M1M2 Host Tissu Location  Geographichal altitude
primed PCR primed
product PCR
product

C51 - + chickpea Plantleaf  Gandabeh 33.18313°N,
47.94694°E

C52 + + chickpea  Plant leaf Darvish 37.67971°N
47.94694°E

C53 + + chickpea  Plant leaf Darvish 37.67971°N
47.94694°E

C96 - + chickpea Plant leaf  Haiatlgeib ,33.18313°N
47.94694°E

C99 - + Cleavers  Plant leaf  Haiatlgeib 33.18313°N
(Galium 47.94694°E

aparine)

C56 + - chickpea  Plant leaf Zali 34.0720° N, 47.9738° E

Cs5 - + Chickpea  seedling  Haiatlgeib ,33.18313°N
seed 47.94694°E

Cs7 - + Chickpea  seedling  Haiatlgeib  33.18313°N47.94694°E

seed

Cs9 - + Chickpea  seedling  Haiatlgeib 33.18313°N

seed 47.94694°E

+: PCR product shows expected size band in elechtrophoresis

-2 PCR product does not show expected size band in elechtrophoresis

Restriction fragment length polymorphism (RFLP) analyses
Virtual RFLP patterns were obtained for the partial sequences
of 16S rDNA from selected sequenced R16F2n/R16R2
fragments using the iPhyClassifier (Zhao et al., 2009) with 17
distinct restriction enzymes (Alul, BamHI, Bfal, BstUI, Dral,
EcoRl, Haelll, Hhal, Hinfl, Hpal, Hpall, Kpnl, Sau3Al, Msel,
Rsal, Tspl and Taqgl) (Wei et al., 2007). The virtual RFLP
patterns generated from chickpea-derived strains were
compared with each other and with representatives of 16SrIX
subgroups using a Perl program developed by Wei et al.
(2008). For actual RFLP analysis 3 pl (about 300 ng of DNA)
of R16F2n/R2 or M1/M2 PCR products from 17 amplified
samples was separately digested with fast digest enzymes

Trull, Taqgl, and Tsp509I1 at 65°C, as recommended by the
manufacturers (Fermentas, Vilnius, Lithuania). Restricted
fragments were separated through 6.7% polyacrylamide gel
electrophoresis in TBE buffer. Patterns were then observed
with UV transilluminator following ethidium bromide
staining.

Insect vector identification

The collected insects were identified by Dr. Shahab Manzari
and Dr. Fariba Mozaffarian (Department of entomology, the
Iranian Research Institute of Plant Protection). Among the 8
insect populations tracked from the infected chickpea fields
and the surrounding weeds, there were no species belonging to
the psyllidis, grasshoppers, and leafhoppers groups and in all
of them the dominant identified genus was aphid. Since they
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all resulted negative to phytoplasma presence no attempt was
made to determine their species.

Graft and dodder transmission

Chickpea seeds collected from asymptomatic field plants were
planted in the greenhouse. Symptomatic chickpea plants
collected from infected fields were grafted into a one-month-
old seedlings with 5 repetiitions using side wedge grafted
grfting, tested negative for phytoplasma presence by nested
PCR. Plants were checked and monitored for 30-45 days. The
presence of phytoplasmas in symptomatic tissues above the
grafting region was confirmed by nested PCR 45 days after

grafting .

The seeds of the dodder (Cuscuta campestris) were treated
with 60% sulfuric acid for 10 minutes. As soon as the seed wall
dissolved in the acid and its color changed to black, the seeds
were washed with distilled water and placed on wet filter paper
in a Petri dish. After germination, the resulting seedlings were
placed on healthy potato or tomato plants used as a source of
dodder in transmission experiments. After the dodder was
established on grafted chickpea plants with different
symptoms (including little leafing and threadlike growth of
leaf), shoots grown from dodder on these plants were placed
on healthy chickpea plants. After one month, the contact
between the healthy and infected chickpea plants was cut off
and the plants were free from dodder and kept under insect
proof greenhouse conditions to monitor the appearance of

symptoms and confirmed with nested PCR analysis.

Seed transmission

To verify the seed germination and the percentage of possible
seed transmission, 90 seeds were prepared from symptomatic
plants with incomplete pods and 90 seeds from symptomless
plants. The chickpea seeds were placed in a Petri dish on filter
paper moistened with sterile distilled water in the dark for 24
to 48 hours. Then, the germinated seeds were transferred to a
pot with sterile soil. The percentage of germinated seeds was
calculated for both groups of seeds from symptomless and
symptomatic plants. After one month of plant growth in the
greenhouse, samples were taken from leaves of symptomatic
and asymptomatic plants. DNA was extracted from the leaves
and phytoplasma detection was evaluated as described above.
The plants were kept in the insect proof greenhouse until

flowering and podding stages.
The seeds collected from infected plants in the field showed

two different types of symptoms after growing in insect proof
greenhouse conditions. The phytoplasmas associated with
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each symptom type was identified using molecular methods.
These plants with different symptoms were then used to
inoculate healthy plants using dodder and grafting. Mixed
infection that dimostrated with sequencing and actual RFLP
analysis with both phytoplasma strains was also performed
using dodder and grafting.

Results

A total of 143 plant samples were collected from chickpea fields
and surrounding herbaceous plants in Lorestan Province, Iran. Of
these, 123 chickpea samples, including both symptomatic and
asymptomatic plants, were analyzed for phytoplasma presence (Table
2). PCR amplification targeting the 16S rRNA gene produced the
expected 1.25 kb fragment in 86 out of 90 symptomatic chickpea
samples, whereas only 2 out of 33 asymptomatic samples tested

positive.

In addition, 20 samples of potential alternative host plants
exhibiting symptoms such as yellowing or small leaves were collected
from and around ChpWB-affected fields. These included German
chamomile (Matricaria chamomilla), cleavers (Galium aparine),
licorice (G. glabra), and chicory (C. intybus). Molecular analyses
revealed that G. aparine tested positive for phytoplasma infection,
while the other species were negative.

Sequence analyses of the amplified fragments from chickpea
samples (GenBank accessions: PX952847, PX952848, PX952849,
PX952850, PX952852, PX952854) (Table 1) revealed 99.2% to
99.8% similarity with previously reported sequences and 99.4% to
99.8% similarity with ‘Ca. Phytoplasma phoenicium’ strain
ChicBS192 (GenBank accession KY986921) and periwinkle
virescence phytoplasma clone pv2 (GenBank accession
KR706446.1). These results confirm that the phytoplasma associated
with ChpWB in chickpea plants in Lorestan belongs to the Ca.

Phytoplasma phoenicium (16stRNA IX-B and IX-C).

The results of sequence analysis of MI/M2 nested PCR
productes indicated that the nucleotide sequences from cleavers (G.
aparine) that were collected from chickpea symptomatic fields, had
99.8%-100% sequence identity to previously reported sequences
from chickpea plants infected with phytoplasmas (GenBank
accessions in Table 1).

The virtual and real RFLP pattern derived from the 16S rDNA
RI16F21n/R2 fragments is most similar to the reference pattern of the
16SrIX-B and 16SrIX-C subgroup, with a similarity coefficient of
0.98; the phytoplasma under study is a therefore a molecular variant
that could be enclosed in this subgroup IX-B and IX-C (Fig. 2 and 3).

The results of nested PCR analysis showed that among the 8
insect populations, no phytoplasma presence was detected.
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Table 2. Results of the phytoplasma identification in samples collected from chickpea fields with symptoms of witches broon and

stuntimg.
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Symptoms and host species No. of No. of ‘Ca. Subgroup GenBank
tested positive  Phytoplasma’ Accession
samples  samples numbers
Symptomatic chickpea (Cicer 90 86 ‘Ca. P. 16SrIX-B MG748600,
arietinum) phoenicium’ MG748601
(KF923877) PX952852
periwinkle 16SrIX-C PX952847
virescence PX952848
phytoplasma clone PX952850
pv2 (KR706446)
Asymptomatic Iranian chickpea 33 2 ‘Ca. P. 16SrIX-B PX952854
(Cicer arietinum) phoenicium’
(KF923877)

Chicory (Cichorium intybus) 6 0

Cleavers (Galium aparine) 8 7 Ca. p. phoenicium  16SrIX-B PX952849
(AF455040)

licorice (Glycyrrhiza glabra) 3 0

German chamomile (Matricaria 3 0

chamomilla)

The above identification was confirmed by the sequencing of
selected phytoplasma strains from chickpea and cleavers (G. aparine)
(Table 2).

The obtained aligned sequences of the chickpea, and cleavers
phytoplasma cluster with 40 phytoplasmas were classified into
16S11X-B and 16SrIX-C subgroups (Fig. 4). Inside the group 16SrIX
branch, the chickpea and cleavers phytoplasma strains, that were

2
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Figure 2. Virtual RFLP results using iPhyClassifier software for isolates 52 and 57.

identified in this study, clustered in the same subclade with
previously characterized strains of *Ca. P. pheonicium’ and periwinkle
virescence phytoplasma. The results showed that only the cleavers (G.
aparine) might serve as alternative host for ChpWB phytoplasma.
Two-month-old grafted chickpea plants grown in the greenhouse
developed typical ChpWB symptoms, including narrow leaves and
proliferation, 1-1.5 months post-grafting (Figure 5). Nested PCR
analysis confirmed that the grafted plants were infected with a

dodder was established on healthy plants (Fig. 5).

phytoplasma closely related to previously reported sequences,
including Candidatus Phytoplasma phoenicium strain ChicBS192
(GenBank accession KY986921) and periwinkle virescence

phytoplasma clone pv2 (GenBank accession KR706446).

Results of dodder transmission from chickpea infected plants to
healthy plants resulted in symptoms appearing 20 days after the
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Figure 3. Actual RFLP results obtained using the Tsp5091 enzyme for samples 57, 2, 73, 74, and 75 (subgroup 16S1TX-B), and
samples 69, 53, 52, and 51 (subgroup 16StIX-C), compared with the DNA size marker (100 bp, Fermentas).

were sampled. The 38% of plants grown from seeds collected from
symptomatic plants resulted positive to phytoplasma presence 40 days
after the plants growth from seeds. These plants showed two types of
symptoms: growth retardation, dwarfism, and leaf thinning, and more
severe growth retardation, yellowing, and necrosis of the leaves along
with leaf thinning (Figure 7). At the flowering and podding stages,
plants grown from these seeds in the greenhouse also showed
symptoms of the disease, and in addition to small leaves and reduced
growth, pods did not form in them compared to healthy control plants.,
and necrosis of the leaves along with leaf thinning (Figure 8).

The results of the study showed that the germination percentage of
seeds from symptomless plants in laboratory conditions was 99% and
the germination percentage of seeds from symptomatic plants was
78% (it is important to note that this 78% is the result of cultivating
40% of seeds with a healthy appearance collected from infected plants
in the field (Fig. 6)). Comparison of means using the t-test method
showed that these germination percentages are significantly different.
After 20 to 30 days of seedling plants growth in the insect proof
greenhouse, leaves from seedlings from infected and healthy plants
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Figure 4. Phylogenetic tree of chickpea
phytoplasma strains using Megal2 software by neighbor-joining method
. Numbers on branches are bootstrap coefficients with 100 replicates. The sequences of standard reference strains representing
the main subgroups of the group are indicated in blue, while the sequences obtained in this study are shown in green. Sequences
belonging to other phytoplasma groups are shown in black in the diagram. In each branch, the representative candidate species,
GenBank accession number, and the corresponding group and subgroup are indicated.
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Figure 5.
.Symptoms of chickpea witches’ broom disease caused by phytoplasma transmission via dodder (Cuscuta spp.) from a plant

infected through infected grafting (left) compared with a healthy plant (right).
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Figure 6. Seeds with healthy appearance (left) compared with shriveled seeds produced in witches’ broom infected chickpea
plants (Right).



87 ...14 Jﬁ,@-ﬁa Coos Uu [ J.l;- L;&L_S/ 6\#6)\.«._.3 3 QUI

/‘ LA TN

NS \
; Plant growth from

Y Healthy seed
L\
.',"‘W v

.

1y
Plant growth from infected seed "\
with strain 1

Plant growth from infected seed with strain 11 ” .
e
i A ‘
/.- !:! e
g [P
i. e

sl 5l ol Ol b awslio s VD"-’ slols Olals °-*-56)Ji@-‘€' sla,ds 5l aslbas, sl 7 Jss
(ChpwBlII (IX-C) or Strain I1) | 5 A&, 5 (ChpWBI (1X-B) or starin I) S S S ‘..')&p 3959 ‘VJL., sals

o Sl gole GlalblS Ll s cos OlalS pl s
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days after the transmissions (Fig. 8). Mixed infection of
dodder transmission from infected plant with ChpWB I and |1
induce decline of inoculated plants (Fig 8).
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Discussion

Preliminary studies showed that chickpeas collected
from Noorabad, Lorestan Province in Iran, with symptoms of
stunting, little leaves and witches broom accompanied by
phytoplasma were in 16SrIX group (Ghayeb Zamharir and
Dehghani, 2019). ChpWB disease is one of the new emerging
diseases of chickpea with unknown etiology. The results
presented here showed that ChpWB in Iran is a phytoplasma
disease where some symptoms are similar to those reported
befor (Yang et al., 2013; Luna-Esquivel et al., 2004; Baquero,

1980).

In this study, the results of sequencing, RFLP and
phylogenetic analysis of 16S ribosomal RNA gene of
phytoplasma strains from chickpea samples with symptoms of
witches’ broom disease showed that a phytoplasma strain
related to ‘Ca. P. pheonicium’ was associated with the
symptomatic samples. This result was confirmed by molecular
analyses after grafting and dodder transmission. Among the
collected weeds, chamomile (M. chamomilla), cleaver (G.
aparine), licorice (G. glabra) and chicory (C. intybus), only
cleaver (G. aparine) can serve as source for the phytoplasmas
since the strains from this plant were molecularly similar to the
phytoplasmas detected in chickpea witches” broom and
proliferation disease. This species therefore could potentially
act as a secondary or overwintering host of this pathogen.
There is no report of cleaver phytoplasma infection in Iranian
orchards and fields and this is the first report of this

phytoplasma in this weed. The presence of mixed infection is

suggested based on evidence from both RFLP analysis and
sequence data, and that the use of high-throughput sequencing
approaches may provide more accurate confirmation of this
issue in future studies.

Biological analysis of Ca. P. phoenicium associated with
ChpWB can be transmitted through seeds, although at a lower
rate than expected. Seeds from symptomless plants exhibited
a high germination rate (99%), while seeds from symptomatic
plants germinated at a significantly lower rate (78%),
suggesting that phytoplasma infection negatively affects seed
viability. This reduction in germination may be linked to the
physiological stress induced by the pathogen in developing
seeds, consistent with previous reports of seed-associated
phytoplasmas reducing germination and seedling vigor (Lee et

al., 2000; Zhao et al., 2016).

Nested PCR analysis confirmed that 38% of seedlings
derived from symptomatic seeds were positive for
phytoplasma 40 days after germination, demonstrating vertical
transmission from infected parent plants. The seedlings
exhibited two distinct symptom types: mild symptoms,
including growth retardation, dwarfism, and leaf thinning, and
severe symptoms, including pronounced growth retardation,
yellowing, necrosis, and leaf thinning. These observations
suggest that the severity of seedling symptoms may depend on
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the phytoplasma titer, strain variation, or interactions with host
plant physiology.

Importantly, seedlings that continued growth to the
flowering and podding stages-maintained disease symptoms,
including small leaves, reduced growth, leaf necrosis, and
failure to form pods. This indicates that seed-transmitted
phytoplasma infection can have long-term effects on plant
development and  reproductive  success, potentially
contributing to yield losses in affected fields. These findings
align with previous reports in other legume crops, where seed
transmission of phytoplasmas led to early growth impairment
and reduced reproductive output (Al-Subhi et al., 2020; Yan et

al., 2010).

Overall, the results highlight the role of seeds as a
potential source of inoculum for ChpWB phytoplasma,
emphasizing the importance of using pathogen-free seeds and
monitoring seedling health in integrated disease management
programs. Further studies on phytoplasma distribution within
seeds and the influence of environmental factors on vertical
transmission could provide deeper insights into disease

epidemiology and control strategies.

The results of the mixed infection experiments
demonstrated that the simultaneous presence of two distinct
ChpWB phytoplasma strains in chickpea plants significantly
increased disease severity compared to single-strain infections.
Co-infected seedlings exhibited not only reduced growth,
narrow leaves, and increased internode spacing, but also
severe symptoms such as leaf necrosis and hypersensitive

reactions (Figures 7-8).

Under natural conditions, plants can be simultaneously
infected by phytoplasmas from different 16Sr groups (Yu).
Mixed infections in plants caused by phytoplasmas has been
reported befor in some wooden and herbaceous plants (Marchi
et al., 2015; Trivellone et al., 2026; Ghayebzamharir et al.,
2022). Mixed infections in plants caused by phytoplasmas and
diverse pathogens lead to challenges and complexities in
diagnosing and controlling the associated plant diseases ().

These findings indicate the existence of synergistic
interactions between the strains ChpWBI (IX-B) and
ChpWBII (I1X-C), whereby their combined presence amplifies
tissue damage and disrupts normal physiological processes
more than either strain alone. Such synergistic effects may
result from several factors including (I) increased pathogen
load: The two strains may collectively establish higher active
phytoplasma populations in stems and leaves, intensifying

stress on the host (Bertaccini et al., 2014). (II) Differential
tissue colonization: Each strain may preferentially infect
different tissues, and together they accelerate the spread and
severity of the disease (Seemuller & Schneider, 2007). (1)

Molecular interactions between strains: The presence of one
strain may induce expression of genes in the other, enhancing
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the production of virulence factors that damage the host
(Bertaccini et al., 2014).

This synergistic effect has important epidemiological
implications for ChpWB phytoplasmas strains, as the
coexistence of multiple strains in a region can increase disease
severity and complicate management strategies. These results
also highlight that studies focusing solely on single-strain
infections may underestimate the true impact of the disease in

the field (Kumar et al., 2011).
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