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Abstract

Nucleotide binding site, leucine-rich repeat (NBS-LRR) proteins are the main types of disease resistance proteins in plants, which can perceive
plant pathogens. Anthracnose, caused by the fungus Colletotrichum camelliae, is one of the most severe diseases in tea plant. Here, we identified
an NBS-LRR-encoding gene, CsRPM1, probably conferring resistance of tea plant to C. camelliae. Phylogenetic analysis showed that CsSRPM1 was
clustered with RPM1 in Arabidopsis and grouped into CC-NBS-LRR (CNL). It contained a signal peptide, a NB-ARC domain, and multiple LRR motifs.
RNA-seq and gRT-PCR analysis showed that the transcript level of CsRPM1 was significantly up-regulated after inoculation with C. camelliae.
Transiently silencing of CsRPM1 in tea leaves comprised the resistance to C. camelliae, indicating that CsRPM1 was required for plant defense
against the pathogen. The subcellular localization showed that CsRPM1 protein was localized in the nucleus, cytoplasm, and cell membrane.
Furthermore, the promoter region of CsRPM1 gene contained MelA-responsive elements, and the expression of CsRPM1 was induced by
exogenous methyl jasmonate, suggesting that CsRPMT gene may be closely related to JA signaling pathway. A total of 17 transcription factors
might be responsible for the expression of CsRPM1. Our data indicates that CsRPM1 is required for disease resistance to C. camelliae in tea plant.
The characterization of this disease resistance gene sheds light on NLR protein function in tea plant and may facilitate breeding to control the
severe anthracnose.
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Introduction

Tea plant (Camellia sinensis) is a widely cultivated perennial
evergreen plant, which is used to produce health-beneficial tea
beverages!'l. However, tea plant frequently suffers from
pathogens due to the warm and humid growing environment,
which leads to serious losses in yield and decreased quality in
teal23). Colletotrichum camelliae, as one of the dominant Col-
letotrichum species causing anthracnose in Ca. sinensis, caused
large necrotic lesions in tea leaves and then resulted in the
increased production losses!l. In response to pathogen attacks,
plants have evolved exquisite and effective defense systems/>l.
The first tier of plant immune system is pathogen-associated
molecular patterns (PAMPs)-triggered immunity (PTI), via the
recognition of PAMPs by plant pathogen- or pattern-recogni-
tion receptors (PRRs)l, Pathogens can synthesize effectors and
deliver them into the plant cell to counteract PTI, while plants
can recognize the effectors via disease resistance proteins (R
proteins) and implement effector-triggered immunity (ETI)©71,
The majority of R proteins contain central nucleotide-binding
site (NBS) and Apaf-1, R-protein, and CED-4 homology (ARC)
subdomains, and leucine-rich repeats (LRRs) domain, called
NBS-LRR or NLR receptors!®l.,

Plants use NBS-LRR proteins to perceive fungal pathogens by
direct or indirect recognition of fungal effectors, triggering ETI
and developing defense responses against pathogens(®19l, For

© The Author(s)

example, the NBS-LRR proteins RGA4 and RGAS in rice physi-
cally bind to two effectors ACR-CO39 and ACR-Pia of fungal
pathogen Magnaporthe oryzae, resulting in resistance induc-
tion and the hypersensitive response (HR)!''12], Over the years,
the function of NLR genes in host plants has been reported. In
tomato, one resistance (R) gene Sm encoding an NBS-LRR pro-
tein confers resistance to gray leaf spot disease caused by Stem-
phylium lycopersicil'3. In barley, virus-induced gene silencing of
an NBS-LRR gene Rpg5 resulted in a compatible reaction with a
normally incompatible stem rust pathogen Puccinia graminis,
indicating the important role of Rpg5 as the stem rust resis-
tance genel'. An NLR protein YrU1 elicits effective ETI after
recognition of the effectors derived from the stripe rust fungus
Puccinia striiformis f. sp. Tritici in bread wheat('%15l, Soybean
Rps11 is an NLR gene conferring broad-spectrum resistance to
Phytophthora sojae causing root and stem rot!'9l, In apple, three
NLR proteins MdRNL1, MdRNL2, and MdRNL3 contribute to the
resistance to apple leaf spot caused by Alternaria alternate f. sp.
mali®®. Rice OsRLR1 gene encoding an NBS-LRR protein medi-
ates resistance to the rice blast fungus M. oryzae through inter-
action with the transcription factor OsWRKY19['71, Although the
role of NLR genes in the resistance against fungal infection has
been widely reported in many plants, few studies reported the
contribution of NLR genes to disease defense in tea plant.

In our previous studies, 400 and 303 CsNLRs genes have been
identified from the genomes of Ca. sinensis var. sinensis (CSS)
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and Ca. sinensis var. assamica (CSA), respectively. Based on the
N-terminal domains, they were classified into two major
groups, coiled-coil-containing NLRs (CNLs) and Toll/interleukin-
1 receptor-containing NLRs (TNLs)'8l. The expression of these
CsNLRs was induced by Colletotrichum, abiotic stresses, and
exogenous methyl jasmonate (MeJA) by RNA-Seq analysis('8l,
However, the role of CsNLRs in disease resistance have not been
functionally validated. Here we identified one CsNLR gene,
CsRPM1, whose expression was significantly induced by C.
camelliae. Phylogenetic tree revealed that CsRPM1 was homol-
ogous to RPM1 in Arabidopsis, and clustered with CNL. It
encodes a typical NBS-LRR protein located in the nucleus, cyto-
plasm, and cell membrane. Further functional analysis by tran-
sient expression confirmed that this gene confers resistance to
C. camelliae in tea plant. The transcript level of CsRPM1 was
induced by exogenous MeJA, and may be regulated by several
transcription factors.

Materials and methods

Plant materials and treatments

Five-year-old tea plant (Ca. sinensis cv. Longjing43) (LJ43)
seedlings were grown under natural conditions. To analyze the
expression of CsRPM1 at different stages of infection with C.
camelliae, the tea leaves inoculated by C. camelliae strain LS_19
were sampled at 0, 3, 6, 12, 24, 48, 72, and 96 h post inocula-
tion. To determine the expression of CsRPM1 under the induc-
tion of MeJA, tea leaves treated with exogenous 150 uM MeJA
and then inoculated with C. camelliae strain LS_19 were sam-
pled at 0, 24, 48, and 72 h after treatment. The collected sam-
ples were stored at -80°C for further experiments.

RNA-Seq analysis

The RNA-Seq expression data-set used to analyze the expres-
sion of CsNLRs in this study was obtained from our previous
study, which was transcriptome of tea leaves in response to C.
camelliael'?). Differentially expressed genes (DEGs) were
defined as their expression presented a > 1.5-fold changel'8l,
The heatmap was constructed by TBtools softwarel20],

qRT-PCR analysis

Total RNA was extracted from collected samples using Fast-
Pure® Plant Total RNA Isolation Kit (Polysaccharides& Polyphe-
nolics-rich) (Vazyme Biotech Co., Ltd, China). cDNA was then
synthesized using HiScript Il 1st Strand c¢cDNA Synthesis Kit
(+gDNA wiper) (Vazyme Biotech Co., Ltd, China) according to
the manufacturer's instructions. gRT-PCR assays were per-
formed with ChamQ Universal SYBR qPCR Master Mix (Vazyme
Biotech Co., Ltd, China) using the Bio-Rad CFX96™ Real-Time
System (USA). CsPTB1 gene encoding polypyrimidine tract-
binding protein was used as referencel?'l, Primer pair (forward:
5'-TCTCCTTCGTCGCTTGTC-3' and reverse: 5-ATAGGGTCTTCT-
GTTAGTCTGG-3') was used to amplify CsRPMT for gRT-PCR. The
experiment with at least three replicates was independently
repeated three times.

Transient gene suppression of CsRPM1

To transiently inhibit the expression of CsRPM1 in LJ43, anti-
sense oligodeoxynucleotide (asODN) was used. Candidate
sequences of asODN were designed using Soligo (http://sfold.
wadsworth.org/cgi-bin/index.pl) with CsRPM1 gene sequence
as the input. The sense oligonucleotides (SODN) were used as
the control. 10 SODNs-asODNs pairs were selected for synthe-
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sizing to ensure and improve the interference effect?2, The
synthesized 10 pairs of SODN and asODN were adjusted to the
concentration of 30 uM with ddH,0 and then injected into the
tea leaves respectively. After incubation, the injected leaves
were inoculated with the 5-mm mycelial plugs cut from C.
camelliae strain LS_19 and then sampled at 12, 24, 48, and 72 h
post inoculation. At each point in time, the lesions on tea leaves
were observed and measured. The leaves samples were then
harvested and stored at -80°C for further analyses. The experi-
ment with at least three replicates was independently repeated
three times.

Subcellular localization of CsSRPM1

The CsRPM1 coding sequence lacking the termination codon
was amplified with the primers (forward: 5-CGAGCTCGGTACC
CGGGGATCCATGGCCTTGGCTGCCGTGGG-3' and reverse: 5'-
CCTTGCTCACCATGGTGTCGACAGTCAATCCTGTGGAACGAG-3)),
and then fused with the vector pCAMBIA2300-355-eGFP using
CloneExpress Il One Step Cloning Kit (Vazyme Biotech Co,, Ltd,
China). The fused vector and control vector (pCAMBIA2300-
35S-eGFP) were then introduced into Agrobacterium tumefa-
ciens GV3101 using the liquid nitrogen quick-freezing method
respectively. The activated A. tumefaciens containing the vec-
tors (ODgy = 0.5) were infiltrated into 5-week-old Nicotiana
benthamiana leaves (expressing nuclear marker-RFP)[23], After
two days in the dark, the GFP fluorescence signal was observed
using laser confocal scanning microscopy (Zeiss LSM 780, Ger-
many). Excitation wavelengths of RFP and GFP were 532 and
488 nm respectively.

Screening of candidate transcription factors (TFs)
regulating CsRPM1 expression

TeaCoN website (http://teacon.wchoda.com/) was used for
candidate TFs screening with CsSRPM1 as the query!24l,

Statistical analysis

Data were the mean = standard deviation of three biological
replicates. The mean and standard errors were respectively cal-
culated using the MEAN and STDEV function in Excel 2019. Sta-
tistically significant differences were determined with one-way
ANOVA analysis (*, p < 0.05; **, p < 0.01) via SPSS Statistics 18
software.

Results

Identification and expression pattern of CSRPM1 after
inoculation with C. camelliae

To identify and analyze the expression pattern of DEGs in
LJ43 inoculated with C. camelliae, we performed RNA-Seq anal-
ysis. Results from Venn diagram identified 12 DEGs at different
stages of infection (12, 24, and 72 h) (Fig. 1a). Notably, among
the 12 DEGs, there was an NLR-encoding gene (TEA004876)
that was significantly up-regulated at 72 h compared to the
control group (Fig. 1b). TEA004876 was predicted as the dis-
ease resistance protein RPM1, and could be induced under vari-
ous biotic and abiotic stresses (http://tpdbtmp.shengxin.ren:81/
analyses_search_locus.html?id=TEA004876). It was named
CsRPM1, and selected for further characterization. Phylogenetic
analysis showed that CsRPM1 was clustered with RPM1 belong-
ing to CNL (CC-NBS-LRR) group (Fig. 1c). CsRPM1 gene in LJ43
encodes an NBS-LRR protein, containing a signal peptide, a NB-
ARC domain, and multiple LRR motifs (Fig. 1d).
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Fig. 1 Identification and expression pattern of CsRPM1 in tea plant leaves inoculated with C. camelliae. (a) Venn diagram of DEGs in tea plant
leaves inoculated with C. camelliae at 12, 24, and 72 h. (b) Heat maps of the expression of 12 DEGs in LJ43 at 12, 24, and 72 h after inoculation
with ddH,O (Control) or C. camelliae (Treated). (c) Phylogenetic tree constructed via the TNL and CNL genes. (d) Domain map of CsRPM1
protein. The domain prediction of CsSRPM1 was performed with SMART analysis service. (e) The expression pattern of CsRPM1 in tea plant leaves
during different stages of infection with C. camelliae by gRT-PCR analysis. **, p < 0.01.

The expression pattern of CsRPM1 at different stages of infec-
tion with C. camelliae was further confirmed by gRT-PCR analy-
sis. The result showed that the expression of CsRPM1 was signif-
icantly up-regulated at 24, 48, 72 h, and 96 h after inoculation
(Fig. 1e), suggesting that CsRPM1 can be induced by the infec-
tion with C. camelliae and probably involved in disease resis-
tance in tea plant.

Silencing of CsRPM1 impairs host resistance to C.
camelliae

To further valid the role of CsRPM1 in disease resistance in tea
plant, asODN was used to transiently inhibit the expression of
CsRPM1 in LJ43. The transcript of CsRPM1 was significantly
down-regulated at 12 and 72 h post injection with 30 uM
asODN compare to the control group (transformed with sODN)
(Fig. 2a). At 72 h, the necrotic lesions caused by C. camelliae on
the asODN group were significantly larger than those on the
sODN control group (Fig. 2b, c). The results indicated that
silencing of CsRPM1 facilitates the infection by C. camelliae and
impairs the resistance of tea plant to C. camelliae.

Subcellular localization of CSRPM1

For examining the localization of CsRPM1 protein, we con-
structed the fused vectors expressing CsRPM1-GFP under the
35S promoter. When CsRPM1-GFP and nuclear marker-RFP
were co-expressed in the N. benthamiana leaves, the green and
red fluorescent protein signals were superimposed (Fig. 3).
Besides, GFP signals were also observed in plasma membrane
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Fig.2 Silencing of CsRPM1 impairs host resistance to C. camelliae.
(@) Expression level of CsRPM1 gene at different stages after
injection with 30 pM asODN or sODN. *, p < 0.05; **, p < 0.01. (b)
Symptoms in detached tea leaves that were injected with 30 uM
asODN or sODN caused by C. camelliae strain LS_19. Bar = 0.5 cm.
(c) Bar chart showing statistical analysis of the sizes of necrotic
lesions in (b). Error bars represent standard deviation. **, p < 0.01.
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and cytoplasm under the confocal microscope (Fig. 2d). Above
all, CsRPM1 localized in the nucleus, cytoplasm, and cell mem-
brane.

MeJA can induce the expression of CSRPM1

When analyzing the cis-regulatory elements presenting in
the 2 kb upstream region of CsRPM1 that was predicted from
LJ43 genomic sequences, we found that MeJA-responsive ele-
ments, and defense and stress-responsive elements are pre-
sented in the promoter of CsRPM1 gene (Fig. 4a). The transcript
level of CsRPM1 was then determined after exogenous treat-
ment with MeJA. qRT-PCR analysis showed that the level of
CsRPM1 transcripts was significantly up-regulated at 48 h after
MelJA treatment compared with the control group (Fig. 4b). The
results indicated that CsRPM1 might be involved in the jas-
monic acid (JA) signaling pathway.

Predication of candidate transcriptional factors
regulating the CsSRPM1 expression

To further gain insight into the regulatory mechanism of
CsRPM1, we predicted the transcriptional factors (TFs) regulat-
ing the CsRPM1 expression through the TeaCoN website. A total
of 17 DEGs annotated as involved in transcriptional regulation,
including 15 up-regulated genes and two down-regulated
genes, were identified (Fig. 5a, b). Especially, five genes,
TEA030980 (encoding a late embryogenesis abundant protein),
TEA031553 (encoding a multicopper oxidase), TEA031563
(encoding a multicopper oxidase), TEA013693 (encoding a
calmodulin-binding family protein), and TEA018280 (encoding
a VQ motif-containing protein), showed higher correlation with
the expression of CsRPM1 and were also significantly up-regu-
lated at 72 h after inoculation with C. camelliae (Fig. 5b). The
result suggested that they may be involved in the regulation of
CsRPM1 expression.

Discussion

As the most important gene families involved in disease
resistance in plants, NLR genes are usually highly expressed fol-
lowing pathogens infection, and the transcript levels of NLRs
are correlated with plant defense response against
pathogens!®13251, In apple, a TIR-NBS-LRR gene MdTNL1 posi-
tively regulating Glomerella leaf spot (GLS) resistance was
highly expressed in resistance apple cultivar 'Fuji' after inocula-
tion with the GLS pathogen C. fructicolal?l. Powdery mildew
resistance gene Pm2b in wheat encoding a CC-NBS-LRR protein
was rapidly up-regulated after inoculating with Blumeria grami-
nis f. sp. tritici?”). Multiple StTNL genes encoding TIR-NBS-LRR
proteins in potato showed strong and constant upregulation
under fungal pathogen Alternaria solani treatment!?8l. In tea
plant, RNA-Seq have revealed that the expression of CsNLRs can
be induced by anthracnose pathogens!'8l. In this study, we
identified 12 DEGs commonly expressed at 12 h, 24 h, and 72 h
after inoculation with C. camelliae causing anthracnose by RNA-
Seq analysis (Fig. 1a), suggesting their potential functions in
disease resistance.

Among the 12 DEGs, CsRPM1 (TEA004876) encoding an NBS-
LRR protein was predicted as the disease resistance protein
RPM1. RPM1 is an NBS-LRR protein from Arabidopsis that con-
fers resistance to bacterial pathogen Pseudomonas syringae
expressing either two avirulence genes, avrRpm1 or avrB29.
The functional and potentially molecular homologs of RPM1
also exists in conceivably other crop species%3'), In wheat,
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RFP were infiltrated with A. tumefaciens carrying the fused vectors
expressing CsRPM1-GFP or empty vector and were observed
under laser confocal scanning microscopy after 2 d in the dark.
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Fig. 4 MeJA can induce the expression of CsRPM1. (a) The
predicted promoter elements of CsRPM1 gene from the 2 kb
upstream region to ATG. (b) gRT-PCR analysis of CsRPM1
transcripts in tea leaves treated with exogenous 150 pM MeJA.
Error bars represent standard deviation. **, p < 0.01.

TaRPM1 plays an important role in the resistance to infection by
the powdery mildew pathogen B. graminis f. sp. tritici32.
PsoRPM1 from Xinjiang wild cherry plum (Prunus sogdiana) is a
root-knot nematode resistance gene candidateB3l. In rice,
RPM1-like resistance gene 1 OsRLRT mediates the defense
response to the fungal pathogen M. oryzae and the bacterial
pathogen Xanthomonas oryzae pv. oryzae through direction
interaction with the transcription factor OsWRKY19U'7} In this
study, the transcript level of CsRPM1 was significantly upregu-
lated after inoculation with C. camelliae (Fig. 1€), and silencing
of CsRPM1 facilitates the infection by C. camelliae and impairs
the resistance of tea plant to C. camelliae (Fig. 2a—c). The results
indicated that CsRPM1 plays an important role in the resistance
to the infection by C. camelliae. RPM1 interacts with other pro-
teins, such as RIN4 and RIN13, which can regulate the RPM1-
mediated disease resistancel3435], Therefore, based on the char-
acterization of CsRPM1 function, we can identify proteins
directly interacting with CsSRPM1 in a yeast two-hybrid screen.
Seventeen DEGs including 15 up-regulated genes and two
down-regulated genes were predicted to be involved in tran-
scription regulation of CsRPM1 (Fig. 53, b). Especially, five genes
(TEA030980, TEA031553, TEA031563, TEA013693, and
TEA018280) were also significantly up-regulated at 72 h after
inoculation with C. camelliae (Fig. 5b), showing similar expres-
sion patterns to CsRPM1. The results suggested that these

Lv et al. Beverage Plant Research 2023, 3:13
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genes may be involved in the regulation of CsRPM1 expression.
TEA030980 was predicted to encode a late embryogenesis
abundant (LEA) protein. In tea plant, LEA gene family are identi-
fied and involved in response to abiotic stresses including
drought, dehydration, osmotic, and cold6-39, However, over-
expressing of wheat TdLEA3 in Arabidopsis showed increased
resistance to fungal infections by Fusarium graminearum, Botry-
tis cinerea and Aspergillus niger*), suggesting its potential role
in disease resistance. Multicopper oxidase encoded by
TEA031553 or TEA031563 are ubiquitous enzymes that cat-
alyze the oxidation of various substrates by reducing O, to H,0,
including laccases and several oxidases!*'l. Calmodulin-binding
protein encoded by TEA013693 may act as TF to regulate biotic
and abiotic stress responses, especially in low temperature
responses*?l, TEA018280 was predicted to encode a VQ

Lv et al. Beverage Plant Research 2023, 3:13

(FxxhVQxhTG, h: hydrophobic amino acid, x: any amino acid)
motif-containing protein, this family genes in tea plant are
identified and found to play important roles in response to salt
and drought stresst*3l, Although all the five gene families are
identified in tea plant, and transcriptome analysis revealed their
expression pattern in response to abiotic stresses, their roles in
disease resistance to Colletotrichum infection are little known.
In future research, we will verify the interaction between
CsRPM1 and the five genes by yeast one-hybrid, dual luciferase
or electrophoretic mobility shift assays to reveal the regulatory
mechanism of CsRPM1 and their roles in disease resistance.

JAs are important phytohormones that regulate a wide range
of physiological processes in plant growth and development,
and especially the mediation of responses to various
stresses!*4, After plants are infected by pathogens, JA and other
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signaling pathways are activated, which leads to the activation
of plant disease resistancel*5]. For example, JA biosynthesis and
signaling genes in rice can be effectively induced by the rice
blast fungus M. oryzae at the warm temperature, which leads to
enhanced blast resistancel“®l. The JA signaling pathway is
involved in PTI and ETI activation, thereby stimulating down-
stream transcription factors and initiating plant defense
responses to pathogen infections1. NLRs as the key pathogen
effectors activate ETIl, many studies have shown that phytohor-
mone pathways including JA signaling pathway are correlated
with the resistance mediated by NLRs. In rice, Gene Ontology
(GO) analysis revealed strong correlation of hormone pathways,
especially salicylic acid (SA) and JA, with the resistance to
brown planthopper (BPH) mediated by an NLR gene BPHI™*71. JA
and its conjugate JA-lle rapidly increased after BPH
infestation®’l. In tea plant, JA content was also significantly
increased in the diseased leaves infected by C. camelliae at 72 h
post inoculation('9, In this study, we have confirmed that the
level of CsRPM1 transcripts was significantly up-regulated at 48
h after MeJA treatment (Fig. 4b). These results imply that
CsRPM1 may combine with JA signaling pathway to regulate
the disease resistance to C. camelliae in tea plant. In cucumber,
the transcript levels of two NBS-LRR genes CsRSF1 and CsRSF2
were also upregulated after exogenous treatment with MeJA
and correlated with plant defense response against powdery
mildew caused by Sphaerotheca fuliginea®. The pepper NLR
Tsw can recognize pathogen interference of phytohormone
signaling as a counter-virulence strategy, thereby activating
plant immunity®8l. Therefore, the underlying mechanism of
CsRPM1 regulating the defense response to C. camelliae in
combination with JA signaling pathway needs to be further
explored.

Conclusions

NBS-LRR proteins play important roles in plant disease resis-
tance. An NBS-LRR-encoding gene CsRPM1 was identified from
tea plant cultivar LJ43. RNA-Seq and qRT-PCR analysis showed
that the transcript level of CsRPM1 was up-regulated after inoc-
ulation with C. camelliae LS_19 strain. The transient silencing of
CsRPMT1 in LJ43 leaves comprised the resistance to C. camelliae.
The subcellular localization showed that CsRPM1 protein was
localized in the nucleus, cytoplasm, and cell membrane. The
expression of CsRPM1 was induced by exogenous MeJA. We
also predicated the candidate TFs regulating the CsRPMT
expression. Our data indicates that CsRPM1 is required for dis-
ease resistance to C. camelliae in tea plant. Further research on
the mechanism of CsRPM1 regulating the defense response to
C. camelliae in combination with JA signaling pathway and TFs
will broaden our comprehension of NLRs in tea plant.

Acknowledgments

The research was financially supported by the Fundamental
Research Funds for the Provincial Universities of Zhejiang
(2020YQO001); the Open Fund of Key Laboratory of Biology,
Genetics and Breeding of Special Economic Animals and Plants,
Ministry of Agriculture and Rural Affairs, P. R. China
(TZDZW202202); the Zhejiang Provincial Natural Science Foun-
dation (LY22C160001); Zhejiang Science and Technology Major
Program on Agricultural New Variety Breeding-Tea Plant
(2021C02067-7).

Page60of7

CsRPM1 is required for disease resistance

Conflict of interest

The authors declare that they have no conflict of interest.
Xinchao Wang is the Editorial Board member of Beverage Plant
Research who was blinded from reviewing or making decisions
on the manuscript. The article was subject to the journal's stan-
dard procedures, with peer-review handled independently of
this Editorial Board member and his research groups.

Dates

Received 15 March 2023; Revised 27 April 2023; Accepted 9
May 2023; Published online 2 June 2023

References

1. Xia E, Tong W, Hou Y, An Y, Chen L, et al. 2020. The reference
genome of tea plant and resequencing of 81 diverse accessions
provide insights into its genome evolution and adaptation.
Molecular Plant 13:1013-26

2. Liu Z Han Y, Zhou Y, Wang T, Lian S, et al. 2021. Transcriptomic
analysis of tea plant (Camellia sinensis) revealed the co-expression
network of 4111 paralogous genes and biosynthesis of quality-
related key metabolites under multiple stresses. Genomics
113:908-18

3. Wang YC, Hao XY, Wang L, Xiao B, Wang XC, et al. 2016. Diverse
Colletotrichum species cause anthracnose of tea plants (Camellia
sinensis (L.) O. Kuntze) in China. Scientific Reports 6:35287

4. Lu Q Wang Y, LiN, NiD, Yang Y, et al. 2018. Differences in the
characteristics and pathogenicity of Colletotrichum camelliae and
C. fructicola isolated from the tea plant [Camellia sinensis (L.) O.
Kuntze]. Frontiers in Microbiology 9:3060

5. Medina-Puche L, Tan H, Dogra V, Wu M, Rosas-Diaz T, et al. 2020. A
defense pathway linking plasma membrane and chloroplasts and
co-opted by pathogens. Cell 182:1109-1124.E25

6. Bigeard J, Colcombet J, Hirt H. 2015. Signaling mechanisms in
pattern-triggered immunity (PTI). Molecular Plant 8:521-39

7. Chang M, Chen H, Liu F, Fu ZQ. 2022. PTI and ETI: convergent
pathways with diverse elicitors. Trends in Plant Science 27:113—-15

8. Zhang Q, Wang Y, Wei H, Fan W, Xu C, et al. 2021. CCi-NB-LRR
proteins MdRNL2 and MdRNLS6 interact physically to confer broad-
spectrum fungal resistance in apple (Malus x domestica). The Plant
Journal 108:1522—-38

9. Wang X, Chen Q, Huang J, Meng X, Cui N, et al. 2021. Nucleotide-
binding leucine-rich repeat genes CsRSF1 and CsRSF2 are positive
modulators in the Cucumis sativus defense response to
Sphaerotheca fuliginea. International Journal of Molecular Sciences
22:3986

10. Wang H, Zou S, Li Y, Lin F, Tang D. 2020. An ankyrin-repeat and
WRKY-domain-containing immune receptor confers stripe rust
resistance in wheat. Nature Communications 11:1353

11. Césari S, Kanzaki H, Fujiwara T, Bernoux M, Chalvon V, et al. 2014.
The NB-LRR proteins RGA4 and RGA5 interact functionally and
physically to confer disease resistance. The EMBO Journal
33:1941-59

12. Cesari S, Thilliez G, Ribot C, Chalvon V, Michel C, et al. 2013. The
rice resistance protein pair RGA4/RGA5 recognizes the
Magnaporthe oryzae effectors AVR-Pia and AVR1-CO39 by direct
binding. The Plant Cell 25:1463-81

13. Yang H, Wang H, Jiang J, Liu M, Liu Z, et al. 2022. The Sm gene
conferring resistance to gray leaf spot disease encodes an NBS-LRR
(nucleotide-binding site-leucine-rich repeat) plant resistance
protein in tomato. Theoretical and Applied Genetics 135:1467—-76

14. Brueggeman R, Druka A, Nirmala J, Cavileer T, Drader T, et al. 2008.
The stem rust resistance gene Rpg5 encodes a protein with
nucleotide-binding-site, leucine-rich, and protein kinase domains.
PNAS 105:14970-75

Lv et al. Beverage Plant Research 2023, 3:13


https://doi.org/10.1016/j.molp.2020.04.010
https://doi.org/10.1016/j.ygeno.2020.10.023
https://doi.org/10.1038/srep35287
https://doi.org/10.3389/fmicb.2018.03060
https://doi.org/10.1016/j.cell.2020.07.020
https://doi.org/10.1016/j.molp.2014.12.022
https://doi.org/10.1016/j.tplants.2021.11.013
https://doi.org/10.1111/tpj.15526
https://doi.org/10.1111/tpj.15526
https://doi.org/10.3390/ijms22083986
https://doi.org/10.1038/s41467-020-15139-6
https://doi.org/10.15252/embj.201487923
https://doi.org/10.1105/tpc.112.107201
https://doi.org/10.1007/s00122-022-04047-6
https://doi.org/10.1073/pnas.0807270105

CsRPM1 is required for disease resistance

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Zou S, Tang Y, Xu Y, Ji J, Lu Y, et al. 2022. TuRLK, a leucine-rich
repeat receptor-like kinase, is indispensable for stripe rust
resistance of YrUT and confers broad resistance to multiple
pathogens. BMC Plant Biology 22:280

Wang W, Chen L, Fengler K, Bolar J, Llaca V, et al. 2021. A giant NLR
gene confers broad-spectrum resistance to Phytophthora sojae in
soybean. Nature Communications 12:6263

Du D, Zhang C, Xing Y, Lu X, Cai L, et al. 2021. The CC-NB-LRR
OsRLR1 mediates rice disease resistance through interaction with
OsWRKY19. Plant Biotechnology Journal 19:1052—-64

Wang Y, Lu Q, Xiong F, Hao X, Wang L, et al. 2020. Genome-wide
identification, characterization, and expression analysis of
nucleotide-binding leucine-rich repeats gene family under environ-
mental stresses in tea (Camellia sinensis). Genomics 112:1351-62

Lu Q, Wang Y, Xiong F, Hao X, Zhang X, et al. 2020. Integrated
transcriptomic and metabolomic analyses reveal the effects of
callose deposition and multihormone signal transduction
pathways on the tea plant-Colletotrichum camelliae interaction.
Scientific Reports 10:12858

Chen C, Chen H, Zhang Y, Thomas HR, Frank MH, et al. 2020.
TBtools: an integrative toolkit developed for interactive analyses of
big biological data. Molecular Plant 13:1194-202

Hao X, Horvath DP, Chao WS, Yang Y, Wang X, et al. 2014.
Identification and evaluation of reliable reference genes for
quantitative real-time PCR analysis in tea plant (Camellia sinensis
(L) O. Kuntze). International Journal of Molecular Sciences
15:22155-72

Li H, Guo L, Yan M, Hu J, Lin Q, et al. 2022. A rapid and efficient
transient expression system for gene function and subcellular
localization studies in the tea plant (Camellia sinensis) leaves.
Scientia Horticulture 297:110927

Cao Q, Lv W, Jiang H, Chen X, Wang X, et al. 2022. Genome-wide
identification of glutathione S-transferase gene family members in
tea plant (Camellia sinensis) and their response to environmental
stress. International Journal of Biological Macromolecules
205:749-60

Zhang R, Ma Y, HuX, Chen Y, He X, et al. 2020. TeaCoN: A database
of gene co-expression network for tea plant (Camellia sinensis).
BMC Genomics 21:461

Xiao K, Zhu H, Zhu X, Liu Z, Wang Y, et al. 2021. Overexpression of
PsoRPM3, an NBS-LRR gene isolated from myrobalan plum, confers
resistance to Meloidogyne incognita in tobacco. Plant Molecular
Biology 107:129-46

Lv L, Liu Y, Bai S, Turakulov KS, Dong C, et al. 2022. A TIR-NBS-LRR
gene MdTNLT regulates resistance to Glomerella leaf spot in apple.
International Journal of Molecular Sciences 23:6323

JinY, Liu H, Gu T, Xing L, Han G, et al. 2022. PM2b, a CC-NBS-LRR
protein, interacts with TaWRKY76-D to regulate powdery mildew
resistance in common wheat. Frontiers in Plant Science 13:973065
Dubey N, Chaudhary A, Singh K. 2022. Genome-wide analysis of
TIR-NBS-LRR gene family in potato identified StTNLC7G2 inducing
reactive oxygen species in presence of Alternaria solani. Frontiers in
Genetics 12:791055

Boyes DC, Nam J, Dangl JL. 1998. The Arabidopsis thaliana RPM1
disease resistance gene product is a peripheral plasma membrane
protein that is degraded coincident with the hypersensitive
response. PNAS 95:15849-54

Dangl JL, Ritter C, Gibbon MJ, Mur LA, Wood JR, et al. 1992.
Functional homologs of the Arabidopsis RPM1 disease resistance
gene in bean and pea. The Plant Cell 4:1359-69

Chen NWG, Sévignac M, Thareau V, Magdelenat G, David P, et al.
2010. Specific resistances against Pseudomonas syringae effectors
AvrB and AvrRpm1 have evolved differently in common bean
(Phaseolus vulgaris), soybean (Glycine max), and Arabidopsis
thaliana. New Phytologist 187:941-56

Nie YB, Ji WQ. 2019. Cloning and characterization of disease
resistance protein RPM1 genes against powdery mildew in wheat
line N9134. Cereal Research Communications 47:473-83

Lv et al. Beverage Plant Research 2023, 3:13

33.

34.

35.
36.
37.
38.

39.

40.

41.

42.
43.

44,
45.
46.
47.

48.

Beverage Plant
Research

Li F, Zhu X, Qiao F, Chen XF, Li H, et al. 2013. psoRPM1 gene from
Prunus sogdiana indicated resistance to root-knot nematode in
tobacco. Acta Horticulturae Sinica 40:2497-504

Belkhadir Y, Nimchuk Z, Hubert DA, Mackey D, Dangl JL. 2004.
Arabidopsis RIN4 negatively regulates disease resistance mediated
by RPS2 and RPM1 downstream or independent of the NDR1
signal modulator and is not required for the virulence functions of
bacterial type Il effectors AvrRpt2 or AvrRpm1. The Plant Cell
16:2822-35

Al-Daoude A, de Torres Zabala M, Ko JH, Grant M. 2005. RIN13 is a
positive regulator of the plant disease resistance protein RPM1.
The Plant Cell 17:1016—-28

Wang W, Gao T, Chen J, Yang J, Huang H, et al. 2019. The late
embryogenesis abundant gene family in tea plant (Camellia
sinensis): Genome-wide characterization and expression analysis in
response to cold and dehydration stress. Plant Physiology and
Biochemistry 135:277—-86

Jin X, Cao D, Wang Z, Ma L, Tian K, et al. 2019. Genome-wide
identification and expression analyses of the LEA protein gene
family in tea plant reveal their involvement in seed development
and abiotic stress responses. Scientific Reports 9:14123

Muoki RC, Paul A, Kumar S. 2012. A shared response of thaumatin
like protein, chitinase, and late embryogenesis abundant protein 3 to
environmental stresses in tea [Camellia sinensis (L.) O. Kuntze].
Functional & Integrative Genomics 12:565-71

Paul A, Singh S, Sharma S, Kumar S. 2014. A stress-responsive late
embryogenesis abundant protein 7 (CsLEA7) of tea [Camellia sinensis
(L) O. Kuntze] encodes for a chaperone that imparts tolerance to
Escherichia coli against stresses. Molecular Biology Reports
41:7191-200

Koubaa S, Brini F. 2020. Functional analysis of a wheat group 3 late
embryogenesis abundant protein (TALEA3) in Arabidopsis thaliana
under abiotic and biotic stresses. Plant Physiology and Biochemistry
156:396—-406

Komori H, Higuchi Y. 2015. Structural insights into the O,
reduction mechanism of multicopper oxidase. The Journal of
Biochemistry 158:293—98

Li B, He S, Zheng Y, Wang Y, Lang X, et al. 2022. Genome-wide
identification and expression analysis of the calmodulin-binding
transcription activator (CAMTA) family genes in tea plant. BMC
Genomics 23:667

Guo J, Chen J, Yang J, Yu Y, Yang Y, et al. 2018. Identification,
characterization and expression analysis of the VQ motif-
containing gene family in tea plant (Camellia sinensis). BMC
Genomics 19:710

Ruan J, Zhou Y, Zhou M, Yan J, Khurshid M, et al. 2019. Jasmonic
acid signaling pathway in plants. International Journal of Molecular
Sciences 20:2479

Ding L-N, Li Y-T, Wu Y-Z, Li T, Geng R, et al. 2022. Plant disease
resistance-related signaling pathways: recent progress and future
prospects. International Journal of Molecular Sciences 23:16200

Qiu J, Xie J, Chen Y, Shen Z, Shi H, et al. 2022. Warm temperature
compromises JA-regulated basal resistance to enhance
Magnaporthe oryzae infection in rice. Molecular Plant 15:723-39
Zhao Y, Huang J, Wang Z, Jing S, Wang Y, et al. 2016. Allelic
diversity in an NLR gene BPH9 enables rice to combat planthopper
variation. PNAS 113:12850-55

Chen J, Zhao Y, Luo X, Hong H, Yang T, et al. 2023. NLR surveillance
of pathogen interference with hormone receptors induces
immunity. Nature 613:145-52

Copyright: © 2023 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This

article is an open access article distributed under Creative
Commons Attribution License (CC BY 4.0), visit https://creative-
commons.org/licenses/by/4.0/.

Page 7 of 7


https://doi.org/10.1186/s12870-022-03679-6
https://doi.org/10.1038/s41467-021-26554-8
https://doi.org/10.1111/pbi.13530
https://doi.org/10.1016/j.ygeno.2019.08.004
https://doi.org/10.1038/s41598-020-69729-x
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.3390/ijms151222155
https://doi.org/10.1016/j.scienta.2022.110927
https://doi.org/10.1016/j.ijbiomac.2022.03.109
https://doi.org/10.1186/s12864-020-06839-w
https://doi.org/10.1007/s11103-021-01185-1
https://doi.org/10.1007/s11103-021-01185-1
https://doi.org/10.3390/ijms23116323
https://doi.org/10.3389/fpls.2022.973065
https://doi.org/10.3389/fgene.2021.791055
https://doi.org/10.3389/fgene.2021.791055
https://doi.org/10.1073/pnas.95.26.15849
https://doi.org/10.1105/tpc.4.11.1359
https://doi.org/10.1111/j.1469-8137.2010.03337.x
https://doi.org/10.1556/0806.47.2019.27
https://doi.org/10.1105/tpc.104.024117
https://doi.org/10.1105/tpc.104.028720
https://doi.org/10.1016/j.plaphy.2018.12.009
https://doi.org/10.1016/j.plaphy.2018.12.009
https://doi.org/10.1038/s41598-019-50645-8
https://doi.org/10.1007/s10142-012-0279-y
https://doi.org/10.1007/s11033-014-3602-y
https://doi.org/10.1016/j.plaphy.2020.09.028
https://doi.org/10.1093/jb/mvv079
https://doi.org/10.1093/jb/mvv079
https://doi.org/10.1186/s12864-022-08894-x
https://doi.org/10.1186/s12864-022-08894-x
https://doi.org/10.1186/s12864-018-5107-x
https://doi.org/10.1186/s12864-018-5107-x
https://doi.org/10.3390/ijms20102479
https://doi.org/10.3390/ijms20102479
https://doi.org/10.3390/ijms232416200
https://doi.org/10.1016/j.molp.2022.02.014
https://doi.org/10.1073/pnas.1614862113
https://doi.org/10.1038/s41586-022-05529-9
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Plant materials and treatments
	RNA-Seq analysis
	qRT-PCR analysis
	Transient gene suppression of CsRPM1
	Subcellular localization of CsRPM1
	Screening of candidate transcription factors (TFs) regulating CsRPM1 expression
	Statistical analysis

	Results
	Identification and expression pattern of CsRPM1 after inoculation with C. camelliae
	Silencing of CsRPM1 impairs host resistance to C. camelliae
	Subcellular localization of CsRPM1
	MeJA can induce the expression of CsRPM1
	Predication of candidate transcriptional factors regulating the CsRPM1 expression

	Discussion
	Conclusions
	References

