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Abstract

The jujube witches’ broom (JWB) phytoplasma is associated with witches’ broom, dwarfism, and smaller leaves in jujube, resulting in
yield losses. In this study, eight putative JWB effector proteins were identified from potential mobile units of the JWB genome. Among
them, Zaofeng6 induced witches’ broom symptoms in Arabidopsis and jujube. Zaofeng6-overexpressing Arabidopsis and unrooted jujube
transformants displayed witches’ broom-like shoot proliferation. Transient expression of Zaofeng6 induced hypersensitive response
like cell death and expression of hypersensitive response marker genes, like harpin-induced gene 1 (H1N1), and the pathogenesis-
related genes PR1, PR2, and PR3 in transformed Nicotiana benthamiana leaves, suggesting that Zaofeng6 could be a virulence effector.
Yeast two-hybrid library screening and bimolecular fluorescence complementation confirmed that Zaofeng6 interacts with ZjTCP7
through its first two α-helix domains in the cell nuclei. ZjTCP7 mRNA and protein abundance decreased in Zaofeng6 transgenic jujube
seedlings. The expression of some genes in the strigolactone signaling pathway (ZjCCD7, ZjCCD8, and CYP711A1) were down-regulated
in jujube shoots overexpressing Zaofeng6 and in zjtcp7 CRISPR/Cas9 mutants. Zaofeng6 induces shoot proliferation through decreased
expression of ZjTCP7 at the transcriptional and translational levels.

Introduction
Phytoplasmas are wall-less, bacterial pathogens that
belong to the class Mollicutes. Transmitted by phloem-
feeding insect vectors, usually leafhoppers (class Cicadel-
lidae), they infect more than 1000 plant species, causing
serious economic loss worldwide [1, 2]. Phytoplasma
genomes are 600–1600 kb in size, representing the
smallest known genomes. Since phytoplasma lack the
genes for some major metabolic pathways, they inhabit
the nutrient-rich phloem sieve elements in plant hosts
to absorb essential compounds nutrients [3]. A large
portion of the phytoplasma genome consists of repeats
that resemble composite transposable elements, named
potential mobile units (PMUs), which are believed to be
involved in phytoplasma host adaptation [4].

Phytoplasmas encode a functional Sec-dependent
pathway and secrete effectors into host cells, modulating
host defense and morphogenesis [5]. Effector proteins
carry cleavable signal peptides and lack transmembrane
regions. After the cleavage of their signal peptide, mature
effector proteins are secreted into host cells, where they

interact with target proteins in the plant cell cytoplasm
or nuclei [6]. The majority of phytoplasma effectors
studied so far are encoded on PMUs [7]. There are also
some effectors, such as TENGU, encoded outside the PMU
regions [15].

Three phytoplasma effectors and their homologs have
been the focus of several recent studies. The aster
yellows witches’ broom phytoplasma genome encodes
56 secreted proteins (SAPs) that are putative effectors [8].
SAP11AYWB interacts with and destabilizes class II TCP
(TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING
CELL FACTOR) transcription factors, thereby reducing
jasmonic acid synthesis and promoting cell proliferation,
leading to leaf crinkling and stem proliferation pheno-
types [9]. SAP11, identified from the apple proliferation
phytoplasma (‘Candidatus Phytoplasma mali’), targets
and/or destabilizes at least three CIN-TCP proteins and
affects jasmonic acid, salicylic acid, and abscisic acid
(ABA) biosynthesis [10]. Another SAP11 homolog, SWP1
from wheat blue dwarf phytoplasma, induces shoot
proliferation by destabilizing the TCP TF BRC1 [11].
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Figure 1. Typical symptoms of Ziziphus jujuba infected with JWB phytoplasma.

The effector SAP54 degrades MADS-box transcription
factors in transgenic Arabidopsis lines, producing leaf-
like flowers [12]. Homologs of SAP54 were identified in at
least 20 diverse phytoplasma species [13, 14]. Another
phytoplasma effector is TENGU, from onion yellows
phytoplasma. Arabidopsis thaliana lines stably expressing
TENGU display witches’ broom, dwarfism, and flower
sterility [15, 16].

Chinese jujube (Ziziphus jujuba Mill.), or red date, is one
of the oldest cultivated fruit trees in the world and is the
most economically valuable species in the family Rham-
naceae [17, 18] with 2 million hm2 cultivated in China
[19]. The most destructive disease in its production is
jujube witches’ broom (JWB), also called zaofeng disease,
(“zao” is jujube and “feng” is uncontrolled in Chinese)
[20, 21]. JWB phytoplasma infection modifies the devel-
opmental processes of jujube trees, which then show
a wide range of symptoms, such as flower alterations
(virescence, phyllody), witches’ broom, stunting, general
decline and proliferation (Fig. 1), resulting in total losses
in yield and fruit quality [22]. JWB is associated with
the presence of ‘Candidatus Phytoplasma ziziphi’ (16SrV-B
subgroup) [23].

The pathogenic mechanism of JWB has been studied at
the phenotypic, physiological, biochemical, and molecu-
lar levels. The nutritional and mineral contents (such as
N, P, K), plant hormone contents (such as zeatin, IAA, GA3,
ABA) [24], defense-related enzyme activities (such as
peroxidase, superoxide dismutase, polyphenol oxidase)
[25], and photosynthetic activity [26] of diseased jujube
trees have been compared with healthy trees. Gene
expression patterns were compared between healthy and
diseased trees by transcriptomic and proteomic analyses
[27–29]. The expression patterns of TCP [30], lipoxygenase

(LOX) [31], SQUAMOSA promoter-binding protein-like
[32], basic leucine zipper [33], and the mitogen-activated
protein kinase kinase kinase [34] gene family members
were analyzed. Despite this, the pathogenic effectors of
jujube witches’ broom remain unknown, as for most
phytoplasmas. In this study, putative JWB phytoplasma
effectors were mined from PMUs of the JWB phytoplasma
genome. All of them were transformed into Arabidopsis
to screen for induced disease symptoms. Roles of the
effector Zaofeng6 in inducting shoot proliferation were
analyzed.

Results
Identification of putative jujube witches’ broom
phytoplasma virulence effectors
Twenty-seven hypothetical proteins containing a signal
peptide and lacking a transmembrane domain were
predicted as secreted JWB proteins. Five JWB phyto-
plasma PMUs were identified in this study, JWB PMU1
(154393–171 168), JWB PMU2 (267636–288 697), JWB PMU3
(395202–418 693), JWB PMU4 (633467–651 376), and JWB
PMU5 (132010–154 386) (Fig. S1). Eight of these secreted
JWB proteins were encoded in separate PMUs and
identified as putative effectors (Zaofeng1 to Zaofeng8),
numbered based on their location in the JWB phyto-
plasma genome (Table 1, Fig. S1). The physicochemical
properties signal peptide scores. The size of the putative
effector proteins ranged from 111 (Zaofeng6) to 136
(Zaofeng5) amino acids. Their isoelectric points ranged
from 5.64 (Zaofeng5) to 9.70 (Zaofeng1), and their
molecular weights ranged from 13009.14 Da (Zaofeng4)
to 16110.60 Da (Zaofeng5). Phylogenetic analysis showed
that Zaofeng6 belonged to the SAP11-like protein cluster

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/doi/10.1093/hr/uhab032/6510945 by guest on 30 July 2026

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab032#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab032#supplementary-data


Chen et al. | 3

Table 1. Predicted biochemical properties of the putative effectors in JWB phytoplasma.

Putative
JWB

protein

Protein
ID∗

Length
(amino
acids)

Molecular
weight

(Da)

Isoelectric
point

Signal
peptie
score

Location Information on
PMUs

Protein Annotation

Zaofeng1 AYJ01076.1 121 14611.23 9.70 0.554 JWB PMU5 (147712–148 077) hypothetical protein
Zaofeng2 AYJ01077.1 128 15232.83 9.19 0.458 JWB PMU5 (148263–148 649) hypothetical protein
Zaofeng3 AYJ01078.1 122 14249.43 7.89 0.573 JWB PMU5 (148824–149 192) hypothetical protein (SAP54-like)
Zaofeng4 AYJ01094.1 112 13009.14 9.66 0.533 JWB PMU1 (161619–161 957) hypothetical protein
Zaofeng5 AYJ01296.1 136 16110.60 5.64 0.500 JWB PMU3 (405218–405 628) hypothetical protein
Zaofeng6 AYJ01297.1 111 13153.31 9.35 0.462 JWB PMU3 (406706–407 041) hypothetical protein
Zaofeng7 AYJ01300.1 114 14011.14 9.10 0.387 JWB PMU3 (408484–408 828) hypothetical protein
Zaofeng8 AYJ01459.1 114 13519.72 9.66 0.554 JWB PMU4 (640778–641 122) hypothetical protein

∗ Protein ID in JWB phytoplasma genome (Gene bank accession code CP025121) [35]

and shared 48% identity with SAP11AYWB. Zaofeng3
was highly homologous to the phytoplasma effector
SAP54 (87% identity with SAP54PnWB). The other putative
effectors had low identity (less than 25%) with reported
phytoplasma effectors, and therefore might be novel
effectors (Fig. S2).

Overexpression of Zaofeng6 in Arabidopsis and
jujube plants resulted in shoot proliferation
phenotype
The gene fragments of the eight putative effectors
without signal peptide were cloned and expressed in
Arabidopsis to screen their ability to induce phytoplasma-
like symptoms. Most of the Zaofeng6-overexpressing
(OE) Arabidopsis (T0) had significantly greater numbers
of leaves and bolts, while the leaves and flowers
were smaller than those of the wild-type (WT) and
empty vector (EV) plants 50 days after root emer-
gence (Fig. 2a and b). This phenotype is similar to the
proliferation observed in Arabidopsis infected with
JWB phytoplasma by a leafhopper (Hishimonus sellatus)
insect vector [22, 36–38] (Fig. S3). Zaofeng3-OE and
Zaofeng8-OE Arabidopsis also showed phytoplasma-like
symptoms. Overexpression of the other four putative
effectors did not produce symptoms in the transgenic
Arabidopsis (data not shown). In the study, Zaofeng6
was selected for further analysis of its effect on jujube
growth. Zaofeng6-OE jujube shoots produced more
shoots and smaller leaves than WT and EV (Fig. 2c),
which is consistent with the phenotype of JWB-infected
jujube (Fig. 1f).

Zaofeng6 triggered hypersensitive response and
induced the expression of defense-related genes
in tobacco leaves
Transient overexpression assays showed that Zaofeng6
induced hypersensitive response-like cell death in N. ben-
thamiana (Fig. 3a). Zaofeng6 could not suppress cell death
caused by mouse Bcl-2 associated X (BAX) protein (Fig. 3c,
right). Cell death was further confirmed by trypan blue
staining (Fig. 3b and d).

To further analyze the effect of Zaofeng6, defense
response marker genes were examined by qRT-PCR
(Fig. 3e–i). The expression of HIN1, PR1, PR2, and PR3

were significantly up-regulated in tobacco leaves by
transiently expressing Zaofeng6 compared with WT
and transient expression of the EV. In particular, the
expression level of HIN1, PR1, and PR2 increased 20- to
50-fold.

Zaofeng6 interacted with the Z. jujuba TCP
transcription factor ZjTCP7
A yeast two-hybrid (Y2H) library was constructed with
jujube cDNA to screen proteins that interact with
Zaofeng6 in jujube. Eleven jujube proteins were found to
interact with Zaofeng6 (Table S5). An interaction network
between Zaofeng6 and these jujube proteins was
constructed using Cytoscape. The interaction network
predicted that Zaofeng6 might interfere with multiple
processes, including plant defense, growth, development,
and morphogenesis (Fig. S5). Among the 11 proteins that
interact with Zaofeng6, LOC107418855 was annotated
as the TCP transcription factor ZjTCP7, a homolog of
Arabidopsis BRC1 [30], a negative regulator of branching
in the strigolactone signaling pathway (Fig. S5).

The eight members of class II in the TCP family in Z.
jujuba were screened for interaction with Zaofeng6 by
Y2H assays. A clear interaction between Zaofeng6 and
ZjTCP7 was found, while there was a weaker interaction
between Zaofeng6 and ZjTCP16 (Fig. 4b). The interac-
tion between Zaofeng6 and ZjTCP7 was further con-
firmed by bimolecular fluorescence complementation
(BiFC) assays in N. benthamiana. Strong fluorescence sig-
nals were observed in the cell nucleus when ZjTCP7 was
co-expressed with Zaofeng6 (Fig. 4d).

In addition to the N-terminal signal peptide, Zaofeng6
is predicted to contain three α-helix domains (Fig. 4a). A
series of derivatives of Zaofeng6 (Zaofeng6Δα1,
Zaofeng6Δα1Δα2, Zaofeng6Δα3, Zaofeng6Δα2Δα3, and
Zaofeng6Δα1Δα3) were constructed, fused to the BD, and
co-expressed with ZjTCP7 in yeast cells for Y2H assays.
Full-length Zaofeng6 and Zaofeng6�α3 interacted with
ZjTCP7 (Fig. 4c). This interaction was further confirmed
by BiFC assays (Fig. 4d). No fluorescence signals were
detected with other Zaofeng6 derivatives, indicating that
the first two α-helix domains of Zaofeng6 are required
for its interaction with ZjTCP7.
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Figure 2. Overexpression Zaofeng6 in Arabidopsis and jujube induced shoot proliferation and smaller and more numerous leaves.

Figure 3. Zaofeng6 induced hypersensitive response (HR)-like cell death and expression of defense-related genes in tobacco leaves.

The expression of ZjTCP7 was significantly
decreased in unrooted jujube shoots
overexpressing Zaofeng6
The effect of Zaofeng6 on the mRNA level of ZjTCP7
was analyzed. The expression of ZjTCP7 was significantly
decreased in the Z. jujuba shoots overexpressing Zaofeng6

compared with those carrying EV (Fig. 5a). Likewise,
the protein abundance of ZjTCP7 was remarkably
lower in Zaofeng6 transformants compared to WT and
EV transformants (Fig. 5b). Taken together, Zaofeng6
down-regulated the expression of ZjTCP7 at both the
transcriptional and translational levels.
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Figure 4. Zaofeng6 interacted with ZjTCP7 through its first two α-helix domains.

CRISPR-induced zjtcp7 jujube mutants exhibit
shoot proliferation phenotype
CRISPR-Cas9 was used to generate zjtcp7 mutant jujube
shoots. Sequencing and alignment showed that the
target site in ZjTCP7 was successfully deleted by the
CRISPR/Cas9 system in the primary transformants
(Fig. S6). The zjtcp7 mutant jujube shoot had shorter
internodes and a larger number of shoots. The prolifera-
tion phenotype from knockout of ZjTCP7 was similar to
that caused by the overexpression of Zaofeng6 in jujube
shoots (Fig. 5c, Fig. 2c).

Genes involved in strigolactone signal pathway
were down-regulated in the Zaofeng6
transformants and zjtcp7 mutants
The interaction between ZjTCP7 and promoter regions
of the strigolactone (SL) signal pathway genes ZjCCD7,
ZjCCD8, ZjCYP711A1, and ZjMAX2 was screened by yeast
one-hybrid (Y1H). The promoter regions of ZjCCD7,
ZjCCD8, and ZjCYP711A1 interacted with ZjTCP7, while

ZjMAX2 did not (Fig. 5d). The expressions of these three
genes (ZjCCD7, ZjCCD8, and ZjCYP711A1) were signifi-
cantly decreased in both the Zaofeng6-OE transformants
and the zjtcp7 mutants (Fig. 5e). In Zaofeng6-OE and zjtcp7
jujube shoots, the expression level of ZjCCD8 was 10-
fold lower than that in WT. These data suggested that
Zaofeng6 might regulate the expression of these genes
through ZjTCP7.

Hypothetical model of Zaofeng6 induction of
proliferation in Z. jujuba
A hypothetical model of how Zaofeng6 induces shoots
proliferation symptoms in jujube is suggested (Fig. 6).
In diseased jujube plants, JWB phytoplasma secretes
a variety of effector proteins, including Zaofeng6, into
host cells. Zaofeng6 interacts with ZjTCP7, significantly
decreasing its expression at both the transcriptional and
translational levels. Down-regulation of ZjTCP7 causes
jujube shoot proliferation. Another possibility is that
the lower levels of ZjTCP7 protein down-regulates some
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Figure 5. Overexpression of Zaofeng6 decreased the expression of ZjTCP7 and several genes in strigolactone (SL) signaling pathway.

genes like ZjCCD7, ZjCCD8, and ZjCYP711A1 in the SL
signaling pathway. Alteration of the SL pathway may
induce shoot proliferation.

Discussion
The presence of PMUs is a unique characteristic of the
phytoplasma genomes that have been thus far charac-
terized. The PMUs in phytoplasma typically carry effector
and other genes that may have contributed to the adap-
tation of phytoplasma to their pathogenic lifestyle [39].
Four of the PMUS in JWB phytoplasma (JWB PMU1, JWB
PMU2, JWB PMU3, and JWB PMU4) were identified in 2018
by Wang [35]. Here we found one more PMU (JWB PMU5),

which carried characteristic genes such as tra5, hflB, smc,
tmk, and dnaB, but lacked genes such as sigF, ssb, and
himA compared with other PMUs. More importantly, JWB
PMU5 carries three candidate effector genes (Zaofeng1,
Zaofeng2, and Zaofeng3).

Plants possess effector-triggered immunity (ETI),
which often leads to localized programmed cell death
(PCD) or to necrosis, contributing to the hypersensitive
response (HR). The HR occurs at the site of pathogen
invasion to restrict further spread of pathogens [40]. In
response, effectors can attenuate the necrosis caused by
PCD [41]. Zaofeng6 could induce HR-like programmed
cell death, which suggested that Zaofeng6 might trig-
ger ETI. Transformation with Zaofeng6 of jujube and
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Figure 6. Hypothetical model of Zaofeng6 induced proliferation symptoms in Ziziphus jujuba.

Arabidopsis induced a witches’ broom phenotype, which
implied that Zaofeng6 could be considered a virulence
effector that alters plant shoot branching.

ZjTCP7 is homologous to Arabidopsis BRC1, a class
II TCP, which regulates the SL signaling pathway
through interaction with ZjCCD7, ZjCCD8, ZjMAX2, and
ZjCYP711A1. In Arabidopsis, BRC1 and its paralog BRC2
are considered to be key integrators that negatively
control shoot branching within axillary buds [42, 43].
CRISPR/Cas9-mediated knockout of Populus BRC1 and
BRC2 revealed that both genes function in controls of bud
outgrowth and leaf development [44]. A previous study
identified 21 jujube TCP family members, 10 of which,
including the BRC1 homolog ZjTCP7, were differentially
expressed during JWB phytoplasma infection [30]. In
Zaofeng6-OE jujube shoots, levels of both the ZjTCP7
mRNA and ZjTCP7 protein were decreased. CRISPR/Cas9-
mediated mutation of zjtcp7 showed the SL signaling
pathway gene expression patterns and a proliferation
phenotype similar to the Zaofeng6-OE transformants.

Materials and methods
Plant material and phytoplasma strain
In vitro-grown Z. jujuba ‘Huizao’ seedlings were main-
tained and used for transformation as previously
reported [45]. A. thaliana and N. benthamiana were
cultured in a growth chamber under a 16 h light/8 h
dark photoperiod at 23◦C. Phytoplasma-infected Z. jujuba
‘Huizao’ shoots were collected in jujube orchards in
Xinzheng, Henan province and maintained through in
vitro micropropagation as a phytoplasma source [29].
The presence of phytoplasma in both A. thaliana and Z.
jujuba were verified by PCR with primers R16F2n/R16R2.
Amplified products were recovered and sequenced

at Songon (Shanghai, China). The sequence showed
100% similarity with JWB phytoplasma 16S rRNA gene
sequence.

Identification of jujube witches’ broom
phytoplasma putative effectors
Putative effectors were mined from the fully sequenced
JWB phytoplasma genome [35] (Genbank accession code
CP025121) according to Bai et al. [8]. Genes annotated
in the JWB phytoplasma genome as hypothetical pro-
tein were selected for prediction of signal peptide and
transmembrane domains [35]. Signal peptides were pre-
dicted in all proteins by SignalP 4.1 [46]. Trans-membrane
domains were predicted by the TMHMM2.0 program [47].
The secreted JWB proteins that were encoded in PMUs
were identified as JWB phytoplasma putative effectors.
PMUs were identified by the presence of flanking tra5
insertion sequences and DNA replication genes (dnaG,
dnaB, ssb, tmk) [48]. Finally, these eight putative effectors
were named based on their order on the JWB phyto-
plasma genome [48].

Generation of transgenic Arabidopsis and Z.
jujuba lines
To generate transgenic plants overexpressing the iden-
tified effectors, eight putative effector genes without
signal peptides were cloned into the pSAK277 overex-
pression vector using gene-specific primers (Table S1).
Agrobacterium tumefaciens carrying each of the eight effec-
tors and the empty pSAK277 vector were transformed
into Arabidopsis by floral dip [49]. To generate Zaofeng6-
overexpression jujube, in vitro-grown Z. jujuba ‘Huizao’
were used as explants for the leaf disc transforma-
tion method [45]. Insertion of the effector sequences
were detected in both transgenic Arabidopsis seedlings
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and unrooted jujube shoots using specific primers
of pSAK277 vector (Table S1). The specific primers of
pSAK277 were designed according to the sequences of
pSAK277 vector with Primer Premier 5.0.

Generation of zjtcp7 mutant jujube shoots
ThecodingsequenceofZjTCP7 (LOC107418855)was cloned
into the Cas9 vector PXEE401BG-mche+PNGGRRT3X.
The primers (Table S1) containing the target sites were
designed as reported [50]. Upstream and downstream
primers of the target sites were annealed into pairs in
an 85◦C oven. Then the annealed product was connected
with the enzyme-digested Cas9 vector by SE Seamless
Cloning and Assembly Kit (ZOMANBIO, Beijing, China).
To generate zjtcp7 jujube mutants, in vitro jujube shoots
were used as explants for leaf disc transformation [45].

Phenotypic analysis
The phenotypes of T0 transgenic Arabidopsis carrying
Zaofeng6 were compared with WT and Arabidopsis
infected with JWB phytoplasma by leafhopper (Hishi-
monus sellatus) [22, 36–38]. Fifteen Arabidopsis seedlings
were selected to record the growth indexes of rosette
leaf size and number at 50 days after root emergence
and the number of leaves on each bolt. The presence of
phytoplasma in leafhopper and Arabidopsis thaliana were
verified by PCR with phytoplasma 16SrRNA amplification
primers (R16F2n/R16R2) [56, 57]. The phenotypes of
transgenic jujube shoots carrying either the EV or
Zaofeng6 (Fig. S4) were photographed 50 days after
Agrobacterium infection.

Hypersensitive response assays
Zaofeng6 was transiently overexpressed in N. benthamiana
leaves by A. tumefaciens infiltration with a syringe [41].
The pSAK277 EV was transiently overexpressed as neg-
ative control. Transient co-expression assays and trypan
blue staining were carried out according to Wang [41]. As
a positive control, the gene encoding BAX [51] protein was
cloned using primers BAXF/BAXR (Table S4). Leaves were
harvested 7 days after infiltration. Three leaves from
each treatment were inoculated as one biological repli-
cate. Cleared leaves were photographed under a single-
lens reflex camera.

Gene expression pattern analysis
In N. benthamiana, qRT-PCR was used to determine
the transcript levels of HR-related genes (Table S4)
in leaves infiltrated with water (WT) or transiently
transformed with EV or Zaofeng6. In Zaofeng6-OE jujube
shoots and zjtcp7 mutants, qRT-PCR was used to examine
the transcript levels of ZjTCP7 and SL signal pathway
genes such as ZjCCD7, ZjCCD8, ZjMAX2, and ZjCYP711A1
(Table S4). Wild-type and overexpression Zaofeng6 jujube
shoots were set as negative controls. Then qRT-PCR was
performed according to Ye [27].

Yeast two-hybrid library screening
To screen for jujube proteins directly interacting with
Zaofeng6, three types of jujube leaves, symptomatic
(infected and showing obvious JWB pathogenic symp-
toms), asymptomatic (infected but showing normal
phenotype), and healthy (PCR negative and showing
no symptoms) jujube trees were sampled for Y2H
library construction. Library screening was performed
as reported [52]. Fragments from positive yeast were sent
to Sangon Biotech (Shanghai, China, https://www.sango
n.com/) for sequencing. The sequences were searched
by BLAST against the genome of Z. jujuba (Gene bank
accession code JREP00000000) [53]. An in silico-predicted
interaction network was constructed with Cytoscape
software [30] according to the interaction information
from the STRING database [54].

Yeast two-hybrid (Y2H) assays
Y2H assays were carried out as reported [11] to determine
the domain required for Zaofeng6 to interact with
ZjTCP7. Zaofeng6 and a series of Zaofeng6 derivatives,
namely Zaofeng6Δα1, Zaofeng6Δα3, Zaofeng6Δα1Δα2,
Zaofeng6Δα2Δα3, and Zaofeng6Δα1Δα3, were amplified
and cloned into pGBKT7 (ZOMANBIO, Beijing, China).
The coding sequence of the ZjTCP7 gene [30] was ligated
into the pGADT7 (ZOMANBIO) vector. The primers used
for Y2H assays are shown in Table S2.

Bimolecular fluorescence complementation
analysis
To confirm the results of Y2H, BiFC assays were carried
out according to Wang [11]. The series of Zaofeng6 deriva-
tives mentioned earlier and ZjTCP7 were cloned into
pBin-NYFP and pBin-CYFP, respectively. Primers used for
BiFC assays are shown in Table S3. All were transformed
into A. tumefaciens, which was then pressure-infiltrated
by syringe into three N. benthamiana leaves. Leaves were
harvested 48 h after agro-infiltration for confocal laser
observation.

Yeast one-hybrid assay
Y1H assay was carried out as described in a previous
report [55]. Sequences 300–1500 bps upstream of the ini-
tiation codon of each selected gene were amplified from
jujube genomic DNA with designed primers (Table S2)
and fused to the vector pLaczi. The coding regions of
ZjTCP7 were amplified and fused to the vector pB42AD.
Three days after transformation, the transformants were
screened on SD/−Trp-Ura (SD-TU) with 20 mg/L X-Gal for
3–4 days.

Western blotting
Western blotting assays were carried out to explore the
effect of Zaofeng6 on ZjTCP7 protein abundance with
ZjTCP7-specific antibody. Whole jujube transformants
overexpressing Zaofeng6 or EV and zjtcp7 mutant jujube
lines were sampled 50 days after Agrobacterium transfec-
tion. Three plants from each treatment were sampled.
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Total protein extraction, separation, membrane transfer,
and protein bands detected were carried out according to
Wang [41].

Acknowledgments
This work was supported by the National Natural Science
Foundation of China (32071803). We thank Anita K. Snyder
for help in correcting the English of the manuscript.

Author contributions
P.C. and L.C.C. performed the experiments and co-wrote
the manuscript, contributing equally to this work. J.D.L.
and J.C.F. conceived this project and supervised the
experiments. X.Y., B.T., X.B.Z., J.C., and W.W. analyzed the
data. Q.Q.Y. and Y.Z. contributed jujube materials and
reviewed the manuscript. All authors read and approved
the final manuscript.

Data availability
All data needed to evaluate the conclusions in this paper
are present in the paper and/or the Supplementary
Materials.

Conflict of interest statement
The authors declare that the research was conducted in
the absence of any commercial or financial relationships
that could be construed as a potential conflict of interest.

Supplementary data
Supplementary data is available at Horticulture Research
Journal online.

References

1. Bertaccini A, Duduk B, Paltrinieri S et al. Phytoplasmas and
phytoplasma disease: a severe threat to agriculture. Am J Plant
Sci. 2014;5:1763–88.

2. Namba S. Molecular and biological properties of phytoplasmas.
Proc Jpn Acad Ser B. 2019;95:401–18.

3. Kumari S, Nagendran K, Bahadur Rai A et al. Global sta-
tus of phytoplasma disease in vegetable crops. Front Microbiol.
2019;10:1349.

4. Dickinson M. Mobile units of DNA in phytoplasma genomes. Mol
Microbiol. 2010;77:1351–3.

5. Tomkins M, Kliot A, Marée AF et al. A multi-layered mechanistic
modelling approach to understand how effector genes extend
beyond phytoplasma to modulate plant hosts, insect vectors and
the environment. Curr Opin Plant Biol. 2018;44:39–48.

6. Garcion C, Beven L, Foissac X. Comparison of current methods
for signal peptide prediction in phytoplasmas. Front Microbiol.
2021;12:661524.

7. Sugio A, Hogenhout AS. The genome biology of phytoplasma:
modulators of plants and insects. Curr Opin Microbiol. 2012;15:
247–54.

8. Bai X, Correa VR, Toruño TY et al. AY-WB phytoplasma secretes
a protein that targets plant cell nuclei. Mol Plant-Microbe Interact.
2009;22:18–30.

9. Sugio A, Kingdom HN, MacLean AM et al. Phytoplasma protein
effector SAP11 enhances insect vector reproduction by manip-
ulating plant development and defense hormone biosynthesis.
Proc Natl Acad Sci. 2011a;108:E1254–63.

10. Janik K, Mithöfer A, Raffeiner M et al. An effector of apple
proliferation phytoplasma targets TCP transcription factors—a
generalized virulence strategy of phytoplasma? Mol Plant Pathol.
2017;18:435–42.

11. Wang N, Yang H, Yin Z et al. Phytoplasma effector SWP1 induces
witches’ broom symptom by destabilizing the TCP transcription
factor BRANCHED1. Mol Plant Pathol. 2018;19:2623–34.

12. Maclean AM, Sugio A, Makarova OV et al. Phytoplasma effector
SAP54 induces indeterminate leaf-like flower development in
Arabidopsis plants. Plant Physiol. 2011;157:831–41.

13. Maejima K, Iwai R, Himeno M et al. Recognition of floral
homeotic MADS domain transcription factors by a phytoplasmal
effector, phyllogen, induces phyllody. Plant J. 2014;78:541–54.

14. Iwabuchi N, Kitazawa Y, Maejima K et al. Functional variation
in phyllogen, a phyllody-inducing phytoplasma effector family,
attributable to a single amino acid polymorphism. Mol Plant
Pathol. 2020;21:1322–36.

15. Hoshi A, Oshima K, Kakizawa S et al. A unique virulence factor
for proliferation and dwarfism in plants identified from a phy-
topathogenic bacterium. Proc Natl Acad Sci. 2009;106:6416–21.

16. Sugawara K, Honma Y, Komatsu K et al. The alteration of plant
morphology by small peptides released from the proteolytic pro-
cessing of the bacterial peptide TENGU. Plant Physiol. 2013;162:
2005–14.

17. Yao S. Past, present, and future of jujubes—Chinese dates in the
United States. HortScience. 2013;38:672–80.

18. Liu M, Wang J, Wang L et al. The historical and current research
progress on jujube—a superfruit for the future. Hortic Res.
2020;7:119.

19. Liu M. The challenges and countermeasures of jujube industry
during transition period. China Fruits. 2018;1:1–4.

20. Zhu S, Bartoszyk I, Gundersen-Rindal D et al. Characterization
of the phytoplasmas associated with cherry lethal yellows and
jujube witches’-broom diseases in China. Acta Hortic. 1998;472:
701–14.

21. Liu M, Qiao Y, Zhao J et al. Jujube Witches’ Broom Disease. Beijing:
China Agriculture Press; 2009.

22. Jung HY, Sawayanagi T, Kakizawa S et al. ‘Candidatus Phyto-
plasma ziziphi’, a novel phytoplasma taxon associated with
jujube witches’ broom disease. Int J Syst Evol Microbiol. 2003;53:
1037–41.

23. Bertaccini A. Phytoplasmas: diversity, taxonomy, and epidemiol-
ogy. Front Biosci. 2007;12:673–89.

24. Zhao J et al. The variations of endogenous hormones in Chi-
nese jujube infected with witches’ broom disease. Sci Agric Sin.
2006;39:2255–60.

25. Liu YQ et al. Effect of jujube witches’ broom (JWB) phytoplasma
on the chlorophyll and several protective enzymes in jujube
trees. Acta Agriculturae Boreali Sinica. 2012;27:213–7.

26. Liu ZG, Zhao J, Liu MJ. Photosynthetic response to phytoplasma
infection in Chinese jujube. Plant Physiol Biochem. 2016;105:
12–20.

27. Ye X, Wang H, Chen P et al. Combination of iTRAQ proteomics
and RNA-seq transcriptomics reveals multiple levels of regu-
lation in phytoplasma-infected Ziziphus jujuba Mill. Hortic Res.
2017;4:17080.

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/doi/10.1093/hr/uhab032/6510945 by guest on 30 July 2026

https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab032#supplementary-data


10 | Horticulture Research, 2022, 9: uhab032

28. Wang H, Ye X, Li J et al. Transcriptome profiling analysis revealed
co-regulation of multiple pathways in jujube during infection by
‘Candidatus Phytoplasma ziziphi’. Gene. 2018;665:82–95.

29. Wang H, Ye X, Li J et al. Combination of iTRAQ pro-
teomics and RNA-seq transcriptomics reveals jasmonate-
related-metabolisms central regulation during the process of
jujube witches’ broom recovery by tetracycline treatment. Sci
Hortic. 2019;243:197–206.

30. Chen P, Li J, Ye X et al. Genome-wide identification of Ziziphus
jujuba TCP transcription factors and their expression in response
to infection with jujube witches’ broom phytoplasma. Acta Phys-
iol Plant. 2019;41:86.

31. Li J, Chen L, Chen P et al. Genome-wide identification and expres-
sion of the lipoxygenase gene family in jujube (Ziziphus jujuba)
in response to phytoplasma infection. J Plant Biochem Biotechnol. .
https://doi.org/10.1007/s13562-021-00670-4.

32. Shao FJ. Genome-wide identification and characterization of the
SPL gene family in Ziziphus jujuba. Gene. 2017;627:315–21.

33. Zhang Y. Genome-wide analysis of the bZIP gene family in
Chinese jujube (Ziziphus jujuba Mill.). BMC Genomics. 2020;
21:483.

34. Liu ZG. Genome-wide identification of MAPKKK genes and their
response to phytoplasma infection in Chinese jujube (Ziziphus
jujuba Mill.). BMC Genomics. 2020;21:142.

35. Wang J, Song L, Jiao Q et al. Comparative genome analysis
of jujube witches’-broom phytoplasma, an obligate pathogen
that causes jujube witches’-broom disease. BMC Genomics.
2018;19:689.

36. Dai L, Jialuo G, Yuhuan F et al. Leafhopper species screening
of potential vector transmitting jujube witches’-broom phy-
toplasma in Beijing. Journal of Beijing University of Agriculture.
2019;34:59–65.

37. Hao S, Chen YQ, Wang JZ et al. Multiplex-PCR for identification
of two Hishimonus species (Hemiptera: Cicadellidae) in jujube
orchards and detection of jujube witches’ broom (JWB) phyto-
plasma in their bodies. Acta Entomol Sin. 2015;58:264–70.

38. Kusunoki M, Shiomi T, Kobayashi M et al. A leafhopper (Hishi-
monus sellatus) transmits phylogenetically distant phytoplas-
mas: Rhus yellows and Hovenia witches’ broom phytoplasma.
J Gen Plant Pathol. 2002;68:147–54.

39. Ku C, Lo W-S, Kuo C-H et al. Horizontal transfer of
potential mobile units in phytoplasmas. Mob Genet Elements.
2013;3:e26145.

40. Cui H, Tsuda K, Parker JE et al. Effector-triggered immunity:
from pathogen perception to robust defense. Annu Rev Plant Biol.
2015;66:487–511.

41. Wang N, Li Y, Chen W et al. Identification of wheat blue dwarf
phytoplasma effectors targeting plant proliferation and defence
responses. Plant Pathol. 2018;67:603–9.

42. Rameau C, Bertheloot J, Leduc N et al. Multiple pathways regu-
late shoot branching. Front Plant Sci. 2014;5:741.

43. Shang Y, Yuan L, Di Z et al. A CYC/TB1-type TCP transcription
factor controls spikelet meristem identity in barley. J Exp Bot.
2020;71:7118–31.

44. Muhr M, Paulat M, Awwanah M et al. CRISPR/Cas9-mediated
knockout of Populus BRANCHED1 and BRANCHED2 orthologs
reveals a major function in bud outgrowth control. Tree Physiol.
2018;10:1588–97.

45. Feng J, Yu XM, Shang L et al. Factors influencing efficiency of
shoot regeneration in Ziziphus jujuba Mill. ‘Huizao’. Plant Cell
Tissue Organ Cult. 2009;101:111–7.

46. Petersen TN, Brunak S, von Heijne G et al. SignalP 4.0 discriminat-
ing signal peptides from transmembrane regions. Nat Methods.
2011;8:785–6.

47. Krogh A, Larsson B, von Heijne G et al. Predicting transmembrane
protein topology with a hidden Markov model: application to
complete genomes. J Mol Biol. 2001;305:567–80.

48. Bai X, Zhang J, Ewing A et al. Living with genome in stability:
the adaptation of phytoplasmas to diverse environments of their
insect and plant hosts. J Bacteriol. 2006;188:3682–96.

49. Clough SJ, Bent AF. Floral dip: a simplified method for Agrobac-
terium-mediated transformation of Arabidopsis thaliana. Plant J.
2010;16:735–43.

50. Concordet JP, Maximilian, h. CRISPOR: intuitive guide selec-
tion for CRISPR/Cas9 genome editing experiments and screens.
Nucleic Acids Res. 2018;W1:W242–5.

51. Abid K, Fazaa B, Hadouchi CH et al. Differential expression of
Bcl-2, Bax, and CD95 in DNA repair-proficient and DNA repair-
deficient basal cell carcinoma patients. Int J Dermatol. 2006;45:
1482–5.

52. Cowell IG. Yeast two-hybrid library screening. In: Cowell IG,
Austin CA (eds.). cDNA Library Protocols (Methods in Molecular
Biology), vol. 69. Totowa, NJ: Humana Press, 1997, 185–202.

53. Liu MJ, Zhao J, Cai Q-L et al. The complex jujube genome provides
insights into fruit tree biology. Nat Commun. 2014;5:5315.

54. Chen JH, Yang R, Wang YP et al. Expression data analysis to
identify key target genes in visceral fat tissue associated with
obstructive sleep apnea. Eur Rev Med Pharmacol Sci. 2015;19:
4293–9.

55. Sun M, Shi M, Wang Y et al. The biosynthesis of phenolic acids
is positively regulated by the JA-responsive transcription factor
ERF115 in Salvia miltiorrhiza. J Exp Bot. 2019;70:243–54.

56. Gundersen DE, Lee IM. Ultrasensitive detection of phytoplasmas
by nested-PCR assays using two universal primer pairs. Phy-
topathol Mediterr. 1996;35:144–51.

57. Lee IM, Bertaccini A, Vibio M et al. Detection of multiple phyto-
plasmas in perennial fruit trees with decline symptoms in Italy.
Phytopathology. 1995;85:728–35.

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/doi/10.1093/hr/uhab032/6510945 by guest on 30 July 2026

https://doi.org/https://doi.org/10.1007/s13562-021-00670-4

	Phytoplasma effector Zaofeng6 induces shoot proliferation by decreasing the expression of ZjTCP7 in Ziziphus jujuba
	Introduction
	Results
	Discussion
	Materials and methods
	Acknowledgments
	Author contributions
	Data availability
	Conflict of interest statement
	Supplementary data


