chapter five .-

ach plant species is affected by approximately 100
different kinds of fungi, bacteria, mollicures, viruses,
: and nematodes. Frequently, a single plant is attacked
by hundreds, thousands., and, in the leafspot diseases of
large trees probably_hundreds of thousands of individu-
als of a single kind of pathogen. Although such plants
may suffer damage to a lesser or greater extent, many
survive all these attacks and, not uncommonly, manage
- to grow well and to produce appreciable yields.

~"Ingeneral, plants defend themselves against pathogens
~by a combination
(1) structural chara

_ creristics that act as physical barriers
“and inhibit the pathogen from gaining entrance and

spreading through the plant and (2) biochemical reactions
that take place in the cells and tissues of the plantand pro-
duce substances which either are toxic to the pathogen or
Create conditiong that inhibit growth of the pathogen in

; la-mt, The combinations of structural characteristics
. -b_lOChefnica! reactions employed in the defense of
rent in different host—pa thogen systems. In

e n'aﬁf:;n withir} the same host and pathogcfl, the -
o vary with the age of the plant, the kind of

and ussue attacked, the nutritional condition

nd the weather conditions.

HOW PLANTS DEFEND
THEMSELVES against

of weapons from two arsenals:

3

"PREEXISTING STRUCTURAL
AND CHEMICAL DEFENSES

Preexisting Defense Structures

The first line of defense of a plant against pathogens
its surface, which the pathogen must penetrate if it s}
cause infection. Some structural defenses are present|
the plant even before the pathogen comes in contact wil
the plant. Such structures include the amount and qud
ity of wax and cuticle that cover the epidermal cells,'
structure of the epidermal cell walls, the size, locati
and shapes of stomata and lenticels, and the presence
the plant of tissues made of thick-walled cells Fhat_
der the advance of the pathogen. A
Waxes on leaf and fruit surfaces form a water-rep
lent surface and thereby prevent the formation pf.a-
of water on which pathogens might be dep?sitgd
germinate (fungi) or multiply (bacterla).-A'th}ck
hairs on a plant surface may also exert a similz
repelling effect and may reduce infection. " *7
A thick cuticle may increase resistance to inf
diseases in which the pathogen e’r_lt_c_rs its hos
direct penetration. Cuticle t_hit_:_l_(__gl_e__s;?{,ha
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- ways correlated with resistance, and many plant varieties

- with cuticles of considerable thickness are easily invad-
ed by directly penetrating pathogens.

The thickness and toughness of the outer wall of epi-
dermal cells are apparently important factors in the re-
sistance of some plants to certain pathogens. Thick
tough walls of epidermal cells make direct penetratior:
by fungal pathogens difficult or impossible. Plants with
such walls are often resistant, although if the pathogen
is introduced beyond the epidermis of the same plants by
means of a wound, the inner tissues of the plant are eas-
ily invaded by the pathogen. .-

Many pathogenic fungi and bacteria enter plants only
through stomata.- Although the majority of pathogens
can force their way through closed stomata, some, like
the stem rust of Wheat, can enter only when stomata are
open. Thus, some wheat varieties, in which the stomata
open late in the day, are resistant because the germ tubes
of spores germinating in the night dew desiccate owing
to evaporation of the dew before the stomata begin to
open. The structure of the stomata, for example, a \-ft-:ry
narrow entrance and broad, elevated guard cells, may
also confer resistance to some varieties against certain of
their bacterial pathogens.

The cell walls of the tissues being invaded vary in
thickness and toughness and may sometimes inhibirt the
advance of the pathogen. The presence, in f)a rticular, of
bundles or extended areas of sclerenchyma cells, such as
are found in the stems of many cereal crops, may stop
the further spread of pathogens like the stem rust fungi.
Also, the xylem, bundle sheath, and sclerenchyma cells
of the leaf veins effectively block the spread of some fun-
gal, bacterial, and nematode pathogens that cause the
various “angular” leaf spots because of their spread only
into areas between, but not across, veins.

Preexisting Chemical Defenses

Although structural characteristics may provide a plant
with various degrees of defense against attacking patho-
gens, it is clear thar the resistance of a plant against patho-
gen attacks depends not so much on its structural barri-
ers as on the substances produced in its cells before or
after infection. This is apparent from the fact that a par-
ticular pathogen will not infect certain plant varieties
even though no structural barriers of any kind seem 1o
be present or to form in these varieties. Similarly, in re-
sistant varieties, the rate of disease development soon

“slows down, and finally, in the absence of structural de-
- fenses, the disease is completely checked. Morcover,

many pathogens that enter nonhost plants naturally, or

' J&a;_a’;c introduced into nonhost plants artificially, fail to

. infection although no apparent visible host struc-
hibit them from doing so. These examples sug-
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_ges_t__t_!lat defense mechanisms of a chemical rather than ;
a fl;ttuftura] nature are responsible for the resistance to =
intection exhibited by plants against certain pathogens,

_lnhibitors Released'by the Plant
in Its Environment

Plants exude a variety of substances through the surface
of their aboveground parts as well as through the surface -
of their roots. Some of the compounds released by cer-
tain kinds of plants, however, seem to have an inhibito-
ry action against certain pathogens. Fungitoxic exudates
on the leaves of some plants, for example, tomato and
sugar beet, seem to be present in sufficient concentras.
tions to inhibit the germination of spores of the fungi
Botrytis and Cercospora, respectively, that may be pre-
sent in dew or rain droplets on these leaves. Similarly, in
the case of onion smudge, caused by the fungus Col-
letotrichum circinans, resistant varieties generally have
red scales and contain, in addition to the red pigments,
the phenolic compounds protocatechuic acid and cate-
chol. In the presence of water drops or soil moisture con-
taining conidia of the onion smudge fungus on the sur-
face of red onions, these two fungitoxic substances.
diffuse into the liquid, inhibit the germination of the

comdia, and cause them to burst, thus protecting the

plant from infection. Both the fungitoxic exudares and

the inhibition of infection are missing in white-scaled,

susceptible onion varieties (Figure 5-1). i’

Inhibitors Present in Plant Cells
before Infection

Itis becoming increasingly apparent that some plants are
resistant to diseases caused by certain pathogens because
of an inhibitory compound present in the cell before in-
fection. Several phenolic compounds, tannins, and some
fauty acid-like compounds such as dienes, which are pre-
sent in high concentrations in cells of young fruits,
leaves, or seeds, have been proposed as responsible for
the resistance of young tissues to pathogenic microor-
ganisms such as Botrytis. Many such compounds are po-
tent inhibitors of many hydrolytic enzymes, including
the pectolytic macerating enzymes of plant pathogens.
As the young tissues grow older, their inhibitor content
and their resistance to infection decrease steadily. Sever-
al other types of preformed compounds, such as the
saponins (glycosylated steroidal or triterpenoid com-
pounds) tomatine in tomato and avenacin in oats, not
only have antifungal membranolytic activity, they actu-
ally exclude fungal pathogens, which lack enzymes -
(saponinases) that break down the saponin, from infect-
ing the host. In this way, the presence or absence of
saponin in a host and of saponinase in a fungus deter
mines the host range of the fungus. - s
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C“EIGURE 5-1 * Onion smudge, caused by the tangus Colletotric
pigment, alsa contan the phenalics protocatechuic acid and cate-

y G. W. Simone.) See also Color Figures.

‘colored ones which, in addition ro the red or vellow
chol, both of which are toxic 1o the fungus. (Photo courtes

In addition to the simple molecule antifungal com-
pounds listed above, several preformed plant proteins
have been reported to act as inhibitors of pathogen pro-

“teinases or of hydrolytic enzymes involved in host cell
wall degradation, to inactivate foreign ribosomes, or to
increase the permeability of the plasma membranes of

" fungi: Similarly, lectins, which are proteins that bind
specifically ro certain sugars and occur in large concen-
trations in many types of seeds, cause lysis and growth
inhibition of many fungi. On the other hand, plant sur-
face cells also contain variable amounts of hydrolytic en-
zymes, some of which, such as glucanases and chitinas-
es; may cause bregkdown of pathogen cell wall
components and thereby contribute to resistance to in-
fection. The importance of either of these types of in-
hibitors to disease resistance is not currently known, but
some of these substances are known to increase rapidly
on infection and are considered to play an important role
in the defense of plants to infection.

Defense through Lack of Essential Factors

Lack of Recognition between Host
and Pathogen

A plant species either is a host for a particular path-
ogen, for example, wheat for the wheat stem rust fungus,
or it is not a host for that pathogen, for example, toma-
to f(_)r wheat stem rust fungus. How does a pathogen rec-
. ognize that the plant with which it comes in contact is a
hqstlor nonhost? Plants of a species or variety may not
bpf_:qmq_ infected by a pathogen if their surface cells lack
c_r@:po_gnition factors (specific molecules or struc-

PREEXISTING STRUCTURAL AND CHEMICAL DEFENSES

brom circinans, develops un white onions but not on

tures) that can be recognized by the pathogen. If the

pathogen does not recognize the plant as one of its host

plants, it may not become attached to the plant or may

not produce infection substances, such as enzymes, or

structures, such as appressoria, penetration pegs, and

haustoria, necessary for the establishment of infection. It

s not known what types of molecules or structures are
involved in the recognition of plants and pathogens, but
it is thought that they probably include various types of
oligosaccharides and polysaccharides, and proteins oOr
glycoproteins. Also, it is not known to what extent these
recognition phenomena are msponsible for the success or
failure of initiation of infection in any particular host-
pathogen combination. :

Lack of Host Receﬁtors and Sensitive Sttes
for Toxins <

In host—-pathogen combinations in which the patho-
gen (usually a fangus) produces a host-specific toxin, the
toxin, which is responsible for the symptoms, is thought
to atrach to and react with specific receptors OF sensitive
sites in the cell. Only plants that have such sensitive re-
ceptors or sites become diseased. Plants of other varieties
or species that lack such receptors ot sites remain resis-
tant to the toxin and develop no symptoms.

Lack of Essential Substances for the Pathoget .

Species or varieties of plants that for some rea;ons :‘iQ :
not produce one of the substances essential fq;_._t___f) 2
vival of an obligate parasite, Of for c_le_ge_lopment.. D
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feéf_t;'on'by any-parasite, would be resistant to the patho-
gen that requires it. Thus, for_Rbizoctonia to infect.a

. plant, it needs to obtain from the plant a substance nec-

essary for formation of a hyphal cushion from which the
fungus sends into the plant its penetration hyphae. In
plants in which this substance is apparently lacking,
cushions do not form, infection does not occur, and the
plants are resistant. The fungus does not normally form
hyphal cushions in pure cultures but forms them when
extracts from a susceptible but not a resistant plant are
added to the culture. Also, certain mutants of Venturia
inaequalis, the cause of apple scab, which had lost the
ability to synthesize a certain growth factor, also lost the

ability to cause infection. When, however, the particular:

growth factor is sprayed on the apple leaves during in-
oculation ‘with ‘the mutant, the mutant not "fp\hly sur-
vives but it also causes infection. The advance of the
infection, though, continues only as long as the growth
factor is supplied externally to the mutant. In some host—
pathogen combinations, disease develops but the amount
of disease may be reduced by the fact that certain host
substances are present in lower concentrations. For ex-
ample, bacterial soft rot of potatoes, caused by Erwinia
carotovora var. atroseptica, is less severe on potatoes
with low reducing sugar content than on potatoes high
in reducing sugars.

o s
.~ INDUCED STRUCTURAL AND
BIOCHEMICAL DEFENSES

Recognition of the Pathogen
by the Host Plant

Early recognition of the pathogen by the plant is very im-
portant if the plant is to mobilize the available biochem-

ical and strucrural defenses to protect itself from the
pathogen. The plant apparently begins to receive signal
molecules, that is, molecules that indicate the presence of

a pathogen, as soon as the pathogen establishes physical
contact with the plant (Figure 5-2). Various pathogens,
especially fungi and bacteria, release in their immediate
environment a variety of substances such as glycopro-
teins, carbohydrates, farty acids, and peptides. In various
host-pathogen combinarions, certain of these substances

act as pathogen elicitors of recognition by the plant. In
many cases, in which host enzymes break down a por-
tion of the polysaccharides making up the pathogen sur-
face, or pathogen enzymes break down a portion of the
plant surface polysaccharides, the released oligomers or
monomers of the polysaccarides act as recognition elici-

~_ tors for the plant. The location of the host receptors that
recognize the pathogen elicitors is not generally known,
but several of those studied appear to exist outside or on

the cell membrane whereas others apparently occur in-
tracellularly. Once a particular plant molecule recognizes

.--and reacts with a molecule (elicitor) derived from a

pathogen, it is assumed that the plant “recognizes” t.he
pathogen. Following such recognition, a series (?f bio-
chemical reactions and structural changes are set in mo-
tion in the plant cell(s) in an effort to fend. off the
pathogen and its enzymes, toxins, etc. How quickly the
plant recognizes the (presence of a) pathogen and lju?w
quickly it can send out its alarm message(s) and rqob:hze
its defenses determine whether any infection will take
place at all (as in the hypersensitive response) or how.
much the pathogen will develop, that is, how severe the
symptoms (leaf spots, stem, fruit, or root lesions, etc.)
will be, before the host defenses finally stop the further
development of the pathogen.

Transmission of the Alarm Signal to Host
Defense Providers: Signal Transduction

Once the pathogen-derived elicitors are recognized by
the host, a series of alarm signals are sent out to host cell
proteins and to nuclear genes causing them to become
activated, to produce substances inhibitory to the patho-
gen, and to mobilize themselves or their products toward
the point of cell attack by the pathogen. Some of the .
alarm substances and signal transductions are only in-
tracellular, but in many cases the signal is also transmit-
ted to several adjacent cells and, apparently, is often
transmitted systemically to most or all of the plant.

The chemical nature of the transmitted signal mole-
cules is not known with certainty in any host-pathogen
combination. Several types of molecules have been im-
plicated in intracellular signal transduction. The most
common such signal transducers appear to be various
protein kinases, calcium ions, phosphorylases and phos-
pholipases, ATPases, hydrogen peroxide (H,0,), ethyl-
ene, and others. Systemic signal transduction, that leads
to systemic acquired resistance, is thought to be carried
out by salicylic acid, oligogalacturonides released from
plant cell walls, jasmonic acid, systemin, fatty acids, eth-
vlene, and others{Some synthetic chemicals, such as sal-
icylic acid, and the synthetic dichloroisonicotinic acid,
also activate the signaling pathway leading to systemic
acquired resistance against several diverse types of plant
pathogenic viruses, bacteria, and fun_.gb

Induced Structural Defenses

In spite of the preformed superficial or int_cm_a_!lt:i_ilf n
structures of host plants, most pathogens manage to pe
ctrate their hosts and to produce
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~infection. Even after the pathogen has penetrated the
preformed defense structures, however, plants usually re-
spond by forming one or more types of structures that
are more or less successfal in defending the plant from
further pathogen invasion. Some of the defense struc-
tures formed involve the cytoplasm of the cells under at-
tack, and the process is called cytoplasmic defense reac-
i tion; others involve the walls of invaded cells and are
[ called cell wall defense structures; still others involve tis-
~ sues ahead of the pathogen (deeper into the plant) and
are called histological defense structures. Finally, the
death of the invaded cell may protecr the plant from fur-
ther invasion, and this is called the necrotic or hypersen-
sitive defense reaction.

C_ymplasmic Defense Reaction

In a few cases of slowly growing, weakly pathogenic
4, such as weakly pathogenic Armillaria strains and
mycorrhizal fungi, that induce chronic diseases or
symbiotic conditions, the plant cell cytoplasm
the clump t{f hyphae, and the plant cell nucle-

FIGURE 5-2 Schematic representation of pathogen interactions with host plant cells. Depending on its
genetic makeup, the plant cell may react with numerous defenses that may include cell wall structural de-
fenses (waxes, cutin, suberin, lignin, phenolics, cellulose, callose, cell wall proteins) or bioch ;
brane, cytoplasm, and nucleus defense reactions. The latter may involve bursts of ().wdaFwe reactions, pro-
duction of elicitors, hypersensitive cell death, - ethylene, phytoalexins, pathogenesis-related proteins
{hydrolytic enzymes, B-1,3-glucanases, chitinases), inhibitors (thionins, proteinase inhibitors, thaumatinhike

© invasion stops.

J

or hiochemical wall, mem-

us is stretched to the point where it breaks in two. ]
some cells, the cytoplasmic reaction is overcome and the!
protoplast disappears while fungal growth increases, l_'; A
some of the invaded cells, however, the cytoplasm and{’
nucleus enlarge. The cytoplasm becomes granular an
dense, and various particles or structures appear in it. F
nally, the mycelium of the pathogen disintegrates and ¢

Cell Wall Defense Structures

Cell wall defense structures involve morphological
changes in the cell wall or changes derived from the ct_?ﬂ-
wall of the cell being invaded by the pathogen. The
fectiveness of these structures as defense mechanis
seems to be rather limited, however. Three main typé!
of such structures have been observed in plant disea
(1) The outer layer of the cell wall of parenchyma
coming in contact with incompatible bacteria swells
produces an amorphous, fibrillar marerial tha
rounds and traps the bacteria and prevents them
multiplying. (2) Cell walls thicken in response
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thogens _],-_jy_pfoducing what appears to be a cellulosic
rerial. This material, however, is often infused with
bhciidlic substances that are cross-linked and further in-
“crease its resistance to penetration. (3) Callose papillae
- are deposited on the inner side of cell walls in response

to invasion by fungal pathogens (see Figure 2-8C,D).
Papillae seem to be produced by cells within minutes
after wounding and within 2 to 3 hours after inocu-
lation with microorganisms. Although the main func-
tion of papillae seems to be repair of cellular damage,
sometimes—especially if papillae are present before
inoculation—they also seem to prevent the pathogen
- from subsequently penetrating the cell. In some cases,

; hyphal tips of fungi penetrating a cell wall and growing

. into the cell lumen are enveloped by cellulosic (callose)
materials that later. become infused with phenolic sub-

- stances and form a sheath or lignituber around the hy-
pha (Figure 5-3). '

Histological Defense Structures
: Fo@_ﬁ_on of Cork Layers

- Infection by fungi or bacteria and even by some virus-
es and nematodes frequently induces plants to form sev-
eral layers of cork cells beyond the point of infection
(Figures 5-4 and 5-5), apparently as a result of stimula-
tion of the host cells by substances sected by the
pathogen. The cork layers inhibit the further invasion by
the pathogen beyond the initial lesion and also block the

“ spread of any toxic substances that the pathogen may se-

T3

9 o>
P

N

“hypha in cytoplasm; S, sheath.
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FIGURE 5-3° Formation of a sheath around a hypha (H) penetrating a cell
* wall (CW). A, Appressorium; AH, advancing hypha still enclosed in sheath; HC,

crete. Furthermore, cork layers stop the flow of nutriemg
an.d water from the healthy to the infected arca and de-
prive the pathogen of nourishment. The dead tissues, in-
cluding the pathogen, are thus delimited by the cork lay-
ers and may remain in place, forming necrotic lesions
(spots) that are remarkably uniform in size and shape for
a particular host-pathogen combination (see Figures 11-
41, 11-45, 11-48C, 11-50 to 11-55, 11-93, and 14-13),
In some host-pathogen combinations the necrotic tissues
are pushed outward by the underlying healthy tissues
and form scabs that may be sloughed off, thus removing
the pathogen from the host completely (see Figures 11-
10, 11-70, 12-13, 12-23B, and 12:38). = “* .

Fonnariqﬁ;fdﬁAbscission Layers

Abscission layers are formed on young, active leaves
of stone fruit trees after infection by any of several fun-
gi, bacteria, or viruses (see Figure 12-15). An abscission
layer consists of a gap formed between two circular lay-
ers of cells of a leaf surrounding the locus of infection.
On infection, the middle lamella between these two lay-

~ers of cells is dissolved throughout the thickness of the

leaf, completely cutting off the central area from the rest
of the leaf (Figure 5-6). Gradually this area shrivels, dies,
and sloughs off, carrying with it the pathogen. Thus, the
plant, by discarding the infected area along with a few
vet uninfected cells, protects the rest of the leaf rissue
from being invaded by the pathogen and from becoming
affected by the toxic secretions of the pathogen.
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FIGURE 5-4 Formation of a cork layer (CL) between infected (I) and healthy (H) areas of leaf. P, Pheflogen.

[After Cunningham (1928), Phytopathology 18, 717-751.]

Formation of Tyloses

Tyloses form in xylem vessels of most plants under
various conditions of stress and during invasion by most
of the xylem-invading pathogens. Tyloses are over-
growths of the protoplast of adjacent living parenchy-
matous cells, which protrude into xylem vessels through
pits (Figure 5-7). Tyloses have cellulosic walls and may,

Mycelium

S 1&’*5\

by their size and numbers, clog the vessel completely. In
some varieties of plants, tyloses form abundantly and
quickly ahead of the pachogen, while the pathogen is still
in the young roots, and block further advance of the
pathogen. The plants of these varicties remain free of and
therefore resistant to this pathogen. Varieties in which
few, if any, tyloses form ahead of the pathogen are sus-
ceptible to disease.

EDidermis7
Cork

il

I

- sey {1917), J. Agric. Res. 9,421-426.]

“'FIGURE 5-5 Formation of a cork layer on a potato tuber following infection with Rhizoctonia. [After G. E. Ram-

-%' Starch
s ramn

\ ) .f'
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Abscission layer
Diseosed areo
Lignified cells

_IGU RES-S « Form~tion of an absvaission layer around al'diseased
f aPrisius leaf. | Afrer Samvel, G. {1927}, Aww. Bot 41,375 404 ]
oL

-Deposition.of Guns &

Va
arotind lesions after infection by pathogens or dnjury.
Gumsecretion is most common in stone fruit trees but
“gcéurs in most plants. The détensive role of UM STEmS
from'the fact that they are quickly dejpusited in the in-
tercellular spaces and within the cells surrouading the lo-
cus of infection. thus forming an impenetrable barrie
that completely encloses the parhogen. The pathogen
then become: isolated, starves, and sooner or later dies.

R T
fiops tvpes of gums are produced by many plants

.

Necrotic Defense Reaction: Defense throvgh
~the Hypersensitive Response

The hypersensitive response is considered a biochemical
rather than a structural defense mechanism but is briefly
described here because of the visible cellular responses
that accompany it. In many host-pathogen combina-
tions, as soon as the pathogen establishes contact with
the cell, the nucleus moves toward the invading pathogen
and soon disintegrates. At the same time, brown, resin-
like granules form in the cytoplasm, first around the
point of penetration of the pathogen and then through-
out the cytoplasm. As the browning discoloration of the
‘cytoplasm of the plant cell continues and death sets in,
the invading hypha begins to degenerate (Figure 5-8). In
!ﬁbét.i;asﬁs the hypha does not grow out of such cells, and
"héfl'in\lra__siqn is stopped. In bacterial infections of

5. HOW PLANYS DEFEND THEMSELVES AGAINST PATHOGENS

. FIGURE 5-7

" _AThe Fypersensitive Response { . B

| '
xF @

Developrient of tyleses in xyvlem vesls Longuiadi-

&
rud (A and crosassection (B views or healthy vessels (et and of ves-
sels with ryloses. Vesscls at right are completely cloggzd voith tloses.
PP, Perforation piate: V. xvlem vessel; XP xvlem

rvlog

theseaf tissnes invaded by the bacterd 7

’"-{'"i_'_.c necrotic or hypersensitive type of delense is quite
cormon, particulariy in diseases caused by obligate fun-
gal ‘parasites and by viruses, bacteria, and nematodes.
Apperently, the necrotic tissue not only isolates the par-
asite from the living substance on which it depends for
us nutrition and, therefore, results in its starvation and
death, bur, more imporeantiy, it signifies the concentra-
tion of numerous biochemical cell responses and antimi-
crobial substances thar neutrakize~the “pathogen. The
faster the host cell dies after invasion, the more resistant
te infection the plant seems to-be.

Induced Biochemical Defenses
i
The hypersensitive response, often referred to as HR, is
a localized induced cell death in the host plant at the site
of infection by a pathogen (Figure 5-9A). The hypersen-
sitive response is thought to be responsible for limiting
the growth of the pathogen and, in that way, is capable - -
of providing resistance to the host plant against the
pathogen.'An effective hypersensitive response ma
always be visible when a plant remains resistant
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FIGURE 5-8  Stagesin -
fected by Fﬁb"};‘g‘tﬁgﬁ#ﬂwns. N, Nucleus;

NC, necrotic cell. [After K. Tomiyama

[he de"e opmcm of (hc necrotic dgkﬂse reac ‘:i( n .I'l. ac !

P gtra[[(ls ;.l Zt)ﬂspolc I I-, h’pha; G, gla“ulal mate :

l S i Il'()p] asm i< 3 oy 3 . rla],
(] I" 2

(1956), Ann. Phytopathol. Soc. Jpn. 21, 54-62.]

FIGURE 5-9  (a)H 9
n

. . Ypersensitive : '
oculation with a strain of g y: response (HR) expressed i s . .
R vi on lea it : .
ca_l‘hued. in the lcsipns. (B) Tob:;so(l;:;fcash .Incal lfﬁions (in this c:: :;bz - 1stant cowpea variety following 5"9 :“ S
WIth SIX preparations of soft-rotting b 'WIng typica| h rsensi » Tingspot virus). The virus rcmﬂﬂ‘_ ot
but the others did nor, [Fro B Dacteria, ce b mcjriai =| . Ve responses (dark areas) 24 hours after iﬂiﬁ:ﬂon

m Baue ai -
Tetal. (1995), Mot P!am—Miclrl:b{eln:j‘;:r; Gg} 1:: ed the hypersensitive response:
+ 8, 484-491 _]
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5. HOW PLANTS DEFEND THEMSELVES AGAINST PATHOGENS

@ck by a pathogen since it is possible for the hypersen- ;

sitive response to involve only single cells or very few 500 | By SRS
“cells and thereby remain unnoticed) Under artificial con- g /
ditions, however, injection of several genera of plant '§‘°° g
pathogenic bacteria into leaf tissues of nonhost plants re- >
sults in the development of a hypersensitive response. = oy
(The HR consists of large leaf sectors becoming water- §
soaked at first and, subsequently, necrotic and collapsed ?; o
within 8 to 12 hours after inoculation (Figure 5-9B). The .
bacteria injected in the tissues are trapped in the necrot- e | oo
ic lesions and generally are killed rapidly. The HR may . ! : , . ‘.
occur whenever virulent strains of plant pathogenic bac- 0 12 24 36 48 |
teria are injected into nonhost plants or into resistant va- _ Timé (hours)
rieties, and when avirulent strains are injected into sus- FIGURE 5-10 Disruption of cell membranes leads to a dramatic |
ceptible cultivars. Although not all cases of resistance are increase in cell electrolyte leakage, measured by increased current con-
due to the hype;'éen'sitive response, HR-induced resis- - ":lu:.;tivi'ty. This occurs when a resistant variety (W) containing an R gene
tance has been described in numerous diseaség“‘iﬁirdlving Iss mo«‘:l}lated with pathogens contailnmg. an aviru]cn?e gene corre-

) ; R : ponding to the R gene. [, Same variety inoculated with a pathogen
obligate parasites (fungi, viruses, mollicutes, and nema- lacking the avirulence gene; 4, A, another variety, susceptible to both
todes) as well as nonobligate parasites (fungi and bacte- - pathogens. [From Whalen et al. (1993), Mol Plant-Microbe Interact.
ria)) _ 6,616-627.] s s ; )

The hypersensitive response is the culmination of the
plant defense responses initiated by the recognition by )
the plant of specific pathogen-produced signal mole- . vy L TR e
cules, known as elicitors. Recognition of the elicitors by .~ "be an enzyme involved in the synthesis of substances
the host plant activates a cascade of biochemical reac-~ ~  knownas syringolides. The latter have the ability to elic-
tions in the attacked and surrounding plant cells and - it the hypersensitive response in soybean varieties which
leads to new or altered cell functions and to new or great- - carry the resistance gene complementary to avrD of the
ly activated defense-related compounds. The nqut__com-; o bacterium: = i e e g
mon new cell functions and compounds include a rapid -~ (Several resistance genes R have been isolated from
burst of oxidative reactions; increased ion movement;es- - - plants such as corn, tomato, tobacco, flax, and Ara- -
pecially of K*'and H* through the cell membrane; dis-~  bidopsis, a plant used mostly for experimental purposes.

_ruption of membranes and loss of cellular compartmen- - - The corn R gene codes for an enzyme that inactivates the
" talization (Figure 5-10); cross-linking of phenolics with HC-toxin of the fungus Cochliobolus carbonum, the

cell wall components and strengthening of the plant cell cause of northern leaf spot of corn, whereas the tomato |
wall; ‘préduction of antimicrobial substances such as gene that confers resistance to the tomato speck-causing
phytoalexins; and formation of antimicrobial so-called bacterium Pseudomonas syringae pv. tomato codes for a
pathogenesis-related proteins such as chitinases. protein kinase enzyme that most likely plays a role in'sig-

. The hypersensitive response occurs only in specific nal transduction by triggering other enzymes into action.
host-pathogen combinations in which the host and the The functions of the proteins c_:ncoded by the other R
pathogen are incompatible, that is, the pathogen fails to genes are not known witp_cqrtamry, b}:t they ;'111 contain
infect the host. It is thought that this happens because of segments found in proteins involved in protein—protein

interactions such as the protein kinases and the poly-
galacturonase-inhibiting proteins. The proteins coded by
the tobacco R gene that protects against tobacco mosa-
i virus and of the Arabidopsis R gene that protects

the presence in the plant of a resistance gene (R) which
recognizes and is triggered into action by the elicitor
molecule released by the pathogen. The pathogen-pro-
duced elicitor is, presumably, the product of a pathogen ' ! .
gene which, because it triggers the development of resis- against a leaf-spotting bacterium appear to Ee t;)Jllrescnt u}
tance in the host that makes this pathogen avirulent, the plant cell cy_tqpiasm and therefore prol ably (1;:-‘13‘&:-
is called an avirulence gc::@ For several pathogens, nize pathogen elicitors that reach the ;Y“;{P asm.of i
primarily bacteria, avirulenc€ genes have been isolated other hand, the protein c“md?d by ¢ ';1 gcnat: fd us?->
and the proteins coded by them have been identified. The which provides resistance against th‘; ax :)usmcangs'.oi: i
 first avirulence gene product to be identified was the pro-  seems to attach to the plant cell melfn ;alg f9YR g
- tein of the avirulence gene D (arvD) of the bacterium a signal anchor, and the protein of tne i -93'6 :
Pseudomonas syringae pv. glycinea. This was shown to  tomato, which provides resistance against Fox 2 78 2
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* jeaf mold fungus Cladosporium fulviam, is primarily out-
- side the plant cell plasma membrane and is attached to
the membrane with a short anchor. The last two R gene

roducts, therefore, apparently recognize pathogen-pro-
duced elicitors as they approach or come in contact with
the plant cell membrane.

A()xygen Radicals, Lipoxygenases,

and Disruption of Cell Membranes

The plant cell membrane consists of a phospholipid bi-
layer in which are embedded many kinds of protein and
glycoprotein molecules. The protein molecules are often
organized in groups, some of which form channels on the

membrane and allow ions and metabolites to enter and

exit the cell. The cell membrane in the form of endo-
plasmic reticulum and organelles compartmentalizes the
cell into areas in which specific compounds are kept sep-
arared from others and certain biochemical reactions
take place. In addition, the cell membrane is an active site
for induction of defense mechanisms; for example, it
serves as the anchor of R gene-coded proteins that rec-

.- -ognize the elicitors:released by the pathogen and subse-.

" guently-trigger-the hypersensitive response.

Attack of cells by pathogens,.or exposure to pathogen
toxins and enzymes, oftenresults in structural and per-
meability changes of"ffhé."_'d“':_ll'_'ifjé;jiibrane. These changes
are generally thought.to be anexpression of susceptibil-
ity and. disease development. In many host-pathogen
combinations, however; particularly those involving the
hypersensitive response, some membrane changes play a
role in the defense against invasion by the pathogen. The
most important membrane-associated defense responses
include the following: (1) release of molecules important
in signal transduction within and around the cell and,
possibly, systemically through the plant; (2) release and
accumulation of reactive oxygen “radicals” and of Ii-
poxygenase enzymes; and (3) as a result of the loss of
compartmentalization, activation of phenol oxidases
and oxidation of phenolics. .

(_In many host-fungus interactions, one of the first
events detected in attacked host cells or cells artificially
treated with fungal elicitors is the rapid and transient
generation of activated oxygen radicals, including su-
peroxide (O,), hydrogen peroxide (H,0,), and hy-
droxyl radical (-OH){ These highly reactive oxygen rad-
icals are thought to ‘be released by the multisubunit
NADPH oxidase enzyme complex of the host cell plas-
ma membrane. They appear to be released in affected
cells within seconds or minutes from contact of the cell
~with the fungus or its elicitors and reach a maximum ac-
~tivity within minutes to a few hours) The activated oxy-

INDUCED STRUCTURAL AND BIOCHEMICAL DEFENSES

. gen radicals trigger the hydroperoxidation of membrane .

103

phospholipids, producing mixtures of lipid hydroperox-
ides. The latter are toxic, their production disrupts the
plant cell membranes, and they seem to be involved in
normal or HR-induced cell collapse and death. Active
oxygen radicals may also be involved in host defense re-
actions through the oxidation of phenolic compounds
into more toxic quinones and into ligninlike compounds.
The presence of active oxygen radicals, however, also af-
fects the membranes and the cells of the advancing
pathogen either directly or indirectly through the hyper-
sensitive response of the host cell.

The oxygenation of membran lipids seems to involve
various lipoxygenases as well. These are enzymes that
cagalyze the hydroperoxidation of unsaturated fatty
acids, such as linoleic acid and linolenic acid, which have
been previously released from membranes by phospholi-
pases. The lipoxygenase-generated hydroperoxides
formed from such fatty acids, in addition to disrupting
the cell membranes and leading to HR-induced cell col-
lapse of host and pathogen, are also converted by the cell
into several biologically active molecules, such as jas-
monic acid, that play a role in the response of plantsto

wounding and other stresses. Jasmonic acid, for exam- . . -

ple, which is the precursor of the wound hormone trau- - -
matin, appears to induce numerous protein changes and -
acts as a signal transducer of the defense reaction in
plant-pathogen interactions.

Reinforcement of Host Cell Walls with
Strengthening Molecules N '

In several plant diseases caused by fungi, the walls of
cells that come in contact with the fungus produce, mod-
ify, or accumulate several defense-related substances that
reinforce the resistance of the wall to invasion by the
pathogen. Among the defensive substances produced or
deposited in plant cell walls being invaded by fungi are
callose, glycoproteins such as extensin that are rich in the
amino acid hydroxyproline, phenolic compounds of
varying complexity including lignin and suberin, and
mineral elements such as silicon and calcium. Some of
these substances are also produced or deposited in de-
fensive cell wall structures such as the papillae. Many of
these substances form complex polymers and also react
and cross-link with one another, thereby forming more
or less insoluble cell wall structures that confine the in-
vading fungus and prevent further development of dis-
ease. Of course, in cases in which the host lacks resis-
tance or exhibits incomplete resistance, apparently the
host, with or without interference by fungal secretions,
fails to produce reinforcilg compounds or produces
them too slowly to be effective, and the fungus manages
to invade the cell. e
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5. HOW PLANTS DEFEND THEMSELVES AGAINST PATHOGENS

_ : Pmducnon of Antimicrobial Substances ; @ ’lthough healthy plants may contain trace amounts
- in Attacked Host Cells “ of several PR préteins, attack by pathogens, treatment ¢

g = i ., W with elicitors, wounding, or stress induces transcription
_?atbogenests -Related Proveins (P R Prcies “y) of a battery c;f genes :hag; code for PR proteins. Thf:; oc-
Pathogenesis-related proteins, often called PR pro- curs as part of a massive switch in the overall pattern of
teins, are a structurally diverse group of plant proteins gene expression, during which normal protein produc-
that are toxic to invading fungal pathogens. They are tion nearly ceases/ The signal compounds responsible for
widely distributed in plants in trace amounts but are pro- induction of PR proteins include salicylic acid, ethylene,
duced in much greater concentration following pathogen xylanase, the polypeptide systemin, jasmonic acid, and
attack or stress. The PR proteins exist in plant cells in- probably others.

tracellularly and also in the intercellular spaces. Varying Tole- The significance of PR proteins lies in th.c fac't that
types of PR proteins have been isolated from each of sev- — they show strong antifungal and other antimicrobial ac-

eral crop plants. Different plant organs, for example, tivity. Some of them inhibit spore release and germina-
leaves, seeds, and roots, may produce different sets of PR tion, whereas others are associated with strengthening of
proteins. . ; the host cell wall and its outgrowths and papillae. Some
The several groups of PR proteins have:been classi- of the PR proteins, for example, B-1,3-glucanase and
fied according to their function, ser;)logical relationship, chitinase, diffuse toward and affect (break down) the
amino acid sequence, molecular weight, and certain oth- chitin-supported structure of the cell walls of several but
er properties/fhe PR proteins are either extremely acidic not all plant pathogenic fungi, whereas lysozymes de-
rrf“ or extremely basic and therefore are highly soluble and grade the glucosamine and muramic acid components of
g ﬁ reactive. The better known PR proteins are PR1 proteins, bacterial cell walls. Plants genetically engineered to ex-
—" B-1,3-glucanases (Figure 5-11), chitinases, lysozymes, press chitinase genes show good resistance against the
PR4 proteins, thaumatinelike proteins, osmotinlike pro- soilborne fungus Rhizoctonia solani. Signal molecules
teins, cysteine-rich proteins, glycine-rich proteins, pro- that induce PR protein synthesis seem to be transported
teinase inhibitors (Figure 5-12), proteinases, chitosanas- systemically to other parts of the plant and to reduce dis-
es, and peroxidases. There are often numerous isoforms ease initiation and intensity in those parts for several.
of each PR protein in various host plants. Lot days or even weeks.
i S A

Bl Control
Elicited

B-1,3-Glucanase Activity

Relative Amounts of PR-10a
=

Tu  Swo St Pe Le

Days after inoculation

FIGURE 5-11 (A) Production and accumulation of a pathogenesis-related protein
(PR10a) in potato tissues either untreated (control) or elicited by treating cut surfaces with a
homogenate of the late blight fungus Phytophthora infestans and incubating for 4 days. Tu, e
Tuber; Sto, stolon; St, stem; Pe, petiole; Le, leaf. [From Constabel and Brisson (1995), Mol. Pt
Plant-Microbe Interact. 8, 104-113.] (B) Levels ofactivity of the antifungal protein g-1,3-glu-
canase in the intercellular fluid of barley leaves, either left uninoculated (O, O) or inoculated
. with the powdery mildew fungus Erysiphe graminis f. sp. hordei (m, ®). The two barley vari-
- eties are nearly isogenic, except that one (0, ®) carries an additional resistance gene that makes -
_ itresistant whereas the other (0, ®) is susceptible. [From Jutidamrongphan et al. (1991), Mol.
- Plant-Microbe Interact. 4, 234-238.) e s S
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Phytoalexins are toxic anumicrobial substances pro-

- duced in appreciable amounts in plants only after stum-
ulation. by various types of phytopathogenic microor-
ganisms or by chemical and mechanical injury.
Phytoalexins are produced by healthy cells adjacent 10
localized damaged and necrotic cells in response 1o ma-
terials diffusing from the damaged cells. Phytoalexins are
not produced during compatible biotrophic infections.
Phytoalexins accumulate around both resistant and sus-
ceptible necrotic tissued. Resistance occurs when one or
more phytoalexins reach a concentrarion sufficient to re-
strict pathogen development. Most known phytoalexins
are toxic to and inhibit the growth of fungi pathogenic

. to plants, but some are also toxic to bacteria, nematodes,
. and other organisms. More than 300 chemicals with
* phyroalexinlike propertics have been isolated from
plants belonging to more than 30 families. The chemical
structures of phytoalexins produced by plants of a fam-
ily are usually quite similar; for example, in most
legumes phytoalexins are isoflavonoids, and in the
Solanaceae they are terpenoids. Most of the phytoalex-
s are produced in plants in response to infection by fun-
» but a few bacteria, viruses, and nematodes have also
shown ro induce production of phytoalexins, Some
he better studied phytoalexins include phaseollin in
Fiﬁ“" 3-13), pisatin in pea, glyceollin in soybean,
‘“d _C_IQVCI‘, ;ishitin in potato, gossypol in cotton,
diol in pepper. ‘

600 0 200 400 600
Proteinase inhibitors concentration (ug mi -1)

FIGURE 5-12 Inhibition of (A) spore germinarion and (B) germ tube elongation of the fungi
Botrytis cinerea and Fusarium solani, that do not infect cabbage, by proteinase inhibitors obtained
from young cabbage leaves. The inhibitors caused leakage of the cellular contents of these fungs.
: The cabbage fungal pathogen Alternaria brassicicola was not affected by these proteinase in-
i hibitors. [From Lorito et al. (1994), Mol. Plant-Microbe Interact. 7, 525-527.]

Phytoalexin production and accumulation occur iy
healthy plant cells surrounding wounded or infected cel;
and are stimulated by alarm substances produced and re.
leased by the damaged cells and diffusing into the adj
cent healthy cells. Most phytoalexin elicitors are gener:
ally  high molecular weight substances that ar
constituents of the fungal cell wall, such as glucans, chi-§
tosan, glycoproteins, and polysaccharides. The elicitor
molecules are released from the fungal cell wall by host
plant enzymes. Most such elicitors are nonspecific, thar |’
i1s, they are present in both compatible and incompatible |
races of the pathogen and induce phytoalexin accumula- |
tion irrespective of the plant cultivar. A few phytoalexin|,
clicitors, however, are specific, since the accumulation of |
phytoalexin they cause on certain compatible and.in-
compatible cultivars parallels the phytoalexin accumula:
tion caused by the pathogen races themselves. Although
most phytoalexin elicitors are thought to be of parhogen
origin, some elicitors, for example, oligomers of galac
turonic acid, are produced by plant cells in response [0
infection or are released from plant cell walls after theit ||
partial breakdown by cell-wall-degrading enzymes of the §
pathogen. :

Formarion of phytoalexins in a susceptible (compati’
ble) host following infection by a pathogen seems, it}
some cases, to be prevented by suppressor molecules p
duced by the pathogen. The suppressors seem to also
glucans or glycoproteins, or one of the toxins prodi
by the pathogen. ;

The mechanisms by which phytoalexin

|
|
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Phaseollin pg/g.f.w.

FIGUBE 5-13  Levels of the phytoalexin
following inoculation with th
phaseolicola, Virulent race 6 (O) infe
phytoalexin. The same race 6 was tra
gene R2 (O) and with an avirulence
ent hypersensitive responses and als

Mol. Plant-Microbe Interact. 6, 726-739,]

~toalexin production, phytoalexin suppressors, genes for
resistance or susceptibility, and the expression of resis-
“tance or susceptibility are connected are still not well un-
_ derstood. Several hypotheses have been prdposed to ex-
- plain the interconnection of these factors, but much
more work is needed before a satisfactory explanation
can be obtained.: _ :
Species or races of fungi pathogenic to a particular
~ plant species seem to stimulate production of generally
lower concentrations of phytoalexins that nonpathogens.
For example, in the case of pisatin production by pea
pods inoculated with the pathogen Ascochyta pisi, pea
varieties produce concentrations of pisatin that are ap-
proximately proportional to the resistance of the variety
to the pathogen. When the same pea variety is inoculat-
ed with different strains of the fungus, the concentration
of pisatin produced is approximately inversely propor-
tional to the virulence of each particular fungal strain in-
oculated on the pea variety. Also, in soybean plants in-
fected with the fungus Phytophthora megasperma f. sp.
glycinea, inoculations of fungal races on incompatible
host cultivars resulted in earlier accumulations and high—
er concentrations of the phytoalexin glyceollin than in-
oculations of fungal races on compatible cultivars. It has
~ been suggested that the higher concentrations of glyce-
 ollinin incompatible host-pathogen combinations are the
result 'of reduced biodegradation rather than increased
10synthesis of the phytoalexin, In some host-pathogen
however, for example; in the bean-Colletotri-
thianum and the potato—-Phytophthora in-

000~
I i
750 / i > o I
e o
f’/ l
500 »
x’% T
y
250 ,/!. W, l
P E
0 {fx___—_ilj— = =
0 2 4

phaseollin produced at infection sites in bean pods
ree races of the halo bligh
cts without causing a defense response nor production of the
nsformed with an avirulence gene corresponding to resistance
gene to R3 (0), and the transformants induced visibly differ-
o different levels of phytoalexin. [From Mansfield et al,

Days after inoculation

t bacterium Pseudomonas syringae pv.

(1994).

festans systems, the respective phytoalexins such as
phaseollin and rishitin reach equal or higher concentra-
tions in compatible (susceptible) hosts compared to in-
compatible (resistant) ones. e =38

On the other hand, pathogenic races or species of fun-
gl seem to be less sensitive to the toxicity of the phy-
toalexin(s) produced by their host plant than are non-
pathogenic fungi. It.has been suggested that pathogens
may have an adoptive tolerance mechanism that enables
them to withstand higher concentrations of the host phy-
toalexin after earlier exposures to lower concentrations
of the phytoalexin. It_is known, however, that many
pathogenic fungi can metabolize the host phytoalexin
into a nontoxic compound and thereby decrease the tox-
icity of the phytoalexin to the pathogen. Itis also known |
that numerous pathogenic fungi are successful in causing _
disease although they are sensitive to or unable to me-
tabolize the host phytoalexins. Furthermore, some fungi
that can either degrade or tolerate certain phytoalexins |
are unable to infect the plants that produce them. ;

In general, it appears that phytoalexins may play a dc;
cisive or an auxiliary role in the defense of some hosts“,'
against certain pathogens, but their significance, if any,
as factors of disease resistance in most host-pathogen
combinations is still unknown. :

Simple Phenolic Compounds

It has often been observed that certain commofn
nolic compounds that are toxic to path
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uced and accumulate at a faster rate after infection, es-
p"'éc;ill’_r. in a resistant variety of plant relative to a sus-
ptlﬁlc variety. Chlorogenic acid, caffeic acid, and fer-
“ulic ‘acid are examples of such phenolic' compounds

Figure 5-14). Although some of the common phenolics
“ may each reach concentrations that could be toxic to the
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chlorogenic acid and other soluble

FIGURE 5-14 Production of

bars) potato tubers after wounding (A, C, and E) and after spraying
with arachidonic acid, an elicitor of the hypersensitive defense response
(B, D, and F). Transgenic plants produced an enzyme that inactivates
typtophan, a precursor of phenolics and lignin. Chlorogenic acid was
sed by wounding but not by elicitation. Soluble and wall-bound
phenolics increased after wounding and even more following treatment
ith the elicitor, but the increase was smaller in the transgenic rubers
bars) than in the normal tubers. Accordingly, the transgenic tu-
se tre ents were more susceptible to infection when inoc-
pores of Phytophthora infestans than were the treat-
{From Yao, DeLuca, and Brison (1995), Plant Cell

INDUCED STRUCTURAL AND BIOCHEMICAL DEFENSES

10
pathogen, it should be noted that several of them appear -
concurrently in the same diseased tissue, and it is possi-

ble that the combined effect of all fungitoxic phenolics
present, rather than that of each one separately, is ,c.‘
sponsible for the inhibition of infection in resistane Vari
eties.

Toxic Phenolics from Nontoxic
Phenolic Glycosides

Many plants contain nontoxic glycosides, that is,
compounds consisting of a sugar (such as glucose) joined
to another, often phenolic, molecule. Several fungi and
bacteria are known to produce or to liberate from plant
tissues the enzyme glycosidase that can hydrolyze such
complex molecules and release the phenolic compound
from the complex. Some of the released phenolics are
quite toxic to the pathogen and appear to play a role in
the defense of the plant against infectior.

Role of Phenol-Oxidizing Enzymes =~ _ I ol
in D_i_seqse-Resistance-

The activity of many phenol-oxidizing enzymes —
(polyphenol oxidases) is generally higher in the infected
ussue of resistant varieties than in infected susceptible
ones or in uninfected healthy plants. The importance of
polyphenol oxidase activity in disease resistance proba- B
bly stems from its property to oxidize phenolic com- '
pounds to quinones, which are often more toxic to mi-
croorganisms than the original phenols. It is reasonable
to assume that an increased activity of polyphenol oxi-
dases will result in higher concentrations of toxic prod-
ucts of oxidation and therefore in greater degrees of re-
sistance to infection. A complex interaction occurs
during fruit ripening in which levels of lipoxygenases‘in-
crease and break down diene, a compound that is pre-
sent in young, immature fruit and'is toxic to fungi. These
events normally result in infection (loss of resistance) of
the ripening fruit. In some fruit, however, elicitors from
nonpathogenic fungi stimulate production of the pheno-
lic compound epicatechin that inhibits the activity of
lipoxygenases. As a result, epicatechin decreases degra-
dation of the antifungal diene and thereby prevents de-~
cay of the ripening fruit by anthracnose fungi. _~

Another phenol oxidase enzyme, peroxidase, both ox-
idizes phenolics to quinones and generates hydrogen per-
oxide. The latter not only is antimicrobial in itself, butit
also releases highly reactive free radicals and in that way
further increases thewrate of polymerization of'pheﬂg_llc
compounds into ligninlike substances. These substance:
are then deposited in cell walls and papillae and
with the further growth and . developmer
pathogen. ey
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De_t_px:ﬁ_cﬁtion of Pathogen Toxins

* In at least some of the diseases in which the pathogen
- produces a toxin, resistance to disease is apparently the
-same as resistance to the toxin. Detoxification of at least
some toxins, for example, HC-toxin and pyricularin,
produced by the fungi Cochliobolus carbonum and Mag-
naporthe grisea, respectively, is known to occur in
plants, and it may play a role in disease resistance. Some
of these toxins appear to be metabolized more rapidly by
resistant varieties or are combined with other substances
and form less toxic or nontoxic compounds. The amount
of the nontoxic compound formed is ofter: prdp tio
to the disease resistance of the variety. = . -

Resistarit ‘plants a iffected t
specific toxins prc | by Cochliobolus, Periconia, and
Alternaria, but it isnot yet known whether' the selective
action of these toxins depends on’the presence of recep-
tor sites in susceptible ‘bt StANt, v
detoxification of the ‘toxix
some other mechanism. . i

£ PR

Immunization o:f Plants against Pathogens
// Defense tbmug’_i_;'- Plantibodies

In humans and animals, defenses against pathogens
are often activated by natural or artificial imenunization,
that is, by a subminimal natural infection with the
pathogen or by an artificial injection of pathogen pro-
teins and other antigenic substances. Both events result
in the production of antibodies against the pathogen
and, thereby, in subsequent prolonged protection (im-
munity) of the human or animal from infection by any
later attacks of the pathogen.

Plants, of course, do not have an immune system
like that of humans and animals, that is, they do nor pro-
duce antibodies. In the early 1990s, however, transgenic
plants have been produced that have been genetically
engineered to incorporate in their genome, and to ex-
press, foreign genes, such as mouse genes that produce
antibodies against certain plant pathogens. Such anti-
bodies, encoded by animal genes but produced in and
by the plant, are called plantibodies. It has already been
shown that transgenic plants producing plantibodies
against coat proteins of viruses, for example, artichoke
mottle crinkle virus, to which they are susceptible, can
defend themselves and show some resistance to infec-
tion by these virusesylt is expc::t_ed fhat, in rht_: f_'uture,
this type of plant immunization will yield great dw:den@s
by expressing in plants animal antibody genes thar will
produce antibodies directed against specific essential

eins of the pathogen, such as viral replicases or
_movement proteins and fungal and bacterial enzymes of

attack.)

5. HOW PLANTS DEFEND THEMSELVES AGAINST PATHOGENS

Al and Systemic Acquired Resistance

OL-in Tesistant, varieties, on
.r'esista'r'}p':' -plarits;“of-on ..

-

Induction of Plant Defenses by Artificial
Inoculation with Microbes or
by Treatment with Chemicals

As discussed earlier, plants do not naturally produce
antibodies against their pathogens, and most of their bio-
chemical defenses are inactive until they are mobilized by
some signal transmitted from an attacking pathogen} It
has been known for many years, however, that plants de-

velop a generalized resistance in response to infection by

a pathogen or to treatment with certain natural or syn-
thetic chemical compounds. '

Induced resistance is at first localized around the poing:«

of plant necrosis caused by infection by the pathogen or
by the chemical, and it is then called local acquired re-
sistance (Figure 5-15A). Subsequently, resistance spreads
systemically and develops in distal, untreated parts of the
.= plant,‘and it is called systemic acquired resistance (SAR)
(Figure 5-15B). It is known now that several chemical
compounds, for exampie, salicylic acid, arachidonic acid,
. and 2,6-dichloroisonicotinic acid, may induce localized

- .and systemic resistance in plants at levels not causing tis-
- “sue necrosis. Such chemicals may be effective in inducing

resistance in plants when they are applied through the
roots, as a foliar spray (Figure 5-16), or by stem injec-
tion. Local acquired resistance is induced, for example,
in a 1 to 2 mm zone around local lesions caused by to-
bacco mosaic virus (TMV) on hypersensitive tobacco va-
rieties, and probably in other host—pathogen combina-
tions. Local acquired resistance results in near absence of
lesions immediately next to the existing lesion and in
smaller and fewer local lesions developing farther out
from the existing local lesions when inoculations are
made at least 2-3 davs after the primary infection. Local
acquired resistance may play a role in natural infections
by limiting the number and size of lesions per leaf unit
area.

Systemic acquired resistance acts nonspecifically
throughout the plant and reduces the severity of disease
caused by all classes of pathogens including normally vir-
ulent ones. It has been observed in several dicot and
monocot plants but has been studied most in cucurbits,
solanaceous plants, legumes, and gramineous plants fol-
lowing infection with appropriate fungi, bacteria, and
viruses. Systemmi‘rtiresisrance is_certainly pro-
duced in plants following expression of the hypersensi-

S e ST

tive response (Figure 5-17). Localized infections of

young plants, for example, cucumber with either a fun-

gus (Colletotrichum lagenarium), a bacterium {Pseudo-

monas lachrymans), or a virus (tobacco necrosis virus),
lead within a few days’ time to broad-spectrum, sy
acquired resistance to at least 13 diseases caused by fi
gi, bacteria, and viruses. A single inducing i
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tects cucumber from all pathogens tested for 4 to 6
weeks; when a second, booster inoculation is made 2 to
3 weeks after the primary infection, the plant acquires
‘'season-long resistance to all tested pathogens. The de-
gree of systemic acquired resistance seems to correlate
~ well with the number of lesions produced on the induced
~ leafuntil a saturation point is reached. Systemic acquired
“  resistance, however, cannot be induced after onset of
flowering and fruiting in the host plant.
¢ Systemic acquired resistance is characterized by the
coordinate induction in uninfected leaves of inoculated
plants of at least nine families of genes now known as
systemic acquired resistance genes. Products of several
SAR genes, for example, B-1,3-glucanases, chitinases,
cysteine-rich proteins related to thaumatin, and PR-1
proteins, have direct antimicrobial activity or are close-
ly related to classes of antimicrobial proteins. The set of
SAR genes that are induced in a plant may vary with the
plant species)} Although systemic acquired resistance
does not affect spore germination and appressorium for-
mation, penetration is drastically reduced in systemical-
ly induced resistant tissue, probably as a result of for-
‘mation beneath the appressoria of papillalike material
 that quickly becomes impregnated with lignin and sili-

s

INDUCED STRUCTURAL AND BIOCHEMICAL DEFENSES

FIGURE 5-15 (A) Development of local acquired resistance to tobacco mosaic virus (TMV) _around a local lesion
caused by the same virus on a resistant tobacco variery. When the same leaves were reinoculated with TMV 7 days later,
no new lesions formed near the original one because of local acquired resistance (top), but when they were reinoculated
with a different virus, no zone free of lesions remained (bottom). (B) The upper (tip) half of the leaf ar right was inoculat-
ed with TMV, and 7 days later both leaves were inoculated with the same virus over their entire surface. The leaf at lefr de-
veloped numerous local lesions throughout, whereas the previously half-inoculated leaf at right developed almost no ad-
ditional lesions because of acquired local and systemic resistance, [From A. F. Ross (1961), Virology 14, 329-339 and

con. In some host—pathogen systems, systemic acquired
resistance is characterized by induction of peroxidase’
and lipoxygenase activities that lead to the producrion of
fatty acid derivatives which exhibit strong antumicrobial
activity. In plants exhibiting systemic acquired resistance !
in respm&nse activators such as salicylic HE
acid, bacterial growth and multiplication are reduced J§1:
drastically)(Figure 5-18) although salicylic acid is toler- ||
ated by the bacteria at concentrations much higher than
thgse found in the treated plant. -
@e_ mechanism of signal transduction in triggering
systemic acquired resistance is still being studied. Sali-
cylic acid seems to be involved in both the hypersensitive
response and the systemic acquired resistance but may.
not be the signal that indices systemic acquired resis-.
tance (Figure 5-19). Salicylic acid is present in thf.
phloem of plants after the primary inoculation but be-’
fore the onset of acquired resistance, its concepcrattoﬂ.-‘ ;
levels correlate with the induction of PR proteins, and S
external application of salicylic acid acrivates.thc sam
sets of SAR genes that are expressed after SAR mduct;)ﬂt_;.
by pathogens/Nevertheless, othej_i‘iié.cﬂgg.szugge-‘{'“ 'a
a signal otherthan salicylic acid .i,.S.fcst’ns‘ble for S)?
temic expression of systemic acquired resistance, buts
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INDUC.ED STRUCTURAL AND BIOCHEMICAL DEFENSES 111

Eg:&;’::; sidered foruscasa ‘pr;tc:ic:il solution for disease control.
resistance So far, in addition to salicyclic acid, derivatives of
t (SAR) isonicotinic acid and benzothiazoles have been shown o
induce systemic acquired resistance in plants against a
variety of pathogens. As a matter of fact, the benzothia-
sole CGA245704 is being market-tested (in 1996) for
commercial release. These compounds induce expression
‘ of the same set of SAR genes that are induced either by
t:mid salicylic acid or by various ipfet:tious agents and, in ad-
dition, seem to prime or sensitize plants to respond faster
and with additional defense reactions than those charac-
teristic of SAR genes.(Isonicotinic acid, however, func-
tions even in transgenic plants that are unable to accu-
mulate salicylic acid. Apparently, therefore, isonicotinic
acid triggers the signal transduction pathway that leads
: to SAR by acting either at the same site as does salicylic .
FIGURE 5-17 Principle 0"__.._ _ L uired) resis- 3C1(_1 il dt‘)wns.trc_am fmm, lt)), ¢ ; o v
tance. A leaf treared with cerrainchi Is or wi‘rh:p;l geﬁsuﬁsmg e, 5a|_i_c_}'_|l(_2 ac-.'d a_nd lsgn;l-??n.mc,amd s tr.ue SAR acti-
pecrotic lesions produces a signai-'cémpoﬁﬁéilé)théf;‘s'ﬁénspdrt';:’a';}':s- 5 varors because not only do they induce resistance to the
_ gemically throughout the plant and activates its defense mechanisins, "~ same spectrum of pathogens and induce expression of
- making the entire plant resistant to subsequent infections. the same genes as do pathogens, but these chemicals have
: no._antimicrobial activity. Several other chemical com-
. pounds, such as the fungicides fosethyl-Al, metalaxyl,
~and triazoles, appear to have some resistance-inducing
activity. The fungicide-bactericide probenazole is only
slightly toxic in wvitro but induces various defense re- .
sponses in rice plants, including an oxidative burst and :
appearance of reactive oxygen radicals as well as signif-
‘cant accumulation of antimicrobial factors such as fun-
gitoxic unsaturated farry acids. A large number of other
compounds, and also many microorganisms, have been

O citicacy. Therefore, salicylic acid per se has not been con- '

|

2

4
K—b—b—p_’_’f
b%) e

Induction
by chemicals__ -

g —

_ternal applicatic“;ﬁ of salicylic acid raised the very impor-

tant question of whether salicylic acid or other chemical
_ compounds could be used to artificially induce systemic

acquired resistance in plants against their numerous
- pathogens. Unfortunately, externally applied salicylic
acid is not translocated efficiently in the plant, and in ad-
i dition, salicylic acid is strongly phytotoxic when applied

foenE
. ateven slightly higher levels above the level required for
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FIGURE 5-18 (A) Inhibition of growth and multiplication of Erwinia carotovora bacteria

in inoculated leaves of tobacco seedlings growing in a medium containing 1 mM salicylic acid

i (@) or without salicyclic acid (0). ¢fu = Colony-forming units {bacteria). The control leaves were
nearly macerated 12 hours after inoculation, whereas the salicylic acid-treated leaves had one =
small local lesion at the point of inoculation. (B) Lack of inhibition of growth and muleipli-
cation of the same bacteria in culture by various concentrations ( 0. 1. and § mM) of salicylic
' acid, indicating that the effect in (A) is caused by the plant defenses activated by salicylic acid

i and not by the salicylic acid itself. [From Palva et al. (1994), Mol. Plant-Microbe Interact. 7.

356-363.]
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5. HOW PLANTS DEFEND THEMSELVES AGAINST PATHOGENS

SA (ng/g FW)

: z
tested for their aliility to induce systemic acquired resis-
tance in plants, but so far none have proved effective.
This area of research, however, has a tremandous com-
mercial potential, and therefore the search for SAR-in-

ducing compounds is likely to continue and, actually, to

Increase.
2
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>
£
> 80+
=
2
E s°q
§ “
°
5 2-
2
£ 0 1 T 1
10° 10! 10? 10? 104 10°
Concentration (uM)

FIGURE 5-20 Inhibition of catalase activity by the plant defense-
BOL salicyclic acid (SA) and the i pwo produced ac-

m of isomicotinic acid (INA). Such inhibition i resstant plams
ton of active oxygen radicals and in the hypersen:
onse. {From Contath et al. (1995) Proc. Natl. Acad.

FIGURE 5-19 Salicylic acid accumulation throughout a 6-week-old tobacco plant after inoculacion
of a single leaf with a strain of tobacco mosaic virus that causes local lesions only and no systemic in-
fection. (A) Inoculated leaf 3 in relation to other leaves and roots of the pl}a'rif.' {B}-Concentrations of to-
tal salicyclic acid (SA, in nanograms per gram fresh weight) in the inoculated leaf (leaf 3) and in uninoc-
ulated roots and leaves at 96 and 144 hours postinoculation (HPI). MOCK, Inoculation without virus.
[From Shulaev er al. (1995), Plant Cell 7, 1691-1701.]

o Y

Dcfensé-_ilir_o’uéh‘Genetically Engineering
Disease-Resistant Plants

With Plam-De}iv_'ed Genes

The number of plant genes for resistance (R genes)
that have been isolated is increasing rapidly. The first
plant gene for resistance to be isolated was the Hml gene
of corn in 1992, which codes for an enzyme that inacti-
vates the HC-toxin produced by the leaf-spot fungus
Cochliobolus carbonum. In 1993, the PTO gene of
tomato was isolated; this gene encodes a protein kinase
involved in signal transduction and confers resistance to
strains of the bacterium Psendomonas syringae pv. toma-
to that carry the avirulence gene avrPto. In 1994, four
additional plant genes for resistance were isolated: the
Arabidopsis RPS2 gene which confers resistance to the
strains of Ps. syringae pv. tomato and Ps. syringae pv.
maculicola that carry the avirulence gene avrRpt2; the
tobacco N gene which confers resistance to tobacco mo-
saic virus; the tomato Cf9 gene which confers resistance
to the races of the fungus Cladosporuen fulvum that
carry the avirulence gene avr9; and the tlax 16 gene
which confers resistance to certain rust fungus races of
Melampsora lini carrying the avirulence gene avr6. The
last five plant resistance genes are triggered into action
by the corresponding avirulence genes of the pathogen, :
the products of which serve as signals thar elicie the hy-

persensitive response (HR) in the host plant.
more plant resistance genes have si =

Some of these genes appear 1o provide plant
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: thogens expressing one or t‘he other of two unrelated
‘EZC aur genes of the pathogen. It lS’L‘xchth t_har thes? and
iny other R genes, which are l:kgly to _he 1so]a§cd in the
rs to come, will be used extensively in gcnencally en-
_gineering transgenic plants that will be resistant to many
fof the races of the pathogens that affect these plants.
. { In addition to these specific plant genes, several other
.'i)lant genes encoding enzymes or other proteins (PR pro-
24+ teins) found widely among plants have been shown to
== confer resistance to transgenic plants in which they are
expressed. For example, tobacco plants transformed
4vith a chitinase gene from bean became resistant to in-
fection by the soilborne fungus Rb_izp_ctqnia solani. Sim-
‘ilarly, transgenic tobacco plants expressing a PR1 pro-
tein gene were resistant to the blue m'cii_'a )
. .Peronospora tabacina, and plants expressing’

A the black shank fungus Phytophthora parasitica. M
¢ over, transgenic potato plants expressing the genc for the

the soft rot and black leg caused by the bacterium Er-
winia“carotovora pv. atroseptica. Also, transgenic-to-
bacco and potato plants expressing a gene frofi poki
‘weed (Phytolacca sp.) that codes fora;
“ribosome-inactivating protein exhibited resistar

“+ ‘transgenic plants transformed, respectively, with-=;
mouse gene coding for an enzyme involved in. the 'syn-
thesis of an interferonlike compound and with a mouse

@ - genecoding for an antibody (plantibody) against the coat

- protein of a plant virus (artichoke mottle crinkle virus).

2 .- With Pathogen-Derived Genes

In 1986, it was shown for the first time that tobacco
plants transformed (genetically engineered) to express
the coat protein gene of tobacco mosaic virus (TMV)
showed various degrees of resistance to subsequent in-
oculation with the same virus. Once the TMV coat pro-
- tein gene was integrated in the robacco genome, it was
caryied through the seed and behaved like any other to-

cco gene. Since then, numerous other crop plants, es-
+-pecially solanaceous ones such as tobacco, tomato, and
. Pepper, legumes such as alfalfa, grains such as barley,
~.€orn, oats, and rice, cucurbits such as cucumber, can-
- taloupe, and squash, and several other plants (papaya,
- impatiens, etc.), have been transformed with the coat
_Protein gene of one or more of the viruses that infect
them. The viruses from which the coat protein genes
obtained represent most of the virus groups.

vast majority of cases, transgenic plants show
vels of resistance ro the virus from which the
ene was derived and, in many cases, to oth-

INDUCEI'.; STRUCTURAL AND BIOCHEMICAL DEFENSES

‘temic acquired resistance gene SARS.2 were resistant to'
antibacterial enzyme T4 lysozyme exhibited resistance to

- coding for the movement protei
-movement protein are resistant.to TMV and to severdl

several potato and other viruses. To these must also be™. -
added: the induction of resistance in potato and tobaéco,
. A

-in plants transformed with viral génes coding for pro- |
. teases needed for processing the viral nucleic acid, in

er more or less related viruses. In some cases the tra,{;
genic plants were resistant to the virus jf they were inq,,
ulated mechanically but not if inoculated by the specif| °
vector of the virus, whereas in others the plants remaingg
resistant even when inoculated by their aphid or f“ﬂgu; 3
vector. In some cases, plants were transformed concyy,
rently with as many as three viruses, the coat prote,
genes of which had been introduced in tandem into one
location of the plant genome; such transgenic plants ey,
hibited resistance to all three viruses. :

Transgenic plants transformed with viral genes Other
than the coat protein gene often exhibit even higher |e;.
TS he virus providing the gene(s) and to,
viruses) Quite often the transferreg
ions of genes or are artificially my.
ereby inactivated genes, so that they can b
d expressed by the plant but do not pro.
nal gene product that might aid a virus op
#For-example, highlv resistant transgenic to. |
baceo plantshave been produiced by transformation with|”
modified virus replicase-coding genes of several viruses, -
Also, tobacco plants transformed with. the TMV gene|
; rotein or for a dysfunctional

other viruses. Resistance to yiruses has-also béen induced

plants transformed with small defective or satellite nu-
cleic acids, and even in plants transformed with un-
translatable or antisense segments of the viral nucleic
acid. .
There:is every expectation that the area of inducing
plant resistance to pathogens through genetic transfor:
mation with pathogen-derived genes will grow and im+-
prove rapidly. Such genetic engineering strategies will
provide an excellent additional tool for plant disease
control.
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