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Nonhost resistance, a resistance of plant species against all
nonadapted pathogens, is considered the most durable and
efficient immune system of plants but yet remains elusive. The
underlying mechanism of nonhost resistance has been in-
vestigated at multiple levels of plant defense for several de-
cades. In this review, we have comprehensively surveyed the
latest literature on nonhost resistance in terms of preinvasion,
metabolic defense, pattern-triggered immunity, effector-triggered
immunity, defense signaling, and possible application in crop
protection. Overall, we summarize the current understanding
of nonhost resistance mechanisms. Pre- and postinvasion is not
much deviated from the knowledge on host resistance, except for
a few specific cases. Further insights on the roles of the pattern
recognition receptor gene family, multiple interactions between
effectors from nonadapted pathogen and plant factors, and plant
secondary metabolites in host range determination could expand
our knowledge on nonhost resistance and provide efficient tools
for future crop protection using combinational biotechnology
approaches.

Unlike mammals, plants are sessile and have no adaptive
immune system. Although numerous pathogens attack plants in
nature, most plants are resistant to most pathogens. This phe-
nomenon, termed nonhost resistance (NHR), defines the re-
sistance of an entire plant species against a specific parasite or
pathogen (Heath 2000). In other words, NHR is the plant re-
sistance at species-specific level and the most durable re-
sistance of plants. Due to its durability, NHR has attracted
increasing attention as a valuable strategy for improving crop
resistance. However, interspecific sterility has often hindered
the elucidation of the genetic basis of NHR, slowing down its
deployment in the field. The mechanism of NHR is currently
considered to rely on a complex combination of constitutive
and induced defense components (Fan and Doerner 2012; Lee
et al. 2014; Niks and Marcel 2009).

Plants possess an elaborate suite of defense components to
protect themselves against pathogen infection. Encounters be-
tween plants and pathogens occur at the cuticle and cell-wall
layer, which act as a physical barrier (Tucker and Talbot 2001).
Plants also establish a chemical barrier by accumulating a
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diverse array of secondary metabolites constitutively or rapidly
produced upon pathogen infection with toxic or inhibitory ef-
fects (VanEtten et al. 1994). In addition, plants can recognize
invading pathogens using membrane or cytoplasmic receptors
that induce two layers of defense response (Dodds and Rathjen
2010). First, surface-localized receptors can perceive nonself or
damaged-self signal, in the form of conserved pathogen struc-
tures called pathogen-associated molecular patterns (PAMPs)
or damage-associated molecular patterns (DAMPs) released
during alteration of host cell integrity (Raaymakers and Van
den Ackerveken 2016). These patterns are recognized via
pattern-recognition receptors (PRRs), mainly located at the
plasma membrane, that induce a first rise in plant defense level
generally termed PAMP-triggered immunity (PTI) (Zipfel
2009). To suppress PTI and dampen host defense, successful
pathogens secrete a number of effector proteins into host cells
(Dodds and Rathjen 2010). In turn, plants induce a second rise
in defense level, designated effector-triggered immunity (ETI),
via recognition of effectors by intracellular immune receptors
called resistance (R) proteins, which often belong to the
nucleotide-binding domain and leucine-rich repeat-containing
(NLR) family (Maekawa et al. 2011). ETI is typically accom-
panied by a hypersensitive response (HR), a rapid programmed
cell death at the infection site to restrict the spread of pathogens
(Jones and Dangl 2006).

From numerous studies using various approaches from cy-
tology to omics techniques over the last decades, it appears that
the multiple defense components are involved in NHR in a
complex manner. Most of the cytological observations of
pathogen penetration on nonhost plants were performed in the
1970s. These initial observations show that often nonadapted
pathogens stop growing during the very early stage of infection
and that several nonhost species exhibit HR cell death at the
infection site (Crute and Johnson 1976; Heath 1974; Mendgen
1978). Later, it was suggested that NHR consists of complex
defense factors including a physical or chemical barrier and an
active response (Heath 1981). Callose and phytoalexin accu-
mulation around the infection sites were observed and quanti-
fied in nonhost plants (Fink et al. 1990; Jahnen and Hahlbrock
1988; Perumalla and Heath 1989). Transposon mutagenesis
further allowed the identification of pathogenicity factors that
elicit HR on nonhost plants (Lindgren et al. 1986; Whalen et al.
1988). Concomitantly, the durability of NHR has been recog-
nized as an important strategy to improve crop resistance (Niks
1987). Genes involved in NHR were identified, in the 1990s,
from both plant (polygalacturonase) and pathogen (INF1)
(Allen 1991; Fillingham et al. 1992; Kamoun et al. 1998). Par-
ticipation of both PTI and ETI to NHR emerged from iden-
tification of Arabidopsis PRR EFR and of two NLR genes,
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including maize Rxol and Arabidopsis WRR4 (Borhan et al.
2010; Lacombe et al. 2010; Zhao et al. 2004b). Later, with re-
spect to defense signaling, the concept that NHR shares signaling
components with host resistance has been supported by tran-
scriptional and metabolite profiling approaches (Gill et al.
2015; Ishiga et al. 2015; Kanzaki et al. 2003; Peart et al. 2002;
Zellerhoff et al. 2010). Hence, there has been considerable
progress toward unraveling NHR. Here, we comprehensively
review the multiple defense components involved in NHR and
summarize our current knowledge and prospects on this valu-
able form of plant resistance.

The role of preinvasion resistance.

The plant epidermis is generally protected by a waxy cuticle
and the plant cell wall. Together, they form a physical barrier
that pathogens have to breach in order to infect plants. The
preinvasive penetration barrier is the first line of plant defense
against pathogen attacks and is considered an important factor
in NHR.

Nonadapted pathogens normally fail to penetrate nonhost
plant cells when blocked by preformed physical barriers pre-
sent on the plant surface (Kamoun 2001; Pinosa et al. 2013).
Components of leaf waxes can act as an inductive cue for
pathogens to develop infection structures and lack of appro-
priate signals in plants contributes to NHR. Colletotrichum
gloeosporioides that successfully induces appressorium on host
avocado cannot induce differentiation of appressorium on
nonhost plants (Podila et al. 1993). This is the result of dif-
ference in fatty alcohol composition of waxes, as nonhost plants
contain a higher content of alcohols with longer chains com-
pared with host plants. Similarly, C,4 aldehyde presence in wax
of host barley cuticle plays an important role in appressorium
differentiation of Blumeria graminis f. sp. hordei (Tsuba et al.
2002). Nonhost cabbage cuticle has higher Cyg and Cj, alde-
hyde contents, which are less efficient to trigger B. graminis
appressorium differentiation. Another component of pre-
invasive defense is the alfalfa IRG1 (Inhibitor of rust germ tube
differentiation 1) gene that encodes a C,H, zinc finger tran-
scription factor now called PALM1 (Palmate-like pentafo-
liatal) and regulates the expression of genes involved in wax
biosynthesis. Reduction of surface hydrophobicity due to al-
tered proportion of primary alcohol in irg/ mutant cuticle in-
hibits the differentiation of prepenetration structures of
nonadapted rust pathogens (Uppalapati et al. 2012). Barley
epicuticular wax biosynthetic gene CYP96B22 also functions in
penetration resistance of nonadapted Magnaporthe oryzae
(Delventhal et al. 2014). Of note, in addition to leaf waxes,
membrane lipid phosphatic acid is also associated with Arab-
idopsis NHR to pea fungal pathogen Erysiphe pisi (Pinosa
et al. 2013).

Beside preformed structural defenses, induced preinvasive
defense responses have an important role in NHR. During the
early phase of invasion, polarized rearrangement of microfila-
ments and microtubules is triggered by attempted pathogen
penetration and mediates defense-related responses, such as
massive cytoplasmic aggregation and cell-wall apposition at the
infection site (Kobayashi et al. 1997a; Takemoto et al. 2003).
Evidence suggests that nonadapted pathogen invasion is hindered
by these cytoskeleton and wall rearrangements. For instance,
treatment with actin polymerization inhibitor cytochalasin allows
Erysiphe pisi to penetrate epidermal cells of nonhost plants and to
form haustoria (Kobayashi et al. 1997b). The level of actin de-
polymerization is, indeed, correlated with the penetration effi-
ciency of several nonadapted pathogens, including Colletotrichum
lagenarium and Alternaria alternata (Kobayashi et al. 1997a). In
Arabidopsis, nonadapted pathogens, including wheat powdery
mildew B. graminis f. sp. tritici and Colletotrichum species, also
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penetrate epidermal cells and develop haustoria under the cyto-
chalasin treatment (Shimada et al. 2006). Additionally, adhesion
between plasma membrane and cell wall is important for pene-
tration resistance. Exogenous application of peptides carrying an
Arg-Gly-Asp (RGD) motif of mammalian plasma membrane—
bound receptors causes a loss of connection between plasma
membrane and cell wall in cowpea, which results in down-
regulation of the cell wall-associated defense response and
increased penetration of nonadapted fungal pathogen (Mellersh
and Heath 2001).

Taken together, cell wall-associated defense response plays
an important role in NHR as well as in basal resistance. In
contrast to adapted pathogens that suppress wall defenses and
successfully penetrate the host cells, nonadapted pathogens
might not have evolved a suppressor of preinvasion resistance.

The role of metabolic defense.

Plants produce secondary metabolites as chemical barriers
to defend themselves against invading pathogens (Holscher
et al. 2014; Lei et al. 2014). This diverse array of antimicrobial
compounds can largely be divided into two groups: i) phyto-
anticipins, a group of constitutive secondary metabolites and
ii) phytoalexins that are de novo synthesized and rapidly accu-
mulated upon pathogen infection (Dixon 2001; Hammerschmidt
1999; VanEtten et al. 1994). Extensive studies about defensive
secondary metabolites support the determinant role in resistance
for antimicrobial compounds in compatible host-pathogen in-
teractions (Ahuja et al. 2012). Antimicrobial phytochemicals are
toxic for a broad range of fungi and detoxification mechanisms
are required to establish pathogenicity and virulence. For ex-
ample, in tomato, the phytoanticipin a-tomatine binds to sterols
in fungal membrane, resulting in disruption of membrane in-
tegrity of pathogens and enhanced resistance (Bangham and
Horne 1962; Roddick 1976; Schulz and Sander 1957). However,
several adapted pathogens overcome o-tomatine by producing
tomatinase, a glycosyl hydrolase. Tomatinase-deficient mutants
of Cladosporium fulvum and Fusarium oxysporum f. sp. lyco-
percisi are less virulent than the wild-type strain (Okmen et al.
2013; Pareja-Jaime et al. 2008; Roldan-Arjona et al. 1999;
Sandrock and VanEtten 1998).

The causal agent of take-all disease of wheat, Gaeumanno-
myces graminis var. tritici, cannot cause disease on nonhost
oats due to its susceptibility to the phytoanticipin avenacin.
However, Gaeumannomyces graminis var. avenae, which pro-
duces avenacinase, overcomes the avenacin-mediated growth
inhibition and causes disease on oats (Bowyer et al. 1995;
Osbourn et al. 1994; Papadopoulou et al. 1999). Similarly,
preformed sulforaphane plays a determinant role in NHR of
Arabidopsis to bacteria Pseudomonas syringae (Fan et al.
2011). Multiple sax genes of adapted P. syringae pv. maculicola
function in detoxification and efflux of sulforaphane. Non-
adapted P. syringae strains transformed with saxCAB genes can
overcome Arabidopsis NHR. In Amaranthus gangeticus, ac-
cumulation of nicotinamide in roots prevents colonization by
nonadapted fungal pathogen Aphanomycese cochliodes (Islam
et al. 2004).

Unlike constitutively produced phytoanticipins, phytoalexin
synthesis is triggered by recognition of elicitors, PAMPs or
DAMPs, or effectors and is often mediated by activation of the
mitogen-activated protein kinase (MAPK) pathway (Graham
et al. 1990; Kishi-Kaboshi et al. 2010; Raaymakers and
Van den Ackerveken 2016; Umemoto et al. 1997). Arabidopsis
oligogalacturonides released by polygalacturonase activity of
Botrytis cinerea are a class of DAMPs that induce production of
phytoalexin camalexin via activation of MAPK cascades and
phosphorylation of WRKY33 (Ferrari et al. 2007; Mao et al.
2011; Ren et al. 2008). Phytoalexins are also linked to other



defense signaling mechanisms. For instance, indole glucosi-
nolate is required for callose deposition induced by flagellin
elicitor peptide flg22, which plays a role as an effective physical
barrier at the sites of pathogen attack (Clay et al. 2009; Luna
et al. 2011). Phytohormones including ethylene (ET), jasmonate
(JA), auxin, and cytokinin also control the synthesis of
phytoalexins (Grosskinsky et al. 2011; Huffaker et al. 2011;
Matsukawa et al. 2013; Robert-Seilaniantz et al. 2011). In par-
ticular, JA acts as a positive regulator and induces secondary
metabolite accumulation through transcriptional regulation in a
wide range of plant species (De Geyter et al. 2012).

Similarly to host resistance, pathogen recognition in nonhost
plants elicits phytoalexin accumulation. Alfalfa infected with
Asian soybean rust mounts a localized cell death in penetrated
epidermal cells and induces the synthesis of medicarpin and its
intermediate metabolites that suppress rust appressorium for-
mation (Ishiga et al. 2015). The oligopeptide elicitor Pep-13,
highly conserved among the oomycete genus Phytophthora,
triggers transcriptional reprogramming and accumulation of
phytoalexin furanocoumarins in nonhost parsley (Brunner et al.
2002; Niirnberger et al. 1994). In addition to Pep-13, necrosis-
inducing Phytophthora protein 1 (NPP1) elicits HR-like cell
death and causes responses similar to Pep-13 in parsley, in-
dicating that phytoalexin induction is associated with recog-
nition of multiple elicitors in nonhost (Hahlbrock et al. 2003).
Recognition of necrotrophic effector ToxA by nonhost wheat
results in cell death and serotonin accumulation, which inhibits
sporulation of Stagonospora nodorum (Du Fall and Solomon
2013). In Arabidopsis, tryptophan (Trp)-derived indole gluco-
sinolates and camalexin are involved in NHR against biotroph
powdery mildew and hemibiotroph C. gloeosporioides (Hiruma
et al. 2013; Lipka et al. 2005; Sanchez-Vallet et al. 2010).
PENETRATION2 (PEN2) encodes a myrosinase involved in
hydrolysis of indole glucosinolates (Lipka et al. 2005). Arabidopsis
pen2 mutants deficient in accumulation of an indole and a cysteine
metabolite allow frequent initiation of invasive growth of broad-
spectrum nonadapted pathogens, including Phytophthora infestans,
B. graminis f. sp. hordei, and Magnaporthe oryzae (Bednarek
et al. 2009; Lipka et al. 2005; Maeda et al. 2009). In spite of
enhanced entry rates of nonadapted pathogens in pen2 mutants,
postinvasive resistance associated with cell death blocks further
infection, suggesting the involvement of the other defense com-
ponents in NHR. In the interaction between Arabidopsis and
C. gloeosporioides, glutathione with Trp-derived metabolites is
required for pre- and postinvasive resistance (Hiruma et al. 2013).
Mutants defective in both glutathione synthesis and Trp metab-
olism allow enhanced invasive hyphae expansion of nonadapted
pathogen C. gloeosporioides. Furthermore, Arabidopsis RRSI/RPS4-
mediated resistance to the adapted pathogen C. higginisianum
is compromised in these mutants, further supporting the idea
that defense compounds are shared between host and nonhost
resistance.

Plants have evolved lineage-specific antimicrobial com-
pounds as a consequence of the coevolutionary arms race and
adapted pathogens can cause disease by detoxification of these
compounds (Kliebenstein 2012; Kroymann 2011). Probably,
nonadapted pathogens had no chance to encounter defense
metabolites produced by nonhost plants and to prepare ade-
quate weapons to overcome the obstacles, as illustrated by the
higher sensitivity of Phytophthora infestans to capsidiol in-
duced in nonhost pepper compared with the adapted pathogen
Phytophthora capsici (Giannakopoulou et al. 2014; Jones et al.
1975). Thus, adaptation of pathogens to specific antimicrobial
compounds is one of the determinants of NHR and compre-
hensive analysis of the role of chemical barriers in relation to
other defense components could improve our understanding of
the NHR mechanisms.

The role of PTI.

Plant cells have the ability to discriminate self from nonself
and activate defense signaling in response to attempted pathogen
invasion (Nurnberger and Brunner 2002). Sensing of potential in-
vaders is mediated by membrane-localized PRRs. In adapted host-
pathogen interactions, several PAMPs, such as flagellin, chitin,
lipopolysaccharide, or extracellular adenosine triphosphate, have
been identified and their mode of recognition has been char-
acterized (Couto and Zipfel 2016). As PAMPs are highly con-
served and functionally essential for microbe fitness, PAMP
recognition and PTI are an efficient component of NHR.

The best-studied PAMP playing a role in NHR is the bacterial
flagellin, the flagella building block (Hayashi et al. 2001).
P. syringae pv. tabaci mutants deficient for flagellin production
cause disease symptoms on nonhost Arabidopsis and tomato
(Li et al. 2005; Taguchi et al. 2003). Conversely, the P. syringae
pv. tabaci AfliD mutant, which secretes large amounts of fla-
gellin monomer, induces HR cell death on the nonhost tomato
(Shimizu et al. 2003). However, flagellin of an adapted P. syringae
strain does not induce HR on tobacco, in spite of identical amino
acid sequence with flagellin of nonadapted P. syringae pv.
glycinea, which suggests the role of posttranslational modification
of flagellin in recognition by nonhost plants (Taguchi et al. 2003;
Takeuchi et al. 2003). Flagellin glycosylation that is indispens-
able for flagella stabilization is ubiquitous in most of phyto-
pathogenic bacteria and plays an important role in bacterial
virulence (Ichinose et al. 2013; Taguchi et al. 2008, 2009).
Glycosyltransferase-deficient mutants of P. syringae pv. glycinea
can multiply in nonhost Arabidopsis and tobacco while losing
pathogenicity on host plants (Ishiga et al. 2005; Takeuchi et al.
2003). The findings that nonglycosylated flagellin induces a
higher level of defense responses on host plants than glycosy-
lated flagellin suggest that pathogens might have evolved to
evade recognition by host plants through posttranslational
modification (Taguchi et al. 2009). The modified PAMPs to in-
crease virulence in host plants might enable pathogens to be
recognized by nonhost plants.

On the other hand, the flagellin receptor Flagellin-sensing 2
(FLS2) also mediates NHR (Zipfel et al. 2004). Genetic screening
of Arabidopsis natural variation for resistance to nonadapted
bacteria reveals that FLS2 confers resistance to the bean patho-
gen P. syringae pv. phaseolicola (Forsyth et al. 2010). More-
over, Arabidopsis fls2 mutants and FLS2-silenced Nicotiana
benthamiana plants show enhanced susceptibility to nonadapted
P. syringae strains (Hann and Rathjen 2007). Nonhost plants also
induce downstream signaling upon flagellin perception. The flg22
strongly induces transcription of NONHOST!1 (NHOI) encoding
a glycerol kinase that is required for Arabidopsis NHR against
nonadapted P. syringae pv phaseolicola, whereas the adapted
P. syringae strain only transiently induces NHO1 expression (Li
et al. 2005; Lu et al. 2001). The induction of NHO!1 is presumably
essential because Arabidopsis plants overexpressing NHOI ex-
hibit enhanced resistance to adapted P. syringae pv. tomato
DC3000 (Kang et al. 2003). These results suggest that nonhost
plants could trigger an immune response by PAMP recog-
nition similarly as during host resistance.

Based on the evolutionary model of NHR, the relative con-
tribution of PTI to NHR increases in nonhost species with a
distant evolutionary relationship from the host due to lack of
effector targets to suppress defense response (Schulze-Lefert and
Panstruga 2011). Interfamily or interspecies transfer of PRRs from
nonhost plants expands the recognition specificity, as shown by
Arabidopsis EFR (EF-Tu receptor) transfer to tomato and wild
potato ELR (elicitor response) transfer to Solanum tuberosum
(Du et al. 2015; Lacombe et al. 2010). Thus, PTI in NHR as
well as in host resistance provides broad-spectrum resistance
to phytopathogens.
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The role of ETI.

ETI is one of the major components of host resistance in
plants (Cui et al. 2015). It is activated by direct or indirect
interaction between one or more pathogen effectors and one or
more plant R proteins, often resulting in HR. Previous studies
proposed that NHR may be partially mediated by effectors and
R genes even though specific roles and mechanisms of ETI in
NHR remain elusive (Stam et al. 2014).

Numerous cases of the effector recognition in nonhost plants
have been reported (Table 1). For example, P. syringae pv.
tomato avrA homolog, P. syringae pv. phaseolicola avrPphD,
and Xanthomonas. oryzae pv. oryzicola AvrRxol induce HR on
their respective nonhost plants (Arnold et al. 2001; Kobayashi
et al. 1989; Liu et al. 2014; Zhao et al. 2004b). Similarly,
Bremia lactucae effector BLGO1 carrying a GKLR variant
of the RXLR translocation motif induces HR in a backcross
inbred line of nonhost Lactuca saligna (Jeuken and Lindhout.
2002; Stassen et al. 2013). In addition, a recent study reported
that several RXLR effectors of Phytophthora infestans trigger
HR in nonhost pepper accessions, suggesting multiple in-
teraction between effectors and putative target genes in NHR
(Lee et al. 2014). Meanwhile, some effectors have been sug-
gested as major determinants of host range. P. syringae pv.
tomato DC3000 HopQl deletion mutant can cause bacterial
speck symptoms in nonhost N. benthamiana (Wei et al. 2007).
Similarly, mutation of HopAS1 from P. syringae pv. tomato T1
confers enhanced virulence in nonhost Arabidopsis and reduced
virulence of host tomato (Sohn et al. 2012). Therefore, effectors
might be involved in limitation of host range and NHR.

The HR triggered by effectors in certain nonhost plants
probably results from the activation of one or more R genes and
subsequent defense signaling, as observed in compatible host-
pathogen interactions. Genetic analysis reveals that necrotic
phenotypes induced by AvrRPS4 and HopK1 from P. syringae
cosegregate with clusters of RGC4 (Resistance Gene Candidate4)
homologs encoding NLRs in nonhost lettuce (Wroblewski et al.
2009). In addition, maize NLR Rxo1 recognizes avrRxol from
X. oryzae pv. oryzicola, which causes bacterial leaf streak
disease in rice (Zhao et al. 2004a, 2004b, 2005). In Arabidopsis,
WRR4 encoding a toll/interleukinl-receptor-NLR protein confers
resistance against Albugo candida, which is a nonadapted patho-
gen indicating that R genes are indeed involved in NHR, although

the corresponding effector remains to be elucidated (Borhan et al.
2008, 2010). By contrast, single mutants carrying nonfunctional
copies of those NLRs still show resistance to nonadapted patho-
gens, which opens the possibility of multiple R protein—effector
interactions in NHR (Borhan et al. 2008; Zhao et al. 2005). Finally,
there are more unidentified R genes that cosegregate with HR
triggered by effectors in nonhost plants (Vega-Arreguin et al.
2014; Whalen et al. 1988). This further highlights the importance
of endogenous R genes and R gene-mediated responses in NHR.

Plants and pathogens are coevolving in a never-ending arms
race. A recent concept of NHR in evolutionary aspects suggests
that relative contribution of ETI mediated by NLR proteins in-
creases in the case of close evolutionary relationship between host
and nonhost plant (Schulze-Lefert and Panstruga 2011). Identifi-
cation of one or more plant factors recognizing one or more ef-
fectors from nonadapted pathogens and elucidation of ETI
mechanisms in NHR may shed light on how NHR is established.

Defense signaling in NHR.

After perception of pathogens, plants activate complex sig-
naling including oxidative burst, MAPK cascade, hormone
biosynthesis, and transcriptional reprogramming (Boller and
Felix 2009; Tsuda and Katagiri 2010). On the basis of nonhost
defense responses from several pathosystems, accumulation of
reactive oxygen species (ROS), induction of defense-related
genes, salicylic acid (SA) and JA production, and callose de-
position are commonly associated with NHR, regardless of HR
cell-death symptoms, suggesting overlaps with the host defense
response (An and Mou 2012; Cheng et al. 2012; Narusaka et al.
2005; Trujillo et al. 2004; Yun et al. 2003; Zhang et al. 2011).

There are some evidences that PRR- or R gene-mediated
signaling machinery used by host resistance also function in
NHR. The PRR FLS2 forms heteromeric complexes with cor-
eceptors BAK1 (BRII-associated receptor kinasel) or related
SERKSs (somatic embryogenesis receptor kinase) (Heese et al.
2007; Chinchilla et al. 2007; Roux et al. 2011). BAK transcript
accumulation in Arabidopsis increases more than twofold in the
presence of nonadapted P. syringae pv. phaseolicola but decreases
during host interaction (Kemmerling et al. 2007). Arabidopsis
bakl mutants are susceptible to nonadapted P. syringae pv. tabaci
6605 and Alternaria brassicicola (Kemmerling et al. 2007; Roux
et al. 2011). Similarly, silencing of BAKI in N. benthamiana

Table 1. Effectors and nucleotide-binding domain and leucine-rich repeat (NLR) proteins in nonhost interactions

Name Pathogen species Nonhost Feature® References
Effectors
avrRxv Xanthomonas campestris pv. vesicatoria Common bean Induce HR, cosegregate Whalen et al. 1988
tomato race 1 with Rxv
avrA homolog P. syringae pv. tomato Soybean Induce HR Kobayashi et al. 1989
avrPphD P. syringae pv. phaseolicola Pea Induce HR Arnold et al. 2001
avrRxol X. oryzae pv. oryzicola Maize Induce HR, cosegregate Zhao et al. 2004a, 2004b
with NLR (Rxol)
HopQ1-1 P. syringae pv. tomato DC3000 Nicotiana benthamiana Induce HR Wei et al. 2007
AvrRPS4 P. syringae pv. phaseolicola 1148A Lettuce Induce HR, cosegregate Wroblewski et al. 2009
with NLR locus (RGC4)
HopK1 P. syringae pv. tomato DC3000 Lettuce Induce HR, cosegregate Wroblewski et al. 2009
with NLR locus (RGC4)
BLGO1 Bremia lactucae Lactuca saligna Induce HR Stassen et al. 2013
avrRxol X. oryzae pv. oryzicola Nicotiana benthamiana Induce HR Liu et al. 2014
PcAvr3al Phytophthora capsici Tobacco Induce HR Vega-Arreguin et al. 2014
PexRD8 Phytophthora infestans Hot pepper Induce HR Lee et al. 2014
Avrblb2 Phytophthora infestans Hot pepper Induce HR Lee et al. 2014
HopAS1 P. syringae pv. tomato T1 Arabidopsis Induce HR Sohn et al. 2012
NLRs
Rxol X. oryzae pv. oryzicola Maize Recognizes avrRxol Zhao et al. 2005
WRR4 Albugo candida Arabidopsis Borhan et al. 2008, 2010

# HR = hypersensitive response.
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enhances the growth of nonadapted P. syringae pv. tomato
DC3000 (Heese et al. 2007). In R gene—-mediated signaling,
a conserved chaperone complex comprising HSP90, SGT1,
and RARI is required for activation and stabilization of R
proteins (Kadota et al. 2010). Silencing of HSP90 or SGTI in
N. benthamiana compromises NHR to nonadapted pathogens
such as P. cichorii or X. axonopodis pv. vesicatoria (Kanzaki
et al. 2003; Peart et al. 2002). EDS1 (Enhanced disease sus-
ceptibility 1) is an essential regulator of R gene—mediated
signaling. Mutation in Arabidopsis EDS1 enhances suscep-
tibility to nonadapted Albugo candida and Erwinia amylovora
(Moreau et al. 2012; Parker et al. 1996). In addition, HR
triggered by conidia of nonadapted wheat powdery mildew
(B. graminis f. sp. tritici) is significantly reduced in eds/
mutants (Yun et al. 2003). In the nonhost Arabidopsis-
Blumeria pathosystem, the mutation of EDS1 interactors, such as
PAD4 and SAG101 in the pen2 mutant, caused breakdown of
NHR (Lipka et al. 2005). Further, one of the earliest down-
stream signaling events upon pathogen perception is activation
of MAPKSs that act as a central hub in subsequent defense
responses, such as ROS generation, defense-gene activation,
and hormone biosynthesis (Meng and Zhang 2013). As MAPK
cascades are highly conserved among eukaryotes, signal
transduction in NHR is also mediated through MAPKs. Si-
lencing of NbMKKI, NbSIPK, or NDWIPK compromises
NHR of N. benthamiana to P. cichorii (Sharma et al. 2003;
Takahashi et al. 2007). Conversely, adapted P. syringae strains
carry effectors such as AvrPto, AvrPtoB, or HopAll to sup-
press MAPK cascade in host plants. Moreover, ectopic ex-
pression of AvrPto promotes the growth of two nonadapted
bacterial pathogens in Arabidopsis, suggesting that effectors
that have been evolved to suppress defense response could
play a pivotal role for pathogens to overcome NHR (He et al.
2006; Zhang et al. 2007).

Other early responses of plants upon pathogen perception
include calcium influx and ROS production, which both act as
secondary messengers (Boller and Felix 2009). Increased cy-
tosolic calcium level leads to activation of calcium-dependent
protein kinases and NADPH oxidase RbohD responsible for the
rapid production of ROS in Arabidopsis, which suggests
the mechanistic link between calcium and ROS signaling
(Ogasawara et al. 2008; Ranf et al. 2011; Segonzac and Zipfel
2011). ROS also mediates cellular signaling associated with
defense-related gene expression, HR, and phytoalexin pro-
duction (O’Brien et al. 2012). However, only a few studies have
investigated the role of ubiquitous messenger Ca** and ROS in
NHR. In N. benthamiana, calreticulin that functions in Ca>*
binding and storage is essential for NHR to X. oryzae pv. oryzae
(Li et al. 2012). Likewise, the mutation of calcium sensor
CaM?7 in Arabidopsis compromises NHR to Asian soybean rust
(Campe et al. 2016). On another hand, a hydrogen peroxide
burst is observed at the site of cell-wall apposition in barley
upon tentative infection by nonadapted wheat powdery mildew
infection (Hiickelhoven et al. 2001). In N. benthamiana, si-
lencing of glycolate oxidase (Gox), which produces hydrogen
peroxide in peroxisome, compromises NHR to P. syringae pvs.
tomato and glycinea as well as Pto-AvrPto interaction (Rojas
et al. 2012b). Arabidopsis gox mutants also display enhanced
susceptibility to a nonadapted strain of P. syringae, concomi-
tantly to reduced accumulation of hydrogen peroxide and com-
promised HR. In addition, treatment with flavodoxin, which
prevents ROS formation in plastids, reduces HR and ROS ac-
cumulation in tobacco, upon inoculation with nonadapted
X. campestris pv. vesicatoria (Zurbriggen et al. 2009). These
results highlight that nonhost plants employ common factors
of host resistance in an early stage of signal transduction after
receptor-dependent pathogen perception.

Pathogen perception activates signaling for hormone bio-
synthesis. The plant hormones ET, JA, and SA play an impor-
tant role as secondary messengers of plant defense response
(Meng and Zhang 2013). Accumulating evidence shows that
defense hormones also contribute to NHR. Tobacco expressing
the Arabidopsis etrl-1 gene shows ET insensitivity and loses
NHR against Pythium sylvaticum, demonstrating a role for ET
in NHR (Knoester et al. 1998). Nonadapted rust fungi, including
Uromyces vignae and U. appendiculatus, produce longer infection
hyphae in an Arabidopsis sid2 mutant deficient for SA bio-
synthesis and in NahG-expressing plants in which SA is degraded
to catechol (Mellersh and Heath 2003). In Arabidopsis, Plant
defensin 1.2 (PDF1.2), a marker gene of the JA/ET signaling
pathway, is induced upon inoculation with nonadapted barley
powdery mildew, whereas host interaction between Arabidopsis
and Erysiphe cichoracacearum only triggers a moderate induction
of PDF1.2 expression (Zimmerli et al. 2004). In spite of the effect
of defense hormones in plant resistance, most of the single
mutants related to hormone signaling are not significantly
affected in NHR (Ham et al. 2007; Mishina and Zeier 2007).
This accounts for the complex network of defense hormone
signaling and multiple layers of NHR.

Comparative analysis of transcription profiles following in-
oculation of adapted and nonadapted pathogens reveals that
plants activate fundamentally similar programs but that strong
transcriptional activation or repression occurs earlier in nonhost
interaction (Zellerhoff et al. 2010; Zimmerli et al. 2004). According
to quantitative analysis of transcript abundance, most of the dif-
ferentially expressed genes in nonhost interactions are related
to biotic or abiotic stress, the secondary metabolic pathway, or
transcription factors, including APETALA2/ET response ele-
ment binding factor (ERF) (Daurelio et al. 2013; Moreau et al.
2012; Zellerhoff et al. 2010). Transcription factors modulate
different sets of defense-related genes and participate in NHR as
well as in host resistance. NbCD1, encoding an EREF, is induced
by nonadapted P. cichorii and silencing of NbCD1 compromises
NHR of N. benthamiana to P. cichorii (Nasir et al. 2005). Sim-
ilarly, NAC transcription factor ATAF'I contributes to penetration
resistance of Arabidopsis against the nonadapted B. graminis
f. sp. hordei via suppression of abscisic acid biosynthesis and
signaling (Jensen et al. 2008; Wang et al. 2009). In addition,
calmodulin-binding transcription activators negatively regulate
NHR to bacterial pathogens, by downregulation of target genes
including EDS1, CBP60G, and NDRI and by subsequent ROS
accumulation suppression (Rahman et al. 2016). Changes of
defense-related gene expression and transcription factor activi-
ties could amplify defense signals in a positive feedback loop to
enhance NHR.

It is interesting to note that various accessions of a nonhost
species show different responses to the same nonadapted
pathogen or its effectors (Lee et al. 2014; Mellersh and Heath
2001; Wroblewski et al. 2009). Given the overlaps of defense
signaling components in host and nonhost resistance, identifi-
cation of nonhost receptors that mediate pathogen perception
and induce defense response could be a vital element to utilize
NHR mechanisms for crop improvement.

Miscellaneous factors in NHR.

Last but not least, there are reports on involvement of un-
expected plant components in NHR. For example, sphingoli-
pids are membrane components that are involved in signal
transduction for cellular homeostasis and stress responses such
as apoptosis. Serine palmitoyltransferases, which catalyze the
first step of sphingolipid biosynthesis, comprise two different
subunits, LCB1 and LCB2. N. benthamiana NHR to P. cichorii
is compromised in NbLCBI- and NbLCB2-silenced plants,
suggesting involvement of sphingolipids in NHR (Takahashi
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et al. 2009). A similar example is reported for membrane-
attached protein, such as the small GTPase (Ras) that regulate
diverse processes including vesicular trafficking (Rojas et al.
2012a). Silencing of ADP ribosylation factor 1 (ARFI), a
member of the conserved Ras superfamily, enhances P. cichorii
growth on nonhost N. benthamiana (Coemans et al. 2008). In
addition, silencing of RPLI2 and RPLI9, encoding ribosomal
proteins in N. benthamiana, leads to delay of HR and enhances
bacterial growth of nonadapted pathogens (P. syringae pv. to-
mato T1, P. syringae pv. glycinea, and X. campestris pv. ves-
icatoria) (Nagaraj et al. 2015). Moreover, overexpression of
barley BI-1 (Bax inhibitor-1), which suppresses programmed
cell death, allows nonadapted B. graminis f. sp. hordei to
penetrate the barley epidermal cells, indicating a connection
between cell-death regulation and NHR (Eichmann et al. 2004).
Furthermore, alteration of chromatin structures via DNA damage
and nuclear protein modifications affects transcription initiation
of pathogenesis-related (PR) genes (Hadwiger 2015). DNase re-
leased from nonadapted Fusarium solani f. sp. phaseoli elicits
DNA fragmentation of pea in contact with Fusarium solani f. sp.
phaseoli and induces a defense response including PR gene ex-
pression and phytoalexin accumulation. Ubiquitination of histones
and HMG A transcription factor that binds to the PR gene pro-
moter is also associated with nonhost response of pea against
Fusarium solani £. sp. phaseoli (Isaac et al. 2009). Therefore, the
possibility remains that unexplored plant components are involved
in NHR against a wide diversity of pathogens.

Application of NHR for crop improvement.

NHR is considered a powerful source for durable resistance.
Over the past two decades, there have been several attempts
to deploy NHR components to improve disease resistance. In-
troduction of master switches including PRRs and R genes
into host plants confers resistance through conserved down-
stream signaling. Interfamily transfer of Arabidopsis EFR,
which recognizes the bacterial PAMP elonglation factor Tu,
confers elf18 responsiveness and enhances resistance to a
wide-range of bacterial pathogens in transgenic tomato and

Pathogen species A

Cell wall

N. benthamiana (Lacombe et al. 2010). Similarly, N. benthamiana
FLS2 was transferred into citrus lacking flg22 perception, result-
ing in enhanced resistance to citrus canker caused by X. citri (Hao
et al. 2016). Receptor-like protein ELR from the wild potato
Solanum microdontum recognizes several elicitins of the Phy-
tophthora genus and transgenic S. tuberosum carrying ELR is re-
sistant to Phytophthora infestans infection (Du et al. 2015). With
regard to R gene—mediated resistance, maize Rxol and Arabidopsis
WRR4 have been reported to function in other species. Transfer of
Rxol into susceptible host rice confers resistance to X. oryzae pv.
oryzicola carrying the matching effector AvrRxol (Zhao et al.
2005). Similarly, WRR4 fully functions in Brassica napus and
Brassica juncea against the white rust Albugo candida (Borhan
et al. 2010).

In addition, interspecific transfer of metabolic machinery
that actively hinder pathogen growth enables host plants to
produce foreign antimicrobial compounds from common in-
termediate molecules. Stilbene synthase, a key enzyme for
resveratrol biosynthesis, was identified from grapevine and was
then transferred into tobacco (Hain et al. 1993). Transgenic
tobacco producing resveratrol shows enhanced resistance to
Botrytis cinerea. In the same way, three genes for dhurrin
synthesis of Sorghum bicolor were transferred into Arabidopsis,
which does not produce dhurrin (Tattersall et al. 2001). Dhurrin
accumulation in transgenic Arabidopsis confers resistance to the
flea beetle Phylotreta nemorum, which has not encountered
dhurrin.

Taken together, these studies have demonstrated the possi-
bility of utilizing nonhost resistance sources across species.
Further understanding of NHR genetic basis could broaden the
source of disease resistance as well as elucidate the detailed
mechanisms of plant resistance.

Conclusion and prospects.

During the long history of the arms race between hosts and
pathogens, plants have evolved unique defense systems (host
resistance) against their pathogens, including physical and
chemical barriers, PTI activated by surface-localized PRRs, and

Pathogen species B

Transporter Phytohormone

signaling

ROS/Ca*

Phytoalexin
synthesis

Plasma membrane

signaling

¥

Multiple
R-effector interactions

J/

Fig. 1. Mode of action in plant nonhost resistance. Relative contribution of defense components to nonhost resistance (NHR) may vary depending on the
pathogen species. Various pathogens cease to grow in nonhost plants due to maldifferentiation of infection structures during preinvasion. In addition, nonhost
pattern-recognition receptors (PRRs) trigger defense response via pathogen-associated molecular pattern (PAMP) recognition, which terminates pathogen
infection. Conversely, nonadapted pathogens could have not evolved effectors to modulate defense response or nonhost plants could not have effector targets
utilized as host factors. Effector-triggered immunity is also a major component of NHR and several evidences support multiple resistance (R) protein—effector
interactions. Although NHR largely shares defense signaling components with host resistance, chemical barriers such as phytoalexin have evolved in a species-

specific manner and play a pivotal role as determinants of host range.
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ETTI activated by intracellular NLR immune receptors. How-
ever, in nature, most plant species still remain nonhosts for
most of pathogens. Then, how could plants establish resistance
against previously unencountered pathogens? This critical
question remains to be explained. Possibly, plants built up
overfull defense potential from the intensive arms race with
devastating pathogens over a long period of time. These fur-
nished defense systems of plants could resist a broad spectrum
of nonadapted pathogens as the results of so-called “cold war
effects.” On the pathogen side, they also may have evolved
specialized machinery to evade recognition or overcome host
defense responses. However, the pathogens may not prepare
weapons for battle with unencountered plants.

In this review, we focused on understanding the differences
in recognition of nonself and defense mechanisms between
hosts and nonhosts at the pre- and postpenetration levels, using
all available literatures published during recent decades. Overall,
we found the current understanding of NHR mechanisms is not
much deviated from our knowledge on host resistance, except for
few specific cases (Fig. 1). Several defense factors of host re-
sistance are also involved in NHR, but the relative contribution of
the defense factors to determine NHR varies depending on plant
or pathosystem.

On that viewpoint, we suggest several topics for further un-
derstanding of the NHR mechanism and its implication in crop
improvement.

i) Further characterization on the role of PRRs in plant NHR.
Most plant genomes contain hundreds of receptor-like protein
kinase genes that could be potential PRR candidates, but only
a few of them are functionally characterized. High throughput
screening using gain- or loss-of-function studies in PRR gene
families could provide a number of resistance sources for
biotechnological application beyond the species barrier.

ii) Molecular characterization of multiple interactions among
effectors of nonadapted pathogens and nonhost plants. A
recent study (Lee et al. 2014) strongly supports the idea
that ETI caused by multiple interactions between effectors
and host factors underpins the NHR of plant species closely
related to host plants. Isolation and functional character-
ization of effector target proteins, including NLRs, could
serve as a valuable source of resistance for protecting plants
against pathogens in combination with PRRs, as suggested
by Du et al. (2015).

iii)Roles of plant secondary metabolites in host range de-
termination. There is lineage-specific evolution of anti-
microbial metabolite synthesis in plants, such as isoflavonoids
in Leguminosae, indole derivatives in Cruciferae, and
sesquiterpenes in Solanaceae plants. Current evidence re-
veals that preexisting or inducible antimicrobial metabo-
lites have critical roles in host range determination in
multiple cases of plant-pathogen interactions, as reviewed
above. Revisits and further understanding on the roles of
these lineage-specific secondary metabolites in the plant
kingdom could provide new insights in NHR from pre-
vious knowledge.

NHR is considered the most durable and powerful control
measure of plant disease. Further understanding of the critical
components exposed in this review will not only extend our
knowledge about NHR but, also, provide basic resources for
protecting plants against pathogens by combinational bio-
technology approaches.
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