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ABSTRACT
In plants, recognition of small secreted pep-
tides, such as damage/danger‐associated mo-
lecular patterns (DAMPs), regulates diverse
processes, including stress and immune
responses. Here, we identified an SGPS
(Ser‐Gly‐Pro‐Ser) motif‐containing peptide, Nic-
otiana tabacum NtPROPPI, and its two homo-
logs in Nicotiana benthamiana, NbPROPPI1 and
NbPROPPI2. Phytophthora parasitica infection
and salicylic acid (SA) treatment induced
NbPROPPI1/2 expression. Moreover, SignalP
predicted that the 89‐amino acid NtPROPPI in-
cludes a 24‐amino acid N‐terminal signal pep-
tide and NbPROPPI1/2‐GFP fusion proteins

were mainly localized to the periplasm. Tran-
sient expression of NbPROPPI1/2 inhibited P.
parasitica colonization, and NbPROPPI1/2
knockdown rendered plants more susceptible to
P. parasitica. An eight‐amino‐acid segment in
the NbPROPPI1 C‐terminus was essential for its
immune function and a synthetic 20‐residue
peptide, NbPPI1, derived from the C‐terminus
of NbPROPPI1 provoked significant immune re-
sponses in N. benthamiana. These responses
led to enhanced accumulation of reactive
oxygen species, activation of mitogen‐activated
protein kinases, and up‐regulation of the de-
fense genes Flg22‐induced receptor‐like kinase
(FRK) and WRKY DNA‐binding protein 33
(WRKY33). The NbPPI1‐induced defense re-
sponses require Brassinosteroid insensitive
1‐associated receptor kinase 1 (BAK1). These
results suggest that NbPPI1 functions as a
DAMP in N. benthamiana; this novel DAMP
provides a potentially useful target for improving
plant resistance to Pytophthora pathogens.
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INTRODUCTION

Peptide ligands are small endogenous signals that or-
chestrate plant development and immune signaling

(Tavormina et al., 2015; Olsson et al., 2019; Segonzac and

Monaghan, 2019). Many of these ligands function as
damage/danger‐associated molecular patterns (DAMPs)
(Boller and Felix, 2009; Heil et al., 2012; Wu and Zhou, 2013).
In contrast to pathogen‐associated molecular patterns
(PAMPs), which are derived from invading microbes, DAMPs
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are host‐derived molecules that are passively released upon
host damage or actively processed and released upon tissue
damage or other stimuli. DAMPs activate immune responses
to defend against infection or facilitate repair of damaged
tissue (Heil and Land, 2014; Gust et al., 2017; De Lorenzo
et al., 2018). DAMPs and other peptide ligands are recog-
nized by a large family of pattern‐recognition receptors
(PRRs) (Zipfel, 2014). Upon binding of the DAMP peptide li-
gand to its cognate PRR, plants initiate robust immune re-
sponses involving up‐regulation of defense genes, pro-
duction of reactive oxygen species (ROS), and deposition of
callose (Asai et al., 2002; Chinchilla et al., 2007; Denoux et al.,
2008; Mueller et al., 2012).

Multiple DAMP peptides have been identified from
Arabidopsis thaliana. For example, PLANT ELICITOR
PEPTIDE 1 (PEP1) is a 23‐amino‐acid peptide derived from
PRECURSOR OF PEPTIDE 1 (PROPEP1) (Huffaker et al.,
2006). Upon recognition by PEP RECEPTOR 1 and 2
(PEPR1/2), plants initiate a wound‐associated immune re-
sponse to defend against hemibiotrophic bacteria and
necrotrophic fungi (Krol et al., 2010; Tavormina et al.,
2015). PAMP‐INDUCED SECRETED PEPTIDE 1 and 2
(PIP1/2), which are generated through C‐terminal cleavage
of PrePIP1/PrePIP2, bind to RECEPTOR‐LIKE KINASE 7
(RLK7) to provoke immune responses in A. thaliana that
were then amplified through FLAGELLIN‐SENSING 2
(FLS2) signaling (Hou et al., 2014). A targeted in silico ap-
proach identified the precursor of SERINE‐RICH ENDOG-
ENOUS PEPTIDE 12 (PROSCOOP12) in A. thaliana; its
putative mature form, SCOOP12, enhanced resistance to
the bacterial pathogen Erwinia amylovora in a BRASSI-
NOSTEROID INSENSITIVE 1‐ASSOCIATED RECEPTOR
KINASE 1 (BAK1)‐dependent manner (Gully et al., 2019).

SGPS (Ser‐Gly‐Pro‐Ser) motif‐containing peptides
(SGPS peptides) are characterized by conserved Ser,
Gly/Ala/Val, Pro, and Ser residues at the C‐terminal and
an N‐terminal signal peptide (Vie et al., 2015; Hou et al.,
2019). SGPS peptides include CLAVATA3 (CLV3)/
ENDOSPERM SURROUNDING REGION (ESR)‐related
(CLE) peptides (Oelkers et al., 2008; Kaeothip et al.,
2013), INFLORESCENCE DEFICIENT IN ABSCISSION
(IDA)‐like members (IDLs) (Vie et al., 2015), PIPs and PIP‐
LIKE (PIPL) peptides (Hou et al., 2014), C‐TERMINALLY
ENCODED PEPTIDE 1 (CEP1) (Ohyama et al., 2008), and
PEP1 (Huffaker et al., 2006). Although there are significant
sequence similarities among different SGPS peptides, they
serve diverse roles in immune signaling. PIP1 and PIP2 are
induced by PAMPs, and enhance immune responses and
pathogens resistance in A. thaliana (Hou et al., 2014). In-
duction of IDL6 caused by Pseudomonas syringae infection
facilitated pathogen invasion by increasing expression of
the polygalacturonase (PG) gene ADPG2 and PG activity in
A. thaliana leaves, contributing to cell wall disruption
(Wang et al., 2017). Overexpression of PIP3 impaired the
flagellin 22 (flg22)‐induced immune responses and ren-
dered plants more susceptible to Botrytis cinerea and

P. syringae. It is possible that this occurs through negative
feedback on the expression of PAMP‐induced genes,
like PIP1 and PIP3, via the transcription factors WRKY
DNA‐BINDING PROTEIN 18 (WRKY18), WRKY33, and
WRKY40 (Najafi et al., 2020).

Peptide ligands are recognized by the PRRs leucine‐rich
repeat receptor kinases (LRR‐RKs) on the plasma mem-
brane (Shiu and Bleecker, 2001; Wang et al., 2020a, 2020b).
Following ligand binding, LRR‐RKs form dynamic com-
plexes with regulatory co‐receptor kinases to activate im-
mune signaling (Perraki et al., 2018). The best characterized
co‐receptor is BAK1, a member of the somatic embryo re-
ceptor kinase (SERK) family (Chinchilla et al., 2007; Heese
et al., 2007). BAK1 participates in PEP1 binding to PEPR1/2
(Huffaker et al., 2006, 2011; Hander et al., 2019), Phyto-
sulfokine (PSK) recognition by PSK RECEPTOR 1/2
(PSKR1/2) (Matsubayashi and Sakagami, 1996; Mosher
et al., 2013; Sauter, 2015; Zhang et al., 2018), PIP1/2
binding to RLK7, and SCOOP12 binding (Chen et al., 2020).
Multiple ligand‐induced signaling pathways converge at
BAK1, facilitating simultaneous and integrated control of
the immune responses in plants (Chinchilla et al.,
2007; Postel et al., 2010; Schulze et al., 2010). Different
peptide ligands that depend on BAK1‐mediated signaling,
like PEP1 (Huffaker et al., 2006) and PIP1 (Hou et al., 2014),
are likely to work synergistically to induce immune sig-
naling. Additionally, antagonistic effects might occur when
the binding of specific ligands has a negative effect on the
formation of BAK1‐associated receptor complexes (Chen
et al., 2020). For example, RAPID ALKALINIZATION
FACTOR23 (RALF23) inhibits the immune response acti-
vated by receptor kinase FLS2‐EF‐Tu receptor (EFR) sig-
naling. Upon ligand recognition, FLS2 and EFR form dy-
namic complexes with their co‐receptor BAK1 via the
scaffolding protein FERONIA (FER). FER is the receptor for
RALF23, and the interaction between RALF23 and FER re-
duces ligand‐induced FLS2/EFR‐BAK1 complex formation,
and therefore inhibits the pattern‐triggered immunity (PTI)
response (Li et al., 2002; Matos et al., 2008; Srivastava
et al., 2009; Sun et al., 2011; Stegmann et al., 2017).

In this study, we sought to identify a recognition‐based
disease resistance strategy for broad‐spectrum, durable dis-
ease resistance in crops. We employed Nicotiana tabacum to
identify potential endogenous peptide ligands that activate im-
mune responses against pathogens. We identified a peptide
NtPROPPI in N. tabacum and its homologs, NbPROPPI1/2, in
N. benthamiana. We show that NbPROPPI1 was a novel DAMP
capable of initiating immune responses and promoting disease
resistance in N. benthamiana against the oomycete pathogens
P. parasitica and P. infestans. The NbPROPPI1‐mediated
immune responses involve enhanced accumulation of ROS,
activation of mitogen‐activated protein kinases (MAPKs) and
up‐regulation of the defense genes FRK and WRKY33.
The identified novel endogenous DAMP derived from
N. benthamiana could provide a useful gene for breeding for
disease resistance against Pytophthora pathogens.
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RESULTS

Identification of PROPPI
To screen for genes that are involved in the plant‐pathogen
interactions and stimulate immune responses in plants, we
constructed a complementary DNA (cDNA) library using
Gateway technology with tissue from N. tabacum leaves
infected with P. parasitica. Using high‐throughput Agro-
bacterium tumefaciens‐mediated transient expression in
leaves of N. tabacum cultivar HD, we identified a novel
protein‐coding gene, NtPROPPI, which induced weak
chlorosis on N. tabacum cultivars YunYan85, QinYan95,
and HD, but not on N. tabacum cultivar K346, N. ben-
thamiana, potato (Solanum tuberosum) (differential line
R5), or tomato (Solanum lycopersicum) cultivar Alisa Craig
(Figure S1A).

NtPROPPI encodes a predicted peptide of 89 amino acid
residues and includes a 24‐amino acid N‐terminal signal
peptide, as predicted by the SignalP 5.0 server (http://www.
cbs.dtu.dk/services/SignalP). Basic Local Alignment Search
Tool (BLAST) analysis of the NtPROPPI protein sequence
showed that it belongs to SGPS‐GxGH (Gly‐X‐Gly‐His) motif‐
containing peptides and shares a conserved C‐terminal se-
quence with IDA/IDLs (Vie et al., 2015) and AtPIPs (Hou et al.,
2014). The SGPS motif also exists in potato and tomato
plants (Figure S2). To identify putative homologs in N. ben-
thamiana, the full‐length protein sequence of NtPROPPI was
used as a query for BLAST analysis on the Sol Genomics
Network (https://solgenomics.net/). Five predicted proteins in
N. benthamiana were identified as NtPROPPI homologs,
and two of the homologs were named as NbPROPPI1
(Niben101Scf00803g01016.1, 95.6% sequence similarity)
and NbPROPPI2 (Niben101Scf03747g00005.1, 91.2%
sequence similarity) due to their high protein sequence
similarities to NtPROPPI (Figure 1A).

The localization of proteins is often related to their
function. To investigate the sub‐cellular localization of
NbPROPPI1 and NbPROPPI2, green fluorescent protein
(GFP) was fused to the C‐terminus of NbPROPPI1 and
NbPROPPI2, as the N‐terminus is predicted to be removed in
processing to the mature form. The fusion constructs were
driven by the Cauliflower mosaic virus 35S (CaMV 35S) pro-
moter and transiently expressed in N. benthamiana leaves
using agroinfiltration. The NbPROPPI1/2‐GFP fusion proteins
were monitored by confocal microscopy. Our imaging anal-
ysis revealed that NbPROPPI1‐GFP (Figure 1B) and
NbPROPPI2‐GFP (Figure 1C) were distributed in the peri-
plasm after plasmolysis, as shown by the fluorescent signal,
indicating that NbPROPPI1 and NbPROPPI2 may be se-
creted proteins.

We further tested whether NbPROPPI1 and NbPROPPI2
could trigger cell death in N. tabacum by using transient
expression assays. NbPROPPI1 and NbPROPPI2 induced
chlorosis on three N. tabacum cultivars, YunYan85,
QinYan95, and HD, but not on N. tabacum cultivar K346,
N. benthamiana, potato (differential line R5), or tomato

cultivar Alisa Craig (Figure 2A). To confirm the potential role
of NbPROPPI in triggering immune responses, N. tabacum
cultivar HD leaves were infiltrated with A. tumefaciens
GV3101 cells carrying NbPROPPI1 or β‐glucuronidase (GUS)
constructs (as a control), followed by infection with P. para-
sitica. Over‐expressing NbPROPPI1 significantly enhanced
resistance of N. tabacum to P. parasitica (Figure 2B), as in-
dicated by smaller lesions compared to the control (Figure
2C). Consistent with larger lesion sizes, P. parasitica biomass
was more abundant in GUS‐expressing control lines than in
the NbPROPPI1‐expressing lines (Figure 2D). The similar
results were obtained for NtPROPPI (Figure S1B‐D). These
results indicated that NbPROPPI1 enhances N. tabacum
resistance against P. parasitica infection when over‐
expressed in planta, and thus functions as a positive immune
regulator against P. parasitica.

NbPROPPI expression is induced by pathogens
infection and SA treatment
To examine whether the expression of NbPROPPI is re-
sponsive to P. parasitica infection, we employed quantitative
real‐time polymerase chain reaction (qRT‐PCR) to measure
NbPROPPI1/2 transcript levels in the P. parasitica‐inoculated
wild‐type N. benthamiana leaves at different time points. The
expression of NbPROPPI1 and NbPROPPI2 remained at
relatively low levels under normal conditions but peaked at
24 hour post‐inoculation (hpi) and then later declined
(Figure 3A). These results indicated that NbPROPPI1/2 were
responsive to Phytophthora pathogens at the early stage of
infection.

Since defense‐related genes are commonly provoked by
various signals or hormones (Gust et al., 2017) and some DAMPs
were induced by mechanical wounding (Chen et al., 2020), we
analyzed the influence of hormones and wounding on
NbPROPPI1/2 expression. The NbPROPPI1 and NbPROPPI2
transcripts were induced by methyl salicylate (MeSA) (Figure 3B),
but not by the ethylene precursor 1‐aminocyclopropane‐1‐
carboxylate (ACC) (Figure 3C), methyl jasmonate (MeJA)
(Figure 3D), or by wounding (Figure S3).

NbPPI treatment enhances plant resistance against
Phytophthora pathogens
Given that NbPROPPI contains the SGPS motif, which is also
found in PIPs and IDAs that are known to regulate plant im-
munity (Hou et al., 2014; Vie et al., 2015), we hypothesized
that the putative mature form of NbPROPPI, NbPPI, plays a
role in plant immunity. To confirm this, we synthesized the
putative mature NbPPI1 and NbPPI2 peptides deduced from
the conserved C‐terminal sequence encoded by NbPROPPI1
and NbPROPPI2 (Table S2).

We introduced 1 μmol/L NbPPI1 or NbPPI2 into
N. benthamiana leaves. After 24 hours of treatment, the
detached leaves were challenged with P. parasitica or
P. infestans. Treatment with 1 μmol/L NbPPI1 or NbPPI2
enhanced the resistance of N. benthamiana against both
P. parasitica and P. infestans, as indicated by the reduced
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Figure 1. Identification of NbPROPPI1 and NbPROPPI2
(A) Schematic representation of PROPPI and sequence alignment of NtPROPPI homologs in Nicotiana benthamiana. (B) Subcellular localization of
NbPROPPI1‐GFP. (C) Subcellular localization of NbPROPPI2‐GFP. The assay was performed by transient expression of NbPROPPI1/2‐GFP (green
fluorescent protein) and a mCherry‐tagged plasma membrane marker in N. benthamiana leaf epidermal cells. The white dotted square marks the cell
membrane. All scale bars indicate 20 μm.
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lesion sizes in leaves treated with NbPPI1 and NbPPI2
compared to the control plants. In addition, quantitation of
P. parasitica and P. infestans biomass consistently re-
vealed limited colonization (Figure 4) in NbPPI1‐ and
NbPPI2‐infiltrated plants, indicating that NbPPI1 and
NbPPI2 play positive roles in defending against Phytoph-
thora pathogens.

NbPPI activates plant immune responses
Given that NbPROPPI expression is quickly induced by
P. parasitica invasion, with its encoded peptide secreted to
the periplasm space, and that NbPPI1/2 significantly en-
hanced resistance against phytophthora pathogens, we
inferred that NbPROPPI might encode a DAMP peptide.
Treatment of N. benthamiana leaves with NbPPI1 resulted in
a moderate but significant up‐regulation of the transcription

factor genes WRKY33 (Figure 5A) and FRK (Figure 5B)
compared with the control. However, this up‐regulation of
WRKY33 and FRK were weaker than that induced by flg22.
Next, we detected the MAPKs signaling activation (Asai et al.,
2002; Galletti et al., 2011; Cederholm and Benfey, 2015) upon
NbPPI1 treatment using Western blotting. The results
showed that NbPPI1 strongly activated MPK6 and slightly
activated MPK3 in N. benthamiana (Figure 5C).

ROS production functions as an important signal in mul-
tiple biological processes, including biotic and abiotic
stresses, and plant development (Wang et al., 2020a, 2020b).
Compared with flg22 treatment alone, treatment with both
NbPPI1 and flg22 simultaneously had an additive effect on
ROS production (Figure 5D). Meanwhile, treatment with
NbPPI1 and flg22 simultaneously triggered more abundant
callose deposition than flg22 alone, although NbPPI1

Figure 2. NbPROPPI provokes plant immune response in Nicotiana tabacum
(A) NbPROPPI1 and NbPROPPI2 induced chlorosis in the leaves of N. tabacum cultivars YunYan85, QinYan95, and HD. Agrobacterium tumefa-
ciens GV3101 cells carrying NbPROPPI1 and NbPROPPI2 with an optical density OD(600) value of 0.4 were infiltrated into the 6‐week‐old leaves of
N. benthamiana, N. tabacum cultivars YunYan85, QinYan95, HD, and K346, potato (differential line R5), and tomato cultivar Alisa Craig. Photo-
graphs were taken at 5 days post‐inoculation (dpi) for N. tabacum and N. benthamiana, and at 7 dpi for potato and tomato. (B) N. tabacum leaves
infiltrated with A. tumefaciens GV3101 harboring NbPROPPI1 or GUS constructs were challenged by P. parasitica. Photographs were taken at 48
hours post‐inoculation (hpi). (C) The mean lesion diameters of the inoculated leaves. (D) P. parasitica colonization was determined by quantitative
polymerase chain reaction (qPCR). Total genomic DNA from P. parasitica‐infected regions was isolated at 48 hpi. Primers specific for N. tabacum
ACTIN and P. parasitica UBC were used to determine P. parasitica biomass in infected plant tissues. Error bars indicate SD and asterisks indicate
significant differences determined based on Student's t‐test (***P < 0.001, **P < 0.01). Similar results were obtained from at least three individual
experiments.
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induced weaker callose accumulation than flg22. Fur-
thermore, silencing of NbPROPPI by virus‐induced gene
silencing (VIGS) assay impaired flg22‐induced callose
deposition compared to the control (Figure 5E, 5F). In con-
clusion, NbPPI1 functions as a novel DAMP in N. ben-
thamiana, and is involved in enhanced resistance against
phytophthora pathogens.

NbPROPPI silencing reduces plant resistance to
P. parasitica
To confirm the role of NbPROPPI in plant immunity, we per-
formed gene silencing assays in N. benthamiana. Because the
sequences of NbPROPPI1 and NbPROPPI2 share a
high level of similarity (94.57%) and possible functional re-
dundancy (Figure 4), both genes were silenced by the VIGS
assay. The transcript levels of the NbPROPPI genes were re-
duced by 70–80% in the plants harboring the TRV2‐NbPROPPI
construct compared to the TRV2‐GFP control plants (Figure
6D). When challenged with P. parasitica, the infection lesions on
NbPROPPI‐silenced plants were more severe than on the
control plants (Figure 6A, 6B). In addition, quantitation of
P. parasitica biomass (Figure 6C) revealed that NbPROPPI‐si-
lenced plants showed enhanced disease susceptibility to

P. parasitica. These findings suggest that NbPROPPI is a pos-
itive immune regulator in N. benthamiana against P. parasitica.

A C‐terminal region outside of the SGPS motif in
NbPPI1 is essential for its immune function
Sequence alignment identified a conserved C‐terminal region
consisting of eight amino acid residues that was present in
NtPROPPI, NbPROPPI1, and NbPROPPI2 but was absent from
AtPIPs (Figure S2). To examine whether the conserved
C‐terminus of the SGPS peptide NbPPI1 is required for its im-
mune function, we synthesized a truncated NbPPI1 peptide that
contained a deletion of the eight C‐terminal amino acid residues
(NbPPI1‐ΔC8) and analyzed its immune activity. N. benthamiana
leaves were infiltrated with 1 μmol/L NbPPI1 or 1 μmol/L NbPPI1‐
ΔC8, and followed by inoculation with P. parasitica after 24 h.
Two days after P. parasitica infection, the plants treated with
NbPPI1 showed significantly smaller lesions compared to the
control plants. The lesion sizes in leaves treated with NbPPI1‐
ΔC8 were much larger than those of leaves treated with NbPPI1
and the growth of P. parasitica was significantly restricted in
NbPPI1‐treated plants compared to the NbPPI1‐ΔC8‐treated
plants (Figure 7A). The seedlings treated with NbPPI1 exhibited
much shorter roots compared to the seedlings treated with H2O

Figure 3. Expression of NbPROPPI1 and NbPROPPI2
(A) The expressions of NbPROPPI1 and NbPROPPI2 at different stages of infection were determined by qRT‐PCR. The 6‐week‐old leaves from
N. benthamiana were inoculated with P. parasitica. Total RNA was extracted from infected leaves at 0, 3, 6, 12, 24, and 36 hpi. (B–D) qRT‐PCR analysis for
the expression of NbPROPPI1 and NbPROPPI2 in N. benthamiana at different time points following exposure to MeSA, ACC, MeJA. Total RNA was
extracted from infected leaves at 0, 3, and 6 hpi. N. benthamiana ACTIN was used for normalization. Error bars indicate SD and asterisks indicate significant
differences determined based on Student's t‐test (***P< 0.001, **P< 0.01). Similar results were obtained from at least three individual experiments.
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Figure 4. Continued
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Figure 5. NbPPI1 activates immune responses in N. benthamiana
(A–B) The expression of immune genesWRKY33 and FRK in 6‐week‐old N. benthamiana leaves 6 hours post‐treatment with 1 μmol/L NbPPI1/2. (C) MAPKs
activation induced by NbPPI1 in 6‐week‐old N. benthamiana leaves exposed to 10 μmol/L NbPPI1 at 10 and 15min. Total protein was extracted and
analyzed by immunoblotting using antibodies against phospho‐p44/42 MAPK and actin. (D) Quantification of ROS production in N. benthamiana leaf discs
treated with 1 μmol/L of each peptide. Total relative luminescent units (RLUs) were detected over 30min using leaf discs of 6‐week‐old N. benthamiana
leaves. Graphs display averages of 12 replicates. (E) Fluorescence microscopy imaging of callose deposition. The leaves were stained with aniline blue
4 hours after infiltration with 1 μmol/L of each peptide. All scale bars indicate 200 μm. (F) Quantification of callose deposition. Error bars indicate SD
and asterisks indicate significant differences determined based on Student's t‐test (***P< 0.001, **P< 0.01). Similar results were obtained from at least
three individual experiments.

Figure 4. NbPPI treatment enhances plant resistance to Phytophthora pathogens
Colonization of P. parasitica (A) and P. infestans (B) in N. benthamiana leaves after treatment with NbPPI1/2. The 6‐week‐old N. benthamiana leaves were
infiltrated with 1 μmol/L NbPPI1 or NbPPI2, and 24 hours later the leaves were detached and inoculated with P. parasitica or P. infestans. Photographs were
taken at 2 dpi for P. infestans and 5 dpi for P. parasitica. The mean lesion diameters are shown, and the relative biomass of Phytophthora was determined
by qPCR with primers specific for N. benthamiana ACTIN and Phytophthora UBC. Error bars represent SD and asterisks indicate significant differences
based on Student's t‐test (***P< 0.001, **P< 0.01). Similar results were obtained from at least three individual experiments.
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(as a control). Root growth of seedlings treated with NbPPI1‐ΔC8
was similar to the control, and was significantly different from
those treated with NbPPI1 (Figure 7B). Our results resemble the
growth inhibition effect of DAMPs or PAMPs, such as PEP1
(Huffaker et al., 2006) and PIP1 (Hou et al., 2014) on seedlings.
Furthermore, the synergistic effect of NbPPI1 and flg22 on ROS
production was abolished by the deletion of the eight C‐terminal
amino acid residues of NbPPI1 (Figure 7C). Taken together,
these results showed that the C‐terminal region outside of
the SGPS motif plays essential roles in the NbPPI1‐mediated
immune responses and DAMP function.

The NbPPI1‐mediated defense response
requires BAK1
In many cases, the corresponding receptor for DAMPs recog-
nition requires BAK1 for full activation (Chinchilla et al.,
2007; Heese et al., 2007), as is the case for Pep1, PSK, PIP1/2,
and SCOOP12 (Chen et al., 2020). To explore whether NbPPI1‐
induced immune signaling is BAK1‐dependent, we generated
BAK1‐silenced plants using VIGS assay and examined NbPPI1‐
induced immune responses and disease resistance in BAK1‐
silenced plants. The transcript levels of NbBAK1 were reduced
by 85% in the plants harboring the TRV2‐BAK1 construct

compared to the TRV2‐GFP control plants (Figure 8D). About 21
days post‐agroinfiltration with VIGS constructs, P. parasitica was
inoculated on detached leaves. Induction of NbPROPPI1 ex-
pression was not affected in BAK1‐silenced and TRV2‐GFP
control plants upon inoculation with P. parasitica (Figure S4).
However, NbPPI1‐mediated resistance to P. parasitica was hin-
dered in the BAK1‐silenced plants. Quantitation of P. parasitica
biomass revealed that the BAK1‐silenced plants showed
enhanced disease susceptibility to P. parasitica (Figure 8A).
Flg22‐induced ROS production was significantly decreased in
BAK1‐silenced plants, and the synergistic effect of NbPPI1 on
flg22‐induced ROS production was almost completely abolished
(Figure 8B). Furthermore, NbPPI1‐triggered up‐regulation of
WRK33 was largely abolished in BAK1‐silenced plants (Figure
8C). These results suggested that NbPPI1‐ and flg22‐induced
signaling and their integration are partially dependent on BAK1.

DISCUSSION

Plant peptides secreted as signal transmitters for cell‐to‐cell
communication are indispensable for plant growth and de-
velopment, and defense processes in plant‐microbe

Figure 6. NbPROPPI‐silenced N. benthamiana plants showed increased susceptibility to P. parasitica
(A) P. parasitica colonization in TRV2‐NbPROPPI‐ or TRV2‐GFP‐infiltrated leaves. Photographs were taken at 48 hpi. (B) The mean lesion diameters of the
P. parasitica‐inoculated leaves. (C) P. parasitica colonization was determined by qPCR. Total genomic DNA from P. parasitica‐infected leaves at 48 hpi was
extracted and P. parasitica biomass was quantitated by qPCR. (D) The silencing efficiencies of NbPROPPI1 and NbPROPPI2 were determined by qRT‐PCR
using cDNA synthesized from total RNA extracted from TRV2‐NbPROPPI‐ and TRV2‐GFP‐infiltrated plants. Error bars indicate SD and asterisks indicate
significant differences determined based on Student's t‐test (**P< 0.01). Similar results were obtained from at least three individual experiments.
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interactions (Hu et al., 2018). To develop a recognition‐based
disease resistance strategy for broad‐spectrum, durable
disease resistance in crops, we screened for endogenous
peptides that activate immune responses against pathogens

in N. tabacum by employing an A. tumefaciens‐mediated
transient expression method. After testing on the leaves of
N. tabacum, numerous candidates were found, including the
small protein NtPROPPI with a predicted signal peptide.

Figure 7. The distinct eight amino acid region at the C‐terminus of NbPPl1 is essential for its immune activity
(A) The 6‐week‐old N. benthamiana leaves were infiltrated with 1 μmol/L NbPPI1, NbPPI1‐ΔC8 or mock (H2O) followed by inoculation with P. parasitica and were
scored for the mean lesion diameters and relative biomass of P. parasitica. Photographs were taken at 48 hpi. (B) Suppressed growth of N. benthamiana roots
treated with 1 μmol/L NbPPI1 and 1 μmol/L NbPPI1‐ΔC8 for 25d. (C) Quantitation of ROS production in N. benthamiana leaf discs pretreated with 1 μmol/L of each
peptide. Total RLUs were detected over 30min using leaf discs of the 6‐week‐old plants. Graphs display averages of 12 replicates. Error bars represent SD and
asterisks indicate significant differences based on Student's t‐test (**P< 0.01). Similar results were obtained from at least three individual experiments.
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Overexpression of NtPROPPI1, NbPROPPI1, or NbPROPPI2
in N. tabacum leaves led to weak cell death and enhanced re-
sistance against P. parasitica (Figures 2, S1). Cell death is at the
center of immune responses, and is often caused by pathogens
recognition via NB‐LRRs in plants (Coll et al., 2011). However,
DAMP‐induced cell death has rarely been reported in plants. A
non‐specific cell death phenotype was considered to be the
consequence of a putative DAMP released by family 17 glycosyl
hydrolases of the tomato pathogen Cladosporium fulvum
(CfGH17) (Ökmen et al., 2019). Oligogalacturonides (OGs) are
released as an immune signal in relatively low amounts, as
hyper‐accumulation of OGs was shown to elicit tissue necrosis
due to an overactive immune response (Cervone et al.,
1987; Benedetti et al., 2018). The signaling pathway under
DAMP‐induced cell death is still elusive. In our study, cultivar‐
specific weak cell death induced by NtPROPPI and
NbPROPPI1/2 largely resulted from their different genetic back-
grounds. We inferred that variation of PPI receptors, such as their
immune activities or expression levels, or downstream factors in
different cultivars may contribute to the cultivar‐specific re-
sponse. RLK7 was identified as the receptor for PIP1 (Hou et al.,
2014), which is a homolog of NbPROPPI in A. thaliana. Homo-
logs of RLK7 in N. benthamiana and N. tabacum cultivars

YunYan85, QinYan95, and HD could be examined for potential
differential ligand recognition. Additionally, further studies
should focus on the receptors for PPI in N. benthamiana and
N. tabacum.

Plant genomes encode numerous small secreted pep-
tides, which have recently emerged as key signaling mole-
cules of stress responses in plants (Ghorbani et al., 2015).
Most peptides are synthesized as preproproteins and proc-
essed by successive proteolytic cleavages through the se-
cretory pathway (Matsubayashi, 2011). Conserved sequence
motifs enable their specific ligand‐receptor recognition and
thus are vital for their signaling function. NbPROPPI1/2 share
a conserved C‐terminal SGPS–GxGH motif with AtPIPs (Hou
et al., 2014). Through sequence alignment of NbPROPPI1/2
homologs in A. thaliana and solanaceous crops, an additional
distinct region of eight amino acid residues in their C‐termini
was identified in Solanaceae (Figure S2). Deletion of the eight
amino acid residues disrupted the immune function of
NbPPI1, suggesting that the eight amino acid residues are
indispensable for receptor recognition for NbPPI1 homologs
in solanaceous crops.

Transcriptomic analysis of N. benthamiana roots infected by
the hemibiotrophic pathogen P. palmivora revealed that a PIP

Figure 8. NbPROPPI1‐activated plant immunity is BAK1‐dependent in N. benthamiana
(A) P. parasitica colonization in TRV2‐BAK1‐ or TRV2‐GFP‐infiltrated leaves pretreated with 10 μmol/L NbPPI1. Photographs were taken at 48 hpi. The mean
lesion diameters and relative biomass of P. parasitica are shown. (B) The quantitation of ROS production in TRV2‐BAK1 or TRV2‐GFP‐infiltrated leaves after
treatment with 1 μmol/L peptides. (C) The relative expression of the defense‐related gene WRKY33 in TRV2‐BAK1‐infiltrated leaves at different stages of
P. parasitica infection. (D) The silencing efficiencies of BAK1 were determined by qRT‐PCR. Error bars represent SD and asterisks indicate significant
differences based on Student's t‐test (***P< 0.001, **P< 0.01). Similar results were obtained from at least three individual experiments.
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homolog Tip Induced Plant Transcript switched On by P. pal-
mivora (TOPTIP)‐encoding gene, namely NbPROPPI2 in our
study, was specifically induced in the root tip after P. palmivora
infection (Evangelisti et al., 2017). In our study, NbPROPPI1/2
could be induced by P. parasitica infection and SA treatment
(Figure 3). In addition, treatment with NbPPI1 activated SA
signaling, as evidenced by up‐regulation of the SA‐inducible
gene PATHOGENESIS RELATED1 (PR1) (Figure S5). Thus,
NbPROPPI1 expression and SA signaling form a positive
feedback loop.

Since SA is a signaling molecule in the systemic ac-
quired resistance pathway (Sandhu et al., 2009) and plays
a central role in plant disease resistance (Choi et al., 2016),
it is possible that NbPPI1 would induce systemic resist-
ance if it was able to provoke a secondary signal amplifi-
cation. This is the case with the first known peptide hor-
mone systemin, an 18‐residue peptide (Pearce et al., 1991),
which mediates the systemic resistance that occurs in
wounding response by orchestrating various defense sig-
naling pathways in tomato. Upon mechanical wounding,
systemin derived from PROSYSTEMIN induces the pro-
duction of PROTEASE INHIBITOR I and II (PI‐I and PI‐II)
and activates the local biosynthesis of JA and jasmonoyl
isoleucine
(JA‐Ile), which travel via the vascular tissue into the leaf
and induce defense responses at both primary infected
sites and distal regions (Li et al., 2002; Sun et al., 2011).
PROSYSTEMIN expression is JA‐inducible, and systemin
and JA amplify wound signaling.

BAK1 is a co‐receptor that regulates numerous ligand‐
binding LRR‐RK‐induced immune responses, including fig22‐
FLS2, EF‐TU‐EFR, and PEP1‐PEPR1 signaling (Chinchilla
et al., 2007; Heese et al., 2007; Chaparro‐Garcia et al.,
2011; Yamada et al., 2016). Although the receptor respon-
sible for detecting NbPPI1 in N. benthamiana is unknown, we
observed a requirement of BAK1 in the NbPPI1‐induced im-
mune responses. Previous studies revealed that upon inter-
action with flg22, FLS2 forms a functional complex with
BAK1 for signal transduction (Sun et al., 2013). We inferred
that BAK1 may serve as a co‐receptor of NbPROPPI. Fur-
thermore, it is also possible that under treatment with NbPPI1
and flg22, the binding of NbPPI1 would enhance the complex
formation between FLS2 and BAK1 to facilitate signaling
activation. Alternatively, since BAK1 is required for the sig-
naling function of multiple PAMPs and DAMPs, the binding of
NbPPI1 could affect other ligand signaling pathways by
competitive binding with BAK1.

NbPROPPI1 induces robust basal immune responses,
including enhanced ROS accumulation, MAPKs activation,
and up‐regulation of the defense genes FRK and WRKY33.
Manipulation of host immunity signaling by increasing
NbPROPPI1 expression levels might confer broad‐spectrum,
durable disease resistance in crops. In conclusion, we have
identified a novel DAMP peptide gene, NbPROPPI1, from
N. benthamiana which has a potential to facilitate the

development of crops with broad‐spectrum disease resist-
ance to pathogens.

MATERIALS AND METHODS

Plant materials and growth conditions
N. benthamiana and N. tabacum were grown as previously
described (Fan et al., 2018). The plant seeds were sterilized
with 75% ethanol for 1 min and 1% NaClO for 10min, and
sown on Murashige and Skoog (MS) nutrient medium. After 2
weeks, the seedlings were transferred to a matrix containing
soil and vermiculite (1:2), and grown in a 28°C climate
chamber with 14 h of light per day for 6 weeks.

Pathogens growth and infection assays
P. parasitica strain Pp016 and P. infestans strain Pi88069 were
used for plant infection assays. P. parasitica strain 1121 was
created from Pp016 and stably expresses endoplasmic
reticulum‐localized GFP under the control of the constitutive
Hsp70 promoter of Bremia lactucae. P. parasitica was cultured
on 5% (v/v) carrot juice agar medium with 0.01% (w/v) CaCO3

and 0.002% (w/v) β‐sitosterol at 23°C.
For pathogenic infection assay in N. benthamiana and

N. tabacum, 5 mm mycelium plugs cut from P. parasitica
cultures were used to inoculate detached leaves. Lesion di-
ameters were measured at 2 dpi. Student's t‐test was con-
ducted for statistical analysis. P. infestans strain Pi88069 was
cultured on rye agar medium at 18°C for about 10 days be-
fore zoospore production. The hyphae were flooded with
5mL cold dH2O, and then scraped to release sporangia
(Wang et al., 2015). About 8 000 zoospores were used to
inoculate detached leaves. Lesion diameters were measured
after incubating at 18°C for about 5 days.

Three biological replicates were included with at least 10
leaves per replicate. To quantitate pathogen biomass, qPCR
assays were employed using the designed primers listed in
Table S1. Leaf discs around the inoculated sites (1 cm in
diameter) from the infected leaves were collected as one
sample in each plant. Genomic DNA was extracted using the
cetyltrimethylammonium bromide (CTAB) method and used
as templates in qPCR experiments. The pathogen quantita-
tion was determined by the ratio between pathogen and plant
genomic DNA. Three independent experiments were per-
formed and the statistical significance was determined based
on Student's t‐test.

Plasmid constructs
For transient expression assays, the fragments of NtPROPPI,
NbPROPPI1, and NbPROPPI2 were amplified from N. ta-
bacum and N. benthamiana cDNA using locus‐specific pri-
mers (Table S1). The products were separately inserted into
the GATEWAY vector pMDC32 (Gehl et al., 2009) down-
stream at KpnI and SpeI sites to generate 35S:NtPROPPI,
35S:NbPROPPI1, and 35S:NbPROPPI2.
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To determine subcellular localization, fusion protein con-
structs NbPROPPI1‐GFP, NbPROPPI2‐GFP, and PM‐mCherry
were obtained by overlapping PCR using specific primers
(Table S1), and were inserted into vector pMDC32 at KpnI and
SpeI sites.

To generate VIGS constructs, a 120 bp specific fragment
of NbPROPPI, designed using the SGN VIGS tool
(Fernandez‐Pozo et al., 2015), was amplified from N. ben-
thamiana cDNA and cloned into the binary vector pTRV2 (Liu
et al., 2002) at EcoRI and BamHI sites. pTRV2:PDS, pTRV2:
BAK1, and pTRV2:GFP were constructed in the same
manner. All constructs were confirmed by sequencing. The
primers are listed in Table S1 and were synthesized from
Qingke Biological Technology Co. Ltd. (Xi'an, China).

Construction of cDNA library
Total RNA from leaves of the N. tabacum cultivar HD inoculated
with P. parasitica at 2 dpi was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the product man-
uals. The concentration and purity of the total RNA were de-
termined by spectrophotometry at 260 and 280 nm wavelengths
and gel electrophoresis. The total mRNAs were purified from the
total RNA by using Oligotex‐dT30 (Super) mRNA Purification Kit
(Takara, China) according to the manufacturer's instructions.
The CaMV 35S promoter sequence and the attP‐spanning re-
gion in the Gateway vector pDONR222 (Invitrogen) were am-
plified and inserted into the multiple cloning sites of the A. tu-
mefaciens‐mediated plant expression vector pCAMBIA0380 at
HindIII site to create the p1104D vector. The cDNAs were cloned
into the p1104D vector by Gateway technology (Curtis and
Grossniklaus, 2003), using CloneMiner cDNA Library
Construction Kit (Invitrogen) according to the manufacturer's
instructions.

Synthetic peptides
Peptides with 98% purity level were synthesized by Thermo
Science & Technologies Co., Ltd. (Xi'an, China). Their se-
quence information is listed in Table S2. The peptides were
diluted in water to the final concentration used for the assays
and infiltrated into plant leaves using needleless syringes.

Transient expression
A. tumefaciens GV3101 strains carrying the respective con-
structs were cultured in Luria–Bertani medium supplemented
with the appropriate antibiotics at 28°C for 36 h, and then
harvested and re‐suspended in infiltration buffer (10mmol/L
2‐(N‐morpholine)‐ethane sulfonic acid (MES), 10mmol/L
MgCl2 (pH 5.6), and 200 μmol/L acetosyringone) to the ap-
propriate concentration. Infiltrations were performed at a final
OD(600) of 0.4–0.6 (Meng et al., 2015). After incubation for
1 hour at room temperature, the A. tumefaciens suspensions
were infiltrated into plant leaves using needleless syringes.

Total RNA extraction and qRT‐PCR analysis
Total RNA was extracted from the whole leaves before and
after inoculation using TRIzol reagent (Invitrogen). RNA con-
centration was quantitated, and 1 μg of total RNA was used

as templates for reverse transcription into cDNA with a Pri-
meScript RT Reagent Kit with gDNA Eraser (TaKaRa, China)
according to the product manuals. The qRT‐PCR was per-
formed using SYBR Green mix (CWBio, Beijing, China) on an
iQ7 Real‐Time Cycler (Life Technologies, USA). For qRT‐PCR
analysis, the cDNA was diluted 10 times, and 2 μL reaction
products were used as template in a reaction under the fol-
lowing conditions: 95°C for 10min, and 40 cycles of 95°C for
15 s and 60°C for 30 s. The fold changes in target gene ex-
pression were normalized using N. benthamiana ACTIN and
N. tabacum ACTIN as the internal control. Primers used for
qRT‐PCR are listed in Table S1. Three biological replicates
were included in the assays.

Mitogen‐activated protein kinases activation assay
To detect the phosphorylation of MAPKs (Zhang and Klessig,
2001; Schwessinger et al., 2011), 6‐week‐old soil‐grown N.
benthaminana leaves were infiltrated with water containing 10
μmol/L peptides. Proteins were extracted with glycerol‐Tris‐
ethylenediaminetetraactic acid‐NaCl (GTEN) buffer (25mmol/L
Tris‐HCl (pH 7.5), 15mmol/L MgCl2, 15mmol/L ethyl-
eneglycoltetraacetic acid, 75mmol/L NaCl, 1mmol/L dithio-
threitol, 0.1% NP‐40, 5mmol/L p‐nitrophenylphosphate,
60mmol/L β‐glycerophosphate, 0.1mmol/L Na3VO3, 1mmol/L
NaF, 1mmol/L phenylmethylsulfonyl fluoride, 5 μg/mL leupeptin,
and 5 μg/mL aprotinin), and then centrifuged at 12 ,000× g for
15min at 4°C. The protein concentration of the supernatant was
measured using the Super‐Bradford Protein Assay Kit (CWBIO,
CW0013S). Protein (20μL per sample) was separated on a 15%
acrylamide gel using sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred onto a polyvinylidene fluoride
(PVDF) membrane for immunoblotting with anti‐phospho‐p44/42
MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP rabbit mAb
antibody (Cell Signaling Technology). The large subunit of
ribulose‐1,5‐bisphosphate carboxylase/oxygenase (Rubisco)
was visualized by Ponceau staining of the PVDF membrane.
Three biological replicates were included in the assays.

Callose staining
N. benthamiana leaves were collected at 24 hours post‐injection
with water, or 10 μmol/L of either NbPPI1, flg22, or PIP1, and
then immediately immersed in 100% ethanol. To remove the
background fluorescence, the samples were stained with sol-
ution A (acetic acid: ethanol, 1:3) for 2 h, and then rinsed twice
with 150mmol/L phosphate buffer (pH 8.0). Callose was stained
with aniline blue solution (0.02% aniline blue, 150mmol/L
K2HPO4 (pH 8.0)) for 4 h in the dark. Aniline blue‐stained leaves
were mounted in 30% glycerol and observed using an Olympus
BX‐51TRF fluorescence microscope (Olympus, Tokyo, Japan).
The number of callose loci was quantified using ImageJ.

VIGS assay
A. tumefaciens strain GV3101 carrying different pTRV2 con-
structs were mixed with TRV1 in equal ratios to a final OD(600)

of 0.25, and pTRV2:PDS was used to visualize the silencing
process. The lower leaves of two‐leaf‐stage N. benthamiana
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plants were infiltrated as described previously (Liu et al., 2002),
and the upper leaves of VIGS plants were used to analyze the
efficiency of gene silencing by qRT‐PCR. The VIGS primers
used in this study are shown in Table S1.

Oxidative burst test
A luminol‐based assay was used to quantify ROS
production in treated leaves. Leaf discs were cut from
6‐week‐old plants using a 5 mm hole puncher, placed
into a well of a white 96 well plate containing water, and
kept in the dark overnight. The water was replaced
with 200 μL master mix containing 30 μg/mL luminol,
20 μg/mL horseradish peroxidase, and 1 μg peptide under
dark condition. Luminescence was measured at 535 nm
(excitation 490 nm) directly after peptide addition in
a TECAN Infinite F200 microplate reader (TECAN,
Switzerland) at 1 min intervals over 40 min.
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SUPPORTING INFORMATION

Additional Supporting Information may be found online in the supporting
information tab for this article: http://onlinelibrary.wiley.com/doi/10.1111/
jipb.13033/suppinfo
Figure S1. NtPROPPI provokes plant immune response in
Nicotiana tabacum leaves
(A) NtPROPPI induces chlorosis in the leaves of N. tabacum cultivars
YunYan85, QinYan95, and HD. Agrobacterium tumefaciens GV3101 sus-
pensions carrying NtPROPPI with an optical density OD(600) value of 0.4 were
infiltrated into the leaves of N. benthamiana, N. tabacum cultivars YunYan85,
QinYan95, HD, and K346, potato (differential line R5), and tomato cultivar
Alisa Craig. Photographs were taken at 5 d post‐inoculation (dpi) for N. ta-
bacum and N. benthamiana, and at 7 dpi for potato and tomato. (B) N. ta-
bacum leaves infiltrated with GV3101 suspensions harboring NbPROPPI1 or
GUS constructs were challenged by Phytophthora parasitica. Photographs
were taken at 48 h post inoculation (hpi). (C) Mean lesion diameters of the
inoculated leaves. (D) Relative biomass of P. parasitica in the inoculated
leaves. Colonization of P. parasitica in infected leaves at 48 hpi was de-
termined by quantitative polymerase chain reaction (qPCR). N. tabacum
ACTIN and P. parasitica UBC were used to determine P. parasitica biomass.
Error bars represent SD and asterisks indicate significant differences based
on Student's t‐test (***P< 0.001, **P< 0.01). Similar results were obtained from
at least three individual experiments.
Figure S2. Multiple sequence alignment of the full‐length NbPROPPI ho-
mologs in Arabidopsis thaliana and Solanaceae plants
The conserved SGPS—GxGH motifs are indicated in black background.
Figure S3. NbPROPPI1 is not induced by wounding
Quantitative real‐time polymerase chain reaction (qPT‐PCR) experiments
were performed using complmentary DNA (cDNA) synthesized from total
RNA of N. benthamiana leaves at different time points after wounding with
sterile blades. Leaves from the same time points without wounding were
used as a control. Error bars represent SD and asterisks indicate sig-
nificant differences based on Student's t‐test. Similar results were ob-
tained from at least three individual experiments.
Figure S4. Induction of NbPROPPI1 was not influenced in Brassinosteroid
insensitive 1‐associated receptor kinase 1 ( BAK1)‐silenced plants during
P. parasitica infection
The qPT‐PCR experiments were performed using cDNA synthesized from
total RNA of TRV2‐BAK1 and TRV2‐GFP plants after being challenged with
P. parasitica. Error bars represent SD and asterisks indicate significant
differences based on Student's t‐test (**P< 0.01). Similar results were
obtained from at least three individual experiments.
Figure S5. Induction of PR1 expression by treatment with NbPPI1
The 6‐week‐old leaves of N. benthamiana were treated with 1 μmol/L
flg22, NbPPI1, and PIP1. Twelve hours later the transcript levels were
determined by qPT‐PCR. Error bars represent SD and asterisks in-
dicate significant differences based on Student's t‐test (***P < 0.001,
**P < 0.01). Similar results were obtained from at least three individual
experiments.
Table S1. Primers used in this study
Table S2. Synthetic peptides used in this study
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