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Abstract: Horticultural crops suffer from bacterial, fungal, and oomycete pathogens. Effectors are
one of the main weapons deployed by those pathogens, especially in the early stages of infection.
Pathogens secrete effectors with diverse functions to avoid recognition by plants, inhibit or manipulate
plant immunity, and induce programmed cell death. Most identified effectors are proteinaceous,
such as the well-studied type-III secretion system effectors (T3SEs) in bacteria, RXLR and CRN
(crinkling and necrosis) motif effectors in oomycetes, and LysM (lysin motifs) domain effectors in
fungi. In addition, some non-proteinaceous effectors such as toxins and sRNA also play crucial
roles in infection. To cope with effectors, plants have evolved specific mechanisms to recognize
them and activate effector-triggered immunity (ETI). This review summarizes the functions and
mechanisms of action of typical proteinaceous and non-proteinaceous effectors secreted by important
horticultural crop pathogens. The defense responses of plant hosts are also briefly introduced.
Moreover, potential application of effector biology in disease management and the breeding of
resistant varieties is discussed.

Keywords: cell-wall-degrading enzymes; disease; hypersensitive response; PAMP-triggered immunity;
receptors; small cysteine-rich proteins

1. Introduction

Horticultural crops typically include fruits, vegetables, and ornamental plants. They
are not only an excellent source of daily nutrition for people, but also have important
economic value. Common fruits and vegetables can provide a variety of nutrients that the
human body needs, including fiber, vitamins, organic acids, and mineral elements [1]. Like
other plants, horticultural crops are infected by various bacterial, oomycete, and fungal
pathogens that cause enormous economic losses and can have great impacts on human
society. The Irish potato famine in the 19th century caused by the oomycete Phytophthora
infestans is considered to be a historical tragedy [2]. According to nutrient-acquisition
strategies, horticultural crop pathogens can be categorized as biotroph, hemibiotroph,
or necrotroph [3]. Biotrophic pathogens infect living plant cells and feed on them. In
contrast, necrotrophic pathogens acquire nutrients from dead cells after killing plant tissues.
Hemibiotrophic pathogens exhibit two forms of nutrition acquisition, the early biotrophic
stage and the late necrotrophic stage. Some typical pathogens of horticultural crops include
hemibiotrophic bacteria Pseudomonas syringae and Ralstonia solanacearum, necrotrophic
bacteria Xanthomonas spp., biotrophic oomycetes Phytophthora spp., biotrophic fungus
Cladosporium fulvum, hemibiotrophic fungus Fusarium oxysporum, and necrotrophic fungi
Botrytis cinerea, Alternaria alternata, and Penicillium spp. [4,5].

Effectors are unified agents used by bacterial, oomycete and fungal pathogens to
facilitate infection. They are broadly defined as biological molecules secreted by pathogens,
including proteins, small RNA, and toxic metabolites [6]. Effectors play dual roles during
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the complicated plant-pathogen interaction and trigger a series of molecular events. In
the early stages of infection, plants recognize pathogen-associated molecular patterns
(PAMPs) and activate PAMP-triggered immunity (PTI). At the same time, pathogens can
secrete effectors to suppress PTI, and plants recognize effectors thereby inducing effector-
triggered immunity (ETI) which may lead to hypersensitive response (HR) in the host [7].
The gene-for-gene model suggests that there is a one-to-one correspondence between an
avirulence gene (Avr) of the pathogen and a resistance gene (R) of the plant [8]. In this
model, effectors are often referred to as Avr proteins that can be recognized by R proteins
(immunity receptors), triggering defense responses leading to host resistance [9]. Avr
effectors identified from C. fulvum, the causal agent of tomato leaf mold, are a classic
example of the gene-for-gene model [10].

Functions of effectors are diverse, for example, preventing recognition of pathogens
by plants, suppressing host immune responses, and manipulating host-cell physiology to
help colonization. Most effectors are secreted biomacromolecules and have an effect on the
apoplastic area or in the cells of host. Different localization is closely associated with specific
functions [11]. To date, numerous effectors have been identified from horticultural crop
pathogens (Table 1), most of which are proteinaceous effectors. Modes of action of some
type-Ill-secreted effectors (T3SEs) in bacteria, RXLR and CRN (crinkling and necrosis) motif
effectors in oomycetes, and LysM (lysin motifs) domain effectors in fungi have been well
characterized in various horticultural host plants, especially in tomato and potato [11]. In
addition, these findings on effectors and recognition receptors are valuable for the breeding
of resistant cultivars [12-15].

Though a number of reviews have successfully documented the advances in effector
biology [3,16-19], most of them have been mainly focused on pathogens of model plants (such
as Arabidopsis or tobacco) or cereal crops (such as rice or wheat). The crucial roles of effectors
in interactions between horticultural crops and pathogens have rarely been summarized.
This review focuses on proteinaceous and non-proteinaceous effectors in horticultural crop
pathogens, with emphasis on the functions and action mechanisms of proteinaceous effectors
from bacterial, oomycete, and fungal pathogens, respectively. Moreover, resistance responses
in horticultural crops from recognition to fightback are also discussed.
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Table 1. Examples of identified and characterized effectors in horticultural crop pathogens.

Pathogen Effector Name Host Functions Refs
Proteinaceous effectors
Pseudomonas syringae pv. syringae PsyB728a Tomato T3SEs; zflcetyltrzfmsferase activity; acetylates other effectors and plant [20]
immunity components; suppresses defense response.
. T3SE; E3 ubiquitin ligase activity; mediates ubiquitination and
P syringac AvrPtoB Tomato degradation of Fen; suppresses both PTI and ETI. 1]
Ralstonia solanacearum Rip36 Eggplant T3SE; Zn-dependent protease activity; induces HR. [22]
. 2+_ : .
R. solanacearum RipAB Potato T3SE; regulates Ca ' dependent gene expression; promotes [23]
disease development.
. T3SE; interacts with bHLH9 to induce host defense response; deletion
R. solanacearum Ripl Tomato . . . [24]
of ripl leads to increased virulence.
R. solanacearum RipAY Eggplant T3SE; interacts with host catalases; suppresses HR. [25]
R. solanacearum RipAX2 Eggplant T3SE; zinc-binding motif; triggers resistance in eggplant AG91-25. [26]
Xanthomf)nas gampestrzs pv. AviBs3 Pepper T3SE-TALE; targets Bs3 and‘ induces expression of upa genes; triggers [27]
vesicatoria (Xcv) resistance response.
X. campestris pv. vesicatoria (Xcv) AvrBsd Pepper T3SE-TALE; targets Bs4 and triggers Bs4-dependent HR; suppresses 28]
defense responses.
Xanthomonas gardneri AvrHahl Tomato TBSE—TALE ; activates transcription of bHLH, Pectjclte lyase and [29]
pectinesterase genes; enhances water-soaking in leaves.
Xanthomonas citri subsp. Citri (Xcc) pthA4, pthAw, pthA, pthB, Orange T3SEs-TALEs; promotgs the express10'n’0'f CsLOBI; increases host [30,31]
and pthC disease susceptibility.
. RXLR; targets RABA GTPases; inhibits RABA GTPase mediated
Phytophthora brassicae RXLR24 Potato vesicular secretion of PR-1, PDF1.2. [32]
Phytophthora capsica CRN12_997 Tomato CRN; targets TCP transc.rlptlon f.actor SlT.C.P14—2; inhibits [33]
host-immunity-associated activity.
Phytophthora infestans INF1 Potato; tomato Elicitin; activates basal defense pathways; enhances resistance response. [34]
P, infestans INF2a, INF5, INF6 Potato Elicitins; induces cell death in transgenic potato plants expressing ELR [35]
(elicitin response).
P. infestans PiNPP1.1 Tomato NLP; induces cell death. [36]
Protease inhibitors; kazal-like domains; inhibits the
P. infestans EPI1 and EPI10 Tomato pathogenesis-related protein P69B; EPI10 inhibits activity of subtilisin [37]
A; enhances host susceptibility.
P. infestans EPIC1 and EPIC2B Tomato Protease inhibitors; cystatin-like proteins; target papain-like cysteine [38,39]

protease C14; inhibits protease Rer3P'™; suppresses defense.
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Table 1. Cont.

Pathogen Effector Name Host Functions Refs
P. infestans PiSFI3 Potato RXLR; targets UBK; suppresses early immunity response. [40]
P. infestans Pi03192 Potato RXLR; targets NAC transcription factors NTP1 and NTP2. [41]
P, infestans PITG._15718.2 Potato RXLR; regulates the host transcrlptgme ; suppresses immunity and [42]
reduces vegetative growth.
P. infestans Pi22798 Potato RXLR; promotes negative regulator StKl\_TQ)Q homodimerization; [43]
enhances host susceptibility.
P. infestans, Phytophthora p.amsztzca AVRamr3 Potato RXLR; targets Rpi-amr3; re.cogmtlon of AVRamr3 enhancing resistance [44]
and Phytophthora palmivora against Phytophthora spp.
. RXLR; suppresses infestin 1 (INF1)-triggered cell death. (ICD);
Phytophthora sojae AVR3a Potato stabilizes E3 ligase CMPG1; manipulates plant immunity. 451
Plasmopara viticola RXLR50253 Grapevine RXLR; suppresses ICD; targe’gs VPBPAL promotes [46]
pathogen colonization.
Botrytis cmere.a/Sclerotzma BcSSP2/3 and SsSSP3 Camelliae Induces rapid necrosis. [47]
sclerotiorum
B. cinerea BePG1/2 Tomato CWDEs; endopolygalacturona.ses; induces necrosis; strongly [48]
affects virulence.
B. cinerea BeGsl Tomato CWDE; glucan 1,4—alphagluF051das?; causes necrosis; triggers [49]
host immunity.
B. cinerea BcXyn11/BeXynl1A Tomato CWDEs; xylanase; induces necrosis; inhibits seedling growth, induces [50]
defense response.
B. cinerea Crhl Tomato Glycosyl }.1yd.rolase (QHlé) family; transglycosy.lase activity; catalyzes [51]
crosslinking of chitin and glucan polymers; induces cell death.
Cladosporium fulvum Ecp6 Tomato LysM; sequesters chitin oligosaccharides; evades host immunity. [52]
C. fulvum Avr2 Tomato Cysteine protease inhibitor; targets cysteine protease Rer3; induces HR. [53,54]
C. fuloum Avrd Tomato Chitin-binding domain; protects c.:ell walls against plant chitinases; [55]
affects virulence.
C. fuloum AviO Tomato Targets Cf-9; induces HR; ehc1t§ protein kinase ACIK1; affects [56]
host resistance.
Colletotrichum higginsianum ChELP1 and ChELP2 Brassicaceae LysM; binds chitin and chitin oligomers; suppresses [57]
chitin-triggered immunity.
Colletotrichum orbiculare NLP1 Cucumber NLP; cytotoxic activity; induces cell death; C-terminal region of NLP1 58]
enhances host defense.
Fusarium oxysporunm £. sp. Fol-EC19 and Fol-EC14 Tomato Guanyl-specific ribonuclease; triggers cell death. [59]

lycopersici (Fol)
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Table 1. Cont.
Pathogen Effector Name Host Functions Refs.
.. Glucanase and trypsin activities; suppresses Bax-mediated cell death;
F- oxysporum £. sp. lycopersici (Fol) Fol-EC14 Tomato suppresses I-2/ Avr2- and I/ Avrl-mediated cell death. 591
F. oxysporum f. sp. conglutinans (Foc) Foc-SIX1 Cabbage Secreted-in-xylem (SIX) effector; affects virulence. [60]
Moniliophthora perniciosa MpCP1 Cacao Cerato-platanin-like proteins (CPP); induces necrosis [61]
Penicillium expansum Penlp Apple NLP; induces necrosis; affects virulence. [62]
S. sclerotiorum SSPINEL Pea Targets PG—mhlbltm.g proteins (PGIPS); inactivates plant [63]
polygalacturonase-inhibiting protein; affects virulence.
Non-proteinaceous effectors

B. cinerea Bc-siR3.1, Be-siR3.2, and Be-siR5 Tomato sRNAs; binds to Argonaute 1 (AGO1); suppresses host immunity. [64]
Valsa mali unknown Apple sRNA; affects virulence. [65]
Penicillium italicum unknown Citrus fruits milRNAs; affects virulence. [66]

Alternaria alternata £. sp. Lycopersici AAL toxins Tomato Host-specific toxins (HSTS) ; target aspartate carbamoyl transferase and [67,68]

sphinganine N-acltransferase.
A. alternata £. sp. fragariae AF toxins Strawberry HSTs; targets microsomal phospholipase Aj. [68,69]
A. alternata f. sp. kikuchana AK toxins Japanese pear HSTs; targets sulfhydryl-containing proteins in membrane. [68,70]
A. alternata {. sp. citri tangerine ACT toxins Tangerme§ and HSTs; targets membrane protein. [68,71,72]
mandarins
A. alternata f. sp. citri jambhiri ACR toxins Lemon HSTs; targets mitochondria. [68,71,72]
A. alternata £. sp. mali AM toxins Apple HSTs; targets membrane protein and chloroplasts. [68,73]
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2. Proteinaceous Effectors
2.1. Proteinaceous Effectors Secreted by Bacteria

As single cell organisms, pathogenic bacteria have special secretion systems to translo-
cate their effectors. Gram-positive bacteria can deliver effectors though the conserved Sec
secretion system. However, horticultural crops are mainly infected by gram-negative bacte-
ria, which have 10 special systems (type I-X secretion systems, T1S5-T10SS) to translocate
different types of effectors (T1SE-T10SE) across the inner and outer membrane and some-
times even the third membrane—the cell membrane of the host [74,75]. To date, T3SS, T4SS,
and T6SS have been well studied and can deliver effectors directly to the host cell [76]. Most
studies about phytopathogenic bacteria effectors have focused on T3SEs secreted by com-
mon pathogens such as P. syringae, Xanthomonas spp., and R. solanacearum [77]. P. syringae is
an useful model bacterium for providing insights into plant-pathogen interactions, with
a very wide range of hosts, causing bacterial speck, blight, and canker diseases in many
vegetables and fruits [78]. Similarly, Xanthomonas spp. are pathogens of horticultural crops
such as pepper, tomato, and citrus, causing bacterial blight or leaf streak [79]. Moreover,
R. solanacearum, the causal agent of bacterial wilt, is the most important soil-borne pathogen
causing devastating diseases in Solanaceaeous species [80].

T3SEs possess diverse biochemical activities and have been reported to target a range
of host receptors (Figure 1). The HopZ family is an important T3SE family from P. syringae
and is subdivided into HopZ1-5 subfamilies. Some HopZ family effectors exhibit acetyl-
transferase activity. HopZla is an acetyltransferase targeting MAP kinase kinase 7 (MKK?)
and tubulin, and can induce host HR [81,82]. HR is an immune-related programmed cell
death (PCD) that usually localizes to the site of infection and limits pathogen extension.
Interestingly, HopZ3 effectors acetylate not only components of plant immune complexes,
but also other effectors activating the complexes [20]. HopZ3 effector B728a can acetylate
effector AvrPtolpy, and the host kinases PTO, critical components of the immune com-
plex [20]. Moreover, B728a disrupts the AvrPtolpg,-PTO interaction and prevents initiation
of defense response in tomato (Solanum lycopersicum). Some T3SE effectors exhibit E3
ubiquitin ligase activity and promote degradation of immunity-related proteins through
the proteasome pathway. AvrPtoB is an effector secreted by P. syringae pv. tomato. The
C-terminal of AvrPtoB has an E3 ubiquitin ligase domain [21]. When the N-terminal of
the T3SE effector interacts with host kinase Fen, the C-terminal E3 ligase mediates the
ubiquitination of Fen and subsequent degradation in the proteasome, and inhibits both
PTI and ETT in tomato [21]. In addition, R. solanacearum secretes Ralstonia injected proteins
(Rips) RipAR and RipAW, which also exhibit E3 ligase activity, to suppress PTI responses
of the host [83].

Xanthomonas spp. secrete T3SEs possessing transcription activators called TALEs
(transcription activator-like effectors). TALEs locate themselves at the nucleus of host
cells and activate the expression of target genes [79]. The conserved C-terminal region of
those effectors contains a nuclear localization signal (NLS) and transcriptional activation
domain (AD). TALEs usually bind to the effector binding elements (EBEs) region within
the promoter region of target genes to induce expression of downstream susceptibility
genes [79]. Xanthomonas campestris pv. vesicatoria (Xcv), the causal agent of pepper bacterial
spot disease, secretes two TALE effectors AvrBs3 and AvrBs4 to individually target two
host R genes, Bs3 and Bs4, thereby triggering a hypersensitive response in the host [28].
Moreover, AvrBs3 can induce expression of several host upa (upregulated by AvrBs3) genes,
such as upal6 and upa20, thus triggering the resistance response of pepper [27,84,85]. In
addition, TALE effector AvrHah1, homologous to avrBs3 in Xanthomonas gardneri, induces
expression of basic helix-loop-helix ((HLH) genes bHLH3 and bHLH6, and activates
transcription of pectate lyase and pectinesterase, thereby causing water soaking in tomato
leaves [29]. In citrus fruit, expression of lateral organ boundaries 1 gene CsLOBI can
be induced by TALEs PthA4, PthAw, PthA, PthB, and PthC, secreted by citrus bacterial
canker pathogen Xanthomonas citri subsp. citri (Xcc), thus increasing disease susceptibility
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in the host [31]. Likewise, AbLOBI also is a disease susceptibility gene in Chinese box
orange (Atalantia buxifolia), and mutation in the EBEs of the AbLOBI promoter results in
Xcc resistance [30].

. PAMPs
Bacteria
T3SS Apoplast
( T3SEs 3 Cytoplasm \
- HopZ1a ALES: ~
PsyB728a AvrBs3/4
AvrPtoB , Az:H;hll Receptors
* RipAR/AW PthA/B/C
MAPK Defense
RLCK
¢ _l cascades _| response

KPIant cell )

Figure 1. Bacterial pathogens secrete T3SEs targeting receptors and suppress host defense response.

T3SS: type III secretion system; T3SEs: type III secreted effectors; TALEs: transcription activator-like
effectors; PAMPs: pathogen-associated molecular patterns; RLCK: receptor-like cytoplasmic kinases;
MAPK: mitogen-activated protein kinase.

R. solanacearum secretes many Rips, T3SEs that interfere with host immune responses
during infection [86]. Rip36 is a putative Zn-dependent protease, that induces eggplant
Solanum toroum HR [22]. RipAB, located in the nucleus, affects Ca?*-dependent gene
expression and suppresses the immune response of potato [23]. Effectors such as RipAC,
RipAY, RipAK, and RipAV contribute to bacterial fitness in eggplant or tomato [25,87,88].
RipAC and RipG are conducive to virulence in tomato or potato [88,89]. Ripl and RipAB
can induce cell death in tomato or potato [24,90]. RipAX2 has a zinc-binding motif and
triggers resistance in eggplant AG91-25 [26].

2.2. Proteinaceous Effectors Secreted by Oomycetes

Species belonging to the genera Pythium, Phytophthora, Peronospora, and Plasmopara
are important oomycetous phytopathogens [91]. Some cause serious diseases in horti-
cultural crops including potato, tomato, pepper, and grape. After they adhere to plants,
oomycetes form appressoria on the host cell surface, then hyphae penetrate the host cells
to extend haustoria. Haustoria deliver virulence factors, especially effectors, that enhance
pathogenicity [92]. Proteinaceous effectors in oomycetes include apoplastic and cytoplasmic
effectors [93].

Apoplastic effectors secreted by oomycetes include elicitins, NLP (necrosis and ethylene-
inducing peptide 1 (NEP)-like protein) family proteins, protease inhibitors, cell-wall de-
grading enzymes (CWDEs), and SCR (small cysteine-rich) proteins [94,95]. Elicitins are
conserved, sterol-binding virulence effectors in oomycetes. Elicitins can be recognized by
plant PRRs (pattern recognition receptors), trigger PTI, and protect plants by eliciting HR
cell death [96]. P. infestans elicitins, such as INF1, inf2a, INF5, and INF6 can induce cell
death in plants such as tobacco, but not in cultivated potatoes [34]. Wild potato Solanum
microdontum cell-surface receptor-like protein ELR (elicitin response) is associated with
extracellular elicitin recognition [35], and overexpression of ELR in cultivated potatoes
makes the plants detect elicitins and promotes a cell-death phenotype, resulting in en-
hanced resistance to P. infestans [35]. NLPs also induce host cell death, but NLPs are likely
to kill the host cells during the oomycetes” necrotrophic living phase to help invasion.
For example, PiNPP1.1 is upregulated during late stages of infection and induces cell
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death in tomato [36]. Meanwhile, oomycetes secrete protease inhibitors to protect them-
selves from plant defenses. Apoplastic effectors EPI1 and EPI10 of P. infestans inhibit the
pathogenesis-related protein P69B in tomato. EPI10 also specifically inhibits subtilisin A to
enhance host susceptibility [37]. Furthermore, P. infestans secretes EPIC1 and EPIC2B to
inhibit cysteine protease Rer3P™ in tomato, and mutant Rer3 exhibits more susceptibility
to P. infestans [39]. In addition, extracellular effector PsAvh240 from Phytophthora sojae is
able to prevent secretion of GmAP1 (aspartic protease) in soybean by interacting with it
in the membrane and suppressing host immunity [97]. Similarly, CWDE effector PsXEG1
(endoglucanase) targets another aspartic protease GmAPS5 and N-glycosylation at N174
and N190 of PsXEG1 results in binding and degradation by GmAPS5 [98].

Cytoplasmic effectors need to be translocated from haustoria to the host cell. Two
motifs—RXLR-dEER (X means any amino acid) and LFLAK-HVLYV, referred to as CRN—are
common and important cytoplasmic effectors in oomycetes [99,100] (Figure 2). N-terminal
RXLR and CRN motifs play critical roles in the translocation of effectors [94]. RXLR and
CRN effectors are very abundant in Phytophthora species. Almost 560 RXLR effectors and
450 CRN effectors are encoded by the P. infestans genome [94].

Oomycetes
Apoplast

Cytoplasm
/ vioP storta Plant cell
~N 2 . .
CRNs RXLRs & Targeting proteins
* PSCRN63 <AVR3a | ¥
« PSCRN115 - PiSFI3
- PICRNS - Pi22798

* CRN12_997 * AVRblb Cell death & suppression
: Immunity inhibition

% ~

( 2L )
\_ ~N—=- /

Figure 2. Oomycetous pathogens secrete RXLR and CRN effectors to induce or suppress host cell
death and inhibit host immunity. RXLR: RXLR motif (X means any amino acid); CRN: crinkling
and necrosis.

RXLR and CRN effectors have been reported to induce PCD, suppress cell death, or
inhibit the immune system of the host [94,101,102]. Suppressing cell death in the host
promotes colonization. RXLR effector avirulence 3 (AVR3a) from P. infestans targets the R
gene R3a to suppress INF1-triggered cell death (ICD) in potato. Moreover, AVR3a stabilizes
ubiquitin E3 ligase CMPGI1 to inhibit ICD during the biotrophic phase of infection, while
the C-terminal tyrosine residue mutant of AVR3a fails to suppress ICD [45,103]. Further-
more, RXLR effectors can directly manipulate plant immunity to promote colonization
by interacting with host-resistance proteins. Downy mildew pathogen Plasmopara viticola
secretes RXLR50253 to inhibit grapevine ICD, while RXLR50253 can stabilize grapevine
VpBPA1 and reduce the accumulation of H,O, that promotes infection [46]. Similarly,
RXLR effector Pi17316 suppresses ICD and enhances colonization in potato leaves [104],
while Pi17316 activity in potato is mediated by MAP3K protein StVIK, which is a suscepti-
bility factor and negatively regulates immunity [104]. P. infestans RXLR effectors PiSFI1-8
are essential to interfere with host PTI and influence immunity [105]. For example, PiSFI3
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targets potato U-box-kinase protein (StUBK) to enhance leaf colonization of P. infestans [40].
UBK is a positive regulator of immunity in potato and Nicotiana, thus PiSFI3 can suppress
early transcriptional responses of PTI by interaction with StUBK [40]. Moreover, effector
Pi22798 targets negative regulator StKNOX3, a transcription factor in potato, and pro-
motes its homodimerization [43]. StKNOX3 homodimerization is crucial for the interaction
with Pi22798 and for StKNOX3 to enhance susceptibility in the host [43]. Additionally,
Phytophthora brassicae RXLR effector RXLR24 has been reported to interact with potato
RABA GTPases to help colonization. This interaction can repress RABA GTPases-mediated
secretion of core antimicrobials, such as PR-1 and defensin (PDF1.2) [32]. RXLR effectors
are also able to inhibit resistance by affecting the location of resistant proteins in the host.
For instance, P. infestans RXLR effector AVRbIb2 prevents papain-like cysteine protease C14
translocation to the apoplast in tomato plants. Because C14 plays a positive role in plant
immunity, the inhibition of its translocation decreases the host defense [106].

Unlike RXLR effectors, all of the Phytophthora CRNs identified to date are localized in
the nucleus of host cells. The CRN motif comprises 50 amino acids including the LFLAK
or HVLV motif [94]. Most of the CRN effectors are enzymes, including protein kinase,
nuclease, and peptidase [100]. Many CRNs themselves form dimers or multimers with
other proteins. In P. sojae, PSCRN63 is able to induce necrosis and suppresses PTI by
influencing MAPK cascades downstream, while PsCRN115 prevents PCD by recruiting
catalase and promoting hydrogen peroxide (H,0O,) accumulation [107]. PSCRN63 can homo-
dimerize and dimerize with other effectors such as PsCRN115, PsCRN79, or PcCRN4. These
homo-/heterodimers are indispensable for pathogen virulence [108]. PiCRN8 secreted by
P. infestans is a functional RD kinase that triggers cell death in the host [109]. Its C-terminal
RD kinase domain is essential for the formation of dimers or multimers. Its dominant-
negative mutant shows reduced P. infestans infection [109]. Furthermore, CRNs can also
interact with host proteins to facilitate infection. CRN12_997 from P. capsica interacts with
TCP transcription factor SITCP14-2 in tomato, which is an immunity regulator associated
with nuclear chromatin [33]. The interaction impairs the DNA binding activity of the
immune regulator. Therefore, CRN12_997 enhances the susceptibility of tomato to P. capsici.

2.3. Proteinaceous Effectors Secreted by Fungi

Pathogenic fungi are notorious enemies of horticultural crops, especially certain
necrotrophic fungi including B. cinerea, A. alternata, and Penicillium spp. During the col-
onization stage, fungi break through plant cell walls and defense systems by secreting
various virulence factors including effectors via the hyphae or appressorium [110]. Com-
pared with bacteria and oomycetes, fungi have fewer effectors with conserved domains
and clearly elucidated functions [19].

Recent studies of fungal effector domains have mainly referred to glycosyl hydro-
lases, lipases, cerato-platanin (CP) protein (CPP) family effectors, NLPs, and LysM ef-
fectors [17,19]. Fungi secrete CWDEs such as glycosyl hydrolases to degrade the walls
of host cells, and some of them can cause the death of host cells. In B. cinerea, several
CWDE effectors have been discovered, some of which induce HR cell death, such as
endopolygalacturonases BcPG1 and BcPG2, glucan 1,4-alphaglucosidase BcGs1, and xy-
lanase BcXyn11/BcXyn11A [19,48,50]. Meanwhile, effectors with cerato-platanin-domain-
inducing PCD have also been widely reported. Moniliophthora perniciosa, causing witches’
broom disease in Theobroma cacao (cacao), secretes MpCP1 inducing cell death in cacao
leaves [61]. Similarly, B. cinerea delivers BcSpll with CP domain, causing PCD in tomato,
tobacco, and Arabidopsis leaves [111]. Sclerotinia sclerotiorum also secretes SsCP1, con-
tributing to virulence and inducing cell death. Moreover, SsCP1 can interact with PR1 to
promote infection [112]. Interestingly, similar to oomycetes, NLP proteins conserved in
multiple fungal pathogens can induce the host cell death to enable invasion, especially in
necrotrophic pathogens. A sequence called nlp24 from NLP1 is essential for the pathogenic-
ity of Colletotrichum orbiculare, and the C-terminal region of the NLP1 can trigger defense in
cucumber [58]. Penicillium expansum is one of the most destructive pathogens and causes
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blue mold in a wide range of harvested fruits [113]. Two NLP proteins, Penlp1 and Penlp?2
from P. expansum, have been reported to induce cell death, but only the Penlpl mutant was
associated with virulence in apples [62].

It has been demonstrated that LysM domain effectors can bind glycans, thus blocking
chitin sensing and then inhibiting the host immune system [114,115] (Figure 3). The tomato
leaf mold pathogen C. fulvum can secrete LysM effector Ecp6 to bind chitin oligosaccharides
during infection and evade plant immunity [52]. Ecp6 has three LysM domains, and two
of these LysM domains can dimerize, which ensures a super chitin-binding ability [114].
Later, this mechanism was found in many other pathogens. LysM effectors ChELP1 and
ChELP2 from Colletotrichum higginsianum, which can cause anthracnose disease in cultivated
Brassicaceae, bind chitin and chitin oligomers [57]. RNAi of ChELP1 and ChELP2 reduces
fungal pathogenicity. In P. expansum, four LysM effectors express highly during infection,
but they did not affect the virulence [116]. Some effectors do not have a LysM domain, but
nevertheless also present chitin-binding activity. For example, effector Avr4 secreted by
C. fulvum is not an LysM effector, but it has a chitin-binding domain which protects fungal
chitin from plant chitinases and induces HR in tomato [55].

— E LysM ey

effectors | - cheLp2

vA%
Apoplast Chitin

( Cytoplasm

Plant cell

Chitin-binding receptors

1

MAPK Defense
RLCK
_I cascades _l response

\_ _/

Figure 3. Fungal pathogens secrete LysM effectors blocking chitin sensing and suppress host defense

response. LysM: lysin motifs; RLCK: receptor-like cytoplasmic kinases; MAPK: mitogen-activated
protein kinase.

Furthermore, some fungal effectors demonstrate other enzyme activities, such as
chitinase or ribonuclease activity. A transcriptome analysis identified several effectors
from the tomato vascular wilt pathogen Fusarium oxysporum f. sp. lycopersici (Fol), such
as Fol-EC19 (a guanyl-specific ribonuclease) inducing cell death, as well as Fol-EC14 (a
glucanase) and Fol-EC20 (a trypsin) suppressing Bax/I-2/Avr2-mediated cell death [59].
Some effectors secreted by B. cinerea and S. sclerotiorum exert chitinase activity that can
break down chitin oligomers, thus preventing detection by plants [117]. In contrast, some
fungal effectors show enzyme inhibitor activity. C. fulvum Avr2 is a cysteine protease
inhibitor that inhibits tomato or Arabidopsis proteases such as Rer3, Pipl, aleurain, and
TDI-65 [53,54,118]. Overexpression of Avr2 in Arabidopsis thaliana increases susceptibility
toward other fungi such as B. cinerea and Verticillium dahlia [53,118].

Furthermore, fungi secrete abundant uncharacterized domain effectors during in-
fection. Some uncharacterized effectors induce cell death in the host. For example, in
C. fulvum (Cf), Avr4E and Ecp1/2/4/5/7 are uncharacterized. All Avr effectors can induce
HR, and Ecp (extracellular protein) effectors trigger Cf-Ecp mediated HR [55]. Similarly,
small secreted proteins (SSP) BcSSP2/3 from B. cinerea and SsSSP3 from S. sclerotiorum
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can cause HR cell death in camelliae and N. benthamiana [47]. Apple Valsa canker fungus
Valsa mali secreted 70 candidate effectors and seven of them, called VmEPs, were shown
to inhibit BAX-associated PCD in N. benthamiana [119]. Some uncharacterized effectors
are required for full virulence of pathogens while others are not involved in virulence.
Secreted-in-xylem (SIX) effectors are secreted by Fol during infection of tomato, in which
SIX1/2/3/5/6 are required for full virulence of the fungi, while SIX7/10/12 do not affect
the pathogenicity [120,121]. Similarly, cabbage wilt disease pathogen F. oxysporum f. sp.
conglutinans (Foc) can secrete a host specific effector Foc-SIX1 [60].

3. Non-Proteinaceous Effectors

Non-proteinaceous effectors such as sSRNAs and fungal secondary metabolites (toxins)
also play important biological roles. During the plant—pathogen interaction, as large
biological molecular agents, SRNAs can play a crucial function through RNA interference
(RNAi) [122]. From the perspective of the pathogen, sSRNAs can act like effectors targeting
plant gene expression [6]. Fungal sSRNAs can suppress the immune system of the host by
hijacking the RNAi machinery or silencing resistant genes. B. cinerea can deliver a large
amount of sSRNAs to many hosts such as Arabidopsis and tomato [64]. Its SRNA can bind
the plant’s Argonaute 1(AGO1) to hijack host RNAi machinery and silence genes involved
in host immunity [64]. Moreover, the B. cinerea mutant of two important SRNA processing
enzymes, BcDCL1 and BcDCL2 (dicer-like 1, 2), displays reduced pathogenicity. Similar
findings have also been reported in V. mali and Penicillium italicum [65,66]. The latter is the
causal agent of blue mold in citrus.

In addition, fungi produce a variety of secondary metabolites (SMs), which also
function as effectors to help colonization in hosts [6]. Generally, these SMs are phytotoxins
and are classified as non-host-specific toxins (nHSTs) or host-specific toxins (HSTs). T-toxin
is a well-known host-selected phytotoxin produced by Cochliobolus heterostrophus, the causal
agent of corn leaf blight [123]. Among horticultural crop pathogens, Alternaria may be the
most important genus, able to produce 70 mycotoxins including various HSTs [68]. For
example, A. alternata has different pathotypes infecting different plants and producing
various HSTs [68]. A. alternata f. sp. lycopersici produces AAL toxins that induce cell
apoptosis in susceptible tomato strains without the Ascl (Alternaria stem canker resistance
gene 1) gene [67,68]. In strawberry, A. alternata £. sp. fragariae produces HST AF-toxin and
causes black spot [69]. A. alternata . sp. kikuchana (Japanese pear pathotype) produces
AK-toxin [70]. Spray experiments showed that AK-toxin was only toxic to susceptible
pear cultivars [124]. In lemon, A. alternata f. sp. citri secretes ACR-toxin to promote
colonization [71,72]. A. alternata £. sp. mali, the apple pathotype, produces HST AM-toxin
and causes apple Alternaria blotch [73].

4. Plant Defense Response against Effectors

When pathogens infect plants, plant resistance response usually begins with the
recognition of the PAMPs of the pathogens and leads to PTI[125]. Flagellin and translational
elongation factor Tu from bacteria and chitin from fungi are well-known PAMPs. Plant
PRRs such as RLP (receptor-like proteins) with LRR (leucine-rich repeat) domain and RLK
(receptor-like kinase) are usually responsible for the recognition [126]. These receptors
locate in the plant cell plasma and recognize PAMPs, then the signal is transduced to
transmembrane RLKS like BAK1 (BRI1-associated receptor kinasel) or the RLCKs (receptor-
like cytoplasmic kinases) [127]. Afterwards, the signal continues to travel downstream
through the MAP (mitogen-activated protein) cascade and finally reaches resistance genes
activating the PTI [128]. This process includes the outbreak of ROS (reactive oxygen species),
callose deposition, and concentration of Ca®*, which blocks further invasion [7]. To tackle
these challenges, pathogens have developed various effectors to suppress this response. At
the same time, plants have co-evolved specific mechanisms to recognize these effectors and
initiate ETI to prevent colonization [129].
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Plants use various kinds of receptors to detect effectors. Most receptors are NLRs (intra-
cellular nucleotide-binding leucine rich repeat) and are classified into TIR (Toll/interleukin-
1 receptor) domain NLRs (TNLs), CC (coiled-coil) domain NLRs (CNLs), and RPWS8
(resistance to powdery mildew 8)-like coiled-coil domain NLRs (RNLs), according to their
conserved domains [130]. For example, two NLRs, ZAR1 (HopZ-activated resistancel)
and CAR1 (Carbonic anhydrase I) in N. benthamiana can recognize 95% of T3SEs of P. sy-
ringae [78,131]. NLR Bs4, an R protein in tomato, can suppress HR induced by effector
AvrBs3 and reduce the virulence of effector AvrHah1 from tomato-pathogenic Xanthomonas
strains. [132]. LRR-RLP RXEGT1 of N. benthamiana detects and binds effector XEG1 from
P. sojae, and triggers immune responses by changing the structure of RXEG1 and enhanc-
ing association of RXEG1 with BAK1 [133]. Rpi-amr3 from wild Solanaceaeous plant
Solanum americanum can recognize conversed RXLR-WY effector AVRamr3 and activate
resistance against different Phytophthora species, including P. infestans, P. parasitica, and
P. palmivora [44].

Studies on the plant defense response against effectors can help explore comprehensive
plant immune pathways and provide potential resistance genes for breeders to develop
resistant cultivars by traditional and genetic modification-based methods. Introducing
multiple R genes of Cf-2, Cf-4, Cf-4E, Cf-5, and Cf-9 into tomato has prevented outbreak
of leaf mold for several decades [12]. Abundant late blight resistance genes (Rpi genes)
have been identified from wild potato species [13]. The construction and utilization of Rpi
gene pyramids may achieve durable and broad-spectrum late blight resistance. Resistant
genes from other plants can also be deployed. Transgenic tomato containing resistant
gene Bs2 from pepper demonstrated resistance to all field strains of Xanthomonas [13].
In addition, heterologous overexpression of some effectors in plants can enhance their
immunity. Overexpression of oomycete effector PSCRN115 increased host resistance against
two Phytophthora pathogens [134]. Interestingly, heterologous expression of non-host
effector target orthologues in host plants can cause broad-spectrum immunity. Expression
of cAtOrth AtPUB33, Arabidopsis target orthologues of P. infestans effector PiSFI3, in potato
and tobacco significantly reduced P. infestans infection [135].

5. Conclusions and Perspectives

Horticultural crop pathogens produce proteinaceous and non-proteinaceous effectors,
which play crucial roles in the interactions between pathogens and hosts. On one hand,
effectors such as various enzymes, enzyme inhibitors, and phytotoxins, demonstrate di-
verse activities and facilitate pathogenic infection by preventing recognition of pathogens,
suppressing PTI, or hijacking the host metabolism. On the other hand, plants recognize
effectors and trigger ETI to prevent infection. Many different effectors have been identified
among bacteria, oomycetes, and fungi, and the mechanisms of action of some effectors with
conserved domain have been well described. However, the known effectors may be just
the tip of the iceberg [113].

With the rapid development of techniques such as whole genome sequencing, GWAS
(genome-wide association study) analysis, secretomics, and transcriptomics, a broad range
of putative effectors have been identified. With a wealth of reference data, software tools
such as effectR and EffectorP 3.0 are extremely useful to predict putative fungal and
oomycete effectors [136,137]. In recent years, artificial intelligence (AI) has developed
rapidly and demonstrated powerful capabilities in analyzing high-throughput data of life
sciences [138]. Al technology will provide great help identifying new effectors in pathogens
and receptors in hosts.

Effector biology will contribute to developing resistant varieties of horticultural crop
varieties, and to disease control as well as prevention. With a deeper understanding of
effector-mediated plant-pathogen interactions, mechanisms of pathogen infection and host
immunity will be more clearly elucidated, thus new disease-management strategies can
be enforced. Using the application of gene-editing technology such as CRISPR (clustered
regularly interspaced short palindromic repeats), simultaneous manipulation of multiple
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R genes may contribute to the breeding of horticultural crop varieties with durable and
broad-spectrum resistance. Moreover, new NLRs can be designed de novo using synthetic
biological techniques and developed into horticultural crops.
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