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Abstract 

Plants have evolved a multilayered and sophisticated immune system to establish effective resistance to a variety 
of pathogens. Phytophthora species are among the most notorious plant pathogens, causing destructive diseases 
on a variety of agricultural crops. Understanding the plant immune system is crucial for protecting crops from Phy-
tophthora diseases. Here, we summarize the recent work on genes involved in plant resistance against Phytophthora 
pathogens, including cell surface pattern recognition receptors, cytoplasmic nucleotide-binding leucine-rich repeat 
receptors, regulator genes, and non-host resistance genes, small RNA, and long non-coding RNA are also discussed 
in this review. Although the molecular mechanisms of only a small proportion of them have been clarified, emer-
gence of new mechanisms of plant defense will offer exciting opportunities for utilization of these genes in disease 
resistance breeding as well as generation of disease-resistant crop germplasms.
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Background
Phytophthora species belong to oomycetes, which have 
filamentous growth habits and nutritional strategies 
like fungi, but are evolutionarily distant from fungi and 
classified in the kingdom stramenopiles. The majority 
of Phytophthora species are notorious plant pathogens 
and infect more than 130 known plant species, causing 
destructive diseases on a variety of agricultural crops 
including potato, soybean, tomato, pepper, and forests 
(Tyler et  al. 2006). For example, Phytophthora infestans 
is the causal agent of potato late blight, which was 
responsible for the Great Irish Famine in the nineteenth 

century (Kroon et al. 2012). Late blight is also the most 
economically important disease of potato, resulting in 
an economic loss more than € 9 billion per year (Haver-
kort et  al. 2016). P. sojae has a narrow host range and 
causes root and stem rot primarily on soybean, while P. 
capsici has a broad host range and causes many devastat-
ing diseases on a number of vegetables including pepper, 
tomato, eggplant, and all cucurbits (Tyler 2007; Lamour 
et al. 2012; Yang et al. 2022). P. capsici is the most impor-
tant pathogen of solanaceous and cucurbitaceous crops, 
and it causes total crop loss worldwide (Sanogo et  al. 
2022). Furthermore, P. ramorum infects multiple species 
of hardwood trees and ornamentals, leading to a seri-
ous threat to the forestry industry (Kamoun et al. 2015). 
Given the lack of resistant cultivars, Phytophthora dis-
eases are mainly controlled by fungicides, but pathogen 
isolates that are resistant to commonly used fungicides 
have been continually reported (Gonzalez-Tobon et  al. 
2022). On the other hand, breeding resistant varieties 
is the most economical and effective way to control dis-
eases, but the development of resistant varieties is rela-
tively slow and short-lived due to the rapid and constant 
evolution of Phytophthora pathogens. Thus, identification 
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and utilization of genes related to plant resistance to 
facilitate disease resistance breeding is a priority for con-
trolling Phytophthora pathogens.

In the face of the threat from pathogens, plant orches-
trate multiple defense strategies ranging from physi-
cal barriers to specialized metabolites. Simply, physical 
barriers of plants include cuticle at the surface, lignin 
and suberin of cell wall, and papillae or callose at sites 
of pathogen penetration (Hematy et  al. 2009). Plants 
also produce a wide array of antimicrobial compounds 
including phytoalexins which are synthesized only upon 
pathogen attack and glucosinolates that are constitutively 
accumulated (Burow and Halkier 2017; Li et  al. 2023a). 
Once pathogens penetrate the cell wall, plants could 
deploy a two-tiered immune system to resist patho-
genic microorganisms (Jones and Dangl 2006). The first 
layer is called pattern-triggered immunity (PTI), which 
is initiated upon recognition of conserved microbe-/
pathogen-associated molecular patterns (M/PAMPs) 
or damage-associated molecular patterns (DAMPs) by 
a diverse assortment of cell surface pattern recognition 
receptors (PRRs). The second layer is effector-triggered 
immunity (ETI), which is activated through sensing 
microbial effectors by cytoplasmic nucleotide-binding 
leucine-rich repeat (NLR) receptors (Bonardi et al. 2012). 
In such cases, recognized effectors are often referred to as 
avirulence (Avr) effectors. Activation of PTI or ETI ulti-
mately launch multiple but similar downstream immune 
responses such as production of reactive oxygen species 
(ROS), reinforcement of cell wall, biosynthesis of anti-
microbial compounds, and production of small silencing 
RNAs, albeit with distinct amplitudes and dynamics. PTI 
leads to a basal and broad-spectrum resistance, while ETI 
is qualitatively much stronger and faster, often results in 
a localized programmed cell death (PCD) at the infec-
tion sites termed hypersensitive response (HR) (Cui et al. 
2015; Dong et  al. 2022). Recent studies demonstrated 
that PRR-mediated signaling is important for ETI-asso-
ciated defense responses, and NLR-mediated signaling 
leads to up-regulated transcription and/or translation of 
many PTI components (Yuan et  al. 2021). Furthermore, 
a complex of ETI components, EDS1, PAD4, and ADR1, 
are also required for PTI triggered by the Arabidopsis cell 
surface receptor RLP23 (Pruitt et al. 2021). Thus, PTI and 
ETI can potentiate each other to achieve stronger plant 
defenses.

In the warfare between hosts and pathogenic micro-
organisms, Phytophthora pathogens have developed 
effective strategies to enable the establishment and devel-
opment of infection. For example, they can evade the 
plant immune recognition by removal, modification, and 
mutation of immunogenic microbial molecules includ-
ing PAMPs and effectors (Wang et  al. 2022). Another 

common strategy is to secrete effector proteins into apo-
plastic space or host cells for targeting and manipulating 
different phases of plant immune activation comprising 
immune signaling transduction and defense execution, 
facilitating the infection by microbial pathogens (Boevink 
et  al. 2020). Considering Phytophthora pathogens have 
high evolutionary rates and encode hundreds of effectors, 
the identification of effective genes related to plant resist-
ance will contribute to disease resistance breeding.

In this review, we mainly focus on discussing the cell 
surface PRRs and cytoplasmic NLRs which specifically 
recognize Phytophthora species to activate PTI and ETI 
(Additional file 1: Table S1). We also summarize an array 
of genes that participate in plant resistance and defense 
responses to Phytophthora pathogens, while genes 
which involve in communal signaling transduction or 
broad-spectrum immunity through physical and chemi-
cal barriers are not included (Additional file 2: Table S2). 
Furthermore, host small RNA (sRNA) and long non-
coding RNA (lncRNA) are also discussed in this review 
(Additional file 2: Table S2). Based on the known molecu-
lar mechanisms underlying interactions between Phy-
tophthora pathogens and their hosts, we highlight recent 
findings on how plants mobilize the above genes to with-
stand pathogen infection. Finally, we discuss the utiliza-
tion of these genes in disease resistance breeding.

Cell surface PRRs
Plants utilize a large repertoire of PRRs at the cell sur-
face to perceive microbial invasion and activate immune 
responses. For Phytophthora pathogens, certain PAMPs 
or apoplastic effectors can be recognized by plant 
PRRs, which are characteristically receptor-like pro-
teins (RLPs) and receptor-like kinases (RLKs) (Fig.  1) 
(Li et  al. 2016). In recent decades, a handful of PAMPs 
from Phytophthora species have been identified. For 
example, elicitins are conserved secreted proteins from 
Phytophthora and Pythium species, and they can elicit 
HR-like cell death and induce defense responses in sev-
eral plant species (Kamoun et al. 1993). Correspondingly, 
a cell surface RLP ELR (elicitin response) isolated from 
the wild potato Solanum microdontum can mediate spe-
cific response to a broad range of elicitins and enhance 
resistance to P. infestans in potato. The central immune 
co-receptor BRI1-Associated Kinase 1/Somatic Embryo-
genesis Receptor Kinase 3 (BAK1/SERK3), associates 
with ELR to recognize INF1, a well-known elicitin from 
P. infestans (Du et  al. 2015). In addition, Suppressor Of 
BIR1-1 (SOBIR1) also interacts with ELR and is required 
for INF1-triggered cell death and basal resistance against 
P. infestans (Domazakis et  al. 2018). More recently, 
NbEIR1 (Nicotiana benthamiana ELICITIN INSENSI-
TIVE RLK 1) was found to associate with NbBAK1 and 
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NbBSK1 (BRASSINOSTEROID-SIGNALING KINASE 
1) to positively regulate the recognition of INF1, INF1-
induced defense responses, and resistance to P. capsici 
(Zhang et al. 2023). In another study, Responsive to ELic-
itins (REL) was identified in N. benthamiana as an RLP 
to recognize elicitins through forming complexes with 
BAK1 and SOBIR1, and REL is required for elicitin-trig-
gered cell death, immune responses, and Phytophthora 
resistance (Chen et al. 2023). In another case, the plasma 
membrane lectin RLK, RESISTANT TO DFPM-INHIBI-
TION OF ABSCISIC ACID SIGNALING 2 (RDA2), rec-
ognizes the 9-methyl-branched sphingoid bases derived 
from ceramide of P. infestans and confers Arabidopsis 
resistance against oomycete pathogens (Kato et al. 2022).

XEG1 is an apoplastic effector belonging to a glyco-
side hydrolase family 12 (GH12) protein produced by 
Phytophthora spp. and can trigger defense responses, 

thus it acts as a PAMP in soybean (Glycine max) and 
solanaceous species (Ma et  al. 2015). A leucine-rich 
repeat (LRR) RLP, Response to XEG1 (RXEG1), specifi-
cally recognizes XEG1 and forms a complex with BAK1 
and SOBIR1 to regulate XEG1-induced plant immune 
responses (Wang et  al. 2018b). Similarly, RLP23 forms 
a constitutive complex with SOBIR1 and recruits BAK1 
into a tripartite complex upon binding to a conserved 
20-amino-acid fragment (nlp20) from necrosis and eth-
ylene-inducing peptide 1-like proteins (NLPs), another 
class of apoplastic effectors, leading to recognition of 
nlp20 and enhanced immunity to P. infestans (Albert 
et  al. 2015). SOBIR1 and BAK1 are also involved in the 
perception of an apoplastic effector VmE02, a novel 
PAMP that is widely present in oomycetes and fungi, by a 
receptor-like protein Response to VmE02 (RE02), result-
ing in VmE02-triggred cell death and enhanced plant 

Fig. 1  PRRs and NLRs involved in Phytophthora resistance. Cell surface pattern recognition receptors (PRRs) (ELR, EIR1, RE02, RXEG1, REL, ERK1, 
RLP23, and RDA2) interact with SOBIR1 and BAK1 to form PRR immune complexes upon recognition of pathogen-associated molecular pattern 
(PAMPs) or apoplastic effectors from Phytophthora pathogens. Activation of PRRs triggers phosphorylation of receptor-like cytoplasmic kinases 
(RLCKs), RBOHD, PIPs, and Ca2+ channels, leads to production of reactive oxygen species (ROS), influx of calcium, the MAP kinase cascade activation 
and downstream defense-related gene expression. Other RLKs (LecRK-IX.2, LecRK-I.9, LecRK-IX.1, LecRK-IV.4, LecRK-V.5, and GmLMM1) play positive 
roles in resistance to Phytophthora pathogens as well. Pathogens also deliver race-specific effector proteins to suppress host immunity in various 
modes to facilitate infection. In this context, cytoplasmic nucleotide-binding leucine-rich repeat (NLR) receptors (NLRs), including CC-NBD-LRR 
(CNL) proteins and TIR-NBD-LRR (TNL) proteins, sense a portion of these effectors and activate another layer of plant immunity known 
as effector-triggered immunity (ETI). In such cases, recognized effectors are referred to as avirulence (Avr) proteins. ETI also leads to a number 
of overlapping downstream outputs consistent with pattern-triggered immunity (PTI), and usually with stronger amplitudes compared to PTI
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resistance to P. capsici (Nie et al. 2021). In another exam-
ple, N. benthamiana G-type lectin RLK expansin-regu-
lating kinase 1 (ERK1) together with BAK1 and SOBIR1 
mediate the perception of a novel apoplastic effector 
PcEXLX1, an expansin-like protein, to activate multiple 
immune responses and increase plant resistance to P. 
capsici (Pi et  al. 2022). Furthermore, Arabidopsis lectin 
receptor kinase LecRK-I.9 localizes at the plasma mem-
brane and plays a positive role in Phytophthora resistance 
(Bouwmeester et al. 2011). Other LecRKs in Arabidopsis 
including LecRK-IV.4, LecRK-V.5, LecRK-IX.1, LecRK-
IX.2, etc. positively regulate resistance against P. capsici 
and P. brassicae (Wang et  al. 2014, 2015). The soybean 
malectin-like receptor kinase (RK) GmLMM1 negatively 
regulates flg22-induced ROS production and XEG1-
induced cell death, acting as an important component in 
PTI regulation and disease resistance to both bacterial 
and oomycete pathogens (Wang et al. 2020).

Cytoplasmic NLRs
Typical gene-for-gene resistance is activated upon 
detection of intracellular effectors by cytoplasmic NLR 
receptors encoded by resistance genes. For Phytoph-
thora pathogens, NLR-mediated resistance is largely 
based on recognition of RxLR (Arg-any amino acid-
Leu-Arg) effectors (Fig.  1) (Anderson et  al. 2015). To 
date, dozens of resistance proteins or NLRs confer 
Phytophthora resistance have been identified (Fig.  1). 
Among them, 15 late blight resistance genes which 
can recognize P. infestans effector have been identified 
(Paluchowska et  al. 2022). For example, the first late 
blight R gene to be cloned was R1 from S. demissum, 
which encodes a coiled-coil (CC) NLR that specifically 
recognizes P. infestans isolates carrying the avirulence 
gene AVR1 (Ballvora et  al. 2002). Besides, the well-
characterized Resistance to P. infestans (Rpi) gene R3a 
originated from S. demissum, encoding a CC NLR 
protein, recognizes the avirulence gene Avr3a to acti-
vate potato resistance to P. infestans (Armstrong et  al. 
2005; Huang et al. 2005). Another Rpi gene Rpi-blb3 in 
S. bulbocastanum as well as its orthologs Rpi-abpt, R2, 
and R2-like in other Solanum spp. can detect the RxLR 
effector PiAvr2, resulting in HR and enhanced defense 
responses (Lokossou et  al. 2009). Similarly, Rpi-blb1 
isolated from S. bulbocastanum as well as its functional 
homologs Rpi-sto1 and Rpi-pta1 encode a CC NLR 
receptor, and they can recognize Avrblb1 which is iden-
tical to IpiO and resist a broad-spectrum of P. infestans 
isolates (van der Vossen et al. 2003; Vleeshouwers et al. 
2008). Rpi-vnt1.1 and Rpi-vnt1.3 in S. venturii inter-
act with the RxLR effector protein Avrvnt1 to mediate 
late blight resistance to a broad-spectrum of pathogen 

isolates (Pel et al. 2009). In addition, a typical CC NLR 
receptor from S. demissum, R8, recognizes the RxLR 
effector Avr8 and provides broad-spectrum late blight 
resistance (Vossen et al. 2016). Recently, Rpi-amr1 was 
map-based cloned from a wild potato species, S. ameri-
canum, and was found to provoke HR and confer late 
blight resistance in N. benthamiana and cultivated 
potato by detection of Avramr1 (Lin et al. 2020; Witek 
et  al. 2021). Rpi-amr3 from S. americanum, encod-
ing a typical CC NLR protein, recognizes the broadly 
conserved avirulence effector Avramr3 in planta and 
activates a broad-spectrum resistance to multiple Phy-
tophthora pathogens (Witek et al. 2016; Lin et al. 2022).

In addition to P. infestans, several Resistance to P. sojae 
(Rps) genes have also been mapped in different soybean 
accessions, but fewer of them have been cloned (Fig. 1). 
For example, Rps1k or Rps1b encodes a CC NLR protein 
and recognizes the avirulence gene Avr1k or Avr1b-1, 
providing stable and broad-spectrum resistance to the 
oomycete pathogen P. sojae (Shan et  al. 2004; Gao and 
Bhattacharyya 2008). Similarly, two allelic or clustered 
resistance genes Rps4 and Rps6 are located on chromo-
some 18 and recognize a single avirulence gene, Avr4/6, 
to trigger HR cell death and defense responses (Sandhu 
et al. 2004; Dou et al. 2010). In other cases, Rps10 from 
the resistant soybean cultivar Wandou 15 was mapped on 
chromosome 17 of G. max (Zhang et al. 2013). RpsUN1 
and RpsUN2 from PI 567139B, a soybean landrace carry-
ing excellent resistance, were mapped on chromosomes 3 
and 16, and RpsWY was finely mapped on chromosome 
3 of the soybean cultivar Wayao (Lin et al. 2013; Cheng 
et  al. 2017). Rps11 in a soybean landrace, PI 594527, 
encodes an exceptionally large NLR protein and contrib-
utes to broad-spectrum resistance against P. sojae (Wang 
et al. 2021). Rps8 was reported to interact with the RxLR 
effector Avr3a, while a specific allele of Avr3a was recog-
nized by Rps3a (Arsenault-Labrecque et al. 2022). More 
recently, RpsYD29 was map-based cloned from a resist-
ant cultivar “Yudou 29”, and it encodes a C2H2-type zinc 
finger protein transcription factor which can bind to and 
activate two SOD1 promoters, leading to enhanced resist-
ance to P. sojae (Li et al. 2023b). Apart from Rpi and Rps 
genes, few R genes against other species of the genus Phy-
tophthora have been cloned. For oomycete pathogens, 
the Arabidopsis thaliana Toll/Interleukin-1 receptor 
(TIR) NLR protein RPP1 recognizes the cognate effector 
ATR1 from Hyaloperonospora arabidopsidis, leading to 
HR and enhanced resistance to the downy mildew patho-
gen (Chou et al. 2011). Similarly, multiple recognition of 
the CX2CX5G (CCG) effectors from Albugo candida by 
two Arabidopsis TIR NLR proteins WRR4A and WRR4B 
triggers HR and confers broad-spectrum resistance to 
corresponding pathogen races (Redkar et al. 2022).



Page 5 of 11Li et al. Phytopathology Research            (2024) 6:15 	

Regulator genes
Detection of microbial infection by immune receptors 
activates resistance signaling transduction and ultimately 
launches effective immune responses against pathogen 
infection (Wang et al. 2022). To date, a number of genes 
have been reported to participate in integrated and multi-
layered plant immune system to antagonize Phytophthora 
pathogens (Fig. 2). Except for the above-mentioned PRRs 
and NLRs, two types of genes have also been reported to 
regulate the recognition process. For example, receptor-
like cytoplasmic kinase subfamily VII (RLCK-VII) pro-
teins interact with PRRs to form the PRR complexes and 
activate a complex array of downstream immune events 
and defense responses (Liang and Zhou 2018). Among 
several high-order Arabidopsis rlck-vii mutants, rlck-vii-6 
and rlck-vii-8 exhibited greatly enhanced susceptibil-
ity to the compatible pathogen P. capsici, and accumu-
lated much higher biomass of the incompatible pathogen 
P. infestans. Furthermore, Phytophthora culture filtrate 

(CF)-induced marker gene expression and immune 
responses were significantly reduced in the rlck-vii-6 
mutant, and the RLCK-VII-6 members are specifically 
required for resistance to Phytophthora pathogens (Liang 
et  al. 2021). Another type of genes encode the “helper” 
NLRs that translate the defense signal into disease resist-
ance following the recognition of specialized effectors by 
“sensor” NLRs within the immune network. For instance, 
the helper NLR NRC4 (NLR required for cell death 4) in 
N. benthamiana is required for two sensor NLRs Rpi-
blb2- and R1-mediated immunity, and it confers disease 
resistance to P. infestans (Wu et al. 2017). More recently, 
two helper NLRs NRC2 and NRC4 have been demon-
strated to oligomerize into high-molecular-weight resis-
tosomes after the detection of AVRamr3 by Rpi-amr3, 
and NRC2 also oligomerizes upon AVRamr1-dependent 
activation by Rpi-amr1 (Ahn et al. 2023). In the signaling 
transduction and defense execution processes, a series of 
genes related to Phytophthora pathogens resistance were 

Fig. 2  Regulator genes, NHR genes, sRNAs, and lncRNAs involved in Phytophthora resistance. Plants utilize an assortment of components 
to regulate Phytophthora resistance. For example, members of receptor-like cytoplasmic kinase subfamily VII (RLCK-VII) act downstream of the PRRs 
and are targeted by RxLR25. In the signaling transduction process, MAPK cascade-involved MPK4, StMPK7, StMKK1, MAPK3/6, and MKK2, salicylic 
acid (SA) signaling- and ETI-related EDS1, PAD4, and NDR1, are important regulators in plant immunity. In the defense execution stage, camalexin 
and indole glucosinolates (iGS) biosynthesis-related PAD3, MYB51, and CYP81F2, pathogenesis-related (PR) proteins P14a, P14b, and P14c, positively 
regulate immune responses to Phytophthora pathogens. On the contrary, the plasma membrane-associated protein REM1.3 acts as a susceptibility 
factor that promotes pathogen infection. Besides, different types of genes are also involved in Phytophthora resistance. The transcription factor 
such as SpWRKY3 promotes PR gene expression, and WRKY1 activates expression of lncRNA33732. GmDIR22, GmACSs, and AtRTP5 involve 
in the regulation of lignan, ET, and SA/JA biosynthesis, respectively. Endoplasmic reticulum (ER)-localized proteins (GmDAD1, NAC089, RTP1, bZIP28, 
and bZIP60), Phytophthora effector targets (BPA1, BPLs, StNRL1, PIPs, GmPUB13, and NbRZ-1A), non-host resistance (NHR) genes (PSS1, PEN1, EDR1, 
EAS, EAH, AtFOLT1, and AtPUB33), sRNAs (miR393, miR159, and miR398b), lncRNAs (lncRNA33732 and nalncFL7), helper NLRs (NRC2 and NRC4), 
and other regulator genes (Stphot1, StSWAP70, StPM1, StRbohC, FL7, Raf36, StUBA2a/b, RBOHD, EDS8, ETR1, PAD2, and PEN2) are also required 
for the signaling transduction and defense execution processes
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reported, although a large portion of them confer broad-
spectrum immunity to different kinds of pathogens. For 
example, a collection of Arabidopsis mutants showed 
that MAPK cascade-involved MPK4, salicylic acid (SA) 
signaling- and ETI-related EDS1, PAD4, NDR1, jasmonic 
acid (JA)-related EDS8, ethylene (ET) signaling-involved 
ETR1, camalexin and indole glucosinolates (iGS) biosyn-
thesis-related PAD3, PAD2, MYB51, CYP81F2, and PEN2 
were positive regulators in disease resistance to P. capsici 
(Wang et al. 2013; Li et al. 2020a).

S. tuberosum StMPK7 interacts with StMKK1 (MAPK 
kinase 1) and is phosphorylated by StMKK1, while 
StMPK7 phosphorylates and stabilizes an RNA binding 
protein StUBA2a/b, a positive regulator in plant immu-
nity, to enhance immunity to P. infestans via an SA-
dependent signaling pathway (Zhang et al. 2021; Li et al. 
2022b). In addition, three members of pathogenesis-
related (PR) proteins isolated from tomato, P14a, P14b, 
and P14c, exhibited antifungal activity against P. infestans 
both in  vitro and  in  vivo (Niderman et  al. 1995). Fur-
thermore, the soybean dirigent gene GmDIR22 from the 
highly resistant soybean cultivar ‘Suinong 10’ involves in 
the regulation of lignan biosynthesis, and overexpression 
of GmDIR22 in a susceptible cultivar enhances its resist-
ance to P. sojae (Li et  al. 2017). Expression of S. pimpi-
nellifolium SpWRKY3 was significantly induced upon 
P. infestans inoculation, while SpWRKY3 reduced ROS 
accumulation and promoted PR gene expression, lead-
ing to enhanced resistance to P. infestans (Cui et al. 2018). 
GmDAD1 from soybean encodes an endoplasmic reticu-
lum (ER)-localized protein, and expression of GmDAD1 
in soybean hairy roots and N. benthamiana enhance their 
resistance to P. sojae and P. parasitica, respectively (Yan 
et al. 2019). In another example, the ER stress regulator 
NAC089 in Arabidopsis translocates from the ER to the 
nucleus in response to culture filtrate (CF) of P. capsici 
and positively regulate immune activation and PCD, con-
tributing to host resistance against the oomycete patho-
gen P. capsici (Ai et al. 2021b).

Alternatively, genes that negatively regulate plant 
resistance against Phytophthora pathogens, termed 
susceptibility (S) factors or S genes, have also been 
reported in recent years (Fig. 2). For instance, the plasma 
membrane-associated protein REM1.3 in S. tubero-
sum accumulates around noncallosic haustoria for the 
development of extrahaustorial membrane (EHM) dur-
ing host colonization by P. infestans, thus it acts as a 
susceptibility factor that promotes infection (Bozkurt 
et  al. 2014). T-DNA insertion mutation of the Resist-
ance to Phytophthora parasitica 1 (RTP1) gene encoding 
a susceptibility factor in Arabidopsis results in restricted 
cell death, increased ROS accumulation, and acceler-
ated PR1 expression during P. parasitica infection, and 

RTP1 negatively modulates activation of unfolded pro-
tein response (UPR) and ER stress through interaction 
with bZIP60 and bZIP28, leading to susceptibility to P. 
parasitica (Pan et al. 2016; Qiang et al. 2021). Similarly, 
the Arabidopsis thaliana Resistant to Phytophthora 5 
(AtRTP5) gene encodes a WD40 repeat domain-con-
taining protein, T-DNA insertion mutation of AtRTP5 
activates SA biosynthesis and SA-dependent responses 
(Li et  al. 2020b). Raf-like kinase Raf36 interacts with 
MAPK kinase 2 (MKK2), a positive immune regulator, 
and mediates host susceptibility to P. parasitica in Arabi-
dopsis and N. benthamiana upstream of MKK2 (Li et al. 
2022a). Interestingly, S. tuberosum Stphot1 (blue light 
phototropin 1) interacts with potato NPH3/RPT2-like 
1 (StNRL1), a susceptibility factor in plant immunity, to 
suppress INF1-triggered cell death and promote degrada-
tion of a guanine nucleotide exchange factor StSWAP70, 
a positive immune regulator, leading to enhanced infec-
tion by P. infestans (He et  al. 2018; Naqvi et  al. 2022). 
More recently, S. tuberosum PLASMA MEMBRANE 
PROTEIN 1 (StPM1) was reported to associate with the 
NADPH oxidase StRbohC to promote its degradation, 
and knockout of StPM1 leads to elevated expression of 
defense-related genes and reduced disease symptoms, 
suggesting that it acts as a novel susceptibility factor in 
potato immunity and resistance to Phytophthora patho-
gens (Bi et al. 2023).

Owing to the markedly accelerated functional genomic 
research on Phytophthora effectors, increasing num-
bers of effectors-targeted novel regulatory components 
of plant immune system have been identified (Fig.  2). 
For example, Type2 soybean 1-aminocyclopropane-
1-carboxylate synthase (GmACS) isoforms are host tar-
gets of the P. sojae RxLR effector PsAvh238, GmACSs 
significantly promote ET biosynthesis and contribute to 
soybean resistance against P. sojae infection (Yang et  al. 
2019). A. thaliana BPA1 (binding partner of ACD11) 
and four BPA1-Like proteins (BPLs) are targeted by 
the P. capsici effector RxLR207, BPA1 and BPLs func-
tion redundantly and negatively regulate ROS produc-
tion, ROS-mediated defense response, and pathogen 
resistance (Li et  al. 2019). In another case, the PIP2-
family aquaporin proteins including N. benthamiana 
NbPIP2;2 and G. max GmPIP2-13 are phosphorylated 
and degraded by the P. sojae crinkling- and necrosis-
inducing (CRN) effector CRN78, and NbPIP2;2 is con-
served in higher plants and positively regulates H2O2 
production, transportation, and plant immunity (Ai et al. 
2021a). The soybean E3 ubiquitin ligase GmPUB13 is a 
host target for the P. sojae RxLR effector Avr1d, which 
inhibits the enzyme activity of GmPUB13 and stabilizes 
GmPUB13 to facilitate pathogen infection, suggesting 
that GmPUB13 acts as a susceptibility factor (Lin et  al. 
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2021). More recently, NbRZ-1A is targeted by the P. sojae 
effector PsFYVE1 to regulate plant immunity-related 
genes (NbNSL1, NbHCT, NbEIN2, and NbSUS4) at both 
pre-mRNA alternative splicing and transcription levels 
to promote infection, indicating that NbRZ-1A positively 
regulates plant resistance (Lu et al. 2023).

Non‑host resistance genes
Non-host resistance (NHR) protects all members of a 
particular plant species from all isolates of a given patho-
gen species that cause diseases in other plant species. 
As the most common form of plant immunity, NHR 
provides the most durable, robust, and broad-spectrum 
resistance to almost all non-adapted or non-host plant 
pathogens (Uma et  al. 2011). In recent decades, several 
genes have been identified to involve in NHR against 
Phytophthora species (Fig. 2). For example, Phytophthora 
sojae susceptible 1 (PSS1) encoding a glycine-rich pro-
tein in Arabidopsis was reported to confer a novel NHR 
against the hemibiotrophic oomycete pathogen P. sojae 
at both pre- and post-haustorial levels, while penetration 
deficient 1 (PEN1) provided NHR only at the pre-hausto-
rial level against this soybean pathogen (Sumit et al. 2012; 
Wang et al. 2018a). ENHANCED DISEASE RESISTANCE 
1 (EDR1) in A. thaliana encodes a putative MAPK kinase 
kinase, and loss of EDR1 leads to increased SA signaling 
and callose deposition upon P. infestans inoculation, sug-
gesting that EDR1 acts as a negative regulator in post-
invasive NHR (Geissler et  al. 2015). Moreover, a subset 
of pepper 5-epi-aristolochene synthase (EAS) and 5-epi-
aristolochene-1,3-dihydroxylase (EAH) gene family mem-
bers contribute to phytoalexin capsidiol accumulation 
and NHR of pepper (Capsicum spp.) against potato late 
blight pathogen P. infestans (Lee et al. 2017). A. thaliana 
PSS30-encoded AtFOLT1 is responsible for transport of 
folate from the cytosol to plastids, and T-DNA insertion 
mutation of AtFOLT1 leads to reduced folate levels and 
loss of non-host immunity against P. sojae (Kambakam 
et al. 2021). More recently, the A. thaliana E3 ubiquitin 
ligase AtPUB33 was proposed to complement loss of 
activity of the predicted ortholog potato U-box-kinase 
protein (StUBK), which was targeted by the P. infestans 
RxLR effector Pi06087, and AtPUB33 contributed to 
NHR against P. infestans (He et al. 2019; McLellan et al. 
2022).

sRNAs and lncRNAs
Plant sRNAs are important small non-coding RNAs 
and have been found to regulate gene expression in 
diverse biological processes including host-pathogen 
interactions, and the most famous category is micro-
RNA (miRNA) (Hou and Ma 2020). In the last decade, 
sRNAs have been reported to regulate host resistance to 

Phytophthora pathogens (Fig.  2). For instance, expres-
sion of miR393 was induced by cell-wall component(s) 
or PAMPs of P. sojae, and knockdown of miR393 in 
soybean led to enhanced P. sojae infection and reduced 
expression of isoflavonoid biosynthetic genes, suggesting 
that miR393 was required for soybean defense against P. 
sojae (Wong et al. 2014). Repression of GAMYB expres-
sion by miR159 is highly conserved, and loss-of-function 
of miR159 in N. tabacum strongly activates expression of 
defense genes including a suite of PR genes and results 
in enhanced resistance to P. parasitica infection (Zheng 
et al. 2020). Moreover, A. thaliana miR398b targets and 
suppresses expression of Cu/Zn-Superoxidase Dismutase 
1 (CSD1) and CSD2, mediating plant susceptibility to 
the oomycete pathogen P. parasitica, while A. thaliana 
core-2/I-branching beta-1,6-N-acetylglucosaminyltrans-
ferase (AtC2GnT) transcripts inhibits the miR398b-CSDs 
module to elevate plant resistance against Phytophthora 
pathogens (Gou et al. 2022). In addition to sRNAs, lncR-
NAs whose lengths are more than 200 nucleotides have 
also been proven to play an important role in response to 
Phytophthora species (Fig. 2). Tomato transcription fac-
tor WRKY1 activates lncRNA33732, and lncRNA33732 
induces the expression of respiratory burst oxidase 
(RBOH) and accumulation of H2O2 to enhance tomato 
resistance to P. infestans, comprising the WRKY1-
lncRNA33732-RBOH module involved in Phytophthora 
resistance (Cui et  al. 2019). Recent research has shown 
that A. thaliana RNA-binding protein BPL3 directly 
binds to and stabilizes the cis-natural antisense lncRNA 
of FORKED-LIKE7 (FL7) (nalncFL7) to suppress tran-
script accumulation of FL7, a positive immune regulator 
that can increase the phosphorylation levels of MPK3/6, 
demonstrating nalncFL7 negatively regulates plant 
immunity to P. capsici (Ai et al. 2023).

Utilization of resistance‑related genes
Research advances on plant immune system and molec-
ular plant–microbe interactions have provided novel 
opportunities to generate Phytophthora-resistant crop 
germplasms. For example, to confer broad-spectrum 
resistance, an anticipated strategy is to transform 
plants with known PRRs which recognize conserved 
M/PAMPs. In the case of ELR which mediates extra-
cellular recognition of elicitin, transfer of ELR from 
the wild potato into cultivated potato led to enhanced 
resistance to P. infestans (Du et al. 2015). RLP23 bound 
to the conserved 20-amino-acid fragment nlp20, and 
stable expression of RLP23 in transgenic potato lines 
enhanced their resistance to the destructive oomycete 
pathogen P. infestans (Albert et  al. 2015). In addition, 
stacking NLRs that are able to sense Avr effectors can 
provide durable disease resistance and minimize the 
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evasion of existing resistance by mutation or varia-
tion of pathogens (Li et al. 2021). For example, several 
NLR genes e.g. Rpi-sto1, Rpi-vnt1.1, and Rpi-blb3 were 
jointly introduced into a susceptible potato cultivar, and 
the resulting triple gene transformants exhibited broad-
spectrum Phytophthora resistance (Zhu et  al. 2012). 
Similarly, introduction of Rps11 into the susceptible 
soybean variety 93Y21 led to full resistance to several 
P. sojae isolates, and stable transformation of RpsYD29 
into soybean Williams 82 substantially enhanced resist-
ance to the P. sojae strain PsMC1 (Wang et  al. 2021; 
Li et al. 2023b). Both stable transgenic plants carrying 
Rpi-amr3 in a potato line (Line 26, Solynta B.V.) and 
transgenic potato cv. Maris Piper plants carrying Rpi-
amr1 showed full resistance against diverse P. infestans 
isolates (Witek et  al. 2016, 2021). More importantly, 
transformation of Rpi-amr3 into two lines of the potato 
cv. Maris Piper also resulted in effective protection 
against potato late blight in field conditions (Lin et  al. 
2022).

In other cases, silencing or inactivation of an S gene can 
weaken the compatible interactions between pathogens 
and hosts, suggesting an effective strategy to generate 
broad-spectrum resistance. For example, virus-induced 
gene silencing (VIGS) of the S gene REM1.3 enhanced 
plant resistance to P. infestans in N. benthamiana, and 
expression of an antisense REM1.3 construct in trans-
genic potato showed reduced P. infestans infection (Boz-
kurt et al. 2014). Silencing of two S genes GmPUB13 and 
its homolog GmPUB13L in soybean by RNA interference 
(RNAi) resulted in decreased infection by P. sojae (Lin 
et  al. 2021). Besides, transfer of NHR genes from non-
host plants to host plants could be a suitable strategy for 
development of broad-spectrum disease resistance. For 
example, transformation of Arabidopsis PSS1 into the 
soybean cultivar Williams 82 resulted in enhanced resist-
ance to Fusarium virguliforme, a fungal pathogen which 
causes sudden death syndrome in soybean (Wang et  al. 
2018a). Stable overexpression of AtPUB33 in N. bentha-
miana and potato led to a significant decrease in P. 
infestans colonization (McLellan et  al. 2022). Moreover, 
inhibition or silencing of sRNAs and lncRNAs can also 
be an efficient strategy for generating pathogen-resistant 
crops. For example, miR159 loss-of-function plants were 
obtained through expressing an miR159 decoy MIM159, 
and MIM159 transgenic tobacco plants were highly 
resistant to P. parasitica (Zheng et  al. 2020). Tomato 
miR482b and miR482c were simultaneously silenced 
through the clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR-associated protein 9 
(Cas9) system, resulted in increased expression of tar-
get genes and reduced P. infestans infection (Hong et al. 
2021).

Conclusions
Phytophthora pathogens are destructive threats to 
global agricultural production and ecosystem, causing 
devastating diseases on a variety of agricultural crops 
and forests. Identification and utilization of genes 
related to plant resistance is crucial for protecting crops 
from Phytophthora diseases. In this review, we summa-
rize the current knowledge of roughly-defined different 
types of genes related to plant Phytophthora resistance, 
including PRRs, NLRs, regulator genes, and NHR genes, 
plus the non-coding RNAs. Overall, based on the 
increasing knowledge of mechanisms underlying plant 
immune system and molecular plant-microbe inter-
actions, a variety of Phytophthora resistance-related 
genes have been identified and explored in detail. Uti-
lization of these genes for disease resistance breeding 
to generate disease-resistant varieties are facilitated 
by rapidly developing biotechnologies including RNA 
silencing and genome editing. Novel discoveries in the 
research on plant immunity will offer exciting oppor-
tunities to engineer disease resistance in crops in the 
coming decades.
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