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Analysis of viral and bacterial pathogenesis has revealed common themes in the ways 
in which plants and animals respond to pathogenic agents. Pathogenic bacteria use 
macromolecule delivery systems (types Ill and IV) to deliver microbial avirulence proteins 
and transfer DNA-protein complexes directly into plant cells. The molecular events that 
constitute critical steps of plant-pathogen interactions seem to involve ligand-receptor 
mechanisms for pathogen recognition and the induction of signal transduction pathways 
in the plant that lead to defense responses. Unraveling the molecular basis of disease 
resistance pathways has laid a foundation for the rational design of crop protection 
strategies. 

Since the onset of civilization, plant dis- Common Defenses in 
eases have had catastrophic effects on Diverse Species 
crops and the well-being of human popu- 
lations. For example, the fungus Phytoph- Plants are hosts to thousands of infectious 
thora infestans caused the e~idemic that diseases caused bv a vast arrav of ~hvto-  , . ,  
triggered the Irish potato famine of the pathogenic fungi, bacteria, viruses, and 
1840s. Infectious ~ l a n t  diseases continue nematodes (Fig. 1 and Table 1). A relative- . - 
to cause human suffering and enormous ly small proportion of  ath hog ens successful- 
economic losses. An increasing human ., 
population and decreasing amounts of 
land available for agriculture make all ap- 
proaches to securing the world food supply 
critical. Protection of crops from disease 
can substantially improve agricultural pro- 
duction. Although pesticides have suc- 
cessfully controlled disease, their contin- 
ued and increasing use will have harmful 
effects on our health and the environ- 
ment. Use of high-yield crop varieties can 
also improve productivity, but carries a 
risk-such genetically uniform varieties 
cultivated over enormous areas are suscep- 
tible to devastating epidemics. Thoughtful 
application of the plant's own defense 
mechanisms, combined with understand- 
ing of the complex ecology of real-world 
disease processes, can lead to more effec- 
tive protection against plant pathogens. In 
this review we analyze plant pathogen in- 
teractions, including microbial strategies 
for pathogenesis and key elements of host 
responses (Figs. 1 and 2). We focus on 
studies using the  model plant Arabidopsis 
thaliana. Symbiotic interactions such as 
that of legume and Rhizobium are related 
and have been reviewed elsewhere ( I ,  2). 
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ly invade the plant host and cause disease. 
Plants recognize and resist many invading 
phytopathogens by inducing a rapid defense 
response, termed the hypersensitive re- 
sponse (HR). The HR results in localized 
cell and tissue death at the site of infection, 
which constrains further spread of the in- 
fection (3) (Fig. 3A). This local response 
often triggers nonspecific resistance 
throughout the plant, a phenomenon 
known as systemic acquired resistance 
(SAR) (Fig. 3A) (4). Once triggered, SAR 
provides resistance to a wide range of 
pathogens for days. The HR and SAR de- 
pend on interaction between a dominant or 
semidominant resistance (R) gene product 
in the plant and a corresponding dominant 
phytopathogen avirulence (Aw) gene prod- 
uct, as predicted by Flor (5) .  It has been 
predicted that phytopathogen Aw products 
function as ligands and host R products 
function as receDtors in an interaction lead- 
ing to plant resistance to disease (6, 7). 

Genetic dissection of the basis of mi- 
crobial pathogenicity and host resistance 
is made easier by A. thaliana, the botanic 
counterpart of geneticists' Drosophila (8- 
I I). All classes of phytopathogens cause 
disease in Arabidopsis (Fig. 1 and Table 2), 

Fig. 1. A rice plant (left) and Arabidopsis thaliana (right), a model plant for host-pathogen interactions. 
The establishment of numerous pathosystems in the genetically tractable plant species Arabidopsis 
leads to rapid identification of components of host resistance and defense signaling pathways. Within 
each group, related bacterial, fungal, viral, and nematode pathogens cause diseases in both rice and 
Arabidopsis. Scanning electron micrographs (center panels) and disease reaction phenotypes of rep- 
resentative phytopathogens of Oryza and Arabidopsis are shown. The rice bacterial pathogen X. oryzae 
pv. oryzae causes chlorotic water-soaked stripes on rice leaves and lesions on Arabidopsis leaves. The 
bacterial pathogen P. syringae induces small water-soaked chlorotic lesions on Arabidopsis. The fungus 
Erysiphe cihoracearurn causes powdely mildew disease on Arabidopsis. The most important fungal 
pathogen of rice is Magnoportha grisea, which produces gray necrotic lesions on all parts of the shoot. 
Tobacco mosaic virus infects and spreads throughout the Arabidopsis plant with few detectable 
symptoms. The spherical form of rice tungro virus causes yellow discoloration of the leaves. The plant 
parasitic nematode infects and causes disease in both rice and Arabidopsis. 
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and over 150 ni!d isolates of A~abidobsis are 
available for genetic analysis of host-patho- 
gen illteractions (9, 11 ). Arahidopsis is a 
useful model system because of its small size 
[-I0 times smaller than rice (Fig. I ) ] ,  rapid 
generation time (6 to  12 weeks), and snlall 
genome size (120 h lb ) .  Considerable infor- 
mation o n  its genetic map and genome 
sequence has been accumulated, and muta- 
genic and transgenic techniques have been 
develooed. A t  least three Ambidobsis R 
genes have been isolated and tnore than 20 
have been genetically mapped (1 1 ). Of 42 
Arahidopsis expressed sequence tags showing 
homology to isolated R genes, several are 
near resistance loci (12).  T h e  Arabidopsis R 
genes RPS2 and RPh4l (Table 3 and Fig. 
3B) have f ~ ~ n c t i o n a l  homologues in  soy- 
bean, bean, and pea (13-15). Both A~abi-  
dopsis and mice respond to the  same viru- 
lence factors for the  opportunistic pathogen 
Pseudomonas aerz~ginosa, strain LCBPP- 
PA14 (16).  Genetic approaches to eluci- 
date the  signal transduction pathways lend- 
ing to resistance have identified nunerous  
Arahidopsis mutants with altered resistance 
phenotypes. Four genes (1 7, 18, 19) corre- 
sponding to these mutations have been 
cloned. 

Comprehensive genetic analysis of host- 
pathogen interactionsis impractic a 1 111 ' most 
crops such as rice because of their long 
generation times, large genomes, and scar- 
city of specific genetic Itnowledge. Howev- 
er, development of Arahidopsis pathosystems 
that reflect molecular interactions of crop 
species is facilitating the  necessary rigorous 
genetic analysis of host defense responses. 
Because of the sequence conservation of R 
genes anlong evolutionarily diverse species 
(Table 3 and Fig. 3B) and the  similarity of 
resistance and defense responses in  plant 
species, it is anticipated that important 
components of host defense identified in  
Arabidopsis will have correlates in  all impor- 
tant crop species. 

Microbial Strategies for Attack 

hlost plant diseases are caused by viruses, 
bacteria, fungi, and nematodes. T h e  mo- 
lecular mechanisms involved i n  viral and 
bacterial pathogenicity are a t  this point 
better understood than  are nematode and 
fungal pathogenecity. Bacteria use type I11 
and IV secretion or transfer systems to  
deliver proteins or protein-DNA complex- 
es into t h e  plant host cell. T h e  Avr-pro- 
teins from phytopathogenic Pseudo- 
lnonads and Xanthomonads, Yop proteins 
frotn I'ersiniae. I n r ~  proteins from Salmonel- 
la and Shigella, and virulence factors from 
Escherichia coli are transferred by type I11 
systems (7 ,  2L1, 21, 22) .  

h1-p genes of phytopathogenic bacteria. T h e  

identification of bacterial mutants that sponse and pathogenicity) genes in  Ralsto- 
were si~nultaneously altered in  their ability nia, Xanthomonas, Pseudomonas, and Erwinia 
to cause disease and to induce a n  HR led to sp. (23, 24). Cos~n id  clones containing mul- 
the disco~ery of hrp (hypersensitive re- tigenic hrp loci from P. syringae pv. syringae 

Table 1. Exatnpes of severe losses caused by plant dseases ' 

Hostldisease Pathogen Crop losses due to pathogens 

R~ce All 

Rice blast Magnapotihe grisea 

R~ce sheath bl~ght Rhizoctonia solani 
Bacter~a bl~ght of r~ce X oiyzae pv oiyzae 

Rce tungro virus 
Nematodes Meloidogyne spp. 

Wheat All 
Wheat rusts Puccinia sp p. 

Barley yellow dwarf virus 

Barley 

Powdery mildew Eiysiphe graminis 

Maize All 

Southern corn leaf blight Cochliobolus 
heterostrophus 

Potatoes All 

Late bl~ght of potato Phytophthora infestans 

Potato soft rot Ewn ia  caro tovora 
Potato vrus X 

Soybeans 

Cotton 

All 

All 

Coffee All 

All major crops All 

'Adapted from (129). 

Table 2. Arabidopsis pathosystems.' 

15% (833 b l o n )  loss wordvilde, 
1988-1 990 

11 to 30% (1 57 m i o n  tons) loss 
worldw~de, 1975-1 990 

10 to 27% yield loss n Inda. 
1975-1 988: up to 60% losses n 
lnd~a, 1979-1 980 

15 to 30% losses n Asia, 1971-1 981 
10 to 50% losses in Chna, 1984 
12.4% ($1 4 b l o n )  loss, 1988-1 990 
Up to 100% loss In Kazakhstan 

epdelnc. 1980 
Up to 60% loss n the southern Ukra~ne, 

1975 
10.1 % (S1 .9 bll~on) loss wordwde. 

1988-1 990 
Up to 8 7% loss n Great Br~tain and 

Ireland, 1977 
10.9°/~ (87.8 b ~ l o n )  loss worldwide. 

1988-1 990 
$1 bl ion loss in U.S. epidem~c, 1970 

16 3% (S9.8 bilon) loss worldwide, 
1988-1 990 

5% loss (6368.8 mill~on) n U.S 
Mdwest, 1986. Predcted 30 to 40% 
loss wthout fungcide treatment 

30% loss in former East Germany, 1986 
10 to 75% yield loss n Austria, 

1961 -1 980 
9% ($3.2 billion) loss worldwide, 

1988-1 990 
10.5% ($4.3 b ~ l o n )  loss worldwide, 

1988-1 990 
14.8% (82.8 billion) loss worldwide, 

1988-1 990 
13.3% (876.9 b l o n )  loss worldwide, 

1988-1 990 

Disease Pathogen 

Fungal d~seases 
1.  Downy mildew 
2. White blister 
3 Damping off 
4. Dark leaf spot 
5. Powdery mildew 
6. Vascular wilt 
7 Leaf mold and leaf spot 
8. Damping off or wire stem 

Bacterial d~seases 
9. Black rot on crucfers 

10. Bacteral speck on crucfers 
V~ral diseases 

11. M d  stuntng 
12. M~ld  stuntng and desiccation 
13 Ven clearng and chlorotic spots 

Nematode d~seases 
14. Cyst nematode 

Peronospora parasitica 
Albugo candida 
Pythium sp 
Alternaria brassicae 
Erysiphe cruciferarum; E. cichoracearum 
Fusarium oxysporum 
Cladosporium sp. 
Thanatephorus cucumeris 

Xanthomonas campestris pv. campestris 
Pseudomonas syringae pv, maculicola; P. syringae pv. tomato 

Tobacco mosaic virus 
Turnp crnke vrus 
Cauliflower lnosaic virus 

Heterodera schachtii 

'Adaoted from (10) 
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61 and Ercvinia amylovora Ed21  confer on 
certain ~ l a n t  hosts the abilitv to elicit an 
HR to tLe nonpathogens P. fiuorescens and 
E. coli but do not render them pathogenic 
(25,26) (Fig. 2A). Several of the hrp genes, 
designated hrc (hrp conserved), encode 
membrane-associated proteins that form 
portions of a type 111 secretory pathway that 
is active during infection of the plant. 

The type 111 secretory pathway has been 
best characterized in mammalian pathogens 
(20,27). Transfer of two proteins, YopE and 
YopH, from Yersinia enterocolitica directly 
into the host cell requires both chaperone- 
like proteins and a secretory apparatus (22, 
28). Transfer in both cases is polar and 
contact-dependent, occurring only at the 
closely apposed region of pathogen and host 
(29, 30). Shigella flexneri has a similar set of 
proteins that are also secreted upon host 
cell contact and require the same transport 
mechanisms. These proteins facilitate inter- 
nalization of Shigelh (31 ). 

A similar contact-dependent transfer 
mechanism may act to deliver Avr proteins 
into ~ l a n t  cells. Thus. the barrier to direct 

1 

plant-bacterial cell contact that is present- 
ed bv the ~ l a n t  cell wall needs to be over- 
come either by physical disruption or by 
direct transDort across it. Translocation to 
allow bacterial proteins to cross the plant 

cell membrane then may follow as in mam- 
malian pathogenesis. 

Transkingdom conjugal transfer. The ge- 
netic transformation of plant cells by 
Agrobacterium through transfer of its own 
DNA is a striking example of the evolution- 
ary economy of the microbial world (32). 
The first hint of this strategy was the dis- 
covery that Agrobacterium produced a sin- 
gle-stranded DNA transfer intermediate, 
the T strand. The initiation and termina- 
tion sites for synthesis of the T strand-the 
transfer DNA (T-DNA) borde-are ho- 
mologous to sitks used fir  transfer of DNA 
between conjugating bacteria. T-DNA bor- 
ders are recognized by an endonuclease that 
is homologous to enzymes used for bacterial 
transfer, and the Agrobacterium VirB operon 
required for transfer encodes 1 1 membrane- 
associated proteins that are homologous to 
bacterial proteins required for conjugal plas- 
mid transfer or toxin secretion (33). Re- 
search is now focused on determining the 
structure of the putative conjugal channel 
in Agrobacterium for comparison with other 
type IV secretion systems (Fig. 2B). 

The actual transfer intermediate con- 
tains the T strand, VirD2 protein at the 5' 
end, and the cooperative single-stranded 
DNA binding protein VirE2 along its 
length (Fig. 2B). The protein components 

presumably provide signal sequences for T- 
strand transit. Indeed, the fact that the 
bacterial proteins VirD2 and VirE2 contain 
functional plant nuclear localization signal 
sequences explains how this complex tar- 
gets to the plant cell nucleus. However, it 
remains a challenge to uncover how an 
elongated protein nucleic acid complex is 
transported through the wall and two mem- 
branes of the bacterium, as well as the plant 
cytoplasmic membrane. The pili produced 
by Agrobacterium, which are essential for 
plant cell transformation, may facilitate the 
initial docking of the transfer complex at 
the plant cell surface (34, 35). It will be 
interesting to investigate parallels between 
this type of contact with plant cells and 
conjugal transfer of DNA between bacteria. 

Viruses and plasmodesmata. Plant mi- 
crobes can be exploited to uncover funda- 
mental cellular processes, such as intercel- 
lular communication. Plants have evolved 
cytoplasmic channels, called plasmodesma- 
ta (PD), to span the relatively thick cell 
walls that form between contiguous cells 
(36). PD were originally thought to have a 
passive role in creating and maintaining 
cytoplasmic continuity, allowing diffusion 
of small molecules from cell to cell. The 
discovery that plant viruses pirate PD for 
cell-to-cell movement of their genomes 

Milt Cell 

Fig. 2. (A) The Hrp secretory apparatus of P. syringae pv. syringae 61. The 
model de~icts the hv~othetical structures involved in the delivew of bacterial 
proteins from P. syr"gae into the plant cell cytoplasm via a type I l l  secretion 
apparatus. The genomic organization of the hrplhrc genes is presented in the 
lower section of the panel. The designation of the genes and the putative 
cellular location of their products are derived from (127, 128). It is hypothe- 
sized that the genes in the Hrp regulon encode genes that are involved in the 
secretion of HrmA, Avr, and HrpZ out of the bactelial cell. HrcN has a 
C O ~ S € ! N ~ ~  ATPase domain, which suggests that it may play a role in provid- 
ing the energy needed to actively transport these proteins into the plant cell. 
(6) A model for T-complex transfer through the transmembrane VirB channel 
from A. tumefaciens to host plant cells (32, 35). The T strand is covalently 
attached to VirD2 at the 5' end and coated along its entire length with the 
single-stranded DNA binding protein VirE2. Eleven VirB proteins and VirD4 
are required to transfer the T complex through the bacterial inner and outer 
membrane into the host plant cell's cytoplasm. Vim1 may be involved in 
assembly of the transmembrane complex by local lysis of the peptidoglycan 

layer. VirW, the proteolytically processed extracellular secreted VirBl prod- 
uct, may be a pilus component. The disulfide-linked VirB7-VirB9 heterodimer 
stabilizes the transmembrane VirB channel. The energy required for the 
assembly or transfer (or both) of the T complex may be provided by nucleo- 
tide triphosphatase activities of VirD4, VirB4, and Vim1 1. (C) The structure of 
the plasmodesmatal channel and transport complexes of the movement 
protein-viral RNA (MP-vRNA) genome (36,37). The plasmodesmatal chan- 
nels connect the cytoplasms of neighboring cells and facilitate cell-to-cell 
communication and transport of vRNA. The plasma membrane adjacent to 
the cell wall forms an outer boundary and is contiguous between two cells. 
The desmotubule--a tube of appressed endoplasmic reticulum-is located 
in the center of the plasmodesma. Between the desmotubule and the plasma 
membrane is a central cavity. MP-vRNA complexes are transported along 
microtubules to reach the plasmodesma. At the plasmodesma, the MP may 
interact with actin for gating or for active transport. The gating of the plas- 
modesma along its entire length would provide easy access to the transport 
channel, facilitating diffusion of MP-vRNA complexes. 
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during infection provided compelling evi- the cytoplasm for nucleoprotein complex for- Strategies for Host Defense 
dence that PD are inherently dynamic and mation remains to be determined. Cytoskele- 
can be stimulated to transport large mole- ton-mediated transport of viral nucleoprotein R gene structure 
cules. Consequently, plant viral movement complexes to PD would be more effective 
proteins (MPs) have been used to probe the than diffusion of such elongated complexes Over the past 3 years, numerous R genes 
regulation and function of PD (37, 38) (Fig. through viscous cytoplasm. were cloned from several plant species. 
2C). Microinjection experiments show that Little attention has been paid to the Although these genes confer resistance to 
MPs alone or complexed with nucleic acid role of intercellular transport in signal diverse bacterial, fungal, viral, and nema- 
can be transported by leaf PD (3942).  A transduction pathways of plant defense re- tode pathogens, their products share strik- 
variety of nucleic acids can be transported in sponseewe assume that signaling mole- ing structural similarities, which suggests 
association with MPs, which suggests that cules move. Hypothetically, pathogenesis- that certain signaling events are held in 
movement is likely to be conferred by the related (PR) proteins induced in response common in plant defense (Fig. 3, A and B) 
supporting MP. The nucleic acid binding to pathogen attack actively alter symplas- (49,50). R genes can be grouped into five 
activity of the MPs presumably shape viral tic transport by regulating PD function or classes (Table 3). Structural features 
genomes into a thin structure that is com- structure. In fact, a maize PR protein has shared by their products are a leucine-rich 
patible with the narrow dimensions of PD recently been localized to PD (47). The repeat (LRR) motif or a serine-threonine 
channels (43, 44). systemic acquired resistance (SAR) de- kinase domain. The first class encodes cy- 

The viral MP paradigm recently provided fense response a l s ~  may be dependent on toplasmic receptor-like proteins that con- 
insight into how molecules move intracellu- intercellular transport through PD. Final- tain an LRR domain and a nucleotide 
larly to reach PD. Transiently expressed to- ly, a wound-inducible signaling molecule, binding site (NBS). The family of genes 
bacco mosaic virus (TMV) MP appears as the 18-amino acid systemin, moves encoding proteins with the LRR-NBS mo- 
filaments that colocalize primarily with mi- through the phloem to eventually promote tif includes RPS2 and RPMl from Arabi- 
crotubules (45,46), and to a lesser extent with the induction of proteinase inhibitors dopsis (conferring resistance to bacterial 
actin filaments (46). Whether this cytoskel- (which interfere with the digestion pro- pathogens P. syringae awRpt2 and avr- 
eta1 association plays a role in active intracel- cess of insects) at remote wound sites (48). Rpml , respectively) (51-53); Prf from to- 
lular transport of the MP (or MP-viral ge- Whether systemin moves sympla~ticall~ mato (resistance to P. syringae pv. tomato) 
nome complexes) or in anchoring the MP in through PD has not been investigated. (54); N from tobacco (resistance to tobac- 

co mosaic virus) (55); L6 and M from flax 
(resistance to different races of Melamp- 
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outative transmembrane receptor with an ogn~t ion  process. The  site of action of A t ~ r  
extracellular LRR domain and an intra- 
cellular serine-threonine kinase domain. 
The Xa21 structure suggests an evolution- 
ary link between LRR protein (C f )  and 
the Pto kinase. The  fifth class includes the 
H h I l  gene, which confers resistance to the 
fungal pathogen Cochliobolz~s carbonz~m 
race 1 167). H h i l  encodes a reduced form ~, 

of nicotinamide adenine dinucleotide 
phosphate (NADPH)-dependent reduc- 
tase that inactivates toxin produced by C .  
carbonum race 1. H h i l  is distinct from the 
above-mentioned R genes because an Avr 
component is not involved in toxin deg- 
radation bv HA41 . 

Role of R gene products 

Pathogen recognttlon. Plant R genes seem 
to encode receotors that Interact directll- 
or indirectly with elicitors (ligands) pro- 
duced by pathogen Aur genes (6,  7 ) .  Be- 
cause of the structural similarities among 
many cloned R genes, a likely candidate 
motif for lieand bindine is the LRR do- - - 
main. LRRs have been implicated in pro- 
tein-protein interactions and ligand bind- 
ing in signal-transducing proteins of eu- 
karyotes (68) .  However, sequence compar- 
isons among the 10 corresponding 
bacterial Avr  genes that have been isolat- 
ed have provvided no clues about the rec- 

Table 3. Isolated plant resistance genes 

determinants is apparently based on the 
location of the relevant R gene partners. 
For example, the N product, which is pre- 
dicted to be intracellular, may interact 
with the TMV reolicase oroduct in the 
cytoplasm (69) .  As described previously, 
Avr  gene products from extracellular 
pathogens are probably delivered directly 
into the plant cells through a hrp type 111 
secretion oathwav. In fact, nurPto, at8rRbt2. 
and aurB of P .  syringae, as well as nvrBs3 of 
Xanthomonns campestris uesicatorin, active- 
ly elicit an R gene-specific necrotic reac- 
tion when expressed within the plant ( 2 1 ,  
70-73). Further, the extracellular domain 
of Cf-9 may interact with the secreted, 
28-amino acid, cysteine-rlch peptide en- 
coded by At879 (74). Two fungal resistance 
genes, L%nd RPP5, apparently encode 
putative cytoplasmic proteins, but h o ~ \ -  
these f~ungi transport their elicitor mole- 
cules into plant cells is unknolvn. 

With the isolation of R genes and their 
corresponding Avr  genes, direct interac- 
tions of R and A t ~ r  nroducts can be tested. 
Evidence for direct interaction between Pto 
and avrPto proteins has recently been re- 
ported (71, 72). The Pto kinase belongs to 
a linked multigene family and shares 87% 
sequence similarity with Fen kinase, which 
confers sensitivity to the insecticide fen- 
thion (75, 76). Fenthion-induced cell death 

Class R gene Plant Pathogen Avr gene Structure* Reference 
~- 

1 RPS2 Arabidopsis Pseudomonas avrRpt2 LZ-NBS-LRR (51, 52) 
syringae pv. 
tomato 

RPMI Arabidopsis P. syringae pv, avrRpm I ,  LZ-NBS-LRR (53) 
maculicola a vrB 

Prf Tomato P. syringae pv, avrPto IZ-NBS-LRR (54) 
tomato 

N Tobacco Tobacco TMV TIR-NBS-LRR (55) 
mosalc vlrus Replicase? 

L" Flax Melampsora Iini AL" TIR-NBS-LRR (56) 
M Flax M. lini AM TIP-NBS-LRR (57) 
RPP5 Arabidopsis Peronospora avrPp5 TIP-NBS-LRR (58) 

parasitica 
I2 Tomato Fusarium Unknown NBS-LRR (59) 

oxysporurm 
2 Pto Tomato P, syringae pv. avrPto Protein kinase (62) 

tomato 
3 Cf-9 Tomato Cladosporium Avr9 LRR-TM (64) 

fulvum 
Cf-2 Tomato C. fulvum A vr2 LRR-TM (63) 
HSlom-? Sugar beet Heterodera Unknown LRR-TM (65) 

schachtii 
4 Xa21 R~ce Xanthomonas Unknown LRR,  protein (661 

oiyzae pv. kinase 
oryzae 

5 Hml Ma~ze Cochliobolus None Toxin (6 7) 
carbonum, reductase 
race 1 

"'Structure" reiers to predicted proten dorrans o i  the s t e d  geries: le~cir ie zipper :PI 1301. NBS (31). LRR (66), T R  
17321. arid trarismembrane dorra~n (TM) (133). 

is similar to the HR induced by nt~rPto- 
containing bacteria. The aurPto product 
does not interact with the Fen kinase. 
,Analyses of chimeric Pto-Fen proteins indi- 
cate that the Pto kinase subdomain VIII 
that soec~fies serine-threonine kinase activ- 
ity is required for interaction with avrPto. 
The same region of Pto is also necessary to 
mount an HR in transgenic tomato plants 
when infected with bacteria containing 
ne,rPto. 

The  observed interaction bet\veen Pto 
and avrPto is somewhat surprising because 
cytoplasmic kinases are generally not 
kno\vn to function as receptors. Indeed, 
the Pto-avrPto studies extend the noten- 
tial f~unctional diversity of ligand-receptor 
interactions. Several questions remain: 
What  is the f~unction of the LRR-NBS- 
containing Prf gene product in the Pto- 
avrPto pathway? Does the Prf gene prod- 
uct interact with avrPto? Does Pto act 
alone 111 the pathogen recogn~tion step? 
Do other cytoplast-ilic LRR-NBS-type R 
gene products require a Pto-like kinase 
in order to interact with their chosen 
elicitor? 

Cf-like and Pto-like encoded products 
may constitute a two-component receptor 
system resembling the transt-ilernhrane 
LRR kinase Xa21. In contrast to the Pto- 
avrPto system, expression of the extracel- 
lular LRR domain of Xa21 alone in rice 
plants confers partial resistance to six rac- 
es of X.  or>zne (77) ,  which suggests that 
the LRR domain of Xa21 is involved in 
pathogen recognition. Furthermore, do- 
main swap experiments from L alleles of 
flax suggest that the LRR domain is a 
major cotnponent in providing pathogen 
recognition specificity (78) .  However, di- 
rect binding of Avr colnponents of Xa21 
and L to the corresoondin~ LRR domaills 
has yet to be demonstrated. 

Signaling. Little is known about the 
function of different R gene domains in 
the resistance signaling pathwa\-. The  
LRR, NBS, kinase, and TIR domains of R 
gene products are found in a number of 
eukaryotic proteins participating in signal 
transduction cascades. Preliminary data 
indicate that these domains are indispens- 
able for R gene function. Although the 
primary function of the LRR is assumed to 
be Avr protein recognition, it is also pos- 
sible that the LRR map participate in 
do\vnstream signaling. LRRs are found in a 

u 

variety of proteins that differ in their func- 
tion and location in the cell and are im- 
plicated in protein-protein interactions, 
cell adhesion, and membrane association 
168). The  LRRs of the NBS-containing 

u 

class of R gene products possess imperfect 
repeats that contain a consensus seauence 
similar to that of yeast adenylate cyclase 
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(79) .  I n  contrast ,  t he  LRRs of non-NBS- 
containing R gene products Cf-2, Cf-9, 
and Xa2l  contain  a conser~.ed elycine that  

tentials, a n  increase i n  lipoxygenase activ- 
ity, cell \\-all modifications, lignin 
deposition, and production of an t~mic ro -  
bial compounds such as phytoalexins (3) .  
ROIs are a kej- signal in plant defense. 

quired for S A R  and PR gene expression 
(97,  98 ) .  Whe the r  S A  acts as a long- 
distance systemic signal for S A R  induc- 
t ion in  plants remains unclear (99,  1113). 
Several Arabidobsis mutants orovide in- 

- ,  
is characteristic of extracellular LRR do- 
mains. Single-amino acid changes in the  
LRR dornain of Rps2, R p m l ,  and N result 
in failure of the  H R  upon pathogen ~ n f e c -  
t ion (51,  53,  8C). This  suggests that  the  
function of the  LRR d o ~ n a i n  can be easily 
disrupted by minor modifications. bluta- 
t1o11s in the  LRR may be particularly ef- 
fective a t  disrupting the  response to  a 
pathogen, as the  LRR may be required for 
interaction with the  Avr  component of 
the  pathogen or \vith a cornpollent that  
mecliates dolvnstrealn signal transduction. 

Generation of kof;, n.hichLin some cases 
requires actlvation of C a 2 -  and anion 
channels,  occurs x i t h i n  rninutes after R- 
Avr interactions (55-85). ROIs may di- 
rectly tripper the  H R  or  cell death and the  

sights into signali~lg mechanisms leading 
to  S A R  (Fig. 3A). cprl (1Cl )  and lsd2 (93)  
mutants show increased levels of S A  and 
constitutive expression of PR genes, as 
well as enhanced resistance to  virulent , L, 

subsequent induction of ~lefense-related 
genes (56,  88 ) .  ROI  generation and de- 
fense responses can be blocked by diphe- 
nylene iodonium, a n  inhibitor of mamma- 
lian N A D P H  oxidase, ~ h i c h  suggests that  
a siinilar system is required in plants (89,  
9C). Furthermore, antibodies to  various 
lnalnlnalian N A D P H  oxidase colnnonents 

bacterial and fungal pathogens. lsd2 plants 
show a constitutive lesion phenotype, 
Lvhich suggests tha t  LSD2 encodes a neg- 
ative regulator acting upstream of S A  syn- 
thesis or  oerceution but dolvnstrearn of the  

L A 

HR.  Anothe r  class of mutant  loci, includ- 
ing nprl  (1  3 2 )  and niml (1 CS), induces a 
normal H R  and S A  accumulation in  re- 

Future identification of proteins that  in- 
teract with the  LRR domain and determi- 
nat ion of LRR structure will clarify the  
role of R genes in the  induction of defense 

cross-react with plant protelns of silnilar 
size (89,  93 ) .  T h e  rbohA gene product from 
rice is a hornolog of the  gp9lphox compo- 
nen t  o t  N A D P H  oxidase (91 ). 

Cell death mutants. T h e  H R  in  plants is 

sponse to  pathogen infection but fails to  
express PR genes upon treatment \vith 
chemical inducers such as S A .  Thus,  
NPRl  probably functions do\vnstream of 
S A  accumulation. NPRl  encodes a novel 

responses. 
NBSs are found in  tnany falllilies of 

proteins, including the  R A S  group, aden- 
osine triphosphatases (ATPases),  elonga- 
t lon factors, and heterotrilneric G T P -  
binding proteins ( G  proteins) (81 ). These 
proteins are crltical for numerous funda- 
lnental eukarvotic cellular events such as 

under genetic control. Mutants sholv~ng 
soontaneous H R  lesions in the  absence o t  

protein contallling ankyrin repeats (17) ,  
which are found in  man\- eukarvotic oro- 

pathogen infection are found in  several 
plant species (92) .  Arabidopsis plants mu- 
tated a t  the  lsdl ( l e s~ons  simulating dis- 
ease) (93)  and acd2 (accelerated cell 
death)  (94)  loci develop self-propagating 
lesions, express PR proteins, and produce 
salicylic acid ( S A )  even in  the  absence of 
a pathogen. T h e  u-ild-type genes presum- 
ably encode a repressor of the  H R .  

T h e  rbl and mlo mutations from maize 

teins \\it11 diverse functidns mebiated by 
orotein-urotein interactions. N P R l  is 
most similar to  lnam~nal ian Ankyrin 3 and 
I K  B, a n  lnhibitor of the  nuclear factor 
kappa B (NF-K B) transcription factor. O n  
the  basis of these homologies, N P R l  may 
act as a t ranscr ipt~onal  regulator of PR 
gene expression. 

Common signaling pathusay mutants. T h e  
Arabidobsis mutants ndrl 11114) and edsl 

cell growth, Llifferentiatlon, cytoskeletal 
organization, vesicle transport, and de- 
f e~ l se  (52) .  T h e  presence of a n  NBS in  
some of the  predicteLl R gene products 
suggests that  nucleotide binding is neces- 
sary for R gene function. Site-directed mu- 
taoenesis of kev residues implicated in nu-  
cleorlde binding abolishes ;he capacity of 
N and Rps2 to  induce H R  upon pathogen 
infection (80, 8 3 ) .  Al though rnanp muta- 
tions in the  NBS region of N result in  the  
loss of function, solne  nuta at ions in the  
putative X I g '  binding site in the  P loop 
lead to  a oartlal loss of function or domi- 

and barley, respectively, also mimic dis- 
ease lesions. T h e  Rbl locus of maize con- 

. , 

(105) provide evidence for convergence of 
sionals downstream of different R-At~r inter- 

fers resistance to  the  fungal rust P~iccinia 
sorghl. Genet ic  studies indicate that  cer- 
tain derivatives of the  Rpl locus show a 
constitutive lesion phenotype (95) .  In  
barlev, a recessive allele mlo confers resls- 

acting partners into a single signaling path- 
\Yay (Fig. 3 A ) .  T h e  ndrl mutant suppresses 
resistance to a bacterial pathogen, P,  syrin- 
gae, expressing any one of the  a\.irulence 
genes a t~rB,  avrRpml, at~rRpt2, or aurPph3 
and to  the fungal pathogen Peronospora 
barasitlea. In contrast, the  edsl mutant suo- 

nan t  change of function (8C). Analogous 
lnuta t io~ls  in R A S  and st~mulatorj-  G pro- 

tance' t o  all races of the  p~ \ \ -de ry  mildel\- 
fungus Erusiphe gmmmis f. sp. hordei. These 
mlo plants also show spontaneous lesions 
without pathogen infection (96) .  In  con- 
trast to  lsdl and  asd2 lesion phenotypes, 

, . 
terns also interfere with endogenous pro- 
tein function (84,  85 ) .  T o  understand the  
role of NBS donlains in R gene function, 

presses resistance to different isolates of the  
fungal pathogen P .  parasitica but not  to the  
bacterial pathogen P .  syringae expressing 
aurB. These mutants differ from niml and 
nbrl because the\- retain the  ability to  in- 

characterization of the  nucleotlde interac- 
t ion and identification of any accessory 

mlo-induced lesions are discrete and con- 
tained. Plants carrvine lsdl and mlo s h o ~  

effector molecules are necessarv. 
, - 

enhanced resistance to  pathogens. LSD1 
encodes a zinc finger protein tha t  map 
regulate transcription of death-response 
genes ( I S ) .  bllo encodes a novel protein 
without homology to  any known sequence 
(96) .  Mlo protein possesses a t  least six 
transmenlbrane helices and a putative nu-  
clear localization signal. Further molecular 
and biochemical characterization of these 
proteins and clonino of other cell death- 

d;lce SAR. Howkver, SL4  levels were not  
determined in these mutants. T h e  EDSl 
and NDRl products map act upstream of 
S L 4  accumulation hut downstrearu of the  
initial recognition step. EDSl may act up- 
stream of XDRI . 

Suppressor screening strategies have 
been used to isolate mutants in race-specific 
R gene signaling pathlvays. In  barley, Rarl 
and Rm.2 are reau~red for mlo-denendent 

The  plant's defense signal transduction 
pathway 

T h e  H R ,  which is the  priinary local re- 
sponse in  gene-for-gene-type resistance, 
results in cell death (Fig. ? A ) .  It is no t  yet 
clear whether this cell death  is t h e  direct 
consequence of biochemical and physio- 
logical changes induced by the  R-Az:r in- 
teraction. Othe r  aspects of the  defense 
responses include a n  oxidative burst lead- 
ing to  production of reactive oxygen in- 
termediates (ROIs) ,  expression of defense- 
related genes, alteration of membrane po- 

related genes \\-ill provide a n  opportunity 
to  studl signaling nlechanisms underlying 
cell death  and defense responses in plants. 

SAR mutants. S A R  is associated with 
the  elevated production of S A  and  the  
expression of PR proteins (4 ) .  S A  is re- 

resistance to  the  fungus E .  graminis f. sp. 
hordei ( lC6) .  In  tomato, Rcrl and Rcr2 are 
necessary for Cf-9-ilependent resistance to 
the  fungal pathogen C . f~ilt~tim ( 137). 

Phytoalexin mutants. Phytoalexins are 
colnpounds tha t  restrict pathogen growth. 
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In Ambidobsis, carnalexin accumulates in  of vertebrates and insects (Fie. 3B). In 
response to bo th  v ~ r u l e n t  and avirulent 
bacterial pathogens (138) .  In  plants with 
phytoalexin-deficient (pad) (1 3 9 )  muta- 
tions, growth of the  avirulent bacteria was 
not  com~rornised and exoression of S A R  
genes was not  affected. Thus,  phytoalexins 
may not  play a significant role in  gene-for- 
gene-type resistance. However, the  pad1 
and pad2 mutants were more susceptible 
to  virulent bacteria t h a n  were ~vild-type 
plants. 

Evolution of Host- 
Phytopathogenic Interactions 

Most R genes, ~vh ich  are members of multi- 
gene families, are arranged in large arrays 
formiqg complex l o c ~ .  Such arrays provide 
substrates for frequent recornbinatloll events 
leading to  the  evolution of novel specifici- 
ties through mispairing, intralintergenic re- 
combination, and gene duplication. It is pre- 
dlcted that the outcomes of recombillation 
events give plants a selective aclvantage in 
the  face of rapidly evolving pathogen popu- 
lations; indeed, novel discriminating capa- 
billties can be generated at these R loci by 
recombination or gene conversion events 
(57, 110, 11 1 ). Genetic analysis of the  maize 
Rp1 locus reveals that new resistance speci- 
fic~ties are associated with recombination of 
flanking marker genes ( 1 12). Sequence 
analysis indicates that evolution of an  Xn21 
gene family follo\ved precise recombination, 
duplication, and transposition events (1 11 ). 
T h e  Cf-9 (64) and Cf-2 (63) loci of tomato 
are cornnosed of arra\-s of five or inore relat- 
ed gene's; two near(- identical Cf-2 genes 
encode Cf-2 resistance soecificitv. Molecu- 
lar ana1ys;s of the T M V  r'esistanck gene sug- 
gests the  presence of an  array of related 
genes at the N locus in tobacco (55). A n  
N-like cluster has also been identified in 
tomato, which suggests that this complex 
locus arose in  a progenitor species (1 13). 
T h e  Pto locus of tomato contains five Pto- 
homologous genes and an  LRR-NBS gene, 
Prf, which is necessary for Pto-mediated re- 
slstance. 154). T h e  unlinked L and M loci of ~, 

flax are composed of highly related genes of 
the TIR-NBS-LRR class of resistance genes. 
L is a single-copy locus with 13 different 
allelic versions, and M is a complex locus 
composed of approximately 15 linked mem- 
bers. Characterization of three spontaneous 
h'l mutations sugeests that these mutations 

L,U 

arose by reconlbination within the repeated 
LRR motifs (57).  

Transkingdom Parallels 

Increasing evidence suggests that plant cel- 
lular defense responses may be analogous to  
the  "natural" or "innate" immune responses 

mammals and  D~osophila, binzing it li- 
gands (IL-1 and Spatsle) to receptors (IL- 
1R and Tol l )  results in t h e  translocation 
of Rel-related tra~lscriptlon factors (NF-K 
B and Dorsal) from the  cytoplasm to  the  
nucleus (Fig. 3B) (1 14, 115) .  In  the  nu-  
cleus, NF-K B anLl Dorsal bind to  cognate 
promoters with K B-like motifs and induce 
immune and zygotic gene transcription, 
resnecti\,elv. These factors are retained in 
the  cytoplasm by ankyrin repeat-contain- 
ing Inhibitory proteins ( IK  B and Cactus) 
(1 14, 115) .  Nuclear lmport of Re1 factors 
requires a p11osphorylati011 cascade involv- 
ing serine-threonlne kinases (IRAK and 
Pelle) (1 16, 1 17) .  In  D~osophlla, t he  Toll  
receptor is also involved in  the  induction 
of acute immune responses to  bacterial 
infectloll through a Dorsal-related Immu- 
nity factor called Dif 1 118).  and mutations ~ , ,  

in the  Toll  pathway irnpalr resistance to  
fungal ~ n f e c t ~ o n  in  Drosophlla (1 19) .  
These s t r lk~ng  parallels between mamma- 
lian immune and Drosophila developmen- 
tal responses can  extend to  plant defense 
and Llevelopment pathways (Fig. 3B). T h e  
NH,-terminal domains of N ,  L6, and R p p j  
share homology with the  cytoplasmic do- 
mains of the  Toll  and IL-1 receptors, 
which suggests that  they trigger a n  intra- 
cellular signal t r a n ~ ~ l u c t i o n  cascade relat- 
ed to  the  Toll  and IL-1R pathways (1 19, 
120).  Similarities also extend to  down- 
stream signalillg components (Fig. 3B) .  - - 
For example, the  S A R  signaling gene 
NPR1 encodes a protein with ankyrin re- 
peats that  is similar to  I K  B and Cactus. 
Also, the  R genes Pto and Xa21 and the  
plant developmental genea CLAVATAI 
(1 21 ) anLl ERECTA (1 22)  share homolo- 

Summary 

Plant and animal pathogens have features 
that appear to be common to higher eukarv- 
otlc bacterial pathogens, including con- 
served systerns for deploying virulence pro- 
teins and convergent pathogenic strategies 
124. 126).  Studies o n  the  mechanism of 
viral pathogenicity ha\,e revealed how these 
microbes have pirated fundamental strate- 
gies for intercellular communication. - 

T h e  discovery of structurally similar host 
R genes from evolutionarily diverse plant 
species encoding resistance to viral, bacte- 
rial, fungal, and nematode pathogens sug- 
pests that conserved resistance mechanisms - 
exist among plants. These findings high- 
light the  utility of the  genetically tractable 
plant L4rabidopsis for rigorous genetic dissec- 
tion of f ~ ~ n d a m e n t a l  components of host 
defense oath\va\-s. 

~truck~re-ful;ction studles of R genes, 
potential ligand-receptor interactions be- 
tween pathogen Avr  proteins and plant R 
proteins, and genetic dissection of R gene- 
inediated induction of the  H R  and S A R  
host defense are providing information that 
can be used to engineer future crops so that 
they \\,ill be resistant to a broad spectrum of 
pathogens. 
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