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Abstract 

Increasing evidence is proving the biological significance of the phytoplasma-secreted proteins. However, besides a 
few Sec-dependent secretory proteins, no other phytoplasma-secreted proteins have been reported yet. Candidatus 
Phytoplasma ziziphi is a phytoplasma that causes witches’-broom, a devastating jujube disease prevalent in east Asia. 
In this study, using the SecretomeP server coupled with an Escherichia coli-based alkaline phosphatase assay, we 
identified 25 non-classically secreted proteins (ncSecPs) from Ca. P. ziziphi, a novel type of secreted protein associated 
with phytoplasmas. Among them, six were characterized as hypersensitive cell death response (HR) suppressors that 
significantly attenuated both Bax- and INF1-triggered HR and  H2O2 accumulation in Nicotiana benthamiana, indicat-
ing a so-far unknown role of the phytoplasma-secreted proteins. Further, we demonstrated that despite the diverse 
subcellular localizations in the N. benthamiana cells, the six HR-suppressing ncSecPs enhanced the gene expression of 
several known cell death inhibitors, including pathogenesis-related proteins (NbPR-1, NbPR-2, and NbPR-5) and Bax 
inhibitor-1 (NbBI-1 and NbBI-2). Together, our data indicated that Ca. P. ziziphi has evolved an arsenal of ncSecPs that 
jointly circumvent HR by activating the plant cell death inhibitors, thus providing new insight into understanding the 
pathogenesis of phytoplasmas.
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Background
Phytoplasmas, belonging to the class Mollicutes, phylum 
Tenericutes, comprise a group of highly diverse phy-
topathogenic bacteria characterized by pleiomorphism, 
lack of a cell wall, and small genome size (Gundersen 

et al. 1994; Bertaccini 2007; Hogenhout et al. 2008; Pagli-
ari and Musetti 2019; Bertaccini et al. 2022;). Under natu-
ral conditions, they are transmitted by dodder species 
and phloem-feeding insects, including leafhoppers, plant 
hoppers, and psyllids (Bertaccini 2007; Hogenhout et al. 
2008). Phytoplasmas cause considerable damage world-
wide in over 1,000 plant species, ranging from crops to 
fruit trees to ornamentals, with the infected plants usu-
ally displaying severe symptoms, including phyllody, 
virescence, the proliferation of shoots (Witches’ broom), 
stunting, little leaf, and yellowing (Lee et al. 2000; Bertac-
cini 2007; Ermacora and Osler 2019).
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To establish and facilitate infection of their hosts, the 
plant pathogenic bacteria usually utilize sophisticated 
export mechanisms to deliver so-called effector proteins 
into the host cells (Stavrinides et  al. 2008; Deslandes 
and Rivas 2012). Since phytoplasmas have evolved from 
gram-positive ancestors (Weisburg et al. 1989), they lack 
the type III secretion system (T3SS), T4SS, and T6SS, 
which many Gram-negative bacteria usually used for 
delivering effectors into the host cells (Cambronne and 
Roy 2006; Shames and Finlay 2012; Galán and Waksman 
2018). Instead, phytoplasmas harbor SecA, SecE, and 
SecY (Kakizawa et al. 2001, 2004; Barbara et al. 2002), the 
minimal set of components required for a general secre-
tory (Sec) pathway that is conserved across all domains of 
life (Tsirigotaki et  al. 2017), indicating that these bacte-
ria export proteins through the Sec-dependent secretion 
system. Furthermore, mining of the genomes of phyto-
plasmas, like aster yellows phytoplasma strain witches’ 
broom (AY-WB), onion yellows phytoplasma mild 
strain (OY-M), and peanut witches’ broom phytoplasma 
(PnWB), revealed that all the phytoplasma species encode 
numerous proteins bearing a classical tripartite struc-
tured Sec signal peptide (SP), which guides the proteins 
into the bacterial extracellular space via the Sec pathway 
(Bai et al. 2009; Hoshi et al. 2009; Anabestani et al. 2017).

Among the phytoplasma Sec-dependent secretory pro-
teins, a few have reportedly contributed to pathogenesis. 
For example, the AY-WB SAP54 and its homolog PHYL1 
in OY-W phytoplasma mimic ubiquitin as a media-
tor between the MADS-domain transcription factors 
(MTFs) and the proteasome shuttle proteins RAD23 to 
promote the degradation of MTFs, which finally causes 
phyllody (MacLean et al. 2011, 2014; Maejima et al. 2014; 
Kitazawa et  al. 2022). Additionally, AY-WB SAP11, as 
well as its homologs in wheat blue dwarf  phytoplasma, 
apple proliferation phytoplasma and maize bushy stunt 
phytoplasma, induces shoot proliferation by interact-
ing and destabilizing the TEOSINTE BRANCHED 
1-CYCLOIDEA-PROLIFERATING CELL FACTOR 
(TCP) transcription factors (Sugio et al. 2011; Janik et al. 
2017; Chang et al. 2018; Wang et al. 2018b; Pecher et al. 
2019; Zhou et al. 2021). Moreover, a Sec-dependent pro-
tein of OY-M, namely TENGU, was reported to induce 
symptoms of witches’ broom and dwarfism by inhibiting 
auxin-related pathways (Hoshi et  al. 2009; Sugawara  et 
al. 2013). Interestingly, besides interfering with plant 
development, SAP11 and SAP54 have been shown to 
either enhance insect vector reproduction or their colo-
nization in plants (Sugio et al. 2011; MacLean et al. 2014).

The identification and characterization of the Sec-
dependent secretory proteins greatly advance the knowl-
edge of phytoplasma-plant interactions. Unfortunately, 
besides the Sec-dependent proteins, none of the other 

types of secreted proteins have been discovered in phyto-
plasmas. Non-classically secreted proteins (ncSecPs) are 
a type of secreted proteins that lack SPs or translocation 
signals but are still exported to the extracellular environ-
ment (D’Costa and Boyle 2000; Madureira et  al. 2007; 
Pasztor et al. 2010; Oliveira et al. 2012; Ebner et al. 2016). 
Although the ncSecPs secretion mechanisms remain 
elusive, emerging evidence indicates that these proteins 
widely exist in bacteria and are vital to bacterial viru-
lence or niche adaptation (Madureira et al. 2007; Pasztor 
et al. 2010; Oliveira et al. 2012; Ebner et al. 2016; Du et al. 
2021). In this study, we reported that Candidatus Phy-
toplasma ziziphi, a phytoplasma associated with jujube 
witches’-broom (JWB), has evolved ncSecPs. Using in 
silico prediction coupled with an Escherichia coli-based 
alkaline phosphatase (PhoA) assay (Liu et  al. 2019; Du 
et  al. 2021), we identified 25 ncSecPs encoded by the 
Ca. P. ziziphi genome. Among them, six ncSecPs were 
shown to block hypersensitive cell death response (HR) 
triggered by both the pro-apoptotic mouse protein Bax 
(Lacomme and Santa Cruz 1999) and the Phytophthora 
infestans elicitin INF1 (Kamoun et al. 1998) in Nicotiana 
bentamiana. To the best of our knowledge, the HR-sup-
pressing effector has not yet been identified from phyto-
plasmas to date. These novel effectors may shed light on 
how phytoplasmas overwhelm the host immunity.

Results
In silico analysis of the ncSecP candidates in Ca. P. ziziphi
The SecretomeP 2.0 software package has been trained 
to predict ncSecPs in Gram-positive and Gram-negative 
bacteria with the corresponding default settings of either 
‘Gram-positive bacteria’ or ‘Gram-negative bacteria’ 
(Bendtsen et al. 2005). Here we employed this server to 
screen ncSecPs in Ca. P. ziziphi on a genome-wide scale. 
However, phytoplasmas are well-known for being in nei-
ther the Gram-positive group nor the Gram-negative 
group due to their distinguished membrane composi-
tions (Razin et  al. 1998). To improve the reliability and 
accuracy of the SecretomeP server on the phytoplasma 
ncSecP prediction, our strategy involved separately eval-
uating the annotated proteins of Ca. P. ziziphi with the 
‘Gram-positive bacteria’ and ‘Gram-negative bacteria’ 
prediction models, with only the proteins scoring above 
0.5 in both pipelines being recognized as the ncSecP can-
didates. After removing the redundant genes, 320 and 
103 proteins with a score above 0.5 were identified by the 
models of ‘Gram-positive bacteria’ and ‘Gram-negative 
bacteria’, respectively (Additional file 1: Table S1). Further 
comparison of these two datasets revealed 95 common 
proteins, which represent the ncSecP candidates of Ca. 
P. ziziphi (Fig.  1 and Additional file  2: Table  S2). Based 
on these putative ncSecPs, we particularly targeted those 
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annotated as ‘hypothetical protein’ in an effort to iden-
tify novel proteins potentially involved in Ca. P. ziziphi 
virulence. Finally, a total of 37 related genes (Table  1) 
were successfully cloned and subjected to subsequent 
experiments.

Experimental verification of the ncSecP candidates of Ca. 
P. ziziphi
We further employed the E. coli-based PhoA system, a 
valid and reliable method for determining the bacterial 
ncSecPs (Du et al. 2021), to examine the secretion of the 
in silico predicted ncSecPs of Ca. P. ziziphi. We cloned 
the coding sequence of each selected ncSecP candidate 
(Table  1) into pET-mphoA (Fig.  2a), where it was fused 
with mphoA lacking a native SP sequence, to generate 
the pET-ncSecP-mphoA construct for the PhoA assay. 
The results showed that 12 among the 37 tested ncSecP 
candidates failed to be secreted (Table  1), as the bacte-
rial cells expressing their mphoA fusion proteins showed 
no color change even after the 24 h incubation on indica-
tor LB agar, similar to the negative control cells express-
ing only mphoA (Fig. 2b). In contrast, the mphoA fusion 
proteins of the other 25 ncSecP candidates unambigu-
ously exhibited PhoA activity, and drove the bacterial 
cells to turn blue after between 12 and 24 h of incubation 
(Table  1and Fig.  2b). Therefore, these 25 ncSecP candi-
dates were considered to be secreted and referred hereaf-
ter as Pzi-ncSecP.

Identification of Pzi‑ncSecPs that suppress HR in Nicotiana 
benthamiana
When challenged with phytopathogens, plants may ini-
tiate HR, an active plant immune response accompa-
nied by rapid and localized cell death (Coll et  al. 2011; 
Stael et al. 2015). On the other hand, to counter this and 
ensure their  success in plant infection, many pathogens 
evolve effector proteins that interfere with or suppress 

HR (Da Cunha et  al. 2007; Dou and Zhou 2012; Lo 
Presti et al. 2015; Zvereva et al. 2016). However, whether 
Ca. P. ziziphi has evolved such a type of effector is still 
unknown. To clarify this issue, we employed a potato 
virus X (PVX)-based expression system coupled with 
two distinct HR inducers (Jones et  al. 1999), the mouse 
pro-apoptotic mouse protein Bax and the P. infestans 
elicitin protein INF1 (Kamoun et al. 1998; Lacomme and 
Santa Cruz 1999), to identify the Ca. P. ziziphi effector(s) 
involved in HR suppression. Based on the assays, six 
of the 25 Pzi-ncSecPs, ncSecP 3, 9, 12, 14, 16, and 22, 
remarkably suppressed both Bax- and INF1-triggered 
HR in N. benthamiana (Fig. 3a, b). Moreover, consistent 
with their roles in HR suppression, these six Pzi-ncSecPs 
also inhibited the Bax- and INF1-triggered accumulation 
of  H2O2 (Fig. 3c and Additional file 3: Figure S1), a criti-
cal reactive oxygen species (ROS) that contributes to HR 
(Petrov and Van Breusegem 2012). In contrast, the rest 
of the Pzi-ncSecPs inhibited neither cell death nor  H2O2 
accumulation triggered by Bax or INF1 (data not shown). 
Collectively, a total of six Pzi-ncSecPs were identified as 
HR suppressors, thus indicating a novel role of the phyto-
plasmal effectors.

Subcellular localization of the HR‑suppressing Pzi‑ncSecPs 
in N. benthamiana
We next examined the subcellular localizations of the 
six HR-suppressing Pzi-ncSecPs in plant cells. We fused 
the coding sequence of each Pzi-ncSecP with green 
fluorescence protein (GFP) reporter gene (Fig.  4a), and 
transiently expressed them in leaves of 4-week-old N. 
benthamiana leaves, followed by microscopic evalua-
tion (Fig.  4b). The results indicated that ncSecP12 and 
ncSecP16, resembling free GFP, were evenly distributed 
in the cells. Although ncSecP9 was also present in the 
whole cell, it was less abundant in the nucleus than in 
the free GFP. Both ncSecP3 and ncSecP22 were predomi-
nately nuclear localized, and particularly, the latter was 
inclined to target the nucleolus. In addition, ncSecP14 
was generally localized in both the cytoplasmic and the 
nuclear membrane but not the nucleus. Therefore, this 
suggested that the six Pzi-ncSecPs, after entering the 
plant cells, might target the different cellular compart-
ments, thereby showing diverse subcellular localizations.

The HR‑suppressing Pzi‑ncSecPs enhanced gene 
expression of the cell death suppressors in N. benthamiana
To probe the HR suppression mechanisms of the six Pzi-
ncSecPs, we investigated the expression of the defense-
related genes in the N. benthamiana leaves that initially 
transiently expressed each of the HR-suppressing Pzi-
ncSecPs. These were then challenged with Bax or INF1, 
with the leaves co-expressing GFP and Bax/INF1 being 

Fig. 1 Venn diagram of the Candidatus Phytoplasma ziziphi ncSecP 
candidates generated with the pipelines of ‘Gram-positive bacteria’ 
and ‘Gram-negative bacteria’ of the SecretomeP 2.0 server. ‘G-’ and 
‘G + ’ represent the ‘Gram-positive bacteria’ and ‘Gram-negative 
bacteria’ models of SecretomeP 2.0, respectively
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the controls. Bax inhibitor-1 (BI-1) is a well-known cell 
death inhibitor in both plants and animals (Hückelhoven 
et al. 2003; Ishikawa et al. 2011). Using reverse transcrip-
tion-quantitative PCR (RT-qPCR), we detected that the 
elevated transcriptional levels of both the BI-1 homolo-
gous genes in N. benthamiana (NbBI-1 and NbBI-2) in 
leaves expressing each of the Pzi-ncSecPs coupled with 
Bax or INF1 (Fig.  5a). Notably, the NbBI-2 expression 
level was more significantly upregulated as compared 
with that of NbBI-1 in any of the treated leaves, besides 
those co-expressing ncSecP3 and Bax, or ncSecP12 and 

INF1, in which the two BI-1 genes exhibited a compara-
ble increased level.

PR proteins (PR-1, PR-2, and PR-5) are the key 
defense components that positively promote basal 
resistance and systematic acquired resistance (SAR) 
in plants (Breen et  al. 2017; Ali et  al. 2018). However, 
recent studies showed that overexpression of the PR 
genes, in particular PR-1 and PR-5, greatly inhibit HR 
(Lincoln et  al. 2018; Du et  al. 2021). We, therefore, 
evaluated whether the six HR-suppressing Pzi-ncSecPs 
interfered with the expression of PR-1, PR-2, and PR-5 

Table 1 The Candidatus Phytoplasma ziziphi ncSecP candidates subjected to PhoA assays

The protein IDs and annotation are based on the complete genomic data of Ca. P. ziziphi (GenBank No. CP025121.1)
a  ‘aa’ indicates the number of amino acid residues of the protein
b PhoA assays were performed as described in the ‘Methods’ section. Single ( +), double (+ +), and triple asterisks (+ + +) indicate weak, moderate, and strong PhoA 
activity, respectively. (–) indicates no phoA activity

Name Protein ID Length (aa)a Annotation PhoA  activityb

ncSecP1 WP_121463741.1 217 hypothetical protein  + 

ncSecP2 WP_121463765.1 146 hypothetical protein  +  + 

ncSecP3 WP_161554967.1 52 hypothetical protein  +  + 

ncSecP5 WP_121463805.1 123 hypothetical protein  +  + 

ncSecP6 WP_121463806.1 286 hypothetical protein  +  + 

ncSecP7 WP_121463824.1 277 hypothetical protein  +  +  + 

ncSecP8 WP_121463835.1 191 hypothetical protein –

ncSecP9 WP_121463838.1 59 hypothetical protein  + 

ncSecP10 WP_121463872.1 190 hypothetical protein  + 

ncSecP11 WP_152031101.1 141 hypothetical protein  + 

ncSecP12 WP_161554974.1 58 hypothetical protein  +  + 

ncSecP13 WP_121463892.1 163 hypothetical protein  + 

ncSecP14 WP_121463915.1 146 hypothetical protein  +  + 

ncSecP15 WP_121463926.1 206 hypothetical protein  +  + 

ncSecP16 WP_161554978.1 50 hypothetical protein  +  + 

ncSecP18 WP_121463966.1 124 hypothetical protein  + 

ncSecP19 WP_121463967.1 97 hypothetical protein  + 

ncSecP20 WP_121463969.1 113 hypothetical protein –

ncSecP21 WP_121463975.1 191 hypothetical protein  +  +  + 

ncSecP22 WP_121463976.1 196 hypothetical protein  +  + 

ncSecP23 WP_121464013.1 105 hypothetical protein –

ncSecP26 WP_121464021.1 163 hypothetical protein  + 

ncSecP27 WP_121464077.1 211 hypothetical protein –

ncSecP28 WP_152031104.1 90 hypothetical protein –

ncSecP29 WP_121464083.1 153 hypothetical protein  + 

ncSecP30 WP_121464103.1 228 hypothetical protein –

ncSecP31 WP_121464104.1 148 hypothetical protein  + 

ncSecP32 WP_152031107.1 65 hypothetical protein –

ncSecP33 WP_121464189.1 75 hypothetical protein  + 

ncSecP34 WP_161554994.1 53 hypothetical protein –

ncSecP35 WP_121464264.1 107 hypothetical protein  + 

ncSecP36 WP_121464202.1 278 hypothetical protein  +  + 

ncSecP38 WP_121464213.1 222 hypothetical protein  +  +  + 
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in N. benthamiana. The results showed that, in leaves 
expressing any of the six Pzi-ncSecPs together with Bax 
or INF1, the expression levels of the three NbPR genes 
were all substantially upregulated (Fig.  5b). Remark-
ably, the expression level of either NbPR-1 or NbPR-
5 was more significantly upregulated than that of 
NbPR-2 in the treated leaves, except the ncSecP 12- or 
ncSecP14-expressing leaves coupled with Bax, wherein 

the increased NbPR-1 expression was lower than that of 
NbPR-2.

Discussion
While increasing numbers of ncSecPs have been identi-
fied in both Gram-positive and Gram-negative bacteria 
(D’Costa and Boyle 2000; Madureira et  al. 2007; Pasz-
tor et  al. 2010; Oliveira et  al. 2012; Ebner et  al. 2016), 
these were never identified in phytoplasmas, a group of 
fastidious phloem-limited bacteria (Hogenhout et  al. 
2008; Pagliari and Musetti 2019). Ca. P. ziziphi is a phy-
toplasma with a highly reduced genome (only 0.75  M) 
encoding 694 putative proteins (Wang et  al. 2018a). 
Here, using bioinformatics-based prediction coupled 
with the E. coli-based PhoA assay, we demonstrated that 
Ca. P. ziziphi encoded 25 ncSecPs (termed Pzi-ncSecPs), 
and thus proved that phytoplasmas have also evolved 
ncSecPs. Although numerous phytoplasma-secreted 
proteins have previously been identified, they all are Sec-
dependent secretory proteins (Bai et al. 2009; Hoshi et al. 
2009; Anabestani et al. 2017). Taken together, we propose 
that, except for the Sec-dependent secretion system, the 
phytoplasmas have evolved additional secretion appa-
ratuses, like the non-classical secretion pathway(s), to 
deliver proteins into host plants.

When entering the host plants, the pathogen-secreted 
proteins usually target and usurp the host cell functions, 
including immune response, ubiquitination, protein modi-
fication, and cell signaling, thereby promoting infection 
and causing disease (Stavrinides et  al. 2008; Deslandes 
and Rivas 2012). Likewise, in phytoplasmas, a few Sec-
dependent secretory proteins have been uncovered to 
cause abnormal plant morphologies, including shoot pro-
liferation and phyllody, by interfering with protein deg-
radation or hormone signaling of the plants (Hoshi et  al. 
2009; Sugio et al. 2011; MacLean et al. 2011; Maejima et al. 
2014; Janik et al. 2017; Wang et al. 2018b; Zhou et al. 2021), 
thus indicating their negative impacts on  plant  growth 
and development. However, the phytoplasmal effectors 
that counteract the plant immune responses remain unex-
plored. In this study, we showed that six of the 25 Pzi-
ncSecPs were able to inhibit Bax- and INF1-triggered HR 

Fig. 2 Validation of the putative ncSecPs of Candidatus Phytoplasma 
ziziphi by using the Escherichia coli-based PhoA assays. a Diagrams 
of prokaryotic expression cassettes for phoA and its related fusion 
genes. The pET-phoA harboring the full-length phoA gene was used 
as the positive control, while pET-mphoA containing mphoA without 
a signal peptide (SP)-encoding sequence was used as the negative 
control. The Ca. P. ziziphin ncSecP was cloned into pET-mphoA and 
fused with mphoA, resulting in pET-ncSecP-mphoA. T7 indicates T7 
promoter, and Ter represents T7 terminator. b PhoA assays verified 
the secretion of the in silico predicted Ca. P. ziziphin ncSecPs. The E. 
coli cells expressing phoA fusions were grown on the indicator LB 
medium, as described in the ‘Methods’ section. The images were 
taken after 12 and 24 h of incubation. Twenty-five of 37 candidates 
were clarified to be ncSecPs. Representatives of the ncSecPs with 
strong (ncSecP7), medium (ncSecP2), and weak (ncSecP1) secretion 
activities are shown

Fig. 3 Effects of the Candidatus Phytoplasma ziziphi ncSecPs (Pzi-ncSecPs) on hypersensitive cell death response (HR) in Nicotiana benthamiana. 
a Six Pzi-ncSecPs inhibited the Bax- and INF1-triggered HR. A total of 25 Pzi-ncSecPs were examined with the HR suppression assays, as described 
in the Methods section, with the green fluorescent protein (GFP) as the negative control. HR symptoms were recorded five days post-Bax- or 
INF1-infiltration. The HR suppression activity of each Pzi-ncSecP was evaluated with the suppression number/infiltration number (CDS/I) index. 
The data from three independent experiments were combined as averages. Only the Pzi-ncSecPs exhibiting suppression (CDS/I ≥ 50%) are shown. 
Asterisks in columns indicate statistically significant differences based on Student’s t-test (*, P < 0.05; **, P < 0.01). b HR suppression phenotypes 
caused by the Pzi-ncSecPs. Photos were taken five days after Bax- or INF1-infiltration. c Pzi-ncSecP16 suppressed Bax- and INF1-induced  H2O2 
accumulation. GFP was used as the negative control. Similar results were observed for Pzi-ncSecP3, 9, 12, 14, and 22 (Additional file 3: Figure S1). The 
N. benthamiana leaves were detached two days after Bax- or INF1-infiltration, and subsequently stained with DAB

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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and  H2O2 accumulation in N. benthamiana. HR represents 
a robust plant defense mechanism that restricts further col-
onization and the spread of plant pathogens at the infection 
site (Coll et al. 2011; Stael et al. 2015). Thus, the finding that 
the Pzi-ncSecPs acted as HR suppressors offers insights 
into how the phytoplasmas circumvent the plant immune 
responses.

The HR-suppressing effectors have been widely identified 
in both hemibiotrophs and biotrophs, including Phytoph-
thora species (Wang et al. 2011; Pais et al. 2013) and Pseu-
domonas syringae (Jamir et al. 2004; Guo et al. 2009; Wei 
et al. 2018). Whereas many of them are known to suppress 
HR, usually by inactivating positive immune regulators 
(Jamir et al. 2004; Fujikawa et al. 2006; Rajput et al. 2014), 
emerging evidence indicates that some effectors instead are 
associated with negative regulators of HR. For example, the 
P. infestans RXLR effector Pi02860 suppresses HR by physi-
cally interacting with potato NPH3/RPT2-LIKE1 (NRL1), 
a predicted CULLIN3-associated ubiquitin E3 ligase that 
acts as a negative regulator of HR-induced cell death (Yang 
et  al. 2016). This study showed that six HR-suppressing 
ncSecPs of Ca. P. ziziphi significantly enhanced the tran-
scriptional levels of three PR genes (NbPR-1, NbPR-2, and 
NbPR-5) and BI-1 homologous genes (NbBI-1 and NbBI-2) 
in N. benthamiana, thereby suggesting that the Pzi-ncSecPs 
attenuated HR by hijacking the host cell death inhibitors. 
In addition, given their diverse plant subcellular localiza-
tion patterns, these regulated the transcription of PR and 
BI-1 genes probably by targeting different host cellular fac-
tors. Nevertheless, the data highlighted a potential strategy 
used by the Ca. P. ziziphi ncSecPs to counteract the plant 
immune responses.

The finding that the HR-suppressing ncSecPs of Ca. P. 
ziziphi induced transcription of PR genes was consistent 
with our recent study, where the Gram-negative bacte-
rium ‘Candidatus Liberibacter asiaticus’ (CLas) produce 
a suit of ncSecPs that inhibit HR presumably by inducing 
overexpression of PR-1, PR-2, and PR-5 genes (Du et  al. 
2021). Like Ca. P. ziziphi, CLas is also an intracellular bac-
terium, which resides within the phloem cells (Wang et al. 
2017). This prompted us to ask whether suppressing HR via 
ncSecPs to activate the host PR proteins represents a prev-
alent mechanism among intracellular bacteria.

In summary, the study showed that Ca. P. ziziphi has 
evolved an array of ncSecPs. Among them are six effec-
tors that inhibit HR, presumably by upregulating the 
gene expression of the cell death inhibitors, including 

PR-1, PR-2, PR-5, and BI-1 homologs. To the best of our 
knowledge, all phytoplasmas determined to date induce 
diverse symptoms in their host plants (Lee et  al. 2000; 
Bertaccini 2007; Ermacora and Osler 2019), but without 
HR-induced cell death, which indicates that the bacteria 
have evolved novel mechanisms to counteract the plant 
HR. In this study, the identification of the Pzi-ncSecPs as 
HR suppressors indicated that the Ca. P. ziziphi bacte-
ria deployed their ncSecPs to activate the host cell death 
inhibitors, thereby compromising the plant HR to facili-
tate the bacterial infection and colonization (Fig. 6). This 
indicated a novel plant-phytoplasma interaction, which 
merits further investigation.

Conclusions
In this study, we showed that Ca. P. ziziphi, a type phy-
toplasma, encoded multiple ncSecPs that have not been 
previously identified from the phytoplasma species. Fur-
thermore, a few ncSecPs were determined as HR sup-
pressors that inhibited the plant HR presumably via the 
host cell death inhibitors. The results not only indicate 
the role of ncSecPs in phytoplasmal colonization and 
infection of the host plants but also shed light on how 
phytoplasmas overwhelm the plant immune responses.

Methods
Bioinformatics analysis
The annotated proteins derived from the complete Ca. P. 
ziziphi genome (GenBank No. CP025121.1) were depos-
ited into the SecretomeP 2.0 Server (Bendtsen et  al. 
2005), followed by analysis with the default settings of 
‘Gram-positive bacteria’ or ‘Gram-negative bacteria’. The 
proteins that scored > 0.5 in both these prediction models 
were identified as the ncSecP candidates.

PhoA assay
PhoA assays were performed as described previously 
(Liu et  al. 2019). First, the coding sequence of each 
tested protein was amplified using gene-specific prim-
ers (Additional file 4: Table S3), and subsequently cloned 
into the Nde I/Hind III double-digested pET-mphoA 
vector containing the mphoAgene without a native SP-
coding sequence. The resulting constructs were indi-
vidually transformed into the E. coli BL21 cells. The 
PhoA activities of the transformants were detected 
on indicator LB agar supplemented with 90  µg/mL 
5-bromo-4-chloro-3-indolyl phosphate (BCIP), 100  mM 

(See figure on next page.)
Fig. 4 Subcellular localization of the HR-suppressing Pzi-ncSecPs in Nicotiana benthamiana. a Schematic of the expression cassettes for the green 
fluorescent protein (GFP) gene and the fusion gene ncSecP-GFP. 35S and NOS represent CaMV 35S promoter and nopaline synthase terminator, 
respectively. b Fluorescence of the ncSecP-GFP fusion proteins in the epidermal cells of the N. benthamiana leaves. The N. benthamiana leaves were 
infiltrated with agrobacterial cells harboring the GFP gene or the ncSecP-GFP fusion gene. At 60 h post-inoculation, GFP fluorescence was observed 
using confocal microscopy, with H2B-dsRed as the nuclear marker. Scale bars indicate 20 µm
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Fig. 4 (See legend on previous page.)
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isopropyl β-D-1-thiogalactopyranoside (IPTG), and 
75 mM  Na2HPO4] at 37°C after up to 24 h of incubation. 
The E. coli BL21 cells containing the empty pET-mphoA 
vector remained white after 24 h of incubation, and were 
used as the negative control, while those with the pET-
phoA vector turned to blue after 6–12 h incubation, and 
were then used as the positive control.

HR suppression assay and 3, 3′‑Diaminobenzidine (DAB) 
staining
The coding sequences of the selected ncSecPs were 
amplified with the primers listed in Additional file  4: 
Table  S3, and individually ligated into the Cla I/Sal 
I-digested pGR107 vector, a binary plant expression vec-
tor based on PVX (Jones et  al. 1999), resulting in the 
constructs pPVX-ncSecPn (in which ‘n’ represents an 
integer from 1 to 27). Subsequently, the constructs were 
transformed into the Agrobacterium tumefaciens strain 
GV3101, followed by HR suppression assays via agro-
infiltration as described previously (Wang et  al. 2011). 
First, the fourth and fifth leaves of the five 6-week-old 
N. benthamiana plants were initially infiltrated with the 

A. tumefaciens cells harboring the pPVX-ncSecPn. The 
A. tumefaciens cells carrying pPVX-GFP were used as a 
negative control. At 24 h post-inoculation (hpi), the infil-
tration sites were further inoculated with the cells con-
taining pPVX-Bax or pPVX-INF1. At 48 hpi, some of the 
inoculated leaves were detached for DAB staining as pre-
viously described (Vanacker et al. 2000), and the remain-
ing leaves were used to record cell death development 
for up to 5  days post inoculation (dpi). The experiment 
was repeated thrice. The HR-suppression ability of each 
ncSecP was evaluated with the cell death suppression 
number/infiltration number (CDS/I) index, which was 
recorded as either suppression (CDS/I ≥ 50%), or no sup-
pression (CDS/I < 50%).

Confocal imaging
The coding sequences of the selected ncSecPs were 
amplified with the gene-specific primers (Additional 
file  4: Table  S3), and were further individually cloned 
into the Kpn I/Xho I-digested pCAMBIA1300-35S-GFP 
vector, generating the constructs carrying a fusion gene 
ncSecP-GFP. The constructs were then transformed 

Fig. 5 The HR-suppressing Pzi-ncSecPs enhanced gene expression of cell death inhibitors in Nicotiana benthamiana. The N. benthamiana leaves 
were individually inoculated with the agrobacterial cells bearing the Pzi-ncSecP or the GFP genes, and further challenged with Bax or INF1 at 
24 h post-inoculation (hpi). The leaves were harvested at 24 h post-Bax or INF1 infiltration, followed by the total RNA extraction. The relative 
transcriptional levels of three pathogenesis-related genes (NbPR-1, NbPR-2, and NbPR-5) (a) and two Bax inhibitor-1 genes (NbBI-1 and NbBI-2) (b) 
were analyzed by using RT-qPCR. Three biological replicates were performed, each with three technical replicates. The N. benthamiana actin gene 
was employed as the internal reference. Bars indicate the standard errors of the mean, and asterisks show statistically significant differences based 
on Student’s t-tests (*, P < 0.05, **, P < 0.01)
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into A. tumefaciens EHA105, followed by agroinfiltra-
tion of the 4-week-old N. benthamiana leaves. After 60 
hpi, the infiltrated leaves were visualized with a TCS 
SP5 confocal microscope (Leica, Germany). GFP was 
excited at 488  nm, and the fluorescence emission was 
captured between 500 and 530 nm. Red fluorescent pro-
tein (DsRed) was excited at 543 nm, and the fluorescence 
emission was detected between 590 and 630 nm.

RT‑qPCR analysis
The leaves of 6-week-old N. benthamiana plants were 
first infiltrated with the agrobacterial cells harboring 
the pPVX-ncSecPm (wherein ‘m’ represents 3, 9, 12, 14, 
16, or 22) or pPVX-GFP. This was followed by the sec-
ond infiltration with the A. tumefaciens cells carrying 
pPVX-Bax or pPVX-INF1 at 24 hpi, as described in the 
‘HR suppression assay and DAB staining’ section. At 
24 hpi of Bax or INF1, the infiltrated leaf tissues were 
collected to extract total RNA with the RNeasy Mini 

Kit (Qiagen, USA), followed by cDNA synthesis using 
random primers and a PrimeScript RT reagent kit with 
gDNA Eraser (TaKaRa, Japan). The resulting cDNA 
samples were then subjected to RT-qPCR analysis by 
using the TB Green Premix EX TaqII (TaKaRa, Japan) 
and gene-specific primers (Additional file  4: Table  S3) 
on the ABI StepOnePlus™ Real-Time PCR instrument 
(Applied Biosystems, Foster City, CA), as previously 
described (Zhang et  al. 2019). The N. benthamiana 
actin gene (Genbank No. JQ256516.1) was used as the 
internal reference gene. Each reaction was performed 
using three biological replicates (each containing three 
technical replicates). The relative gene expression val-
ues were calculated using the  CT method  (2−ΔΔCT) 
and then converted to fold-change values (Livak and 
Schmittgen 2001). Then, statistical analysis of the data 
was performed using Student’s t-test.

Fig. 6 The proposed model for the Candidatus Phytoplasma ziziphi bacterium deploying their ncSecPs to circumvent the host plant HR. As an 
intracellular bacterium, Ca. P. ziziphi secretes at least six ncSecPs that may target different plant subcellular compartments but work together to 
upregulate the gene expression of specific HR inhibitors, including pathogenesis-related proteins (PR-1, PR-2, and PR-5) and Bax inhibitor-1 (BI-1), 
via unknown mechanisms. The overexpressed HR inhibitors subsequently cause HR suppression, which favors colonization and infection of Ca. P. 
ziziphi. Blunt arrows indicate the negative impacts. ‘Cyt’ represents cytoplasm, while ‘N’ and ‘Nu’ indicate nucleus and nucleolus, respectively
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Abbreviations
AY-WB  Aster yellows phytoplasma strain witches’ broom
BI-1  Bax inhibitor-1
Ca. P. ziziphi  Candidatus Phytoplasma ziziphi
Cyt  Cytoplasm
dpi  Days post inoculation
G-  Gram-positive bacteria
G +   Gram-negative bacteria
GFP  Green fluorescence protein
HR  Hypersensitive response
JWB  Jujube witches’-broom
MTF  MADS-domain transcription factor
N  Nucleus
ncSecP  Non-classically secreted protein
NRL1  NPH3/RPT2-LIKE1
Nu  Nucleolus
OY-M  Onion yellows phytoplasma mild strain
PhoA  Alkaline phosphatase
PnWB  Peanut witches’broom phytoplasma
PR  Pathogenesis-related
SAR  Systematic acquired resistance
SP  Signal peptide
T3SS  Type III secretion system
TCP  Teosinte branched 1-cycloidea-proliferating cell factor
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