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ABSTRACT

The interaction of soybean -cuitivars (Glycine max)
with Phytophthora megaspexma f.sp. glycinea (Pmg) races is
governed by single host genes (Rps) and is cbngiatent with
the "gene-for-gene" hypothesis. Using the near iaogenic cul-

tivars. Harosoy (52_1. sdsceptible to race 1) and Harosoy 63
(Rps 1 resistant) and Pmg raee 1 .it was,demonstrated that

‘the Rps; gene is ‘exprassed in hypocotyls‘and roots of light

and dark grown seedlings, in green cotyiedons ‘and leaves but
not in immature leaves Leaveo of cv. 'Harosoy became resis-
tant with age. The phytoaiexins{ g!yceo}i}n isomers I, IX.-"~

- and III, accumulated rapidly in resistant reSponses. Propor- -

tions of the glyceollin Jsomers . varied wlth the organ, ex-
posure to light, interaction type and incubation period. The
three isomers, also differed in their toxicities to Pmg.

:Glyceollin I was almost twice as inhibitory -as glyceodlin I1

and III to mycelial growth in vitro.,An isolate of.- Pmg

‘race 1 (Isolate 1.1) was obtained that was twice as tolerant

to glyceollin I and II1 as rece 1. Evidence was obttained for
variability in morphology, growth, tolerance to glyceollin b 4
and aggressiveness of singie zoospone progeny of race 1 and
Isolate 1.1, that may be aocounted for by cytoplaamic,
factors. : ' ' .

From pulse and pulse-chase experiments using L-

V[U14C]-pheny1alanine as.precursor it is concluded that ac-
~ cumulation of higher levels of glyceolli'n I 1in resistant

than in' susceptible Tesponses is 'due to differences in rates

. of biosynthesis.. Rapid metabolism, whic¢h was not

constitutive, was demonstratdd in all intefactiona and

—conttola. This ie conaistent with differences in pheny’i-

alanine ammonia-lyese (PAL) ectivity demonstrated in resie—

‘tant and susceptible. Tesponses. PAL activity also was cprre--

lated with changeﬂ in.glyceollin production and euscep-

. (]
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tibility at elevat;d'temperafu;eé. Pifferential effects of
temperatnre'én growth and glyceollin I sensitivity of'ggg
.. | races were demonstrated also. In some race-cultivar’ combina-'
' " tions reaction types ny be related to the effect of tem-
perature on production and sensitivity tqQ glyceollin‘l.
a model-ds presented-that attempts to accommodate.the
- L physiological data obtained in this study With the requine-
' ,mMents of the "gene- for-gene” relationship of host- pathogen

- v e

interactions. . -
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CHAPTER 1
" INTRODUCTION

, 1.1 Plant Diseases : _
‘ Plant disease can be defined as’any physiologicel or
morpholoéical state that differs from that of a normal or
» healthy plant [Walker, 1957)]. Plant diseases can be caused
by one or a combination of environmental factors e.g.
. deficiency or excess of mineral nutrients, extremes in soil
moisture temperature, light etc.,-or by infection with
parasitic organisms [Halker 1957]L_The degree of change in
the physiology or morphology of a diseased plant is obvious .
'eno can be visualized easily. The external signs or observ-’

_ eble morphologicef chanQes in diseased pilants thet are
'(‘ . characteristic .of a particular disease are termed symptoms.
. - Parasitic organis-soare those whose development and growth
takes plgce in or on-a living organism. Diseese -causing
- parasitic. organisms or parasites are termed pathogens [Day,'
: 1974). Although the term in its broadest eenee may 1nc1u¢e
. . any dieeaseeceueing agent e.g., toxic chemicals, it is #ost
o { commonly applied to viruses, mycoplasma, bacteria, fungi and .
~ - nematodes., Amorig these, “fungi cause the majority of .
diseaeee. Annual grop losses8 in terms. of both yield and
quality due to fungel diaeesee especially under bad weether
. : conditions, are enorpous. - . o ¢
1.1.1 Definitions and Terminology _ A
Considering the number of ppiEI;;ao;_E3§E“ptinfs and *
o - microorgenienl °the nunber,éf economically important
paragitic. dineaeea are limi}lé. Most plant species are npt
S infected by most plant raditic microorganisms. Plant
npocios of xhis kdnd ar terued non-hoet- and the cor-
R , responding nicroorgenisue > -pethﬁyen- The plent speeiee




that are infected by microorganisms’ and develop_cheracteris-
tic diseases are hosts and the microorganisms, pathogens. A
particular plant:species can be a host for one microqrganisd
and a non-host for others. - .
¥ Following infection, plants may fight the attack of an
invading organism and in a majority of cases are successful
in. preventing invasion and disease development. This in-
herent ability of plants to resist attack by microbrgenisms
is termed resistance, the response of the plants to the
microorganisms in such a gituation is a resistance response
and the process by which it is achieved is termed a resis-
tance mechanism. The failure of host plants to fight against
attack by pathogens may result in disease with loss of
. _‘ yield, quality and firally ‘death of plants. The response of
plants to the pathogens jin this case is termed a susceptible -
o ) response and the phenomenon susceptibility The eqpivalent
phenomenon in the pathogen i.e. the ability to penetrate,
establish_add subsequently.grow inside‘the host 1is termed
. pathogenicity. T}fé interaction between host and pathogen
that results in a'su ceptib}e respgnse in the host is termed
a co-patible interaction aqd the interaction that produces a
resistant response is known‘as an inconpetible interaction..

-

T, L.t -

1.2 Resistance . .

. Resistande can be classified intb i) non-host
‘resicstance, ii) host resistahce or cultivar~specific resis-
tance "[Heath, 1981] or race~specific resistance .[Mansfield,
3983] and *race-non-specific or agé-related resistance

. [ﬁansfieid, 1983] or organ4specific resistance {[Graniti, .
1976]. | .- T | ‘

* L - ' Non-host resistance is the response of a non-host to

any non-pathogen of that plant species. The responses may

vary from immune, in which no.macroscopic symptom is ob-

gerved [Day, 1974], to resistant, in which very few plant




cells die following pene:ration,-with very small but observ- ’
ahle flecks of deal tissues. In all these cases non-
pathogens are unsuccessful in_establishing themselves inside
! . the plant. ... '
‘ nost—resistance cultivar-specific resistance or race-
+specific resistance, &s the name implies, is the inherent-g
- ability of individual cultivars of ‘host plants to prevent
attack by °‘specific races of a' ‘pathogen. Resistance is
cultivar-.as well as race-specific. Each pathogenic species
may exist as many different physiologicér races, each of
which can be differentiated on the basis of their interac-
ticns with differential host cultivars [Stakman, 1914]. Dif-
. ferential host cultivars‘are those that carry different-dEm-'
- binations of genes for resistance. Physioiogical races, com-
monly refarred to simply as races, of a pathogenic.species

that are uaable to cause a susceptible response in their

host are termed avirulent races and the phenomenori"

avirulence. On the other hand, races of a pathogenic species

that are successful in causing a disease or a susceptibne

response in the host are termed virulent races and the

’ phenomenon virulence. From the study of flax rust resis-

. tance to Melampsora 1lini Flor .[1956] put forward the
o hypothesis that for each gene conditioning resistance in the *

L . host there is a specific gene for pathogenicity in the

parasite. This hypothesis, later popularly known as the .

\ ' 'gene-for- gene' hypothesis explains most examples of cul- it
tivar or race-specific resistance:'ln most host-pathogen
systems studied; "avirulence is phenotypically dominant over

- virulence and resistance is dominant over susceptihility
[Sidhu, 1975). A host cultivar carrying a gene for resis-
. tance is resistant to those races of a pathogem that carry

. the corresponding dominant gene for' avirulence. .
) Race-non-specific or age-related resisgtance asvthe
name implies is the acquifed ability of the plant with age

4 ) . -
+
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to prevent the attack by any race of a pathogen: while, or-
' gan specific resistance indicates that some orgams in a sus-

ceptible host cultivar may be resistant to a virulent race.

1.3 Resistance Mechanisms _
' Possible resistance mechanism may be separated ‘ into
the following categories: i) physical barr;eré,,fi)
preformed chemical factors and ifij active plant defence
mechanisms. . .

1.3.1 Physical Barriers i
> A waxy cuticle on the sutrface of the epidermis is the
first line of.defence against those microorganisms that do\
not produce cutinase [Dickman and Pa%il, 1986; Kolattukudy
and Koller, 1983] and do not penetrate the epidermis by
.mechanical force. The primary cell-wall impregnated with’
cutin, suberin, fggnin, low molecular Qeight phenolic
-compo%Pds, silicon and calcium m.y be resistant to dograda-
tion by microbial enzymes and play a role in resistance
[Heath, 1986; Riae, 1983]. Arrangement of stompta,.ieaf,ﬁ
hairs, .lenticels and the timing of opening and élosing of,
stomdta are other examples of physical barriers that may
proville resistance to penetration by micro- organisms. Plug- '~
‘'ging of the xylam vessels with tyloses is considered to be:
effective for rp%tricting the spread of pathogens that in-
- habitat vasculék systems [Heath, 1986].
1.3.2 Preformed Chemiesd} Factors
Preformed chemical factors, inhibitory to pathogens,
are chemically diverse and ‘found in a wide range of plant
families [Mansfield, 1983], as for example, the phenolic,
compounds that are present in healthy tissues.‘Following in-
fection phenols are decompartmentalized and oxidised by
phenolase to form more toxic substances that cause inhibi- .
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tion eof spore garmination, germtube growth, mycelial growth
and microbial cell-wall degrading enzymes [Friend, 1981].
For example, prenylated isoflavones e.g., luteone and weigh-
teone of surface wax of lupin leaves [Harborne et al., 1976,
Ingham et al., 1977], phenolic compounds e.g., catechol and
protocatechuic «cid of coloured onion scales [Link et -al.,
—1929, Link and Walker.. 1933) are inhibitory to spore ger¥
mination and/or germtube development.

1.3.3 Active Plant Defences

Active plént defences are the mechanisms or means of
defence against invading microorganiéms that are initiated
by the association of plants with the invading microor-
ganisms [Wood, 1928]. Proposed mechanisms of active plant

«defence that have been studied include i) cellular barriers,

ii) tissue barriers, iii) deposition of silicon, 'iv) ligni-
fication, v) accumulation o. hydroxyproline-rich glyso-
proteins and vi) accumulation of phytoalexins.

1.3.3.1 Cellular Barriers
Cellular barriers include i) cytoplasmic ngregations,
ii) haloes and i{I) papillae [Aist, 1983].

1) Cytoplasmic aggregationé: Masses of cytoplasm that ac-
cumulate at the sites of éttack in quick response to
zoospore cysts or apptressoria are termed eytoplasmic ag-
gregations [Aist, 1983). They are reported to form within 23
seconds 1in ggbbage root hairs in ;esponse‘to zoospore cysts
of Plasmodiophora brassicae [Aist; 1976]}. They are thought
to give rise to intercalated materials in some'cell wdll
haloes and. also to papillae. ‘

ii) Haloes: A circular reégion, surrounding the point of
infection, in which there are changes in ¢ell-wall proper-




. -
ties and affinity for heavy metal stains, is termed a halo.

Earlier studies suggested that haloes are the result of
degradation of cell walls by pathogen enzymes [e.g. McKeen
et al., 1969]. However, subsequent work indicated that
haloes were due to the accumulation of silicon, 1lipid
material and lignins {Heath, 1979; Ride and Pearce, 1979;
Sargent and Gay, 1977] that make the cell walls in the halo
region more resistant to enzymatic degradation by pathogens.

iii) Papillae: A structure, composed of heterogenous
materials, formed following infection between host plas-
mamembrane and host cell wall is termed a papilla [Aist,
1983]. Formation of papillae has been claimed to be as-
sociated with the expression of resistance by inhibiting
penetration, but there. are also Teports 1ndica££ng that

" papillae are penetrated to some extent. For example, when

papilla-formation was inhibited by low speed centrifugation
the penetration efficiency was not increased. However, in
the cytoplésm rich ends of epidermal! cells of centrifuged
tiésues, papillae of enh;nced sizes formed_and were as-
sociated with marked reduction in penbtration effic¢iency
[Waterman et al., 1978].

1.3.3.2 Tissue Barriers
Tissue barriers may be either of the following types
[(Aist, 1983]: i) Wall appositions and ii) Suberized walls.

1) wWall apposition: In response to infection in some host
species massive or!extensivé deposition of electron dense
materials referred;ta by Aist [1983] as wall appositions oc-
cur in many host &8l1s in the infection court as opposed to
cytoplasmic aggregation or papillase formation, which occurs
in a specific site of a single infected cell. In some cases,
a clearcut coincidence of the extent and timing of cell. wall




apposition formation with restriction of pathogen develop-
ment has been observed [Beckman et sl., 1982; Lazarovits and
Higgins, 1976a, 1976b].

ii) Suberized wallis: Suberization of wounds is an important
process to seal-off cut surfaces [Kolattukudy, 1950] by
depositing suberins and, thereby, to protect plants from

possible infectious agents.

1.3.3.3 Depositign of Silicon °

The first report about the role of silicic acid on the
expression of resis¥ance mechanisms ,0f wheat plant to
ngaiage graminis was made by Germar [1935y/who obsgserved
that mildew infection was reduced when wheat plants were
grown in soils supplimented with silicon dioxide [see. Clif-
ford et al., 1985]. Kunoh et al. [197S] qemonstrated for the
firgt time by X-ray microanalysis that silicon accumulated
around penetration pores of Erysiphe gramines hordei on bar-
ley leaves. Heath.and Stumpf [19B6] speculated that the
primary role of silicified walls is to act as a permeability

barrier to prevent signals from the plant reaching the fun-
gus (Uromyces vignae) that are essential for normal growth
of the penetration peg. In addition, silicified walls are
possibly algo permeability barriers for nutrient transport

_into haustorial mother cells of that fungus and act as a

physical_barrie; if the penetration peg reaches the silica
deposits [Ha)thrand Stumpf, 1986]. It is considered that
deposition of silicon confers non-specific resistance
against invading microorganisms[Clifford 23 al., 1985].

1.3.3.4 Lignification

Lignification or deposition of l1ignins in the infected
and éﬁrround;ng tissues is considered to play an important
role in the expression of‘diaease resistance. Many different
kinds of lignins are elaborated from‘fhree'kinds of

S




hydroxyeinnamyl alcohol i.e., i) coniferyl alcohol,
i1) coumaryl ‘alcohol and iii) sinapyl slcohol [Ride, 1983}.
Lignification makes the cell walls resistant to enzymatic
degradation by microorganisms [Ride and Pearce, 1979] and
also to penetration by mechanica)l force. Precursors of 1lig-
) nins e.g., coni'feryl alcohol, aggg:oxiq to fungi

‘'[Hammerschmidt and Kuc, 1982). Rapid 1 ification is as-
sgciated with the expression of cultivar specific resistance
of potatoes [Friend, 1976; Friend et al., 1973], and non-
host resistance of wheat [Ride, '1975]. Enhanced lignifica-
tion was reported also to correlate with the induction of

systemic resistance in cucumber cultivars [Hammerschmidt and
Kuc, 1982]. -

1.3.3.5 Hydroxyproline-rich Glycoproteins
: Hydroxypfoline-rieh glycoproteins (HRGPs) are major
structural components ‘of cell walls. Accumutation of HRGPs
in response to infection 1is correlated with the expressibn
of cultivar specific resistance in a number of host-pathogen
systems [Esquerre-Tugaye et al., 1979; Hammerschmidt et al.,
1984; Showalter et al., 1986). Following infection HRGPs are
reported to increase from 0.5% in control to 5-15% of the
wall [Mazau et a2v71986]. Thq precise role of HRGPs in
plant- defence is not well known, but it 1is suggested
fShowalter et al., 1986] that.i) they provide sites for 1ig-
nification [Whitmore, 1978] and 1i) they act as agglutinins
towards negatively charged pathogens [Leach et al., 1982;
Mellon and Helgeson, 1982; Van Holst and Vance, 1984]. ' '
1.3.3.6 Phytoalexins
Phytoalexins are low molecular weight antimicrobial
compounds that are both synthesized by. and accumulated in
plants after their exposure to microorganisms [Paxton,
1980]. The phytoalexins are non-specific in their to;icitio-
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towards various microorganisms and they are also synthesized
by plants in response to different environmental stresses
and treatment with biotic and abiotic elicitors. Phyto-

‘alexins are considered to play an important role in the ex-

'1980; Mayama et al., 1982].

pression of cultivar specific resistance. The evidence so

“far sccumulated, however, is circumstantial [Tegtmeier and

vanEtten, 1982]. High levels of phytoalexins that rapidly
accumulate in resistant, but not in susceptible reactions,
a é. positively associated with the inhibition of mycelial
growth 6f.avirulent races in many host-pathogen systems
[Hahn et al., 1985; Yoshikawa et al., 1978; Bailey et al.,

In all these active defence mechanisms the formation

"or .accusiulation of defence-related structures or compounds

although associated with resistent responses also occur to a

.lesder degree in susceptible responses. The evidence for the

role of ail these mechanisms in the expression of cultivar

-spec'ifié or host resistance or non-host resistance is

. !

circumstantial. The present study was undertaken to provide
fugther .information on resistance and susceptibility of
soybeans to Phytophthora megasperma f. sp. glycinea and the
role of aodean phytoalexins 4n this host-pathogen
:Lnteraction. / ' !

. Phytophthbra rot of soybeans (Glycine max(L.) Merr.)
csused by’ tho- fungus, Phytophthora megasperma Drechs. f. sp.
glycipea (Hildeb.) Kuan and Erwin was chosen as the model

disease because, 5

N

-1) resistant and susceptiblo react:l.ons of soybesan’ cul-

tivars to 24 Taces of the ptthogen are well defined and
their expression is govomod by a series of genes(Rps) B
[Scwtthonnor 1985] in the host and the -interaction fol-
lows the crassical gene-for-gerre hypothesis  of Flor

.*'[lgm . ,

2) mthoda of inoculation that lumic. tha natural 1nfe¢t:lon

,;'
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'1 4.1 Symptoms

10

process and do not require wounding are available [Ward et
al., 1979; Hahn et al., 1985].

3) Near isogenic 1lines that carry sigéle Rps genes for
resistance are available in which many differences between
genetic backgrounds of host cultivars have been
eliminated.

4) Growing seedlings and disease development are Trela-

. tively less time consuming than in some other systems and

extraction and measurement of phytoalexins from etiolated

plants is fairly routine.

5) The pathogen can be maintained in vitro easily without

loss of virulence’ for a long period of time.

) .

1.4 Phytophthora Rot of Soybean: Sy-pto-s, the Causal Or-
ganism and Disease Cycle, Host Resistance and Accumulation
of Phytoalexins , '

)
¢ "

Phytophthora rot cdan occur at any stage of . growth cf"
the soybean plant. As a pre-emergence damping -off and seed
rotz it causes poor stands of the crop. During the post-
emergence stage, stem and root rots cgree wilting and daath
of - the seedlings. Older plants ara killed more gradually. A
béown girdling rot may extqnd up the stem as- high ‘as "10
nodes before the plant f,thaally wilts and dies
[Schmitthenner, 1985]. After heavy rains, infection éay.oc-
cur also through the leaves and stems [Sinclair, 1982}.

Incorporation of géﬂes (Kps) for resistance into com-
mercial cultivars is conside}ed an 1£portant method of con-
trolling the disease. Plant breeders have evaluated green
seedlings -for resiatance';outinely by inserting mycelium

,into wdunds that are made in the'hypoco€21~below the -

cotyledons [Keeling, 1976]. Inoculation qQf unwounded etio- -
lated hypocotyls [Ward €t al., 1979] or roots [Hahn et sl.,

L3
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1985] with zo00spores suspensions has received a%%ention in
ﬁiochemical studies of resistance because it avoids com-
plications caused by wounding. :

The resistant response, that develops foliowing in-
‘oculation of 6-day o0l1d etiolated hypocotyls with drops of
zoospore suspensions is characterized by restric%ed brown
lesions, approximately the size of the inoculum drops, and
with rapid death of host cells close to the hypocotyl
surface. In thé susceptible response an almost clear or pale

brown water-soaked lesion develops that spreads rapidly
throughout the hypocotyl [Fig. 1.1; Ward, 1984a].

N A
1.4.2 Casual Organisa and Disease Cycle

Phytophi§ora megasperma f. sp. glycinea is a hemi-
biotroph i.e., the virulent race on a suéceptible cultivar

can establish a short compatible period in which no damage
to the host cell is detected, and thereafter it can cause
necrosis and death of the cells [Bailey, 1982). The hyphae
are coenocytic when young. They become ,septate with age.
Branching of hyphae occurs at right anglas. Sporangia are
obpyriform in shape and with inconspicuous papillae. (Fig.
. 1.2). _Zoospores are ovoid, bluntly pointed at one or both
) ends and flattened on the sides. One of their flagella 1is
directed anteriorly and the other, 'four to five times longer
\ than the first, is difected posteriorly. Less frequently
chla@ydospores also océur. They are intercallary, often
acrogenous, irregular or spherical in shape. Spherical ones
are as large. as bagonia [Hilderband, 1959]. Sexual
‘structures, oogonia and antheridia, are formed in this
homothallic fungu:ﬁ Antheridia are mostly paragynoué or oc-
casionally anghiqynops (Schmitthenner, 1985). Meiosis occurs
in ocogonia and antheridia and nuclear fusion of these
ganotlﬁgia-loadé to the development of thick smooth-walled,
didtinctly yellowish diploid oospores [Schmitthenner, 1985;
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Fi
ghe s mptoms of disease development in etiolated
vls of soybean following inoculation with zoos es

Phggoghthora ggas%erma .8p. glycinea. R = Resistant:;







Sinclair, 1982].
The dilease cycle of the fungus is preaonted in Fig.

1.2. The fungus overwinte:g in soil as dormant oospores.
Oospore® are endogenously dJdormant and remain dormant for
variable lengths of. time [Schmitthenner, 1985]. ‘When dor-
mancy is ﬂloken, under favourable %emperature qnd moisture
conditions oospores germinaté-throqgh bither germtubes or
the formation of spbrangia. Sporangia can germinate directly
through germtubes or by the release of biflaqellatd~
zoospores. After a motility period, which may last several
days, zoospores encyét by forming a cell wall. The cysts
germinate by a germtubefisometimes by secondary zooSpores
and rarely by a minature sporangium [Sinclair, 1982).
Chlamydospores, perhaps 1like other Phytophthora spp.
(Ribeiro, 1983), germinate through forﬁipg either germtubes
or sporangia. Germtubes from any of the above structures
form appressoria when they contact host-surfaces e.g. roots,
hypoedtyls, leaves etc. Penetratién pegs or hyphae penetrate
between anticlinal walls of the epidermal cells or directly
through the cuticle ihto.the outer wall of epidermal cells
_ [stossel et al., 1980]. ; '

1.4.3 Resigtance

. Resistance of soybeans to Phytophthora megasperma f.
sp. glycinea is governed by a series of major genes (Rps)
and their respective multiple slleles. So far seven resis-
tance genedg (Rps; - Rpsy), four alleles at Rps; and a few
alleles at Rps3 have been identified [Schmitthenner, 1985].
In addition to resistance that is governed by Rps genes,
field resistance or tolerance in soné susceptible cultivars
has been reported also [Olah and Schmitthenner, 1985].

1.4.4 Soybean Phytoslexins
« The producfion of post-infectional antifungal metabo-

-
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lites by soybean pods in response to infection by Fusarium
sp. was reported first by Uehara [1958]. Klarman'aﬁd Sanford
[1968] obtained the first evidence indicating the soybean
phytoalexin to be a pterocarpan related to phaseollin, a
phytoélexin of beans [Cruickshank and Pefrin, 1963J; Later,
if was chéracterized as 6a-hydroxyphaseollin by Sims et al.
[(1972]). The structure was subsequently revigsed. [Burden and
Bailey, 1975). It was known from gas chromato&raphy that the
soybean phytoalexin occurs in three isomeric forms [Keen et
al., 1971] and these were later referred to as glyceo-'
llins I, II and III [Partridge and Keen, 19771. In addition
to these three isomers that are commonly isolated, a fourth
isomer, glyceollin LV and other igoflavbnoids: isoflavones,
.pterocarpans, .coumestans Aéve been reported to aqéumulate
-\éiso‘in smaller amounts either as precursor tb'glyceollin
isomers @®r as soybean phytoalexins (Table 1.1)-. )

, Table 1.1 .
Phytoalexins and related compounds reporteéd to accumulate
folq.owing infection or elicitor treatment of soybean

' organs.

PHYTOALEXIN/RELATED CCMPOUND ORGAN
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Leaves "Fett, 1084
Leaves Ingham et al., 1981
Leaves Fett, 1984 . *

Porter et al.,h1985

4 &
Ootyledons Ingham et al., 1981, ‘
Lyne and Mulheim, 1978 |
Weinstein et al., 1981

Cotyledons Burden and Bailey, 1975
Ingham ot al., 1981
Lyne et al.,1976
. Keen and Horsch, 1972
Callus Keen and Horsch, 1972

Pods Keen and Horech, 1972
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}!ypocotyls Keen and Horsch 1972 -
. Sims et al., 1972
° \ " stossel and Magnolato, 1983
Roots Keen and Horsch, 1972
N Hahn et al.,1985
Leaves  Keen and Kennedey, 1974
Ingham et al.,1981
Glyceollin II - Cotyledms Ingham et al., 1981
Lyne et al.,1976
Leaves Ingham et al., 1981
Hypoootyls Moesta ard%Grisebach, 1981
Steossel and Magn:lato,‘i983
Cotyledons Lyne:and Mulheim, 1978
/} - - r o
Leaves ' . Inghaw et &1.,1981
Hypocotyls Moesta and Gr:fsebach 1981
. © stnssel and Magnolato 1983
Cotyledmg: *Lyne and mmaun,lm
) ‘Cotyledons Ingham et al., 1981
Leaves Ingham et. al., 1981 . -
b
. . . .




o (=)-9-0O-Methylglyceofuran Leaves Ingham et al., 1981

Hypocotyls Keen et al., 1972

Leaves Keen and Kemnedy, 1574
’Fett,1984\

* Roots Porter et al., 1985
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” .
Hypocotyls Keen et al.,b 1972
A0 1
. .
Leaves * Keen and Kermnedy, 1974
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CHAPTER 2

MATERIALS AND METHODS
Thigichapter describes general materials and methods
used throughout this thesis. Each subsequent chapter has a
section for materials and methods specifically used in that
chapter. .

2.1 Host +

»

The cultivars of soybean used, genes(Rps) for
regsistance, responses to Phytophthora megasperma

f.sp.glycinea and sources, arxe presented in téble 2.1. In
most of the experiments the near isogenic 1lines
Harosoy(rps;) and Harosoy 63(Fps;) were used.

2.1.1 Growing of Seedlirys : —
Seeds were sown in vermiculite and soaked overnight in
_ 15-30-15 fertilizer solution (2.5 g/L) ;nd then they were
. . ' ' transferred ¥o growth cabinets. The seedlings were Qrown for
' f days in the dark on a temperature cycle of 7 h at 16°c,
5 h inoreasing at 2.2°C/h, 7 h at 27°C and 5 h decreasing at
2.2°C/h. The plants were fertilized again on the £ifth day
(4.5 -g/L). The seedlings were watered every morning [Ward

et al., 1979]. . '

'2 1.2 Arrange-ent of Seedlings for Inoculation

e ~The 6 day old etiolated seedlings were carefully
- uprooted and washed under running tap waeter so that ver-
-miculite and seed coatd were removed. They were blotted dry’
. ~with'conucotton and arranged horizontally in blasa trays
) (20 loodling:/tray) and heid in place by slotted Plexiglasa
. . \f;brackot-. The roots of the noodlings,were,covered with a

oL . layer of tellucotton sosked in water (Ward et al.,b1979].

4 . . .
< ? A .
s . .
2 ‘ ‘ 21
? ' .

. . .
oy

)

. o T
+ »

N gl ”, G
L G AN S e



|

22

2.2 Pathogen :
Phytophthora megasperma f.sp.glxcinea(ﬂildeb) Kuan and
“Brwin race 1‘[ward and Buzzell, 1983] was used in most of
the experiments. In the later part of the study (Chapter 7
and 8], however, a s%ngle-zoospors isolate (R1.19) derive%
from. race 1 was used. All the races used in various experli-
ments andAtheir interactions with a set of differential cul

‘Table 2.1

Soybean cultivars, their source and genes for resistance
(Rps) and responses to Phytophthora megasperma f.sp.
glycinea races, uséed in. different experiments.

-

- -

Cultivarl Rps gene Response? to Race

1 4 ' 6

Altona Rpsg - R R s

» Corosoy 79 Rps; © R s R

i Harosoy w Rps, . S S s

Harosoy 63 Rps; . R s- S

L-70-6494 ‘ Rps, R R R
PRX8-122-1 = Rps3 © R R R .

Wayne ) ' . S S S

1 A11 cultivars were provided by Dr R.I.Buzzell, Re-
seargh Station, Agriculture Canada, Harrow, Ontario.

2 Responses of etiolated hypocotyls of the soybean,cul-

tivars to zoospores of races 1,"4 and 6 that werJ used

for inoculataion in different experiments were ob-

' tained from Ward and Buzzell, [1983].




tivars of soybeans, are presented in table 2.2.

!
=

2.2.1 Culture Media . - )

The fungus was routinely grown in V8 juice agar medium.
Deionized water EOntaining calcium carbonate and Difco agar
was autoclaved at 15 PSI (121°C) for 10 minutes and then the
volume was adjusted with V8 juice to obtain a final con-
centration of 0.2% calcium carbonate, 1.5% agar and 20% V8
juice [Riberio, 1978]. The mixture was autoclaved at 15 PSI
(121°C) for 25 minutes. In the later part of the éjudy
(€hapter VEI, VIII, ¥X) 26% V8 juice agar instead of 20%
‘was used because production of 'zoospores was_ better in 26%
v8 juice agar than in 20%. , "

5when needed, 2% agar ipg deionized, water (autoclaved as
above)*was used as a medium to elimihate bacterial con-
taminetion from fungal colonies. '
2.2.2 - Culture Methods _ , ‘
2.2.2.1 Cujture ' .- - .

2.2.2.2 Zobspbrq Production

The fungus was grown for 5 days on 20 or 26% ‘v8 Juice
agar in the dark at’25°C and then soaked with sterile dis-
tilled water and - kept - overnight at 18°C. The plates then
were washed with sterile water every 30- 45 minutes for about
6-8 h under room -cond@ltions until sporangia developed and
' relbase of a few zoosporés commenced. The plates were then
incubated overnight in the dark at 189 with sterile dis-
”’g}lled water Just "sufficient enough to cover the mycelium.
The next: mqrning zZOooOspore concentratione were determined
using a hae.gcytometer and suspensione werecadjueted to 10°
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‘rable 2.2 - ' \\_

____Interactions1 with a set of differential soybean cultivars
"~ of phygiological races of Phytophthora megqasperms f.sp.
. glycinea used in different expegiments.

~

] Physiological racé2
Differential : .
CQultivar 7 8 91011 12 13 14 15 .17 18 19 20

Harosoy(Rps;)  C tccceccrcecccsiiIc
San_ga(gglb) 1 I1 I 1CCC]J I ICC
Harosoy 63(Rps;) I BEE 11 c
Mack (Rps)®) I C
Altona (Rpsg) I
PI103091(Rps,9d) I
P1171442 (Rps3) I

Tracy (§E§3E I
Rps; ™)

C = compatible interaction and I = incompatible interaction
; Adapted from Keeling [1982] with a little modification

All races were provided.by Dr R.I.Buzzell, Research Station,
Agriculture Canada, Harrow, Ontario.

Rps genes are presented in parenthesis [Athow, 1984 Athow et al. \
1979]. \
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zoospores/ml for fnoculation purposes.

2.3 Abiotic Elicitor ‘ .

In some of the experiments freshly prepared AgNO3 solu-
tion (10"3 M) was used as .abiotic elicitor either for the
production of glyceollin isomers [Stossel, 1982] or for the
induction of phenylalanine ammonia-lyase activity.

-

2.4 Inoculation of Hypocotyls

. Horizontally arranged etiolated hypocotyls (2.1.2) were
inbculated with 10 ul drops of zoospore suspension, AgNO5
solution or sterile water. fhe drops were put approximately
2 cm below the cotyledons [Ward et al., 1979]. Immediately
following inoculation, glass trays were sealed with plastic
film and ipcubated in the dark at 25°C (in most cases) or at
33°C for various periods.
2.5 Preparation of Glyceollin Isomers

Sbybean seedlings (Harosoy 63) were grown for 8 days
with a daily cycle of 16 h light (approx. 300 nEm'z/s) and
8h dark with maximuum temperature 22.5°C in the 1light and
minimum 16°C in the dark. Cotyledons were removed, wounded
on the dorsal side, inoculated with 25 uml of a zoospore
suspension (105/m1)'of Phytophthora megasperma f.sp.
glycinesa race 1 and incubated in the dark for 48h at 25°C
and 100% R.H: ‘

The cotyledons were extracted with 95% ethanol for 10
min in a water bath (100°C). The extract was filtered
through cheese-cloth and reduced to near dryness under
reduced pressure. The residue was redissolved in- water and
extracted three times with equal volumes of ethyl acetate.
After concentration, the combined extrgcts were applied to a
-'‘column of Sephadex LH 20 (86x2.4 cm 1.d., void volume 138
ml) end eluted with methanol. Fractions (6.9 ml, 20 min)




céntaining glyceoilin were detected by scanning from 190-340
nm and reference to published UV spectra for the glyceollin
isomers.[{Ingham, 1982]. Partial separation .of the. three
isomers was achieved at this stage (elution volumes:
glyceollin I, 517 ml; glycéollin II, 538 ml; glyceollin III,

559. ml) and, accordingly fractions were combined in three
groups and reduced to small volumes.

. Further purification was achieved by high performaﬁcé\”
liquid chromatography (HPLC) (Waters model 510 pugpp model
U6K injector, model 480 variable wavelength detector and
Hewlett Packard, 3390A Integrator) using a semi-preparative
column (eilica Whatman Partisil 10 M9)50 50 cmx0.94cm 1. d )
with 3% or 5% {?opropanol in hexane as the mobile phase.
The glyceollinrisomers were detected by the absorbance at
285 nm. Elut;pn ‘times for isomers I, II and 111 respec-
tively were 52.1-55.8, 59.6-60.9, 65.6-67.0 min with 3%
isopropanol in hexane (flow rate 5ml/min) and 35.3-39.3,
38.8-42.7, 43.5-46.3 min with 5% isopropanol in hexane (flow
- 3 ml/min). Peaks from the individual isomers were cut
and recycled 4-6 times before fractions were collected " and
their UV spectra compared with'published reports [Ingham,
1982; Fig. 2.1]. The separated isomers were then subjected
to preparative thin layer chromatography (TLC; Hhatmah PLKSF
silica gel; benzene:hethanol, 95:8, Rf£=0.35) an&‘detected by
fluoresceﬂce quenching under UV 1light. No compound other
than the glyceollin isomers could be detected on sample
chromatograms sprayed with. H,804: methanol (75:25) and
heated. Silica- gel in bands at Rfs corresponding to glyceoi-
lin isomers was scraped from the plates and eluted with 3%
isopropanol in hexane. Suspended silica was removed by
filtration and centrifugation amnd the solvents were
evaporated under reduced pressure yielding white powders.

1

s . J




Fig. 2.1

Ethanolic UV sgpectra of the soybean phytoalexins,
glyceollin I (A), glyceollin II (B) and
glyceollin III (C).
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2.6 Quantification of Glyceollin Isomers

Quagfification of the glyceollin isomers was based upon
their UV absorbance maxima {286, 285, 287 nm for
glyceollin I, II and IIlI respectively: Ingham, 1982] and
molar extinction coefficents. However, the published extinc-
tion coefficient for glyceollin I, A,gg 'log € = 3.92 [Sims
et al., 1972] was found to be inaccurate. From the evidently
purer material, the value was determined to be 10 800(»286)
in ethanol [Chapter 5].. Determination of the extinction
coefficients for glyceollin II and II1 were in agreement
with published values of 8 700 and 9 400 respectively [Lyne
et al., 19753. . -
» Standard gréphs for concentrations of each of the three
isomers wefﬁ”prepared for HPLC analyses, by injecting known
concentrations of the isomers onto an analytical column
(silica, Whatman Partisil 5, 250x4.6 mm i.d.) with 5%
isopropénol in hexane (flow rate, 1.5%/min) as the mobile
phase. Standard graphs are presented in Appendix I.

2.7 .Determination of Glyceollin Isomers

The lesions developed following inoculation with
zoospores or AgNO3 treatment were excised and -transferred
into test tubes containing 5 ml ethanol (95%). The ethanol
and tissues were then boiled for 2 min, the ethanol. extract
was decanted, combined with two ethanol rinses (2 ml) of the
tissue and reduced to dryness under reduced pressure. The
dried residue was extracted three times with 2 ml of ethyl
acetate and the combined extracts were subjected either
first to TLC or directly to HPLC. The ethyl acetate soluble
fraction was dried and radissolved in 100 ul of ethyl
acetate and together with two 100 ul rinses applied to a TLC
plate (Whatman LKGDF 250 um thick). The plates were
developed in benzene:methanol::95:8 and glyceollin was
detected by fluoroscence quenching under UV 1ight. Silica

I 4




) banﬁs éontaining glyceollin were eluted with ethyl acetate.
After evaporating the ethy) acetate and Tedissolving the
residae in ethanol, glyceollin was determined from its ab-
sorbance at 285 nm’ and the extinction coefficient [Ayer et
al., 197¢]). The tissue remaining in the- test tubes was dried
to constant weight at 65°C. Glyceollin concentrations were
expressed as ug per g frgesh weight. In some . experiments
glyceollin partially purified by TLC method’bas suqucted to
HPLC as follows. .

The glyceollin obtained from TLC or the residue of the
ethyl acetate extract was dissolved in 100-300 ul of ethyl
acetate, centrifuged at 15000 r.p.m. . dn a microcentrifuge
for 3 minuteés. 254§0 xul of the sup“ﬁgtant was used to

separate and gquantitate the glyceollin isomers by«HﬁLC
(Waters model 510 pump, model U6K injector, model 480 vari-
able wavelength ‘detector and Hewlett Packard 3390A,
Integrator) using an 'dnalytical column (silica, Whatman par-

tisil 5,.250x4 6 mm i.d.) with 5% isopropanol in hexane
(flow rate, 1.5ml min 1) as the mobile phase. The isomers
were detected by their absorbance at 285 nm. Retention times
(min) for glyceollin I, II and III were 13:4-13.5, 14.7-14.9
and "16.0-16.1 respectively. They were identified from their
UV spectra by comparison with published feports [Ingham,
1982; Fig.2.1]. Amounts were determined by reference to
standard curves (Appendix I) and expressed as ug glyceollin
isomer/g fresh weight. ~ ' . ‘ T




CHAPTER 3

RESISTANCE, SUSCEPTIBILITY AND ACCUMULATION OF GLYCEOLLINS .
I-III IN SOYBEAN ORGANS INOCULATED WITH Phytophthora

megasperms f.sp. glycinea

3.1 Sumsary = .~

The expressioh of resistance and susceptibility to in-
oculation with zoospores of Phytophthora megasperma f.sp.
glycinea ra;:e 1 was determined in roots, hypocetyls, and
cotyledons of etiolated and green seedlings and in leaves of
soybean c¢vs Harosoy (rps;) and Harosoy 63 (Rps;). Gene-
specific resigstance was demonstrated in all organs tested,
except for cotyledons of etiotated seedlings. In each case

higher concentrations of the glyceollins accumulated in
resistant than 1n‘susceptible reactions; the gdifferential
being greatest in hypocotyls Rnd smallest in roots. The
relative proportions of glygeollin I, II and III varied wi_th
~"the organ, exposure of the seedlings to 1light, the interac-
tion type and the incubation period. ‘Glyceollin I was rela-
tively the most abundant isomer in roots and to a lesser ex-
tent in hypecotyls. Glyceollin II1I was relatively the most
abundant isomer in leaves. Major differences in accumulation
rates were observed in time-course experiments and, after
reaching a maximum, all three isomers decreased in leaves
#nd glyceollin I decreased in hypocotyls, suggesting that
concentrations and hence isomeric proportions were finely
,cpnthrolled by rates of biosynthesis and metabolism.

3.2 Introduction .

Evidence that glyceollin, the pterocarpan phytoalexin -
from soybeans,. occurs in seversl isomeric forms was provided
by Keen et al. {1971) for prepsrations obtained from soybean

31
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hypocotyls inoculated with Phytophthora megasperma f.sp.
glycinea. Subsequently the structures of four isomers
(glyceollin I-IV) were. established by Burden and Bailey
[1975])] and Lyne and co-workers [1976, 1978]. Of these,-
glyceollin IV has been isolated in.minor amocunts only, from
cotyledons treated with CuCl, [Lyne et al., 1978],° and no
evidence that itamay play role in the resistant response has
been pfovided. Glyceollin I-II1 (Fig.- 3:1) are all in-

hibitory to mycelial growth and zoospore germination of
Phytophthora megasperma f.sp. glycinea [Chapter S] and havé
been demonstrated to accumulate in significant amounts in
soybean tissues [Hahn et al.,1985; Ingham, 1982; Kaplan et
al.,1980; Lyne et al.,1976, Moesta and Grisebach, 1981b].
The proportions of the three isomers reported by different
authors have varied considerably. In mycorrhizae or roots
treated with CusSO, [Morandi et al.,1984) or inoculated with
_Phytophthora megasperma f.sp. glycinea [Hahn et al.,1985]),~
giyceollin I predominated. Glyceollin I wes 5150 the main
éomponent in preparations from hypocotyls 1inoculated with
Phytophthora megasgermé f;sp.'glxcinea or treated with AgNO3'
[Moesta and Grisebach, 1981b; Stossel and Magnolato, 1983].
In cotyledons, glyceollin I and III have been reported to
occur in roughly. equal amounts following treatment with
CuCl, [Lyne et al.,1976] but not with- AgNO3 [Stossel and
Magnolato, 1983]. In leaves infiltrated with bacteria or
sodium iodoacetate [Ingham et al., '1981] glyceollin III was
reported to be_the main constituent, Although these reports
éuggest that there are major differences in the ability of
soybean organs to synthesizeithe threse isomers, the pbs-‘
sibility remains that the differences result from a combina-
tion of different experimental conditions and the use of
different eliciting agents. None of these studies has ex-
amined the. rdlationship of the accumulation of - the .three

isomers to resistance and suscoptibility in the host-
w )
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Fig. 3.1
Structures of glyceollins I-III with ring numbering -
< and nomenclature for glyceollin I. ) > .
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pathogen interaction. ]
The development of aoybgan cultivars resistant to

.Phytophthora megasperma f.sp. glycinea and the demonstration

of major genes (Rps,) for resistance have been achieved .
ueiﬁg an assay procedure that involved insertion of mycelium
of the fungus into hypocotyl wounds [for example, Athow and
Lavioletfe, 1982]. This procedure has also been used widely
in studies of=he involvement of glyceollin in the reésis-
tance of soybeans to Phytophthora megasperma f.sp. glycinea
[Keen et 21., 1971; Yoshikawa et al., 1978]. Keen and Horsch
[1972]) concluded that monogenic resistance is expressed only
in hypocotyls and-that other soybean organs are not suitable
for the study of glyceollin production in relation to race
specific resistance. This view was re-examined in this
chapter, and the accumulation of three giyceollin isomers in
roots, hypocotyls, cotyledons_and leaves in compatible and
incompatiple interactions with Phytophthora mggasgerma‘f.sp.
glycinea was studied. ~ ’

3.3 Materials and Methods
3.3.1 Host

‘Soybean cultivars "Harosoy and Harosoy 63 were used in
the present studies. Etiolated seedlings were grown in trays
of vermiculite for 6 days in the dark as described in q?ap-
ter 2.1.1. Greén seedlings were grown similarly but for 8
days and with a daily light period of 16h (300 pEm 2/s).
Unifoliate 1leaves used in the time course study of glyceol-
lin accumulation were obtained from 12-day-old pPlants grown
in a sotl mixture (black mﬁck'peatmoas'sand 15:2¢:1, pas-
turized for 30 min at 100°C) with a daily light period of
15 h (150 nSn‘zls), at ‘80% RH and temperatures of 24°C in
the light and 20°C in the dark.



3.3.2 Pathogen

Phytophthora megasperma f.sp. glycinea race 1 was
grown routinely on V-8 juice agar at 25°C and zoospores were
produced following methods described previocusly in chapter
272.2, and a 10 pl drop of zoospores suspension (105/m1) was
used as inoculum.

[}

3.3.3 Abiotic Elicitor

A freshly prepared sclution of AgNOj (1073 M) was used
as an abiotic elicitor of glycgailin [Stossel, 1982). 1t was
applied to etiolated hypocotyls in 10 ul ‘drops in the ‘'same
way as zooqufe suspensions.

3.3.4 Inoculation of Soybean Organs

‘ For inoculration of hypocotyls, etiolated or green see-
dlings were arranged horizontally in glass tra&a as
described in chapter 2.1.2. - Etiolated hypocotyls were inocu-
lated by placing a 10 ul drop of zoospore s sbension or
AgNO3 solution on the hypocotyl sgrfaée approximatel& 2 cm
below the cotyledons. The green hypocotyls were wounded
(surface wounds, 4 mm long, 0.5 mm deep) at aproximately
2 cm below the cotyledons and inoculated by applying a drop
(10 ul) of zoospore suspension to'the wound. Unwounded green
hypocotyls do not display typical cultivar-race specificity
[ward and Buzzell, 1983].

Seedlings™¥or root inoculation were grbwn from surface
sterilized seeds (6% sodium hypochlorite for 30 s, rinsed
six to 'seven' times with sterile water) in stexilized ver-
miculite and- watered with sterile water. Seedlings were
removed. from the vermiculite and the roots were washed

gently with sterile water, blotted with cellucotton and the
root surface allowed to dry in a stream of ai}..Tho see-
dlings then wbre arranged in trays lined with moist
cellucotton, as for hypocotyls inoculation except that only

v
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/Ehe roOt‘tips were covered and sterile water was used
throughout. In-edietely prior to inoculation,.efsnrfsce
uound as described for green hypocotyls, was made on the
tap root below: the first secondsry root, and then a 10 pl
4xrop of zoospore suspension was applied to the wound.

Cotyledons were removed from the seedlings and placed
abaxial surface doun on moist filter paper in “Petri dishes.
The adaxial surfaces werée wounded to a depth_.of ap-
proxi-atelf:O.S mm by cutting with a metal"cyiinder 3 mm in

- diameter. A drop (10 u1) of zoospore snspension‘was applied
~ to each wound. . :

Unifoliate leavés were deteched from the 8- -day- old

. 'seedlings and placed abaxial surface dewn on moist cellucot-
- . ton on dlase tnays. They were inoculated on the upper sur-
face hyzplacing one drop of zoospore suspension qp each half

. ©of the blade. -
. All inoéhleted or AgNO3-treated organs, except for
° ~ 1eaves  in the - course study below were incubated in the

‘dark at 25°C and 100% RH.
. For’ the study of the time -courgse of -glyceollin .ac-
cumulation in leaves, four unifoliates from 12- -day-0ld see-
dlings were arranged, abaxial side down on wet filter paper
-in Petri dishes (14 cm diameter) and fnoculated on their
adaxial .surfaces with two drops of _zoospore suspension. In-
oculgted leaves were incubated at 100% RH with a deily light
period of 16 h (33 uEm~2/s) at.22. 5=°c and 16°C in the dark.

% : o

pdopted to determine';oth,
_/ the ‘fresh ueight and the ‘after extraction of the
. tissues of the lesions fn. *
., 5 w1 7& 958 ethanol was dis-;

tho total wbigbt of 6ech vis - ' -Y-] re orded.;The

© . .
. - - - , V4 \ . .
. " o . - .
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. . - p .
ti§sue of ten lesions from each organ was excised and im-
mediately dropped into the ethanol in a vial, then the vial
and contents were immediately re-weighed to obtain the freeh
.weight. Parallel control vials, without tissue, were treated -
in the same way to monitor any weight changes due to ethenol

evaporation.
.The ethanol and tissues were then boiled: for 2 min,
/ . the ethanol extract was decanted, combined with #wo ethanol .

rinses (2 ml) of the tissue and reduced tc dryness uhder
reduced pressure. The dried residue was extracted three
times with 2 ml of ethyl acetate and the combined extracts‘
. were subjected either first to TLC (leaf extracts in time-
course experiments) or directly’ to HPLC as described in
chapter 2.7. The tissue remaining, in the vial was dried to-
- constant weight at 65°C and the dry matter conteqx was
N expressed as a percentage of the fresh weight. . - :'7'-:
Glyceollin isomers I, II and III in the ethyl acetate
extracts oOr in ‘the glyceollin mixture obtained after . TLC
were separeted and quantitated .by HPLC as in chapfer 2. 7
using an anlytical column (silica, Whatman. Partdeil s,

" 250x4.6 mm i. d.) with 5% isopropancl in hexane. (1 S ml/min) .

. @as the mobile phase. ) .’ T . ¥ §
.7 3.4 Resuits T TN
. 34.1 Sy-pto-s : S ' o :
i . Race-epecific resistance~1n cv. Harosoy 63 'and éuacep-

tibility in cv. Harosevy was clearly expreeeedg in leaves, .
hypocotyls and roots but not ‘in cotyledons (fﬁble 3.1).
’ Wounded‘cotyledons from ~etiolated Beedlinge were resistant.
o ¢ @ both cultivars (Fig. 3. 2) and wounded grgém cotylédOns' .
. ' were resietant ih cv. Harosoy 63 and qutly registant in cv, — -
] Harosoy (Fig 3.3). e ’
~ - Registance responses were generally characterized by'
dark brown necrotic tissue restricted to the area of contactt

‘ 1
Q . . N




Table 3.1

Reaction type, dry matter content, glyceollin accumulation
* .. and proportions of glyceollin isomers in lesions in soybean
i organs inoculated with Phytophthora ‘megasperma f.sp.

\}

Glyceollins® Proportionsd
Reaction® Dry matter (ug/g fresh of glyceollin
- * Organ . Quitdvar® type content (%) weight) isamers

105+9 - 21.4
1307+179 . 51.1

ve ot

[o 0 o)

:
|
3
&

65+15 1
443313

9
.6

0
N o
5
S
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1
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+ 10 2
2540 8 7
Hatosoy S 3.59+0.1 " 20147 8.7:1:0.6
twpocotyls_ Harosoy 63 R . 4.7539.4 ... 32704419 . = 5.8:1:0.6
B e . Green Harosoy S ;5.06:9.1 , R 98+4 . v.-3.4:_' 0o ’
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| - Fig. 3.2 -~
- The symptoms of disease development in wounded
. , cotyledons of etioclated seedlings of cvs. Harosoy
and Harosoy 63 48 h following inoculation with
i zoospores of Phytophthora megasperma f.sp. glycinea
race 1.
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with the inoculum drop or with the surface of the wound in
the tissues. Susceptible responses .were more varied. In
etiolated hypocotyls of cv. Harosoy, lesions spread rapidly
with extensive water socaking and little discolouration
(Fig.3.4). §preéd of the lesion was similar in green
hypocotyls but wafer soaking was less evident (Fig. 3.5). In
roots, susceptible lesions were brown, but much paler than
resistant lesiqns, and expanded slowly. In susceptible
leaves,light brown lesions with indistinct margirmrs
developed, freguently spreading to cover the entire leaf
(Fig. 3.6). Lesions in leaves commanly were bordered by a
zone (1-2 mm) of pale green or yellow tissue. Where green
cotyledons of cv. Harosoy were susceptible, dark brown,
slowly spreading lesions developed (Fig. 3.3).

3.4.2 Dry Matter Content of Lesion Tissues

The dry matter content after ethanol extraction
(percentage of fresh weight) varied widely among organs,
being highest in cotyledons of etiolated plants and lowest
in hypocotyls and roots of etiolated plants (Table 3.1).
There v;as a major decrease in dry matter content of
cotyledons in plants exposed to light. In hypocotyls and
roots, the dry matter content of tissue from susceptible le-
sions was significantly less than that from resistant
lesions.

e

'

3.4.3 Glyceollin Accumulation and Isomeric Proporfions )
Where resistance and susceptibility were expressed,
glyceollis: accumulated in higher concentrations in resistant
reactions (Table 3.1). Greatest differences occurred in
hypocotyls éand Qmallest differences occurred in roots.

Surprisingly, much lower concentrations were found in roots
of green plants than in roots of etiolated plants.
h The relative proportions of the three isomers of .




Fig. 3.4

The symptoms of disease development in etiolated
hypocotyls of cvs. Harosoy (S = svsceptible) and
Harosoy 63 (R = resistant) 48 h following inocula-
tion with zoospores of Phytophthora megasperma f.sp.
glycinea race 1 and symptoms of necrotic tissues
48 h following treatment with abiotic elicitor of
glyceollin, AgNO; (Harosoy 63 only).

Fig. 3.5
The symptoms of disease development in green
hypocotyls of cvs. Harogsoy (S = susceptible) and
Harosoy 63 (R = resistant) 48 h following wounding
and inoculation with zoospores of Phytophthord

rmegasperma f.sp. glycinea race 1.

-
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Fig. 3.6

The symptoms of disease development in unifoliates
of 8-day-old green seedlings of cvs. Harosoy (S =

susceptible) and Harosoy 63 (R = resistant) 48 h
following inoculation with zoospores of Phytophthora
megasperma f.sp. glycinea.race 1. .







glyceollin at 48 h after inoculation varied with reaction
.-type or cultivar, and organ (Table 3. 1, "Fig. 3.7). -Giyceol-
lin I was predominent in ‘all organs except green cotyleédons
of cv. Harosoy and leaves of both cultivars. In the latter

glyceollin III was the main component ang in green
‘ cotyledons, glyceollih I and IIX occurred in similar amounts.
The propo}tion of glyceollin I to the other isomers varied .
widely,.being'hi;hest in roots, especially in roots of etio-
lated plants where it accumulated alfost to the exclusion of
the other two -isomers. There’was a tendency for the relative
proportion of glyceollin I in the mixture to be lower in the °
organs of greeéen plants than in comparable organs -of etio-.
1ated plants. In organs that developed resistant or suscép-
tible reaction types the proportions pf the three isomers
- were invariably different in each reaction type.

- 3.4.4 Ti-e-courge,cf the Accuﬁuleticn of Glycepllin Isomers

- Y

_“A_ptiolated-hypccotyls and leaves can (1) be inoculated
successfully without the complications of wounding, (2)
develop distinctive resistant and susceptible reactions,'end
(3-yileld primarily glyceollin I and glyceollin III,
respectivelyu FPor these reasons _ they were selected for a
time course study of the aCCumulation of the isomers.
3.4:4.1 Etiolated Hypocdtyls.

_ In the resiatant reaction of cv. Harosoy 63 to dnfec-
tion Phytdphthora gegasperma f. sp. glycinea, glyceollin I
was detected after 8 h and’ had reached a concentration of
600 pg/g fresh weight by 12 h (Fig. 3.8B). In the suscep-
tible reaction of cv.. Harosoy (Fig. 3.8A), glygeollin I did
not reach this concentration at any time and was not
detected until 12 h after inoculation. Maximum levels of
glyceollin I in both interaction types were reached at 48 h,
whereafter they declined Glycedllin II and III were first
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Fig.. 3.7’ .
‘Accumulation of gl{ceollin'I ([O), II (8) and III
(8) in organs of 6- to 8-day-old etiolated (e) or
green (g) seedlings of soybean cultivars Harosoy

(rpsy) and Harosvy 63 (Rps;) 48 h after inoculation
with zoosporés of Phytopkthora megasperma f.sp.

glycinea race 1; H= hypocotyls, R= roots, C=

cotyledons, L= leaves. Data are the means and stand-

. ard errors from three replications with 10 inocu-
lated sites per treatment. No glyceollin was
detected in water treated controls.
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Fig. 3.8°

Time-course of accumulation of glyceollin I (e ), II
.(®) and III (4) in etiolated hypocotyls, of soybean
cultivars Harosoy (rps;) amd Harosoy 63 (Rps;) fol-
lowing inoculation with zoagspores of _ Phytophthora
megasperma f.sp. glycinea race 1 or AgNO5 (10 “y). -
Data axe the means and standard errors fromp two
replications with 10 inoculated sites per treatment.
No glyceollin was detected in water treated

-controls. ‘

!
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détected’at 12 h in thé-resistant reaction of Harosoy 63 and
from about 1B h im the suscéptible reaction of cv. Harosoy.
,Id‘cv.‘Harosoy 63, they continued to accumulate slowly
throughout the course of the experiment (72 h) but changed
littlefin concentration in ‘cv. Harosoy.

Following treatmeﬁt of hypocotyls with AgNOg3 (Fig.
3.4), the pattern of accumulation of the three glyceollin
isomers was similar in both cultivars "(Fig. 3.8C and 3.8D).
In general, it was comparable to that in the resistant reac-
tion G©f cv. Harosoy 63 to Phytophthora megasperma f.sp.
lycinea, except that, unlike the infected tissue, 'there was
no‘degline in accumuylation after 48 h.

3.4.4.2 Leaves
The concentrations of the three glycéollin isomers
were determind in lesions on leaves of cv. Harosoy and cv.
Hardsoy 63 infected with Phytophthora megasperma f.sp.
glycinea at 24 h intervals until 120 h after inoculation
(Fig. 3.9A and 3.9B). Thé concentrations of the isomers were
6etermined also in the zone of 'lighter coloured leaf tissue
bordgringlthe lesions (Fig. 3.8C and 3.8D). Within the first
24 h of inbculation, lesions on leaves were too small to ex-
cise from uninfected tissue with accuracy. Glyceollin III
was the predominent isomer in ‘lesidns in both cultivars and
. in the tissué bordering the lesions. Cncentrations of
_glyceollin I and II were generally similar to each other,
declining from the ihitial concentrations at 24 h in cv!
Harosoy.gn@, ‘after small increases, from maximum at 48 or
‘72 h in cv. Harposoy 63, In the compatible interaction
{Harosoy, Fig. 3.9A and 3.9C), the concantrations of these
two 5somers in the border tissue were generally ‘similar to
those in the 1lesion tipsue,;whereas in the incompatible in-
teraction (Fig. 3.9B 4&nd .9D). concentrations were much
.q}gher~1n the-iésioq tissue than immediately outside. ‘

P




.:Lg. 3.9 *

- Time-course of accumulation of glyceollin I (e )y, I1

(s ) and III (a) in lesions or the tissue bordering

the lesions in laeaves of soybean cultivars Harosoy

. (rps;) and Harosoy 63 (Rps;) following inocuiation

with drops’ of zoospore suspensions of Phytophthora

megasperma f.sp. glycinea race 1. Data are the means

and standard errors from two experiments with 40

-{Haroscy) -or 80 (Harosoy ‘63) inoculated sites per

treatment. NO glyceollin was detected in water
treated controls.
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Glyceollin III declined from the initisl 1levels at
24 h in lesions in the compatible interaction (Fig. 3.9A)
but increased rapidly to a peak at 72 h before declining in
the incompatidble interaction (Fig. 3.9B). In the tissue bor-
de'ring the lesion, glyceollin III increased slowly until
96 h in the compatible interaction (Fig. 3.9C) reaching con-
centrations higher than within the lesion. In the incom-
patible interaction, concentrations of glyceollin III in the
border tissue reached a peak at 48 h (24 h prior to. that
within the lesion) but were much lower than within the
lesion.

3.5 Discussion

Waith the exception of cotyledons of etiolated
seedlings, which were resistant in both cultivars, all or-
gans examined were resiséant to Pnytqphyhora megasperma
£.8p. glycinea race 1 in cv. Harosoy 63 (32§1f and suscep-
tible in cv. Harosoy (rpsl). Thus the Rpsl gene is expressed
iﬂ each of these organs. This is congistent with the con-
clusions of several authors for rootse«pr cotyledons [Hahn et
al., 1985; Keeling, 1976; Lockwood and, Cohen, 1978; Morrison
and Thorne, 1978:; Schmitthenner, 1972] but not with those of
Keen and Horsch'[1972] who considered: that roots, cotyledons
and pods did not express monogenic te;ietanée. In cotyledons
of etiolated seedlings, and also, as réported previously
[Lazarovits at gl.: 1981; Ward and Buzzell, 1983], in mature
or intact green hypocotyl tissues, ather factors presumably
contribute to or duplicate major gene controlled resistance.
" In cotyledons bf etiolated seedlings, one factor may be
their very low moisture content, providing an environment.
unsuitable for growth of the fungus. )

Glyceollin concentrations were higher in resisgtant
roacfion-fthan in susceptible reactions in each of the or-
gans examined exgcept cotyledons of etiolated plants. The

- r

. Rl J’.-

B BTN R R T I, SN+




56

differential varied widely, however, being greatest in
Aypocotyls and smallest in roots of green seedlings. There.
" were also wide differences in the concentrations determined
in different organs. Lowest concentrations were found in
roots, and the concentrations in roots and7coty1edons were

further influenced by the presence or absence of 1light
during growth of the-seedlings.

The activity of glyceollin in vivo is not known but
estimates of fungitoxicity of undefined mixtures to Phytoph- .
thora megasperma f.sé. glycinea in vitro have ranged from
EDgy values of 25 to 100 pg/ml [Chapter 5; Keen et al.,
1971; Lazarovits and Ward,b 1982; Stossel, 1983; Yoshikawa et
al., 1978]. On this basié[ cgncentrations of the_ isomers
combined were sufficient to at least partially restrict
spread of the pathogen in 1lesions in all organs'examined
(Table 3.1). These included susceptible lesions, however, in
which spread of the pathogen was not restricted. Therefore,
either fungitoxicity of glyceollin is much lower. in infected

tissues than in vitro, or mechanisms exist in compatible
interactions, such as localized compartmentalizatinn or me-
tabolism of glyceollin, that reduce the effectiveness of
glyceollin. ,

The relative proportioné of the three glyceollin
isomers varied with the organ analysed,. the presence or ab-

- sence of light during seedling grow}h, the reaction ty537\§\\
and the incubation peridd. In general they conform to those .
{p other published réports: Thus, the almost exclusive f
dominance of glyceollin I in roots confirms a recent report .
by Hahn et al. [1985] for ngtbphthora megasperma -f. sp.
glycinga-infected roots.' In hypocotyls, glyceollin I was
also the most abundant isomer as reportéd by Moesta and
Grisebach [1981b]' and Stossel and Magnolato [1983] although,.
relatively, much more glyceollin II and III accumulated than
in roots. Stossel and Magnolato [1983] also observed, in
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agreement with the present findings, that glyceollin 1 was
the msain component in hypocotyls following treatment with
AgNO; as well as following infection, and further that
proportions were influenced by cultivar and by hypocotyl
age. The production of glyceollin I and III in roughly equal
amounts in green cotyledons is consistent with the early
report of Lyne et al. [1976] for cotyledons treated with
CuCl,. The demonstration that glyceollin II1 is the most
abundant isomer in leaves is consistent with similar find-
ings by Ingham et al. [1981] for leaves infiltrated with
bacteria or sodium bdoaceté%e. In general there appeared to
be a tendency for more glyceollin III to occur in green
tissues whereas glyceollin I predominated in etiolated
tissues. ) _
The results reported here and their overall
similarities with those from other sources, suggest that
each organ has a characteristic pattern of accumulation for
the three isomers. The isomers are believed to arise. from a
commqg;pfécursor, glycinol ([Banks and Dewick, 1983; Zah-
ringer et al., 1979) by prenylation at either the 2-
(glyceollin 1I and fII) or 4-position of the A-ring, fol-
lowed by cyclization (Fig. 3.1, Fig. 7.7). The_organ-type,
reaction-type and light-related differences ié/:ccumulation
of the isomers indicate that both these steps come under in-
dependent control. Differencés in the relative accumulation
of the isomers in compatible and incompatible interactions
suggest that during infection there is differential control
efther of these terminal biosynthetic steps or of subsequent
metabolism of the isomers in the two interactions. .
Evidence that the isomers ma} be differentially meta-
bglised is provided by the time-course of their accumulation
in hypocotyls (Fig. 3.8). In the incompatible interactions,
glyceollin I concentrétioqareached a peak at 48.h and
declined thereafter, whereqa glyceollin II and'III continued
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to accumulate (Fig. 3;88). In leaves all three‘isomers
declined in concentration after reaching a peak. This was
most noticeable for glyceollin III within lesions of the in-
compatible interaction, but similar and earlier decreases in
concentration occurred in the tissue bordérind the 1lesions
(Fig. 3.9B, D). In the compatible interaction in leaves,
highest concentrations occurred at 24 h in the lesions (Fig.
3.9A). In the bofder tissue surrounding these éxpanding
lesions(Fig. 3.90C), the production of glygeollin III :vi-
dently occurred at a fairly constant rate as new tissue was
invaded. Concentrations of the three isomers in the border
tissue 1in the compatible interaction equalled or exceeded
those in the incompatible interaction and, at 24 h, con-
centrations within the lesions did not differ greatly be-
tween the two interactions. This suggests that in leaves,
initially, glyceollin accumulation is similar in both inter-
actions and tpat much of the additional -accumulation in the
incompatible- interaction occurs after the lesion has ceased
to spread.

E]
-




CHAPTER 4

EXPRESSION OF GENE-SPECIFPC AND AGE-RELATED RESISTANCE AND
THE ACCUMULATION OF GLYCEOLLIN IN SOYBEAN LEAVES INFECTED

WITH Phytophthora megasperma f.sp. glycinea

4.1 Summary
Detached leaves of soybean cultivars Harosoy 63

(Rps;) and Harosoy (;251) were inoculated without wounding,
with drops of zoospore suspension of Phytophthora megasperma
f.sp. glycinea, race 1 (avirulent with Rps;). Typically
where leaves were resistant, 1lesions were restricted and
dark brown with sharply defined margins, whereas where
iaaves were susceptible, lesions spread to cover_the entire
blade. Glyceollin accumulated in high concentrations in
restricted lesions. Expression of resistance and suscepi
tibility was influenced by leaf maturity as well as by the
Rps; gene. Immature leaves of both cultivars were
susceptible. When fully eipanded, leaves ‘of ov. Hafosoy ini-
ti’aily were suscetible, those of cv. Harosoy 63 were
resia%anp. As they ed, the leaves of cv. Harosoy became
increasingly :esista::\ifgal Both resistant and susceptible
lésiona deQelopéd on some leaves that were not fully mature.
Age-related resistance aﬁa Rps, -gene mediated resistance
resulted in lesions that were similer in size and colour and
contained comparable amounts of glyceollin. The Rps; gene
‘therefore influenced disease expression for only a part of
the life of the leaf, extending resistance to younger but
not to the youngest leaves. Only during this period can race
specific resigtsénce of leaves be assayed or physiological
differences between race-specific resistant and susceptible
responses assessed. ' ‘

i 4
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4.2 Introduction

Phytophthora rot of soybeans caused by Phytophthora
megasperma f.sp. glycinem has been reported, to develop on
all parts of the soybean plant [Sinclair, 82]. However, it
is primariiy a disease of the roots and hypocotyls. It can
cause both pre. and post-emergence damping off resulting in
rapid death of tﬁe plant and, in older plants, extensive
spreading lesions that aevelop more slowly. [Schmitthenner,
1985]. Resistance to the pathogen is provided by a series of
dominant major (Rps) genes in seven loci with several al-
lelic €orms at two of the loci [Schmitthenner, 1985]. The
phytoalexin, glyceollin, accumulates in infection sites in
resistant plénts and is generally considered to play a role
in l1imiting spread of pathogen [Keen and Yosﬁikawa, 1983].

. Assessment of resistance has been based widely upon a
procedure in which ﬁycelium of the pathogen is inserted into
wounds made in the hypocotyl of young seedlings [Keeling,
1976]. This procedure, because of its simplicity, has been
invaluable in assessing resistant segregants in the develop-
ment of resistant cultivars. However, ewvidence has been
'provided that indicates that the expression of the iden-
tified genes for resisfance may be influenced by enviroﬁﬁ;E:(
tal factors [Ward and Buzzell, 1983]. In addition, non-
specific age-related resistance has been demonstrated in
stems or hypocotyls of "gsusceptible” soybean.plants
[Lazarovits et gl., 1981; Paxton and Chamberlain, 1969;
Stossel et al.,1981; Ward et al., 1981] and race non-
specific tolerance or field resistance governed by a limited
number of genes occurs in some susceptible cultivars (Walker
and Schmitthéaner, 1984].

Relatively few studies have been made of resistance
_in parts of the soybean plant otheér than the hypocotYls and
the results have been 1nconsisteht: Thus, Keen hd& Horgch
([1972] obsgrved a8 clear distinction befween rebistance and




susceptibility only in hypocotyls and not in pods,
. cotyledons. or ‘roots. Other authors, however, have found that
resistant and susceptible responses.can be distinguished
satisfactorily in inoculated roots or cdotyledons [Hahn et
al., 1985; Keeling, 1976; Lockwood and Cohen, 1978; Morrison
and Thorne, 1978; Schmitthenner, 192‘]. Only one report of
1nfact;on g; soybean leaves by ?hytophthora megasperma f.sp.
glycinea is available. Mor [1963] described distinct
limited lesions on leaves of resistant plants and spreading
watersoskell lesions on leaves of susceptible plants. He also
reported that leawes could become infected in the field un-

der favourable weather conditions. Infection of leaves in -

the field and the development of symptoms 1s referred to
also in 8 general description of the-disease [Sinclair,
19827. T

Leaf inoculation would have advantages over other
procedures both in the screening of plants for disease-
resistance and in studieé’of physiological aspects of dis-
ease deveiopment. In the former, many races of theé pathogen’
qguld be assessed oh a Bingle plant, which subseqpently
could be grown to maturity, whereas, in the latter, tﬁe
pathogen would be more accessible both to observation and to
manipulation through- the intercellular spaces of the leaf,
than in roots or stems. ' '

-Glyceollin has been shown to accumulate in soybean
leaves in incompatible interactions with bacteria [Keen and
Kennedy, 1974]1, but there have been no reports of its
production in response to 1noculation with Phytophthora
megasperma f.sp. glycinea. In this chapter resistance and
susceptibitlity and tho production of glycecllin in leaves of
genetically resistant and nusceptible plants 1is‘' examined.
-The results indicate that race specific resistance is
expressed and that this is associatd with glyceollin produc-
) tion but that both are groatly influencnd by maturity of the
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leaves and of the plant.

<

4.3 Materials and Hetlpds ‘
4.3.1 BHost

.Plants of soybean cultivars Harosoy and Harosoy 63
were grown singly in pots (15 ¢m diameter), for 2, 3 or 4
weaks, or in trays (16x24 cm, 20 ggeds per t}ayf for the ex-
periment reported in Table 4.2), for 12, 13 or 14 days, in a
mixture of blackmuck, peat moss and sand (5:2:1), pasturized
for 30 min at 100°C. ‘They were grown in -a growthiroom at 95%
RH with a daily 15 h light period (approx. 150 WEm~2/§ of
photosyntheticall& active radiation). The temperature was
23°C for the light period end .16°C for the dark period.
Plants of 5 weeks of age and older were also examined in
preliminary experiments but the -lower leaves of these plants
.usually were senescent and dropped from the plants.

4. 3 2 Pathogen .

' Phytophthora m_ggsperma f sp. glycinea race 1 was
used throughout It was grown routinely and for the produc-
tion of zoospores on V8-juice agar in Petri dishes at 25°C
in the dark. ‘Zoospore suspensiois (loslml)'were prepared
following the methods described in chapter 2 [2.2.2.2].

4.3.3 Inoculation and Incubation

Leaves were detached from the plants by cutting the
petioles and immédiately ingserting the cut ends into a layer
of wet cellucotton in glass trays, the. leaves themselves
resting'horiiantally on the cellucotton, sasdaxial surface
uppermost. Primary leaves (unifoliates). were inoculated by
placing 4 drops (each 1o’p1) of zoospore suspension on the
leaf surface, the trifoliates were inoculated by placing 1-4
drops of zoospore suspension on each of the three leaflets.
The trays were closed with plastit films and left undis-
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turbed on the laboratory bench under room teémperature and
Iight conditions for 3-4 h before transfer for 44 h-to a
growth cabinet at 100% RH with a daily 16 h light period
(fluordscent lamps; approx. 33 MEm~2/s). The temperature was

22. 5°C in the light and 16°C in the dark. Trays- of leaves .

then were returned to the laboratory for examination and
left under room conditions for a further 72 h when final ob-
servations were made. ) .

Inoculum drops were easily dislnged from the leaf
surfaca during the first five hours following inoculation.
Some 8 on very small leaves coalesced and occasionally
drops ained'suspended on hairs and failed to infect. Data
were recorded only for inoculum drops thét'gave rise to
visible lesions. Measurements‘ﬁeré made of the minimum
dianeters of the 1lesions and reactionq/’bre clagsified as
resiatant (R), a dark brown lesion with little spread, and
susceptibls (§), spreading lesions with much less browning.
Some lesioms were intermediate (If between the two or spread
" slowly frow’;nitially‘restricted‘leélons. ’

4.3.4 Glyceollin Doternination .
For each determgpation tissues .of lesicns from weach
leaf-type were excised, bulked and extracted first in
ethanol and then in ethyl acetate following the methods

‘described in chapter 2.7. Ethyl acetate aoluble -fractions . -

were combined, dried and redissolved’ in 100 ul of ethyl
acotato. From this, 20 ul was anslysed by high performance
1iquid chromatography [Chapter 2.7] using 6% isopropanol in
hexane (flow rate 1.5 ml/min) hg'mobile phase. Retention
times for the glyceollin 1aonafs I, II and III were 9.29,
10.14, 10 82 min respectively. Tbe isomers were quantitated
by roforonoo to standard curves for each of the isomers,
proplrod using publi.hod extinction coefficionts [Lyne et
' al., 197‘ Quptor 5]& The valuol obtained were combined and

..;\
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data’ were presented as glyceollin ug/g ‘fresh weight of in-
fected leaf tissue (Table 4.2).

4.4 Résults
4.4.1 Symptoms ; 7
Lnfection of fully expanded unifoliates and tri-
foliates of Harosoy 63 typically gave rise to small lesions
that spread little from the area of contact with the drop of
ZOOSpore suspension. In the most resistant responses, 48 h
_after ‘fnoculation, these were 2-3 mm in diameter, and dark.
brown with sﬁsrply defined marging (Fig. 3.6). In contrasé.
An leaves of Haxosoy that®were susceptible, typical lesions
were much larger and continued to spread until %he‘entire
leaf or leaflet was cplonized (Fig. 3.6). Thegse lesions were
- brown but 1ess intensely.  so than in the’ resistant response -
and usually their marging were much less clearly definod
Frequently the lesions in susceptible leaves® were surrounded
by a yellow zone that advanced as the lesions spread. Cod-
. ’ .' . spicuous smali lesions developed in both redistant and sug-
: ceptible leavés_byC}é h following inoculation, however, aif-
ferences between resistant and sdsceptiﬁle responses could
not always be distinguished with the unaided eye at this

stage. . -

B} . .
4.4.2 Influence of Leaf and Plant Age on Lesion Developsent
and Reaction Type - .

Spybean plants produce one pair of unifoliate leaves
(leaf 0, Fig. 3.6 and 4. 1) and a series of trifoXiate leaves
(1eaf 1-5, Fig. 4.1 and 4.2). The effect of leaf age.csn be
assessed for leaves 0 arf® 1, which were present on plants of
the three ages (Fig. 4.1). In Harosoy 63, lesions on leaf 1
were significantly smaller in 3-woek-c1d plants than in 2.
week-0l1d plants. There .was also_a trend towards smaller le- f‘\\

. sionq.onsleaf 0 as .the loavdd aged .(Fig. ‘;3)3 There was
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: . Influence of plant and leaf age on lesion sfze in 1eaves
"_ c » of. .oyboans cultivaxs Harosoy and Harosoy 63 ,~ tnoculated

P_hmﬂ%; w f£f.8p. g_lL_inea
cacries that cohd.tt:l.ons '
ific resistance to ra el. Plauts were .2, 3 or
t-wodu ©ol1ld, and accerdingly bDore a pair of uni?bliatas
and '}, 3 or 5 trifoliatés. Lésion diameters were deter-
‘mined after 48 h ((J) and after ¥20 h (1 + & ). The data
. areys the "Seans of two experiments each with two
replications, each _replfication consisted of the leaves of
. A single plant. Standard errors were calculated for the
: ..thdtvidual observations while LSDs were determined after
" .analysing in a cmﬂ::.ly randomized block design con-
. tidorihg .each d:por t as' a nplication.
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Fig. 4.2 '
The symptoms of disease development on leaves (from left,
O to 5 as in Fig. 4.1) of ¢-week-0ld plants of cvs.
Harosoy 63 (A) and Harosoy (B) 120 h. following inocula-
tion with zoospores of Phytophthora megasperma f.sp.

glycinea race 1.

Fig. 4.3
The symptoms of disease. dovolopnent on unifoliates (leaf
0 of Pig. 4.1) of (from left) 2-, 3-and 4-week-0l1d plants -
of cvs. Harosoy 63 (A) end Harosoy (B) 120 h following
inoculation with :oosporo. of xtophthora gggaqurna

!.'p. giycines race 1. / .
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very 1ttle additional tesion-spread in any of the Harosoy 63
leaves after the imitial inqubation for 48 h. In the leaves
of susceptible cv. Harosoy, age caused much greéter aif-
ferences in lesion size. There were significant reductions
in lesion size both on leaf O and leaf 1 in the 3-week-old
plants and further reductions in the 4-week-old plants. In
tue lesions were similar in size and appearance ’

When the spread of lesions afteéer 48 h was examined
(Fig. 4.1, unshadéd_areas) further difference8 due to leaf
age were eyident. Thus in leaves O and 1 of both cultivars
the spread of the lqsions between 48 and 120 h was sig-
nificantly less in the 3-week;old plints than in tbg,;-week-
old plants. The difference in Harosoy leaves was esﬁ%ciarly
notable. Si-ilar'differeﬁées ocqurred in leaves 2 and 3.

The effect of'planf age an -leaf susceptibility can’

" also be evaluated in this experiment. For exampléh the
‘youngest ;:avos in each of the plant age-groupg are at the

same stage of development, that is they are of the same age

" . although the plant gges are different (Fig. 4.1). Leaf 1 on

" the 2-week-old plants, leaf 3 on thé 3-week-old plants and

leaf 5 on the 4-week-old plants can be compared therefore
from this viewpoint. Lesion sizes on these leaves after 48 h
wers similsr and were not affected by ‘plant age in either of

.the cultivars oxcoﬁt in Harosoy between the 2-and 3-week-014d

plants. Similar comparisions between other leaves at tha
_same -tagi'of development lead tp similar conclusions (e.g.
loaf 0.on 2-week-01d plants,. lesf 2 on 3-week-014 plantn and
leaf 4 on 4-week-0ld plants, etc.). However, there were dif-
farenses related to plant age in the extent to which lesjons
spresd pfter the initial 48 h incubetion period. The amount




of spread significantly decreased with age.

Presumably because of the effects of leaf age on le-
sion eize{ therg¢ was an overall trend in lesion size within
each plant that was wYelated to leaf position (Fig. 4.1).
.Thus the largest lesions in plants of. bofh cultivere
developed in the uppermost or youngest leeaeves end the smal-
lest .lesions developed in the 1lowest or oldest leevee of
each plant. .

Data presented in Fig. 4.1 are for fully expanded
leaves. However, it was observed also that newly emexrging
trifoliates were eusceptible in both:cultivars. In each
caltivar, immgture trifoliates developed pale brown spread-
ing lesions and entire leaflets were colonized rapidly (Fig.
4.4). Thue, almost all lesions that developed following in-
oculation\of the unfolding first trifoliatee of 12-day-old
Harosoy 63 plante were of the eusceptible reectioh type
(Table 4. 1) Such leaves repidly developed resistance,
however, for 1n 14 dey-old plants 1ee;ons were,K much swmaller
and a mejority were of intermediate or resistant reaction

types. Comparable changes did not occur 16'the fully .

developed unifoliates of the same plants, although lesions
on the unifoliates of 12-day-o0ld plants tended to be larger

than on the unifolietes of 13- and 14-day-old plants. ‘It was .

‘of 1nter;§t that leeione of opposite and intermediate
reaction-type could Hevelop on the same leaf, both here, on

~

the expandirg trifoliates of Harosoy ' 63 (Table 4. 1) end.'

also, on the ageing leaves of Herosoy/l@ebie 4.2, Fig. 4.2?.

Al

4. 4.3 nccu-ulntion of Glyceol}in

In general glyceollin co .ptretions 1n lesions were
correlated with the degree‘of/reeietance expressed. (Table
4. 2) On leaves whers all lesions were eusceptible, for ex-
enple in 13-day-01d Harosoy plants, concentrations were~very

low, whereas where all lesions were r‘eiltant for exeqple .

-~
.

~




Fig. 4.4 . .
The symptoms of disease develUpment on leaves (from left,
0, 1 and 2) of 2-week-0ld plants of cvs. Harosoy 63 (A)
and Harosoy (B) 120 h following inoculation with zoos- -

pores of Ph
Note suscept
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ytophthora megasperma f.sp. glycinea race 1.

tibility

of the youngast trifoliates of the
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_in 2l1-day-old Har&aoy 63 planfs, concentrations were very.
,Qigh.'ﬂhere reaction types were mixed, t@e determined con-
centrations were intermediate, frequently with large stand-
ard errors. With resbect to leaf age and position, the
* glyceollin concentrations reflect the differences in suscep-
tibility observed in the previcus experiments. ‘

Table 4.1

~
<

Influence of plant age on reaction type and lesion size
following inoculation of detathed leaves of soybean

cultivar Rarosoy 63% with zoospores .of __xtoPhthora

v . | megasperma f.sp. glxcinea Tr3ce
- Uhiﬂniabi'lesnrs ‘ Trifoliate lésions
) Rsaﬂﬁon'anﬁ ] Reaﬁdon'QmsP
Plant age Mean diam® Range Mean diam® Range
(days) R I S . (mm) (mm) R I S (mm) (mm)

12f 146 4 0 1a+1o 10S11 \ (2 7 94 8.1:0.3 2.0-20
13 135 0 0 1a+01 0.5-3.0 53 37 50.4.740.2 0.5-10

,14. 134 o; 0 1.7+40.1 0.5-3.5 110 25 21 3.3+0.3 1.0- 8

H&n::u'ascunziea'uunggh.gaﬁafbr:mnﬁsﬂrma-ho::na 1.
D pata from two
C Plants 12-14 days old have ‘one pair of unifoliatés end a single
. partuniy'qqumdad1:iﬁnhunn
. mtypomwmwhimhﬁmasmistam (R),
* - restricted bxown lesion; susceptible (S) spreading lesion;. inter-
mediate (I) lesion. Nulnrs:mﬁurto]nah:nscfcunh'Qan
tlinl\dianuunrand:shlthmd|unxzulcahxuatad from all lesions.
-~ Following inoculation, ¢In:chad:uuwas|nzn tmaﬁxﬂndnxxkn‘a 16 h
light, 8 h dark, qrﬂn

.
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Table 4.2

.0

Influence of leaf.position, plant ade on reaction type ard

glyceollin accumulation follpwing inoculation of detached

soybe’n leaves with zoospores of P thora megasperma
£. sp., glycinea, race

~ .
Harosoy Harosoy 63
Reaction Glyceollin® ~ Reaction Glyoeollind
type®  (ug/g fresh wt) type®  (ug/g fresh wt)

(days) Position”R I S R I S
—13° 0 0 1 13 1084r 286 14 0 0 46547 493
1 0O 0 14 835 1 5 4° 8 400+ 261
21 O 13 0 O 373%+310 .14 O O  3906+139
1 2 0 0 3747+753 15 0 0  3602+1136
2 8° 4 12 23185176 17 0 O  38l1% 533
3 13 0 12 1937%1384 13 6 O 3790+ 233

‘W&mﬂnm for resistance to race 1.

typasfm‘irﬂivimailesimsmm(a)mm
lesicri, susceptible (S) adingleaim and intermediste ()
lesions.

&nofmtmmfa'ﬁmglyoaoumim

Following inoculation, det&d’ﬂdleavasm#nwwamrx
light, 8 h dark, cycle.

o O

-t %
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The accumulation™ of glyceollin was evidently ralated
primarily to the reaction type and not to the cultivar. When
all’ lesions sere completely resistant as in leaves 0O and 1
of 21-day-o0ld plants concentrations of glyceollin were vir-
tually the same in beth cultivars.

~

4.5 Discussion .

/ The results repcrted;confirm the early work of Morgan
[1963] that leaves of soybean are susceptible to infection
by Phytophthor megasperma f. sp. glycinea. They also
demonstratestnI éie Rps; gene carried by Harosoy 63 is

expressed in leaves, but that .race specific differences in

resistance and susceptibility can be complicated- by age-
related factors. For' physiological- studies of major gene.
résistance or for the development of assays for the selec-
tion of resis%ant plants, compareble leaves of specific age
would be redqired. For example, the unifollates_(leaf 0)
from 2—week-plq piants satisfactcrily differentiated resis-
tance and susceptibility whereas the same leaves from 3-
week-old -or older 'plants did not, due to age-releted non-
specific resistance. ' .
The increase in resistance in leaves as they age is
comparable-to similar changes in response reported in stems
and hypocotyls of soybeans [Lazarovits et al., 1981; Paxton
and Chamberlain, 1969; Stossel et al.,” 1981; Ward et al.,
1981). Whatever the basis for‘age-related ,increases in
resistance in the two tissues, it appeares that Phytophthora
megasperma f. -8p. glxcinea has & preference for young
tissues. In hypocotyl. infections, it rapidly kills plants
causing pre- and post-emergence damping off Iw clder sug-

~ceptibdble plants the pathogen spreads much more slowly

ptoduoing extensive b;own 1esions. ;O
Glyceollin production has not been reported previously
in ;oybpan leaves following infection by Phytophthora

-
’ - N » :
%

-
3
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megagperna £.9p. glxcinea, although g}yceollin has been
reported to accumulate to relatively low concentratiors fol-.
:«-Q&oy;ng infection witﬂ'nacteria [Fett, 1984; Keen and
Kennedy, 1974]). ~ : N ‘ .

In the preseat study, high levels of glyceollin were -
invariably associ%tbd with resistant responées, although the
differential betwden levels in resistant and susceptible

responses was not, as well defined as, for example, in

hypocotyls [Ward and Buzzell, 1983; Ward and Lazarovits,

. 1982}. Some of sthe inconsistencies arise because i{n some

combinations mixed responses developed !h-whicn lesion both:

of resistant and susceptible type were present on the éan

leaf” (Fig. 4.2). The total glyceollin value then obscures

the probability that in such mixtures indjvidual lesions of

-» susceptible type may ‘have low glyceollin values and those of

the resistant. type, high values. The development of both

- resistant and susceptible reactions on the same leaf sug-

gests that a critical balance between tendencies towards

o resistance and’éusbqbtipility'exiéts. Presumably, 1local

' variations in leaf characteristics account for such

4 diffarences. As these differences evidently dupiicate on a

. 16cal basis. the effect of introducing an Rps gene for

reélstance,'these genes also may condition resiatance by in-

S on wtroducing minor changes that serve to tip the balance in the
intéraction towards resistance. I

. It is evident that as individual léaves dovelop they

. 'pégs from_a stage of conplete auaceptibi{ity to one 25

resigtance that 1s independent of race specific resistance.

Inporporgtion'éf the Rps; gene into the Harosoy genowe is

‘. oritica) for resistance to race 1 of Phytophthora megasperma

- ' f.sp. glycinea for a limited period of leaf development

' only, ‘for 1t is ineffective in very young leaves and is

. dupligated by age-related resistance as ths leaves mature.

' ,Pogsibly the two forms of resistance supploaont oigh other:

, ’ - .
A , . . * -~
. P

-

.. 3 : : R—




.0-

the solely age-relatéd resistant lesions in Harosoy leaves
had a tendency to spread as, to a lesser extent, did the_le-
sions on young Harosoy 63 leaves in which age-related ef-_
‘fects had not developed. Age-related resistant lesions and
S race-specific registart lesions could not be distinguished
from eacht other visually and Phe production of .glyceollin in
comparable lesions of either type was also geheraily
similar. Thus, as in examples from studies in hypocotyls
',[Lazarovits et dl 1981; Stossel et al., 1981; Ward and
Buzzell, 1983; Ward et al., 1981], the Rps genes for resis-
tance are not esaential for glyceollin prbduction. The lat-
ter evideﬁ%ly is a’ characteristic of a general biochemical’
response of the plant that occurs non-specifiéally and which

“_may be influenced also by competition for precursors [Kimpel

and Kosﬁge, 1985) and differential rates of glyceollin meta-
bolism [Yoshikawa et 'al., 1979; Chapter 7]. Introduction of
" the Rps, gene extends this response to younger tissues,
prosumably eithor by recognising some unique feature of the
pathogen not recognised by the slightly older tissue
interfering with the pathogen's ability to induce scep-
tibility in the young tissue and hence .allod#ing the basic
regsistance dechanign of the plant to prevail.

o ."Because of the range of responses that can be

)

obtained, 1leaves should provide a useful vehicle for the
study ot* mechanisws of resistance and suscopt;bility of

soyboans to Phytophthora _gg;gperma f. sp q xcinea.




. CHAPZER 5 ' ’ _ .
_ i o e '
DIFFERENTIAL SENSIYIVITY OF Phytophthors megasperms f.sp.
- glycinea ISOLATES T0 GLYCEOLLIN ISOMERS

5.1 Summary | : N

' Glyceollin 1somers I, I! and IIl were axtr&ctad from
soybean cotyledons (cv‘ Harosoy 63) inoculated with' Phytoph-
thora megasperma .f.sp. glycinea race 1 and separated‘ and _
purified by column, high performance and thin layer
chromat aphy and quantitateci by sﬁéct;ophotonotry‘. The ex-
tinctigrcoefficient of glyceollin I was 10800, that of
glyceollin II and 1II conformed to .published values.
Glyceollin I (EDgq approx. 33 ug/ml) was almost twive as in-
hibitory as glyceollip II and III to growth of Phytophthors
megagperme £ ' gl'y_cine race 1 on V8 juice agar. All- thrée
isomers were less active in ‘'soybean hypocot;l extract agar.
Glyceollin II1 (EDgg 7 ug/ml) was ‘the most active against,
zoospore germination, and caused zc}osgoxes to burat. 5050
values for glyceollin I and -III were 12.2 and 13 9 ug/ml
respectively. Thfee isolates (1.1, 12, 1.3) were obtainod
from sectors in colonies on agar me&i,un anendeﬁ with
glyceollin I, II or IIl tospectively. Isolates 1.1 arid 1.3
grew more rapidly on nediuu ‘amended with glyceolun I, IU,

"p‘ or 8 natural glycoonin mixturo thah ¢id wild type " hxtom

; megasperma f.sp. glycinea race 1. M1 isolates and
wild type had Bimilar growth rates on modiu- amended with

glyceollin II. The isolates did not 1ou thoir toleunco
when grown on control medium ang
* . controlled variants. Tolerance
cruu the agressiveness of .t'ho.i

re presumably gmticnuy
&ycoolun did not 1¥
ateg on ‘soybgans.

' ‘ , e . ) . ‘ \
5. 2 ,Imtim ' ©
". In‘a masjority of Qtud:l.u of the r‘ﬁo of phytoalos!m‘
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“in the interaétion b@fsqybeans_w;th Phytophthora megasperma
f.sp. glycinea the three major glyceollin isomers have been
treated as a sindie compound, collectively referredl to as

°glycn0111n. Most reparted determinations of fungifoxicity
hdve been based on undefined mixtures of the isomers
[Lazarovits and wérd,1982: Stossel, 1983; Yoshikawa et al.,
1978]. However, the proportion of thg three isomers in the
glyceollin mixtures extracted from infected tissueé vary

- widely [Banks and Dewick, 1983; Ingham et al.;1981; Lyne et

al., 1976; Moesta and Grisebach, 1981; Moesta et al., 1982;
Stossel, 1983; Stossel and Magnolato, 1983; Chapter 3] and .
should the isomers differ in fungitoxicity the level of -in-
hibition of mixtures of glyceollin both in vitro and in in-
fected tissues will presumably reflect the isomeric
composition.

Difficulties intébtaining the individual iéomers in
sufficient queantity and purity restrict . the assessment of
fungitoxicity. Only one undécumented report of their fun-
gitoxicity has-appeared [Lyne et al., 1976], although
glyceollin III has been reported to be more toxic than the
other isomers to the nematbde Meloidogyne incognita [Kaplan
et al., 1980]. Sufficient amounts of the purified 1somars
were obtained in the present study for limited testing. Con-
trary to the earlier report, the results indicate that theé
isomers differ in toxicity to Phytophthora megasperma f.sp.
glycinea. Isolates of Phytophthora megasperma f.sp. glycinea
that differed froh the parent culture in glyceollin sen-

sitivity were also examined:

5.3 Materials and Methods
5.3.1 Preparation of Glyceollin Isomers

Glyceollin isomers I,I1 and I1I were extracted from
Phytophthora megasperma f.sp. glycinea race 1 infected
cotyleaons of green- plants and purified following the




80

’,

methods described in cﬁapter 2.5. In addition to glyceollin
isomers, a naturaf glyceocllin mixture(M) was obtained from
6-day-0l1d etiolated soybean hypocotyls (cv. Harosoy 63) in-
oculated with zoospores of Phytophthora megasperma f.sp.
glycinea race 1, by pfocedures described in chapter 2.5 with
Sslight modifications.The eluent from the Sephadex LH 20

column containing the glyceollin isomers was subjected
directly to preparative TLC. The proportions of isomers in
this mixture was found by HPLC to be 7.5:1:1.3 for
glyceollin I, II and III respectively.

5.5.2 Quantification of Glyceollin Isomers

Glyceollin isomers were quantified on the basis of
their UV absorbancé maxima and their extinction coefficients
following the methods described in chapter 2.6. The pub-
_lished extinction coefficient for glyceollin I, Ajg5 logf =
3.92 [Sims et al., 1972] was found to be inaccurate. From
the evidently purer material, the value was detemined to ‘be
10 800 (Agg) in ethanol, and this value is consistant:with
the extinction coefficient of 10 300 (Nygg5) reported by
Ayers et al. [1976] for a mixture of the three isomers and,
theiefore, used in the present study. The extinction coeffi-
cients for glyceollins II and 111 were those reported by
Lyne et al. [1976]. The g1y<eollin mixture (M) was quan-
‘tified using the UV absorbance maximum (285 nm) and the ex-
tinction coefficient 10 300 (hzes) reported by Ayers et al.
[1976].

5.3.3 Bioassayé

All bioassays were performed with Phytophthura
megasperma f.sp. glycinea race 1 or isolates thereof. stoék
cultufeg were maintained on VB'juice agar at 250¢ and proce-

-

dures for obtaining zoospores were as described in chapter 2

{2.2.2.2).
«
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5.3.3.1 Media

Radial growth assays were performed with 10%
clarified V8 juice agar (agar 1.5%) or soybean hypocotyl BX?.
tract agar. The latter was prepared from 100 g hypocotyls
from 6-day-old etiolated soybean seedlings in 500 ml dis-
tilled water, autoclaved for L5 min at 121°C . The extract
was filtered through cheesé-cloth, madé upto 1 litre with
distilled water containing ‘15 g agar and re-autoclaved.

5.3.3.2 Preparation of Assay Media .

Glyceollin was incorporated into the assay media to
give a concentration range from 0-200 ug/ml as follows.
Measured concentrations of individual and mixed glyceollin
isomers in ethanol were dispensed into 5 ml test tubés‘and
the ethanol gently evaporated on a waterbath (50°C) (Fig.
5.1). Equal volumes of 67% ethandl (20 ul) were dispensed
-into each tube (including tﬁ; controls) to dissolve the
glyceollin and to ensure that the finai concentration of
ethanol in the medium was the same (1.78%) in all
treatménts. In unbublished experiments [Ward, unpubliéﬁed],
ethanol.was inhibitory to Phytophthora megasperma f.sp.
glycinea at concentrations above 2 per cent.

For the agar media, 0.75 ml molten ¥edium (approx.
65°C) was added to each tube and, after vortexing to ensure
thorough mixing, transferred to plastic Petri dishes (35 mm
diameter) on a slide warmer. The medium Wwas distributea

evenly and the plates were closed and immediately trans-
ferred to glass tra;s lined with moist celluﬁotton and
sealed with plastic film to prevent desiccation of .the thin,
‘sgar layer. .

?

5.3.3.3 Inoculation of Assay Media > '

Except in the studies of glyceollin tolerance and ‘one
. { . '

"




Fig 5‘ 1 , ~
Plate showing the arrangements for s preparation of
assay ‘media.







other experiment, as indicefea below, inoculum for radial
) growth assays consisted of 5 mm diameter plugs cut from the

periphery of tlie colonies grown on 15 ml VB8 juice agar in S

cm diameter Petri dishes. Inoculum in the tolerance experi-

ments was obtained similarly, but from-coionies on 0.75 ml

10% clarified V8 juice agar (either with or without glyceol-

lin 75 ug/ml) in 35 mm diameter Pefri dishes. Inoculated
. plates were incubated at 25°C and 100% RH in the dark.

5.3.3.¢ RadialGrowthstudy s

. For . each concentration of the glyceoklin isomers or
mixture, two similar but replicate series-of plates were set

up 1in each experiment To elimfhate inoculum effects and

- T compernsate for the time required to comblete indbulation for

one esperiment an initial measurement -of colony diameter

was made epproximately 16~ h following inoculation and a

° . second measurement exactly 24 h fbllowing fhe first. The
average growth- for - the two replicates for the 24 h period
was used to prepdre a dose response curve and to calcuiate
EDggy values. For the glyceollin isomers ,bhe EDgy values

\from .three different experiments in V8 juice agar were ana-
lysed statistically, considerihg each experiment as an in-
dividual block or replicate. Results for two esdditional ex-

periments in which giyceollin M was included were analysedm
similarly. In experimegts on the tolerance to the glyceollin
isomers, colony diameter was measured at ‘intervals as indi-

cated below and data were analysed in a split-plot design.
[Little and Hills, 1978], with isolates in the main plots

K . and glyceollin isomers in the subplots: 4

0y Y.

-

5.3.3.5 32o00epore Germination .
' The glyceollin isdmers and the glyceollin mixture
) ﬁe:e.aeseyed ovor'fhe conoontretion range 0-40 né)m}‘(s .
Mg/ml increments). Etﬁahol solutions were dispensed into

LI
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small test tubee and the ethanol was removed under Ny at 30-

.35%c. To each tube, including the control (no glyceollin),

40 pl 20%. ethanol was -added to dissolve the glyceollin and
then, successively, 230 nl sterilized clarified V8 juice
(diluted 1:4 with water) and 230 pl zoospore suspension
«105/m1) vortexing briefly after each addition. From eachH

~ tube, three drops (15 ul each) were transferred to a micro- -

scope slide and incubated in covered giasa trays at 100%
R.H. for 3 hours; by which-time germination in controls was
>90%. For each treatment, 100 zoospores- were courrted and the
percentage germination recorded Dosage response curves for
percentage inhibition were’ prepared and EDgq and EDgg values
determined The experiment was repeated three times.

5.3.4 Inocuiation of Soybean nypoootyis~

Seven-day-old etiolated seedlings of soybean cul-
tivars Harosoy (susceptible to Phytogpthora megasperma £. ep.
glycinea race 1y ﬁrd Harosdy 63 (resistant to Phytophthora'
megagperma f.sp. glycinea race 1) were held horizontally in
glass trays and inoculated -with a 10 ul drop of_ a zoospore
suspension placed on-the unwounded hypocotyl surface, about
2 cm below the cotyledons [Chapter 2.1.2 and.2 4]. ﬁoat
responses were .recorded after 48 h-incubatien at 250c in the
dark,aé resistant (R; restricted“brown'lesions,beneath_the

"inoculum drop); intermediate (Rs; a brown lesion but-with

considerably mOre spread than a’ reeistant lesion). or suacep-‘
tible (S, spreeding, waterbsoaked lesion) [qud.and Buzzell}
1983]. Data for lesion lengths’ are baaed on. meaeurementa of

lesions on 30 ﬁypocotyls :
. ' | I ,
5.4 Resuits. ', . - , . )
5.4.1 Radial Growth Asswys. .
. Glycoollin 1 ‘BDSO 32 34 pg/ml) waa almost twice as

toxic to radial growth on valju4ce agar .as Neither glgqeok




lin II.or III (Table 5?1}. The mixed g;yceollin (M), rich in,
glyceollin I, had activity similar to glyceollin I alone.
All three isoqers were much less toxic in soybean axtréct
agar (Tabla 5.1). The source of the inoculum plug also af- ~
fected the apparent toxicity (Tah¥e 5.2).

5.4.2 Zoospore Germination Assays
‘ Zoospore germination was much more sensitive to the -
glyceollin isome.s than myceliaII growth (Table S5.3).
Glyceollin II was the most toxic (EDggy 7 ug/ml), followed by,
glyceollin I (EDgy 12.2 ug/ml) and glyceollin III (EDgg 13.9
pg/ml).'Thé EDgg value for glyceollin M was similar to that

for glyceollin I. The EDgq values followed the same trend,—~—
altﬁough differences in toxicity between th& isomers were .
less. Giycqollin II caused a majority Sf non;germinated
zoospores to burst. - '

A

5.4.3 1Isolation of Glyceollin Tolerant Types-
. The morpholecgy of colonies growing . slowly at high
concentrations: (150 pg/mf) of the glyceollin isomers was
frequently irregular (Fig. 5.2). After proionged incubation,
fan4shaped sectors, evidently arising from single hyphae,
occasionally extended from the main body of the colony. A
reprasentative isolate was taken from a sectér developing :in
response to each of the glyéeollin isomers and maintained on
half strength clarified V8 juice agar supplemented with 75
Rng /nl‘ot the corresponding isomer. The isolates were .
. designated, according to the isocmter in the medium from which
, they were obtained, isolate 1.1, 1.2 and 1.3. Growth rates
. for the isolates and the original Phytophthora megasperma
f.sp. glycinea race 1 (wild type,N) were similar on regular
g ., V8 juice agar, but on 10% clarified V8 juice they differsd
: significantly. Thus, 24 h diameter growth rates in mm were:
Isolate 1.1, 10.4#0.4; Isolate 1.2, 13.1#0.4; Isolate 1.3, -
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Table 5.1

Irhibition of radial growth of mycelium of Phytophthora
- megasperma f.sp. glycinea race 1 by glyceollin isomers I,I1I
) and III and by a natural glyceollin mixture(M)

i EDgg(pg m1~})- i

T control —-
Medium growth(mm)?2 I II 111 M
v8 juice 5.5+0.2 34.4° 61.6 53.0
agar 5.2+0.3 31.8€ 52.1 50.3 34.5
Soybean 7.0+0.2 70.09  117.5 90.0
hypocotyl
agar o7 . =

@radial growth in a 24 h period in unamended media.
OFrom -three experiments, LSD(P=0.05)=12.2. '
- Prom two experiments,LSD(P=0.05)=4.4.

9eram a single experiment. ’

‘Table 5.2
Influence of inoculum source on inhibition of mycelial

growth of Phytophthora megasperma f.sp. glycinea by
glyceollin isomers I, II and I1I

Inhibition of radial groyth (%)

3

Indculum® i I “T1T ]
A 68.8+2.5 56.1+3.7 60.0+1.8 !

» . X . . .
B . 85.8+0.9 65.1+1.4 66.3+1.7




Table 5.3 .

Inhibition of zcospore germination of Phytophthora
megasperma f.sp. glycinea race 1 by glyceollin isomers I, -
II,III and a natural glyceollin mixture(M):;values are ug/ml
\

I II III M

EDgq 12.2+2.3%2  7.0+1.0  13.9+1.0 12.3+2.3 p~

EDgg 16.6+0.9 13.9+1.9 18.3+0.5 14.7+1.7

“~ ~,

%vgermination of controls was 94.4+2.3. .

Data are means and standard errors from two experi-
ments. , . . . .

Table 5.4

Variation in mycelial growth of Isolates 1.1,1.2,1.32 and
race 1-W of Phytophthora megasperma f.sp. glycinea as aff-
fected by glyceollin I,II,III or a natural glyceollin mix-
ture(M) during various incubation periods, randomized in a
split-plot design

~»

Mean sum of squares Exrror
Incubation Grand mean

Period(h) (Growth mm) Isolates (I) élyc&llin(G) Interaction(IxG) (a) (b)

20 2.25 0.75, =~ 2.31} 0.33* 0.15 0.10
42, s.ze 3.677 10.74; 1.5° 0.17 0.13
68 9.50 10.21; 37.92; 1.59% 0.29 0.43
92 . 12.50 32.13; 77.54! - 2.57! 0.18 0.55
116 15.29 70.78°  120.54° . 3.46°° . 0.32 1.07

8 Isolates 1.1, 1.2 and 1.3 were obtained from sectcrs '
of race 1-W growing on media enriched with glyceollin
isomers I,II and III respectively.

Following inoculation cultures were incubated for
16 h, colony diameters measured and that value used as
a zero. time value, in order to eliminate variation due
to inoculum. The periods indicated are the additional

periods starting at 16 h at which colony diameter were
measured. :

Significant at P=0.05.
Significant at P=0.01.

b

+
l




Fig. 5.2 Y
Growth of Phytophthora megasperma f.sp. glycinea
race 1-W in the presence 150 ug/ml of glyceollin I,
I and III (left to_right).

L ne

L]
‘o

Fig. 5.3 .
Colony morphology of idolates of Phytophthora
megasperma f.sp. glycinea growing on half strength
V8 juice agar containing 75 ug/ml glyceollin IEFE.
Clockwise from top left,” Isolate 1.1, Isolate 1.2,
race 1-W, Isolate 1.3.
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11.7+0.1; race 1-w, 13.6+0.2. Colonies of Isolate 1.1 were
much depser, with more "uniform margins than those of the
other isolates or race 1l-W. )

5.4.4 Growth of Race 1 and Glyceollin Tolerant Isolates
Grdwth rates were determined for eaqﬁ of the isolates
and the original Ph&toghthora megasperma f.sp. glycinea race
1-W, both on medium supplemented with 75 ng/mi of the isomer
used to select the isolate and also on medium supplemented
with each of the other isomers or the natural mixture-of the
glyceollin isomers (M). A concentration of 75 ug/ml was used
in these experiments because of 1imitations on thé quan-

tities of the isomers available (especially glyceollin 1II)
and the fact that this concentrxation was sufficiently iam-
hibitory to permit observations of growth over a period of
several days. ’ ¢

The isomers had differential effects on the colony
morphology of each of the isolates (Fig. 5.3). Differences
in growth were significant for the isolates, the isomers and
their interactions (Table S.4). With glyceollin I, the
growth rftes of lsolate 1.1 énd 1.3 were reépectively 2x and
1.5x that of the wild type. The growth rate of Isolate 1.2
was similar to that of the wild type (Ffé.'5.4A). wWith
glyceollin II growth rates of all isolates were similar
(Fig. 5.4B). With isomer III, Isolate 1.2 grew significantly
less than the wild type (Fig. 5.4C), Isolates 1.1 and 1.3
grew similarly to the wild type initially,but, subsequently,
growth rafes of Isolates 1.3 and the wild type declined g}g-
nificantly relative to that of Isolate 1.1. Gro&%h rates
pith Qlyyeollin M were generally similar to those with
glyceollin I, présumably a reflection of the high level of
glyceollin I in éhe mixture (Fig. 5.4): Evidently adapfation
to gliceollin I also conferred adaptation to glyceollin I11
and, similarly, adaptation io glycebllin 1II conferred adap-

-




&  Fig. 5.4
Growth of isolates of Phytophthora megasperma f.sp.
glic’inea on half strength V8 juice agar containing

- 75 ug/ml of glyceollin I, II and III or natural
. ‘mixture,- M. Isclates 1.1 (&A—a), 1.2-(B—H), 1.3
, . (O—=) were obtained from -sectors from colonies of
Phytophthora megasperma f.sp. glycinea race 1-W
(@—®) growing. on medium amended with glyceollin I,
II, or III respectively (see Fig. 5.2). LSD values

apply to all four graphs. |
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tation to glyceollin I.

Isolates 1.1 and 1.3 were transferred to V8 juice
agar plates (without glyceollin) and grown for 30 days (six
transfers). Plugs removed from the periphery‘yere then
-returned to agar amended with glyceollin I or III and their
growth rates compared with colonies maintained on glyceol-
1in I or III throughout (Fig. 5.5). No loss of tolerance was

observed.

5.4.5 Virulence of Glyceollin Tolerant Isolates

All three isolates csaused typical brown restricted
1esions following 1noculation of cv. Harosoy 63 (resistant).
On cv. Harosoy (susceptible to Phytophthora megasperma f.sp.
glxcinea race 1) all three isolates were wvirulent, but the
rate of spread of Isolates 1.1 was less than that of the
wild type race 1 (Table 5.5).

5.5 Discussion

Keen et gl. [1971] reported the EDgg for 6a-
hydroxyphaseollin (presumably glyceollin I) for the inhibi-
tion of mycelial growth of Phytophthora megasperma f.sp.
- glycinea on V8 juice agar to be about 25 ug/ml. Using the
game medium, higher values were obtained for undefined mix-
" tures‘of the glyceollin isomers by Yoshikawa et al. [1978],
90 ung/ml, eﬂd Lazaroﬁits and Ward [1982], 56 ug/ml. In 1ig-
uid medium on absorbant pads Stossel (1983] reported EDgj-
values between 70 and 100 Mg/ml. The results obtained in the
present study with carefully purified materials are most
consistent with the low value ofiginally-reported by Keen et
al. [1971)]. The reason for these differences are not
obvious. They do not appear to be related to either the race
or the medium used; .Stossel [1983) and Yoshikawa et al.
[1978] used different races and media but obtained similar
EDgy values. Nevertheless, both these “authors reported that




Fig. 5.5 ..
Persistence of glyceollin tolerance in isolates of ,
Phytophthora megasperma f.sp. glycinea on medium
without glyceollin isomers. (A) Growth on half
strength. V8 juice agar containing 75 pg/ml of
glyceocllin I of: Isolate 1.1 maintained continuously

, on medium containing 75 ug/ml glyceollin I (A—A);
Isolate 1.1 grown for 30 days preceding inoculation

on control medium without glyceollin I (A----4);’

¥ Phytophthora megasperma f.sp. glycinea race 1-W
(0———@). (B) Growth on half strength V8 juice.agar

containing 75 ug/ml of glyceollin III of: Isolate

1.3 haintained continuously on medium containing 75

ng/ml glyceollin III (O——Q):; Isolate 1.3 grown for

~ 30 days preceding-inoculation on, control medium
- . without glyceollin III (QO------Q):; Phytophthora

megasperma f£.sp. glycinea race 1-W (@&—@). LSD
values apply to both graphs.
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Table 5.%®

- Pt .
Hypocotyl reaction and laésion size in etiolated soybean )
seedlings (cultivars Harosoy and Harosoy 63) inoculated -
with zoospores :of Phytophthora megasperma f.sp. glycinea
race W or Isolates 1.1,1.2 and 1.3..

Harosoy Harosoy 63

Reaction - Lesion Reaction Lesion
5 ¥ Isolate® type . length (mm)€ type length(mm)

o Race 1-W S .. 44.2+41.1
R Isolate 1.1 S(24),Rs(6) 31.0+1.4
Isolate 1.2 S 45.3+0.9
Isolate 1.3 S 41.1+1.1

o™
[ -
w
+
o
[

D 3 1so0l1ates 1.1, 1.2 and 1.3 were obtained from sectors
of race 1l-W gro g on media enriched with glycéollin
A isomers I, II III respectively.
. b Reaction types were: susaeeptible (S), a spreading
o water-soaked lesion:; resistant (R), a restricted brown.s
P lesion; intermediate (Rs),a brown lesion but with cog*"é
. siderably more spread than a “typically resis t
lesion. Thirty inoculated seedlings were rated ;ffter’
. 48 h incubation in each case; the reactions wggg-cqﬁl
PN sistent except where indicated for Isalate 1,
é ; € Lesion lengths on 30 seedlings wergumogsurcd after
;' ¥ 48 h incubation.
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nodiun commposition can influence the apparent fungitoxicity
of giyceollin, and this is supported by the rpesults with the
two media bssd in the present study. The source and size of
the inoculum also affected the apparent activity in bio-
assays, presumsbly either by dilut;ng the glycsollin or by

providing s non-inhibitory nutrient base. Extensive studies

with other isoflavanoid phytoalexins- have demonstratéd that
media and assay conditions profoundly .influence estimstes of
fungitoxicity [Bailey and Skipp, 1978; Skipp and Bailey,
1976; Skipp and Bailey, 1977]. Evidence that the fun-
gitoxicity of the glyceollin can he affected by such ap-
parently trivialAfsetors, suggests that conditions iﬁ vivo

may have even more profound effscts.
Although estimsbes of fungitoxicity evidently vary

. with assay conditions the relative fungitoxicitieS~of the
glyceollin isomers, either to mycelial growth or to zoospore .

germination, were consistent in all experiments. The shapes

_of the mvcslial growth curves with each of the 1isomers were

also characts:istic: linear with glyceollin I and 11,

declining follo&ing a period of linesrity with

glycsollin III. Declining growth rate suggests a failing
rspsir mschanism or the accumulation of secondary
1nh1b1tors and may 1ndicate that the mechanism.of action of
this isomer differs from thst of the others.obifferences in
growth curves and colonyomorphology, sspecially in the
presence of glycsollin I and I1I, indicate that the 1so1ates

'diffsr disttnctty in their response to these compounds.

Howoger, when changes.occur in colony morphology ths?posf
8ibility that differences in colony. diameters may not

teflect differences in growth should not be overlooked. The

results also guggest that zoospore germination is more sen-
sitive than mycelium growth to inhibition by the 'glyceollin
1lonors. Posgibly the celrl membrane, d:lrsctly 'exposed in
zoosporos is prdtected in kyphae by«the cell wall. Bursting

L J
>
[ . o
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v of zoospores in glyceollin II 1is consistent with membrane
_damage. The effect was not common with the other isomers,
howeberf'and this may indicate differences in .mechanisms of
action. ;

Previous reports hawve ‘been based on -natural nixturee
of glyceollin isomers, .usually- in unknown proportions. The
results of the presenf study suggest that the isomeric
proportions could profoundly influence the fungitoxicity of
a mixture. For short incuhation- periods, mixtures high in °
glyceollin I would tend to be most inhibitory to mycelial
growth, those high in glyceollin II less inhibitory. Over
longer periods, glyceol'l:[n ,III would be most inhibitory.
Mixtures high in glyceollin II might be most inhibitory to
zoospore'germination. The isomeric proportions reported- for

‘ glyceollin extracted from various infected tissues have
) . varied. widely .[Bankz and 'Dewick, 1983; Ingham et al., 1981;
Lyne et al., 1976;.Moesta and Grisebach, 1981b; Mgésta et
al., 1982; Stossel, 1983; Stossel and'Magnoléto, 1983; Chap-
ter 3]. If relative fungitoxicities in infected tissues are‘

a similar to those in vitro, the effectiyeness of glyceollin

- production in restyliction of pathogen, spread should vary acs
cording to the isomeric composition Some of the differences
referred to above din determinations of fungitoxicity may
alsa be accounted for in t?:is way, but not the- relatively
high EDgq ‘values obtaihed by stoesel L1983}, who used
glyceollin mixtures high ‘4n glyceollin I. The- finding, that -

. the threpe isomers differ widely in fungitoxicity is in dis-

agreement with the. undocumented report of Lyne et al. [1976]

that they were similar in activity. T

N StosSel [1983] reported that cyets of Phytophthora
megasge f.sp. glycigea ex@sed t6 non-inhibitory con-
centrations of glyc_eol_lin developed a degree of tolerance

. that permitted germ tube growth at concentrations above the

' .formex. E:leo levels. in addition, in mycelial growth assays

»

» -
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some growth developed:- at higﬁ7g1yceollin concentrations,
only after long incubatign perfods. Evidently, & different -
kind of adaptation was observed in the present study.
Isoclates 1.1 and 1}3 grew significantly faster than wild
type Phytophthora megasperma ,f.sp. glycinea (race 1-W) in
the presence of' glyceollin M and glyceollin I and III. As
these isolates were obtained as sactors on amended medfum
and did not lose their tolerance after returning to controf
medium, it seems probabie that fhey were genetically con-
trolled variants, selected by fﬁe conditions applied. Gener- °
ation of variation through uninucleate zoospores has been

‘observed in this species [Rutherford et al., 1985]. It is

possible that single nuclei which condition tolerance to
glyceollin are carried in the coenocytic hyphae of Phytoph-
thora megasperma f.sp. glzcine at a very low frequency.

The selection of adapted: isolates 1n vitro. suggeézs
that similar selection may occur in gigg. However, in that
case it would be expected that stra;ns isolated from in-
fected tissues would already be highly tolerant unlesS

. glyceollin exerts no selection pressures in vivo. This may:

be the situation in susceptible lesians that are presumably
the source of most Phytophthora megasperma f.sp. glycined
1solates. The present investigeticc indicates that the
adapted strains had no advantage over the wild ®ype in in-
fection and lesion development in soybean hypocotyls, énd'
Isolate 1.1 was, in fact, less fit. However, if glyceollic
does condition resistance to Phytophthora megasperma f.sp.
glycinea in soybeans, it is reagonable to assume that
tolerance and the higher growth rates associated with it
could, under certain circumstances, influence the expression
of resistance. Intermediate responses, for example, _have.
been reported in which, in spite of production of necrotic
brown lesions and the accumulation of glyceollgp,.fheile-
stons do not remain restricted but spread slowly [dezell et




\_\_N . R
al., 1982; ward and Buzzell, 1983]. It is also possible that
the isolation of adapted strains could contribute to. the
discrepancies in toxicity levels reported by various

workers.

U




CHAPTER 6
. . . LY
VARIATION IN MORPHOLOGY, GROWTH, GLYCEOLLIN' I TOLERANCE AND

AGGRESSIVENESS IN Phytophthora megasperma f.sp. glycinea ‘
RACE 1

6.1 Summary .
Singl_. zoospore isolates were obtained from Phytoph-

thora megasperma f.sp. glycinea race 1 and Isolate 1.1. Iso-
late 1.1 was obtained earlier [Chapter 5] from an outgrowth

of a race 1 colony on a medium containing an inhibitory con-
centration of the soybean phytoalexin, glyceollin I. Colony
morphology of Isolaté 1.1 was similar to that of race 1
(normal), however, 98% 6f'single-zoospore progeny of
Isolate 1.1 broduced were small fluffy colonies. Only 3% of
race 1 progeny were of this type. Despite selection of
Isolate 1.1 as tolerant to glyceollin I, single-zoospore
isolates varied widely in sensitivity to giycgollin I

Single-zoospore isolates .of race 1 also varied in growth

rate and sensitivity to glyceollin I. Significant wvariation
was still evident'after_three successive single-zoospore
generationé. Among'48 single-zoospore progeny of Isolate 1.1
a majority were less aggressive in various degrees than
Isolate 1.1 on susceptible cultivar, Harosoy. There was much
less variation in aggrassivenegs of"singléfzoospore isolates
from Isolate 1.1 following inoculation with mycelium on
plugs cut from colonies on 20% VBlJuice tﬁan with zoospores
on susceptible cultivars, Harosoy and.ﬁayne. Among 38
single-zoospore progeny of race 1 a majority were more ag-
gressive than the pareﬁt and the rbnge in, aggressiveness was
less than that for Isolate 1.1 progeny. The éxtent and "the
gquantitative natura of the variation observeé'age difficult
to account for on the basis of nuclear genes.and.the pos-
sible involvement of cytoplasmic factors is discussed. ‘

102



6.2 Introduction
Phytophthora megasperma f.sp. glx'cinea', the cause of

Phytophthora root and stem rot of soybean is a homothallic
fungus and diploid in its vegetative phase [Long and Keen,
1977; sSansome and Brasier, 1974). It reproduces asexually
through zocospores that are reportedwto be uninucleate [Long
‘et al., 1975). During periods of vegetative growth and,
asexual propagation, deleterious recessive mutants may ac-
cumulaté in the heterozygous condition, and because of the

coenocytic nature of the hyphae, homozygous recessive
mutants that may arise from somatic crossing over and also
deleterious heterozygous dominant mutants may be carried
-along, without expression, as heterokaryohs [Long and Keen,

1977)]. These possibilities could account for genetic
'variability among the first generation progenies obtained
through zoospore propagation in this fungus‘[Hilty and
Schimitthenner, 1962; Hobe; 1981; Long et al., 1975; Ruther-’
ford et al., 1985] and also in other Phytophthora spp.

[Boccas, 1972; MacIntyre and Elliott, 1974]. However, it is
difficult t0 explain the cause of variability in subsequent
zoospore generations [Bocd¢as, 1972; Long et al., 1975;

MacIntyre and Elliott, 1974 and Rutherfora\%F al., 1985].

In an earlier study [Chapter 5]'an

solate (Isolate
1.1) wa8 obtained as an outgrowth from a colény of Phytoph-
thora megasperma f.sp. glgcinea race 1 on medium containing
an inhibitory concentration of the soybean phytoalexin

glyceollin 1. The isolate was less aggressive than,its'
parent for it produced smaller lesions than thé parent fol-
lowing zoosporé-inoculation of hypocotyls of the soybean
cultivar, Harosoy (susceptible to race 1). In this chapter
variation in aggressiveness to soybean hypocotyls and also
in growth rate, colony morphology and tolerance to glyceoil-
lin I in vitro is examined in single zoospore 1isolates of
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Phytophthora megasperma f.sp. glycinea race 1 and

Isolate 1.1. Some of the variation is difficult to explain
in terms of nuclear genes and the possibility that cytoplas-
mic factors are involved is discussed.

6.3 Materials and Methods
6.3.1 Pathogen
Phytophthora megasperma f.sp. glycinea race 1 and Iso-

late 1.1 were those used in a prebious study [Chapter 5].
Isolate 1.1 was obtained from race 1 from a faster growing

sector on a medium amended with glyceollin 1I.

¢

L[4

6.3.2 Isolation of Hyphal tips from Isdlate 1.1

\ Isolate 1.1 grown/ in 20% V8 juice agar was transferred
to watgf aggr (agar 2% in water) and allowed to grow for 7
days. Thereafter, hyphal tips from-.individual advancing
hyphae were isolated under a dissecting microscope and
transferred to 20% V8 juice agar . Two h&phél tip isolates
(I-1.1-t,, I-1.1-t,) were used in the present study.

4

6.3.3 Production of single-zoospore progeny .

Zoospore suspensions prepared aseptically.were
suitably diluted with sterile water and plated on iO%
clarified V8 juice agar (agar 1.5%). After 24 h, plates were
examined with. a dissecting microscope, and locations of the
individual germinating cysts were marked on the bottom of
the plates. After incubation for a further 24 h in the dark
individual zogspore colonies were transferred to 225mm
Petri dishes containing either 20% V8 juice agar or 10%
clarified V8 juicé agar.

6.3.4 Host _
Etiolated seedlings of Harosoy, Harosoy 63 and Wayne
(6-day old) were grown in vermiculite under the conditions

-
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described prgviously [Chapter 2.1.1}.

6.3.5 Inoculation of hypocotyls .
. Etiolated hypocotyls of 6-day old seedlings of soybean
cultivars Harosoy, Harosoy .63 and Wayne were arranged
horizontally in giess trays as described previously [Chapter
2.1.2]: They were inoculated approximately 2 cm below the
cotyledons with race 1, or Isolate 1.1 or their progenies
either with a drop ‘of zZoospore suspenst‘ (105/m1) or with a
pgug (5 mm diameter ) cut from the periphery of a colony
grown‘in 20% V8 juice agar. The plugs were placed with
mycelium in contact with* the hypocotyls. Inoculated see-
dlings were incubated in the dark at 25°C and 100% RH for
48 h and then the reaction-type and length of the lesions
were recorded. Haresoy (Rps, ) and Wayne are normally suscep-
tible to race 1 while Harosoy 63 (Rps;) is resistant. In a
resistant (R) reaction-type the lesion was brown, -necrotic
and restricted to the area covered by the inoculum. In a
susceptible reactioq-tﬁpe the lesion was pale yellow or
light brown, water-soaked-and unrestricted, spreading exten-
sively up and down the hypocotyl from the inoculated area.
Two intermediate classes were also recorded. These were
resistant with spreading (Rs), in which a dark brown lesion
of the resistant type spread beyond the inoculated area, and
susceptible with necrosis (Sn), in which the lesion was ini-
tially brown and Qecrotic but subsequeptlg like the suscep-
tible reaction-type. .
6.3.6 ?reparation of éiyqeollin I

~ Etiolated seedlings were arranged horizontally in
glass trays and sprayed with freshly prepared AgNO5 solution
(1073 M)[Stossel,” 1982]. After incubation for 48 h in the
dark at 250c and 100% RH, hypocotyls were extracted in 95%
ethanol for 10 min in a water bath (100°C). Purification
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procedures have been de.cribed in detail previously [Chapter
2.5). The purified glyceollin 1I. was quantified from its UV
absorbance maximum (286 gwm) and extinction coefficient
[10 800, Chapter 5].

6.3.7 Bioassay
Radial growth (mﬁ/day) and colony morphology were
determined for colonies in Petri dishes using i) 20% vs8
juice_agar,” ii) 10% clarified VB juice agar, iii) 10%
'clarified V8 juice agar amended with 2% ethanol and glyceol-
)1in 1‘(55 ug/ml), or iv) 10% clarified VB8 juice agar amended
wfth 2%'ethanol. For the preparation of.hedia containing
glyceollin I (75 ug/ml) a measured amount of glyceollin I in

ethanol was mixed with 10% clarified V8 juice agar in a

flask in a water bath (50°C) to give a final concentration
of 75 ug/ml of'élyceollin I and 2% ethanol. Controls con-
tained 2% ethanol only. The mixture was dispensed quickly
into Petri dishes (35 mm diameter, 0.8 ml/dish) on a slide
warmef, to permit even distribution of the thin layer of
medium. The dishes were closed, aliowed to cool to permit
the aéar to solidify and transferred to glass trays. The
trays were lined with wet paper towels and sealed with plas-
tic film %o prevent desiccation of the agar duyuring
incubation. The plates were numbered rantdomly 1ﬁﬁf_éi;ided

, igto two groups. Each group was treated as a replicate. o
In bioassays, the medium was inoculated with a plug of
mycelium (5 mm diameter) cut from the periphery of a rapidily
growing colony in 225 mm Petri dishes containing 6 ml 10%:
clarified V8 Juiceﬁagar. Growth rates were determined-by
measurement of colony diameter! after substraction of an
initial measurement made at 54 or 36 h-to eliminate varia-
tion due to inoculum aifferences. Measufements usually were
made’ using a "dissecting microscope or with the unaided eye
. qn&\h mm scale. In one 1arge experiment, colonies were

- . . . ..
- . [ 3 . - ’ .
.
. .
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pr.xotographed using a polaroid camera, and magniﬁied real
images from the'negatives were . focused on a graphic tablet
of aﬁ Apple IIP computer. The area of each colony was deter-
mined from a series of points on the periphery of the
colonies. The results were expressed as radial growth in
mm/day.

6.3.8 Statistical analysis . .
The data presented in Fig. 6.5 were'analysed in a com-
- pletely randomised block design'[Little and Hills, 1978].
From the expectation of mean squares (Table 6.1) the
genotypic coefficient of wvariation (GCV) and, heritability
(in the broad sense) were calculated following the methods
of Burton and DeVane {1953} and Allard [1963] respectively.
Ranges, differences between the highest and the lowest
values, were divided by the respecfivé means and expressed
as percentages. ' 7

v

Table 6.1
Analysis of variance table’
- P . '. . - \- — , . .
v Source of d.f. . Mean sum af o Expectation of mean -
variation : squares’ - squares .
. : . o . '
* Replication (r-1) T MSg
-~ “ e . : o R 2 2 . )
. Genbdtype (g-1) MSy - rs g. + 0 ‘g
Error ~(r-1)(g-1) MS, , 6'29 . ’
r = number of ‘replications, g = number of isolates
From, table 6.1: o
Genotypic varience = 6’29 = [Msg—MSg]/r
. Phenotypic variance, 6‘2p = d‘zg+d‘ e :
' Genotypic coefficient of variation($) = [o”a/ilxloc
Heritability (in broad sense, %) = [d'zg/d' p]x].OO
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6.4 Results

The_colony morphology of 314 single =zoospore iso-
Tates from race 1 and 543 from Isolate 1.1 was examined. Al-
though there were additional variations, colonies were
grouped into two categories:. those with a low growth rate
and abundant aerial mycelium were classified as "fluffy"
‘while those with a high growth rate and only a thifd layer of
aerial mycelium -on 10% V8 juice agar classified as "non-
fluffy" or normal. Both parents ée;e non-£fluffy. It was re-
corded that 98.7% of single zoospore isolates from Isolate
1.1 were fluffy while, only 2.5% of isolates, from race 1
were fluffy. This low proportion of fluffy types persisted .
in a third generation of single zoospore isolates of race 1
(Fig. 6.1). '

The qessibility that fluffy and non-fluffy types of
single zoospore "“progenies arose from a mixture of hyphae
differing in the two phenotypes. present in the original
colony was tested by examining hyphal tip isolates and
single-zoospore progeny obtained from them. The isolates
were similar to Isolate 1.1 both in colony morphology and
glyceollin I tolerance. As with -Isolate f.l, a high propor-
tion of the singlé-zoospore. progeny was of the fluffy type
(Fig. 6.2). ' :

Ten isolates that differed in colony morphology or

gtowth rate were selected from the single zoospore progeny
of Isolate 1.1 for more detailed examination (Tahle 6.2).

Most of these isolates were fluffy and some of them produced
very small dense colonies that grew little in 5 days on 10%
clarified V8 juice agar. When trangferred to 20% V8 juice

“agar the growth rate of these isolates inogeased, but for

‘the first 72 h remained less than that of a normal’ colony.
After 72 h the grawth rates increased further and in most
cases became comparéble to those of normal isolates. Thus,
in the first 72 h, growth was correlated (r= 0.85) with the
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Fig. 6.1

Variation in colony morphology of single-zoospore
progeny of Phytophthora megasperma f.sp. glycinea
race 1. The plate (10% clarified V8 juice agar) was
inoculated with a8 zoospore suspension from a second
generation single- zoospore isolate of race 1. Note
the very slow growing flulffy colonies. Photograph
was taken 96 h after inocultion.

Fig. 6.2 e
Variation in colony morphology of single-zoospore
progeny of Phytophthora megasperma f.sp. glycinea
Isolate 1.1. The vertical row .of small dishes con-
tain respectively from the top: race 1, Itcolate 1.1,
Isolate 1.1-t5, all growing on 10% clarified V8
Jjuice agar containing 75 ug/ml glyceollin I.
Isolate 1.1 was obtained from an out- growth of a
colony of racel growing on glyceollin 1 amended
medium. Isolate 1.1-t, was obtained from a hyphal
tip of Isoclate 1.1, The two larger plates were in-
oculated with a zoospore suspension of Isolate 1.1-
t,. Note the range of colony morphology: & majority
o% colonies exhibit the slow growing flulffy habit.
Photographs were takeQ.IZO h after inocultion.
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"Table 6.2

<

Variation in colony morphology and growth rate of single-
zoospore isolates derived from Isolate l.i of Phytophthora

megasperma f.sp. glycinea
N\

Morphology Radial growth (mm/day )

3

i?o ate _‘.b‘ RN e RN
aJ10% v8 208 vB *'2/10% v8 Horgsve  HCIigs ve

7h 120h retransfer

CI-1.1-1  Fluffy? Fluffy 0.4 2.6 6.4 4.3
I-1.1-2  Non-fluffy Non-fluffy 3.0 7.8 7.0 5.5
I-1.1-3  Fluffy Fluffy 0.7 1.4 5.9 6.2
I-1.1-4  Fluffy Fluffy 0.2 1.5 4.6 5.1
I-1.1-5  Small dot3 Non-fluffy 0.05 2.3 6.8 6.2
I-1.1-6  Fluffy Fluffy «»  0.15 3.2 5.8 4.6
I-1.1-7  Big dot3  Non-fluffy 0.1 3.9 7.9 3.3
1-1.1=8  Fluffy Fluffy 3.0 6.8 8.4 5.2
I-1.1-9  Non-fluffy Non-fluffy 3.7 6.8 7.3 5.2
I-1.1-10 ‘Fluffy Fluffy 0.7 _ 4.9 6.2 3.6

1 Single zoospores were isolated on 10% VB juice agar and grcwn for
S days, and average growth in 24 h was calculated from the total
(a). They were transferred to 10% V8 juice agar plates and fram
these transferred (mycelial plugs) to 20% V8 juice agar plates and
average growth in 24 h during O to 72 and 72 to 120 h pericds
following transfer were determined (b). They were maintained on
20% V8 juice agar for 28 days and then returned (mycelial plugs)
to 108 V8 juice agar and growth rate determined between 36 and

5 60 h following transfer (c).

Colonies were classified as fluffy (slow growing with abundant
aerial mycelium) and non-fluffy or normal (fast-growing with
little aerial myceiium).

3 Colaony morphology ocould not be classified due to small size of the

colany.
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Fig. 6.3 .
Differential tolerance of single-zoospore isolates
derived from-Phytophthora megasperma f.sp. glycinea
Isolate 1.1 to glyceollin I. All plates containr 10%
clarified V8 juiece agar amended with 75 ug/ml
glyceollin [ - Top, race 1. Row 2, Isolate 1.1 .
(derived from &n outgrowth of race 1 on glyceollin I

. ; . amended medium) flanked by 1Isolate 1.1fti and
Isolate 1.1-t, (hyphal tip cultures from

Isoclate 1.1). Rows 3 and 4 are 10 single- zoospore

isolates obtained from Isolate 1.1. Row 3, left to

. right: 1-1.1-1, -2, -3, -4,'-5. Row 4 (bottom)"left

to .right: I1-1.1-6, -7, -8, -9, -10. Photograph was

- ' . taken 120 h after inoculation.
-~







initial growth on 10% clarified V8 juice agar, in the sub-
sequent 48 h, it was not (r = 0.46). When these isolates
were returned to 10% clarified V8 juice agar they did not
redevelop their original growth rates (r = 0.45). or colony
morphology. Slow growing fluffy isolates from a second gen-
eration single-zoospore isolate of race 1 (Fig. 6.1) also
axhibited éelayed changes in growth rate when  transferred to
20% V8 juice agar.

Isolate 1.1 was obtained as a sector w1th tolerance to
glyceollin I. The 10 single zoospore isolates derived from
Isolate 1.1 were tested, therefore, for their tolerancge .to’
glyceallin I (Table 6.3, Fig. 6.3). Among these isolates
there were wide differehces in sensitivity- to glyceollin I
‘and in growth rates on control media. Single-zoospore iso-
lates with hormal colony horphology from race 1 were mpch
less variable in these two characters (Table 6.3) ’

Aggressiveness, as indicated by reactiop type and le-
sion 1length, was determined for.the 10. isoclates selected
from single-zoospore progeny of Isolate 1 1 fallowing
ZOoOSpore- or mycelium—inoculation of hypocotyls of cultivars
Harosoy 63, Harogsoy and Wayne (Table 6.4). ExcepE for the
parent race 1 and I-1.1—3, lesions were longer in hypocotyls
inoculated with mycelium than with zoospores. Lesions tended
to be shorter and reaction-types more resistant on Harosoy
than on the other susceptible cultivar}'WayneJ The range of
such differencés on the two cultivars var;e5~wide1y among
the isolates. Cultivar Harosoy 63 was resistant to all
isolates. )

Aggressiveness was determined also for random samples
of single zoospore isolates derived from either race 1 or
Isolate 1.1 (Fig. 6.4). All isolates from‘Both race 1 and
Isolate 1.1 were avirulent on Harosoy 63 (Rps;). resistant

to race 1) (data not presented). On cv. Harosoy (rps;,
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-~ Table 6.3 -

Differential sensitivity to glyceollin I of single:
zoospore isolates obtained from race 1 and isolate 1.1 °
of Phytophthora megasperma f.sp. glycinea

Glyceollin I (ug/ml)

‘Isolatel o o $ Inhibition
. 0“ 75°
I-1.1-1 4.3+0.8° 0.3+0.02 9357
I-1.1-2 5.5%0.8 2.1%0.03 62
I-1.1-3 6.270.1 1.0%0.08 84
I-1.1-4 5.1+0.0 1.4+0.04 73
I-1.1-5 6.270.1 0.9%0.07 85 .
©I-1.1-6 4.6%0.3 0.5%0.13 89
I-1.1-7 3.370.1% . 1.8%0.07 45
I-1.1-8 5.2%0.1 2.0%0.09 62
I-1.1-9 5.2%0.1 2.170.02 60
I-1.1-10. 3.6%0.1 0.5+0.03 86
I-1.1-t; 4.8+0.3 1.8+0.00 63
I-1.i-t5 5.6%0.7 1.97¥0.10 66
I-1.1 5.2+0.2 2.1+0.00 60
Ry -6 6.2+0.4 1.2+0.05 81
R]-10 6.0%C.0 - 1.4+0.06 77
R} -13 6.0%0.3 1.330.08 78
R}-17 6.3%0.3 1.2%0.02 81
R}-23 6.5%0.1 1.4¥0.05 . 78
Race 1 6.4+0.8. 1.540.2 77
—1-

R; isolates are single-zoospore isolates obtained from
race 1. Isolate 1.1 (1-1.1) was obtained from an out-
growth of race 1 colony on glyceollin I amended
mycelium. I-1.1-t; and -t, are hyphal tip cutureg from

~Isolate 1.1. Isolates(I)-1.1-1, -2, -3, -4, -5, -6,

-7, -8, -9, -10 are single-zoospore isolates from
Isolate 1.1.

2 Radial growth rate (mm/day) during 36-60 h following
inoculation (5 mm mycelial plug) in Petri dishes (35
mm diameter) containing 0.8 ml 10 % clarified V8 juice

‘3 agar amfnded with 2 ¥ alcohol.
As in except that medium was amended with glyceol-
1lin I (75 ug/ml). .
g Data are mean+S.E. from three replications.

"Percent inhibition of growth of the isolates in gly-
ceollin I .amended medium over that in control (O
ug/ml) was calculated. -
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Table 6.4

Aggressiveness‘on soybean cultivars' of sin
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Fig. 6.4 5
Distribution of aggressiveness (lesidn length) among
single-zoospore isolates of Phy;pphthora megasperma
f.sp. glycinea A) Isolate 1.1, B) race_ 1, on soyhean
cultivar Harosoy (susceptible) following ingculation
of intact étiolated hypocotyls with mycelial plugs.
Measurements were made_ 48 h after inocutetion and
data are means for 5 Lesions from 5 hypocotyls.




" of
.-l
i

.

1

2
L3

48h )

in
1

Isolate 1

Phceay

o SRR
. ....n..\.w..wv.&. 2
e PR o
: =
N

!
R
o
oo

)

Length ( mm

&3
'

R
L%

Race 1

Lesion

(A)
(B)




susceptible to race 1) ,there was, however, considerable
variation in aggressiveness as ind{cated by lesion size. Two
single zocospore isolates out of 48 from Isolate 1.1 were
more aggressive than their parent, but the majority were
less aggressive and reaction-types tended to be resistant
with wvarious degrees of spread (Fig. 6.4A)». Most of the 38
single zoospore isolates from race 1 were more aggressive
than their parent (Fig. 6.4B).

From each of the five most aggressive single zoospore
isolates out of the 38 1isolates obtained from race 1
(race 1-6, -10, -13, -17, -23) two single zoodPore isolates
(1 or 2) were selected at random to give a second gQgenera-
tion (Fig. 6.5). One of fhese two again was selected at ran-
dom to give a third generation of single-zoospore families.
These were designated as follows: Ry-6-1-n, -10-1-n, -13-2-
n, -17-1-n, -23-2-n-(n = number of single-zoospore isolates
" in the third generation family). Isolates or progenies com-
prising these five families were tested for their growth
along with second generation single-zoospore isolates in 10%
clarified V8 juice agar (Table 6.5). No.significant .varia--
tidn was recorded among second generation single-zoospore
isélateé. However, significant variation was recorded among
the progenies comprising three out ofi the five third gener-
ation familieg. Two of these families with the hfghest es-
timates of genotypic co-efficient of.variation (GCV) were
selected and growth rates determined on control (10%
clarified v8 juice agar containing 2% ethanol Fig. 6.5A) and
glyceollin I amended medium (Fig. 6.5B). In bot families
there was significant wvariation in growth bot;\>$th and
without glyceollin I and the GCVs and heritabilities were
estimated to be high. . ) ) -

6.5 Discussion . . i'
Somatic variation in species of Phytophthora has been




L] 4 “
Fig. 6.5

Variation in growth in control (A) and glyceollin 1I°
(75 ug/ml) amended medium (B) in successive single-
zoospore generations from Phytophthora megasperma
£.8p. glycinea race 1. Single-zoospore generations “
are indicated by Z, thus Z,, Z, and 23 for first,

* second and third sifigle- zoospore generations from
the original race 1. Zy consists of the S most ag-
gressive of- the 38 single-zoospore isdimtes il-
lustrated in Fig. 6.4B. From each of the 'Z; isolates
‘'single-zoospores were selected at random to give

the 10 single-zoospore progenies of the second gen-
eratlon illustrated by 2,. From each of the two.
single-zoospore lines 'in Z, one was chosen at random
to give the third single-zoospore generation Z23. Two
of the 5 families from this generation (R;-6-1-n and .
R;-10-1-n) that are analysed in Table 6.5 are

. 1llustrated. Data are from two replicated experi-
ments . analysed in a completely randomized block
design. Observations were made between 24 and 48--h
after trangfer for controls (A) and between 36 and
60 h for the glyceollin I treatment (B) because of
differences in growth rates. ‘

.
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Table 6.5

Genetic variability and heritability of growth rate and
sensitivity to gfyceollin I of single-zoospore isolates
derived from Phytophthora megasperma f.sp. glycinea race 1

< A

———
tRadial Growth Rate (mm/day)

Clycecollin I(ug/ml)

Zoospore
Generation
130 150 . 1¢75
Family IRange GCV *h? Range GCV h? Range GCV  h?
o Z28 ) - 85,7 —.-& —,- 15,7 =-.= =-,- 17.9 10.0 84.6
- - 1 .
2,8 . .
R1-6-1-n  34.9 14.7 88.9 59.5° 12.0 58.1 75.4 17.7 80.8
R1-10-1-n .56.9 12.6 38.5 70.9 16.7 80.4 61.9 11.3 69.3

R1-13-2-n 13.

-~}

Rl1-17-1-n 25.

6
R1-23-2-n 36.9 6.8 50.9 )

"t Radial growth rate (mm/day) was recorded from growth during the
period from 36 to 60 h following inoculation (5 mm mycelial
plugs) in, 1la) Petri dishes (90 mm diameter) containing 10 ml - of
10X clarified V8 juice agar, 1b) Petri dishes (35 mm diameter)
containing 0.8 ml of 10% clarified V8 juice agar containing 2% al-
cohol and Ic) as in lb-but with 75 ug/ml glyceollin I.

? The difference between the highest and the lowest values were’.
" divided by respective means and expressed as percentages.
3 CCV (Genotypic coefficient of variation) = (6¢/¥)x100
¢ h? (Heritability in broad sense) = (6¢/0)x100
- 3 Za, single-zoospore generation number 2; Z, means single-zoospore
. generation number 3. . ,
¢ Zoospore generations or families. not showing any significant
variation were not considered for calculation of GCV & ht.

v
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described in a number 6f reports and these have been sum-
‘marized and the gquestion of the genetic basis for somatic
variation discuswed in comprehensive reviews [Brazier, 1983:_
Erwin,’1983; Shaw, 1983). The present study has provided ad-
ditional examples of this phenomenon.‘

The colony morphology and growth rate of Isolate 1.1
on 20% 'V8 juice agar was similar to that of the éarent Cul-
thre of “race 1, but on 10% clarified V8 jwice agar the
growth rate was significantly less (about 25%). It was also
less aggressxve on soybeans. The sector, froh which. Isolaﬁe*
1.1 was obtained, presumably arose either as a ﬁutation or
by selection of a variant genotype already present withinf\\\\\
the colony. The latter seems unlikely, for even if the
variant was maintained at a very low level in the original
colony, a more uniform adaptation of the colony to glyceol-'
-1in I would be expected than was indicated by the rare fan-
shaped outgrowths that actually developed. However, several
observations made here argue against the origin of Isolate
1.1 as a mutation in a nuclear gene. Although the associa-
a)n of reducgd growth rate (on 10% clarified V8 juice agar)
and aggressiveness with development of tolerance to glyceol-
lin I suggests pleitropy, examination of these three charac-
ters in the single-zoospore péogeny of Isolate 1.1 revealed
that they each segregated independently and in a guantita-
tive fashion. Assuming more than one nuclew® was present in
the hypha from wh;ch.the sector developed and 'that a muta-
tion occurred in one pf'these, then, because each zoéspore=
contains only one nucleus [Long et al., 1975] the three:
characters examined should have remained associated in the

'single-zoospore.progeny and phenotypes should have'conformed\
either to that of race 1 or to that of Isolate 1.1. The
quantitative nature of the variation in phenotype would
imply the segregation of many minof genes. ‘

These anomalies would be more readily expiained if

-
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based on changes in cytoplasmic rather than #M&Clear genes.
‘For example, if 'a mutation occurred in the mitochondrial
genome, and mitochondria with or without the mutation were
randomly distributed to zoospores,. quantitative differences
would be expected among single-zoospore progeny, including
the occurrence of progeny with greater tolerance than
Isolate 1.1 (Table 6.4). Shaw [1983] has discussed the pos-
éibilitiy that the mitochondrial genome may be the source of
much unexplained somatic variation in Phytophthora spp. .

Pheno;ypic effects of changes in the mitochondrial genome or
bfiindependently replicating mitochondrial plasmids have
ggéh recorded dn other species of fungi [Narang, 1985]. It
» may be of significance that glyceollin has been reported to
be an inhibitor of electroﬁ-transport in mitochondria
[Boydston et al., 1983]. Changes 1in sensitivity to
glydeollin, ;hérefore, might occur most directly at the level
of the mitochondrion. Furthermore, the possibility that
' phytoalexins may be DNA-damaging agents has been discussed
[Chatterjee and Vidaver, 1986). Isolate 1.1 could then have
arisan as a direct response to glyceollin I. Independent ef-
fects throughout the mitochondrial population could explain
the simultaneous origin of changes in growth rate, aggres-
siveness and tolerance to glyceollin I and the quantitafive
éﬁpression and the segregatioh of these characters in
single-zoospore progeny. The demonstration that variation in -
growth rate and sensitivity to glyceollin I persisted
- through three singlgfzoospore generations also suggests that
”mechanisms other than segregation of heterokaryon's must be
involve2d, '
Further support for the above arguments for the trans-
e mission of variation by cytoplasmic ﬁizerminants.is provided
by the differences in colony morphvlogy observed among
single-zoospore progeny. Although Isolate 1.1 had a normal
colony morphology, similar to race 1, more than 98% of its .




single-zoospore progeny gave rise to fluffy colonies.
Single-zoospore colonies derived from race 1 were almost all
normal, but about 3% were of the fluffy type. The hypha from
which the Isolate 1.1 sector arose presumab19 contained
several nuclei, but it is unlikely that there were suffi-
cient to provide ratios of 98:2 or that a mutation could oc-
cur simultaneously in such a proportion of the nuclei. The

observation that similar ratios were obtained for single-
zoagpore progeny from hyphal tip cultures of Isolate 1.1
supports this conclusion. By analogy with gythiﬁm ultimum
[Grove et al., 1970], nuclei should be absent from the first
20 um behind the hyphal tip and thereafter be distributed
randomly 2-3 per 10 um of hyphal 1engtﬁ. Therefore, few
nuclei would be isolated in excised hyphal tips.
Mitochondria, however, were very abundant in the sub-apical
zone in P. ultimum and the abundance of mitochondria in con-
trast to the single nucleus in zoospores of Phytophthora in-
festans has been illustrated by Shaw [1983]. It is unlikely
that the high proportion,of the fluffy-type isolates derived
from Isolate 1.1 was due to selective multiplication of
nucleil carrying a mutation for the fluffy character. There
was no subsequent selective pressure from glyceollin I and
unger similar conditions fluffiness in race 1 occurred in

only a very small proportion of  progeny. ¥from these con-
siderations it is reasonable to conclude that fluffiness isg
controlled by cytoplasmic elements distributed randomly to
zoospores, and mitochondria appear to be good candidates.
Since Isolate 1.1 had a normal colony type, the 98:2
ratio of fluffy to normal colonies. in the progeny of
Isolate 1.1 indicates that narmal colony-type is highly
epistatic to fluffiness. Thus, if fluffiness 1s due. to. a
genomic deficiency only a few normal genetic determinants in
coenocytic hyphae may be required for the development of a
ncrmai»phénof}pe. The possibility that each of the charac-

A




ters examined arose due to deficiencies is suggested by the
demonstration that increased growth rates were generated by
20% rather than 10% clarified V8 juice agar and that éégres-
siveness was fréquently restored by the use of mycelium on
plugs of agar medium instead of zoospores for inoculum.
Recéyéry of growth rates, and their maintenance subsequently
in many isolates even when returned to 10% clarified V8
juice agar, suggests some form of repair mechanism, possibly
under the control of nuclear genes. ‘ '
There was some evidence that glyceollin I tolerance
was associated with aggressiveness on Harosoy and/or Wayne.
Thus three isolates that grew very little in the presence of
glyceollin I (I-1.1-1, I-1.1-6, 1I-1.1-10; Table 6.3)
produced small* lesions and resistant reaction types follé@-
ing zoospore inoculation (Table 6.4). However, although the
opposite was true for two 1isolates that grew well on
glyceollin I (I-1.1-9, I-1.1-2; Table 6.3) there were incon-
sistencies with other isolates and assumption of.a causal
relationship wou;d be premature. There was a tendency for
cv. Harosoy to be more resistant than cv. Wayne. The dif-
ferences varied significantly with the isolate, indicating
that'although neither cultivar carries a gene for resistance
to race 1, there is a degree of specificity between these
cultivars and individual single-zoospore isolates. Culiivar
Harosoy does carry an unidentified gene(s) for resistance to
races 12, 16, 18 and 19 [Keeling, 1982] and the possibility
that this gene could have residual effects may be

considered.



CHAPTER 7

éIOSYNTHESIS AND METABOLISM OF GLYCEOLL'N I IN
SOYBEAN HYPOCOTYLS FOLLOWING WOUNDING OR INOCULATION WITH
wm  Phytophthora megasperma f.sp. glycinea.

~

7.1 Summary : ) )

' Incorporation of .[l4C] into glyceollih'l during 1 h
pulses with L—[Ul4C]-phenylaIanine was determinpd in soybean
hypoéotyls of cvs. Harosoy (Ips;, sugqeptible) and
.Harosoy 63 (Rps;. resistant) wounded or unwounded-and .inocu-
lated with zogspore suspensions of Phytophthora megasperma
f.sp. glycinea race 1, and in controls, wounded only. Incor-
»porafion of [14C] occurred’ in all comb tions. In unwounded
hypocotyls rates of incorporation t

@ accumulation of
glyceollin 1 were higher in resistance than'in-_susceptible
responses throughout the time-course of the experiment. 'In

inoculated wounded hypocotyls high rates of [14C] incorp'ora-
tion deve oped that were similar for the first 11 in

resistance and susceptible responses although acgqumulation of
glyceéllin I differed.  Evidently, wounding hasks the initial
responses to infection. High rates of incorporation also
devéloped_in'unindéu;ated wounded hypocotyls but only small
amouﬁts of glyceollin I of high 'specific activity were
deteéted. Estimates of phenylalanine aﬁhonia—lyése activity
indicated that the rate of flow in the biosynthetic pathway
through phenylalanine was 1imitéd in the wounded-controlq
but potentially very high in fhe resistanuerésponses. Thus
while [14C]—incorporation clearly demonstrated biosynthesis,
differences in rates of incorporation presumably indicatad
differences in the felative contributions of mobile internal
pools and externally applied phenylalanine, rather than dif-
ferences in rates of biosynthesis. Pulse-chase experiqentg
with [14C]—pheny1alan1ne demonstrated fapid metabolism of




glyceollin I in wounded controls but not in inéculated
hypocotyls due to continued [l4C]-incorporation during the
chase period. Rapid metabolism was demonstrated in all com-
binatiqns when cinnamic acid was substituted for
phenylalénine As the chase. Additional evidence for metabo-
lic activity in all combinations, idcleing wounded
controls, was provided by pulse-feeding with [14C]-
glyceollin. I# Metabolic activity was not~ constitutive but
was -induced within 4.5 h of wounding or inOCulation and it
appears that the stiwulus of wounding or inoculation induces
a metabolic pathway in which glyceo!lin I is not an end
product. It is concluded that althougﬁ metabolism is impor-
tant for the control of glyceollin I levels within the
plant, accumulation is governed primarily by rates of

biosynthesis and these are- much higher in incompatible than

in compatible interactibns. .

H

7.2 Introduction - - : \

The possibility that phytoalexins méy be inter-
mediates in constitutive secg%dé}y metabolic pathways and
that their accumulation may be regulated as much by rates of
metabolism as by'rates of biosynthesis has been considered
by several authors [Ishiguri et al., “1978; Stoessl et al.,
1976; Ward and barrie, 1982; Ward et al., 1977; Yoshikawa et
al., 1979].c Inhibition of metabolism rather than elicitation
of biosynthesis, then would be the key mechanism controlling
phytoalexin accumulation in° incompatible interactions.
Evidence for phytoalexin metabolism by piants is provided by
time-course studies of phytoalexin concentrations in in-
.. fected or stressed tissue in which phytoalexin 1levels
doé’line after regching a maximum [eg. Keen et al., 1972;
Moesta and Grisebach, 1981b; Rahe and Arnold, 1975; Sato and
'rouiym, 1969; Chapter 3.4.4.1] and particularly by the
dianppoaranco of phytoalexins aupplied to or radiolabelled
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within plant tissues [Ishiguri et al., -1978; Sakai et al.,
1979; Stoessl et al., 1976 .Yoshikawa et al., 1979].

In the interaction of soybean hypocotyls yfth
Phytophthora.mggaspe;ma f£.sp. glycinea Yoshikawa et al.
[1979) concluded from pulse-labelling experiments with L-
[U14C]—pheny1a1anine as precursor that rates of biosynthesis
of glyceollin in compatible and incompatible interactions
were siﬁilar even though much higher concentrations of
glyceollin accumulated in the latter. They also concluded
from pulse-chasé experiments and from feeding gl&ceollin to
hypocétyl tissues that glyqeollin.was'metabolised in
uninoculated tissue but that thig activity was inhibited
following inféction, especially in the incompatible
interactions. These results suggested that the differential
accumulation of glyceollin in the two interactions primarily
reflected differences in the rate of metabolism of
glyceollin. Quite different conclusions were reached for the
same host-pathogen system by Moesta and Grisebach [1981Db].
Theée authors used [14C]-carbon dioxide as the precursor.
They found that although rates of biosynthesis-were the same
in both compatible and incompatible interactions for the
first 12 h following inoculations, biosynthesis subsequently
became more rapid in the incompatible- interaction. It was
only at this stage that differences in glyéeollin accumula-
tion between the two interactions were detected. No evidence
for significance .glyceollin metabolism was obtained by these
authors and it was conciuded that the differential in
glyceollin accumulation was due to the differences in
biosynthetic rates that ultimately developed. A difficulty
with the conclusions of both groups of investigators is that
they imply that elicitation‘of glyceollin biasynthesis is

the same for 'compatible and incompatible races and that-

specificity is a second and latter phenomenon. A fgrther‘in-
consistency between the two studies 1is that differences in

A
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the degree of restriction of the pathogen in compatible and

incompatible interactions were detected by 8 h followiné in-
oculation by Yoshikawa et al. [1978], a time at which accord-
ing to Moesta and Grisebach [1981b] but not .according te
Yoshikawa et al. [1978, 1979]), glyceollin conce;trations in
both types of interactions were the same.

In this chapter biosynthesis and metabolism of
glyceollin I (the’major isomer accumulating in hypocotyls,
[Chapter_3]) were examined in both wounded and intact
hypocotyls. The results indicate that glyceollin I biosyn-
thesis and metabolism are induced foliowing wounding and/or
infection, that the time-course of both biosynthesis and
glyceollin I accumulation in compatible and incompatible in-
tqractions are distinctly different, that gquantitative dif-
ferences in biosynthesis rather than metabolism appear to be
the major factors leading to differntial wglyceollin I ac-
cumulation and that in wound-inoculated hypocotyls wound
‘responses initially mask responses to infection. Throughout
the chapter the term glyceollin is used with reference to
undefined mixtures of the glyceollin isomers.

7.3 Materials and Methods
7.3.1 Pathogen

The culture used was a single zoospore isolate
(R1.19) derived from Phytophthora megasperma f.sp. glycinea
race 1 {Chapter 6.4]. It was grown routinely on VB‘ince

agar medium at 25°C and zboépore-suspensions.were prepared
from 5-day-0ld cultures on the same medium in Petri dishes
following the methods descri d in chapter 2 [2.2.2.2]. In-
oculum in all cases consisted of -a 10 ul drop of a standard-
ized zoospore suspension (10°/m1). -

7.3.2 Host )
Seeds of soybean, cultivar Harosoy (susceptible to

-




Phytephthora megasperma f.sp. glycinea race 1) and its
isoline Harosoy 63 (resistant) were grown in)tra&s of ver-

miculite in the dark for 6 days as described previously in
«chapter 2.1.1. . . '

7.3.3 Inoculation and Incubation
?he seedlings were arranged horizontally on moist
cellucotton in glass trays. [Chapter 2.1.2]. Hypocotyls were
inotulated by placing a 10 u1l ﬁrop of zoospore suspension,
or sterile distilled water in rontrols onto the surface of
the intact hypocotyl about 2 cm below the cotyleﬂons or into
a wound at the same position. Wounds wWwere made with a 'scal-
pel by removiné a strip of tiss&e from the hypocotyl surface
dsimilar in area to that covered by a drop of inoculum‘(3 mm
long and 0.5 mm deep). - - Wounds were inoculated‘inmedfately
after wounding except where indicated othétwise. Trays of
inoculated seedlings were closed with plastic film to main-
. tain high humidity and incubated in the dark at 25°C.

7.3.4 Radioactive Compounds L
L_[U14C]-phenyla1aqine (SO,pCi/ml:‘O.i mM or\§22
mCi/mM) was_  obtained from Amersham’Corporatiop. (14¢)-
Glyceollin I (Q. 05 pCi/ml' 0.1 mM) was prepared by app ving
L- [U14C] phenyialanine for 1 11 to water- inoculabed wounds
25 h after woundihg, to obtain glyceollin I of high specific

activity Extraction and purification of’ glyceoliin I is
described below. ‘ S

7 3.5. Feeding of Radioactive Compounds .
Routinely, L- [U14C] phenylalanine was suppliedvto in-
oculated sites and wounds in 5 p& drops . after removingathe.
inoculum drops or water. In an alternative procedure used in
one experiment, hypocotyls were cut 2 cm below the inocu-
lated site and S pl L- [U14C] phenylalanine was applied to

- - -'
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the cut end. A minimum of 10 hypocotyls were used for each
treatment and each hypocotyl received a 5 ul drop of 0.1 mM
Lf[U14C]ﬁpheny1elaniné (50 uCi/ml). Except where indicated
otherwise, pulse periods were 1 h, after which glyceollin I
was isolated and [14G] -incorporation measured. Decline of
radioactivity in glyceollin I following pulse feeding was
determined for various chase periods. Inoculated sites were

‘ washed to remove L—[Ul4cl-phenylalanine and either [¥2c1-

phenylalanine (10 ul, 1 mM) as used by Yoshikawa et al.
(1979} or.traefzginnamic acid (15 ul, 1 mM in S5 mM phosphate
buffer, pH 5.5) to inhibit PAL activity (Shields et al.,
1982), was applied to the inoculated sites. In the cinnamic
acid chase experiment, hypocotyls were kept moist under wet
cellucotton and severed about 6.5 cm below the eotyledons.
The cotyledons were removed immediately before feeding L-
[U14C]—pheny1alan1ne (12.5 uCi/ml, 0.025 mM to wounded
hypocotyls; 25 uCi/ml, 0.05 mM to unwounded hypocotyls) to
20 sites per treatment. The pulse period was from 8.5-9.5 h,
after inoculation except in wounded control hypecotyls where
it was delayed to permit detectable accu?ﬁlation of glyceol-
1in I and-was from 14-15 h after wounding. In addition to
chasing with cinnamic acid at the sites of wounding and

"inoculation, 2 mM cinnamic acid in 10 mM phosphate buffer

(pH 5.5) was added also to the wet cellucotton covering the
lower'cut end of the hypocotyls. o

To determine the rate of metabolism of exogenously
supplied glyceollin I, 5 aul drops containing {14C1-
glyceollin I were applied to infection sites at various
times after inoculation and/or wounding and residual
glyceollin I in surface fluids and tissue extracts was
determined after ipcupation for 30 min,

7.3.6 ' Extraction and Determination of Glyceollin I
For each determination, sections (approx.” 2 cm long)




containing infected and wounded tissues were excised from 10
or more hypocotyls and the glyceollin isomers were extracted

by boiling in 95% ethanol fog 2 min. The extract was .

decanted and together with two ethanol rinses of the tissues
evaporated to dryness under reduced pressure. The residue
was'extracted with ethyl acetate and subjected to TLC as
described in chapter 2.7 to obtain glyceollin. Glyceollin I
was separated from isomers II and III by HPLC [Chapter 2:7]
using an analytical column and 4.5% isopropanol in hexane
(flow rate 1.5 ml/min) as the mobile phase. Glyceollin I was
detected by its absorption at 286 nm. The retention time was
13.58-14.33 min and this afforded complete separation from
isomers II and III. It was quantified from its absorbance at
286 nm reference to a standard curve prepared from purified

glyceollin I and the extinction coefficient, 10,800 [Chapter.

2.6]. °

7.3.7 Measurement of [14C]-Incorporation into Glyceollin I
The fraction corresponding to the glyceollin peak

detected by HPLC was collected in a scintillation wvial, -

mixed with 10 ml of scintillation fluid (4 g Omnifluor in 1
litre toluene) and radioactividy in d/min Heasured in a
scintillation counter (Beckman LS 9000}.

-

7.3.8 Purity of [14C]-Glyceollin X

This was detarmined for the glyceollin 1 preparations .

obtained in the experiment illustrated in Fig. 7.1. Follow-
ing the first TLC separation, sampies from all the pulse

times within each treatment were combined_giving bulked -

samples~¥qf'wounded—inoculatéd and intact inoculated cv.
Harosoy and Harosoy 63. For the wounded water controls the
Harosoy and Harosoy 63 samples were combined also and spiked
with ﬁhrified [12C]-glyceollin I to provide sufficient
material for further analysis. The bulked sam%}es were sub-

.
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jected to HPLC, the glyceollin I fractions were collected

nd aliquots were taken for. measurement of radiocactivity as
described. The remaining portipons were subjected to TLC in
three solvent systems (Teple 7.1), again followed By HPLC
end'eeaeurement of radioect;viey.~ : . ’
7 3 9 Deter-ination of Free L- Phenylalanine

Tissues  of 20 .lesions and wounds "in .10 hypocotyls

were excised .and ground in methanol with e mortar and
pestle. The slurry was centrifuged (microcentrifuge, 15,000
rpm) and the pellet was dried (65°C) and wdighed. The
methanol was evaporated from the supernatant end the residue
dissolved in 3 ml -high purity water (Milli Q system
Millipore). The_ pH of the solution was adjusted to 2.0 with
1 M HCL and extratted three times wjith ethyl ether. The
equeoue phase was applied to a cation exchange column (Rexyn
101, H* form, 0.9 x 7 cm) (Fig. 7.1). The coium; was washed

12 m1). The eluete was lyophilized and used

with 10 ml high purity water and amino acids 'were eluted
with 1 N NH40
for the determination af L-phenylalanine by HPLC, in general

- following procedures deecribed by Bidlingmeyer et al.
[1984]. The lyophilized eample was dissolved in 0.5 ml water
and 50 ul wae taken for analysis. The water was removed un-
der nitrogen at low pressure and the xesidue was dried a
.second ‘time after rfedissolving in 10 n1l
ethanol:water:triethylemine (2:2:1f v/v). The dried residue
wags derivatized with 20 ul of freshly prepared derivatizing
) reegent (ethanpl-triethylamine-wataer- phenylieothiocyanate;
7:1:1:1) at room: tenpereture for 20 min. The reagent was
removed by eVaporetion and the. residue redieeolved_ﬁn 100 ul
sample diluent 1710 mg Na,HPO, mixed with 1 1 H,0, titrated
‘to pH 7.4 with 10% phoephoric«ecid and mixed with
;acetonitrile to give a £inal concesnttation of 5% by volume).

It was 1njected (15 p1l) pnta\i\z:iizf Pico- -Tag colunn.
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Table 7.1 e
§ffect of purification on the specific radiocactivity of
[1 Cl-glyceollin I recovered froa soybean® hypocotyls after
wounding or inoculation with Phytophthora megasperma f.sp.
glycinea race 1 J{hpulse-feeding e%)eri-ents with

Cl-phenylalanine

Cultivar Glycgg;lin 1 specific radiocactivity (d/min/pg)
and
treatment After initial Second TLC
. TLC (So) and
HPLC P S2 S3
Harosoy, d
Harosoy 63 1908+21 2028+2§ 1858+17 1987+32
wounded only® - (108) (97) (104)
Harosog
wounde 346+6 345+3 361k=2 335+4
inocula{:ed - (100) (104) (97)
Rarosoy 63,
: wounde 480+2 467+4 480+14 467+13
_ inoculated . - (97) (102) (97) .
s L Haros
. oo T unwounde 116+2 104+2 106+3 - 110+1
R :Lnoculatea . = (90) (9T). (95)
ST aro 0 63, . .

.,? N d,” . 275+3 278+4 290+4 280+10
:,.-.!.1;6;; R tm T (10T) (105) 102)
.Snlvent system ,:-: _— Rf glyceollin I

thanol 95 8 : 0.35

§2 Diqtgi tga -hex( e éo:40) 0.48
Cﬁg ethanoi 0:5) 0.37
lacial acetic acia 0.26

?ﬁsggane'di ylether g

L

Is sQSCeptibla and cv.’ Harosoy 63 is
.'t to Phytqphthora megasparma . f.8p. .glycinea

y and Ino Iatad 8ites were pulsed with L-
,‘d Jal i!-l g& f'plnﬂ‘f lnh
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(column temperature 38°C, Waters model 710B WISP injector,
model 510 pumps, model 480 variable wave length detector and
model 840 data system) and L-phenylalanine was determined by
the Pico-Tag Twaters) method following instructions provided
by the.manufacturer. L-phenylalanine concentrations wefe
expressed as n moles/mg d. wt of excised tissue. Data are
based on two replications.
7.3.10 Determination of Phenylalanine Ammonia-Lyase Activity
Tissues were excised from 20 lesions or wounds in 10
hypocotyls per treatment, immediately frozen in 1liquid
nitrogen and stored at -70°C. They were ground with a mortar
and pestle with 0.1 M sodium borate buffer, pH 8.8, contain-
ing 2 mM mercaptoethanol [Lamb et al., 1979]. The slurry was
centrifuged in a microcentrifuge at 15000 rpm for 4 minutes.
The supernatant was collected, and, after recording its
volume, immediately frozén in liquid nitrogen and stored at
-70°C until required. PAL activity in the supernatant was
determined by measuring the production of cinnamic acid from
L-phenylalanine spectrophotometrically [Lamb et al., 1979].
The reaction mixture contained 300 uM sodiumkporate pH 8.8,
30 uM L-phenylalanine and 1 ml of supernat&pt in a total
volume of 3 ml. Follqwing incubation for 1 h at.40°C the ab-
sorbance at 290 nm was read against an identical mixture in
which D-phenylalanine was substituted for L-phenylalanine.
Amount of cinnamic acid produced from L-phenylalanine was
determined by reference to a standard graph prepared from
the absorbance of known concentrations of cinnamic acid at
290 nm (Appendix II). The enzyme activity was expressed as
n moles cinnamic acid produced in one minute per mg dry
weight of tissues.

7.4 Results .
Analyses for glyceollin I only are reported here.
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Glyceollin II and III, which are produced in hypocotyls ;h
much smaller amounts than glyceollin I, were frequently in-
sufficient to provide reliable estimates of,[14C]-
incorpération, and could not be purified to constant
specific radioactivity. The combination of TLC and HPLC
separations (see Methods) yielded glyceollin I sufficiently
pure for inférpretation of incorperation and metabolic ex-
periments with confidence (Table 7:.1).

7.4.1 Estimation of Glyceollin I Rate of Biosynthesis
In uninoculated wounded hypocotyls, [14C}-

incorporation into glyceollin I following 1 h pulses with L-
[U14C]-phenyla1anine was demonstrated 11 h following wound-

ing (Fig 7.2A). The rate of incorpbration increased very
rapidly at subsequent pulse times. However, accumulation of
glyceollin I was not demonstrated until 15 h following
wounding and only small quantities were detected after
longer ,pericds (Fig 7.2B).
In inoculated wounds, [140]-incorporation into
~glyceollin I was demonstrated 7 h following inoculation. It
increased rapidly and was similar in both cultivars until
11 h (Eig 7.2A). Incorporation then declined in the com-
patible interaction (Harosoy) but increased in the incom-
patibl% interaction (Harosoy 63) until 15 h and then also
declined. Accumulation of glyceollin I, however, was dis-
tinétly different in the two interactions (Fig 7.2B). In the
incompatible interaction it,‘accumulated rapidly from 7 h
after inoculation but was not detected until 11 h in_the
compatible interaction and subsequently accumulated rela-
tivély‘slowly.
In contrast to similarities in, early rates of (14cy-
_incorporation in both interaction types in inoculated
wbun@ed hypocotyls, rates of incorporation in the incom-
patible interaction in unwounded hypocotyls differed from

-




Fig. 7.2

(A) frcorporation‘of [14C] into glyceollin I from
L-[U~"C]-phenylalanine in 1 h pulse periods, and
(B) accumulation of glyceollin I in soybean

- hypocotyls. Intact hypocotyls iroculated with

Phytophthoras megasperma f.sp. glycinea race 1, cv

Harosoy (susceptible) @&—@ , cv. Harosoy 63
(resistant) C——0O. Wounded inoculated hypocotyls,
cv. Harosoy —8, cv. Harosoy 63[0—{]. Incubation
period indicates the time following inoculation.

Wounded control hypocotyls cv. Harosoy &, cv.&561.

Harosoy 63 .
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those in the compatibile interaction when first demonstrated
at 7 h following inoculation (Fig 7.2A). The patterns of
glyceollin I accumulation in the two interactions in un-
wounded hypocotyls ‘were consistent with the differences in
incorporation rates.

Specific radiocactivity of [14C]-glyceollin I differed
widely in the different treatments and also varied with time
after inoculation and wounding (Table 7.2). Thus specific
activities were ‘'very high in wounded control hypocotyls and
also in the compatible interaction in wounded hypocotyls,
although they declined rapidly in the latter. This diffored
from the incompatible interaction in wounded hypocotyls in
which specific activities were 1low 1initially and remained
lower than in the compatible interaction. In contrast in the
unwounded hypocotyls specific activities in both interac-
tions were similar and remained low at all pulse. times.

The possibility that wounding or typé of interaction
might affect access of surface applications of L-[U14C]-
phenylalanine to sites of biosynthesis and hence influyence
incorporation rates was examined in the following
experiment. Comparisions were made ofA[14C] incorporation
from L [014C] -phenylalanine applied either to infection
sites or through the cut ends. of hypocotyls. For the same
interaction type much more [}4C] was 1lncorporated in wounded
than in unwounded hypocotyls following application to infec-
tion sites but there we-e no differences in incorporation
following feeding throudh cut ends of hypocotyls (Table
7.3). Therefore, quantitative comBarisions of incorporation
rates between inoculated wounded and unwounded hypocotyls
cannot be made when precursor is applied to the inoculated
site. On, K the other hand the data also demonstrate that the
differential in [14C]-incorporétion between compatible and
incompatible interactions was not affected by the feeding
method. Hence comparisions of incorporation rates in the two

(5
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Table 7.2

Specific radioactivity of [14C] yceollin 1 recovered
folowing pulse feeding with L-[U""C]-phenylalanine from
soybean hypocotyls wounded or inoculated with Phytogbthora

megasperma f.sp. glycinea race 18

\
Glyceollin I specific radioactivity (G/min/pg)
Time from urwounded wounded ~ wounded
inoculation inoculated inoculated only
(h) Harosoy Harosoy 63 Harosoy Harosoy 63 Harosoy Harosoy 63
11 1927 1755 72,032 4,934 - 65,281 65,482
15 1509 1875 . 16,977 5,011 93,146 43,356
19 934 1272 4,508 2,067 62,112 78,563

2 wounded and inoculated sites were pulsed with L-[U4C]-phenyi-
alanine (S5 p1, 50 pC./mi, 0.1 mM) for 1 hpriortoanalysisat
the times indicated.

bcv Harosoy is susceptible and cv. Harosoy 63 is resistant to-

Phytophthora megasperma f.sp. glycinea race 1.
c qucific radiocactivities were calculated from the incorporatim of
C] into glyceollin I during the pulse period arnd the mean
hourly accunulation of glyceollin I.
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Table 7.3 . -

Influence of me 6f feeding L-[U14C]-phenylalanine on
incorporation of [~"C] into glyceollin I following inocul-
ation of wounded or.intact soybean hypocotyls with Phytoph-

thora megasperma f . glycinea race 1.
Cultivar (14c) gilyceollin I (d/min)
and -
treatment?® " Method 1V ~ Method 2
Pulse period
10-11 h_
Harosoy -
Wounded 17, 29%;266‘3 ' 130+22
unwounded 1,28 . - 94+34
Harosoy 63 : ) .
wounded 29,379+1042 1241+323
unwounded - 3,800+422 : - 952+107
Pulse peériod
10-12 h
Harosoy ’ : , :
unwounded 1,546+53 L ;1,169:80
. ﬁarosoy 63 . - : _ ] -
‘unwounded ,16,917+41047 12,311:1,199
T\sa'All plants were inoculated, cv. Harosoy, is suf ep- —
" tiblé and cv. Harosoy 63 is resistant. C]-
phenylalanine (50 uCi/ml, o.1 mM) was applied in 5 u1
b to each of 10 hypocotyls.
In method 1, inoculum drops were removed from inocu-
lateg4sites 10 h'after inoculation and replaced with
L-[U""C]-phenylalanine for 1 or 2 h before analysis.
In method 2, at 10 h after inoculation hypocotyls were
severed . apprdx. 2.5 cm below inoculation sites arlch the
. .cotyledons removed. A 5 ul drop of L-[u+%Cc]-.
phénylalanine was applied to the lower cut surface of
. each hypocotyl and 1ncubated for 1 or Z h before
c-analysis:

Mean and standard- errors for three replicated

experiments.

»



interaétion types are valid when precursor is applied‘td the
inoculated site.
7.4.2 Estimation of Glyceollin I Metabolism

In pulse-chase experiments to determine apparent
rates of {14C] glyceollin I metabolism, a. rapid decline in

- . labelled glyceollin I was demonstrated only in theﬂwounded

controls (Fig. 7.3). In inoculated hypocotyIs radiolabel in-
corpdratiod continued during the chase period in incom-
patible interactions and the amount of [14C]-glyceollin I
remained more or less constant in the compatible
interactions. When cinnamic acid was ‘used as the chase in-
stead of phen¥lalanine ‘there was a rapid decliné in [14CJ-
glydéollin_l in both control and inoculated hypocotyls (Fig.
7.4). Rates of metabolism were similar in compatible and in-
compatible interactions both in wounded and in intact
hypocotyls. ' '

Additional evidence for high rates of glyceollin me-
* tabolism were p;ovlded bx measuring the recpvery of [14C]-
glyceollin I .supplied for 30 min periods at various times
after wounding or after inoculation 'of wounded or intact
hypocotyls (Fig. 7.5). Metabolism” was negligible shortly
following wounding and inoculation but by 4.5-5 h it was
very rapid in wounded hypocotyls (inoculated and controis).
Thereafter:the rate of metabolism continued to increase in
the wounded controls but apparently declined in the inocu-
lated wounded hypocotyls, especially in the incompatible
interaction. Rates of metabolism were much less in intacta

hypocotyls than in wounded- hypocotyls especially in the in-
compatible interaction.

7.4.3 Precursor Pools and Phenylalanine Asmonia-lyase .Ac-
tivity ' ‘ o

b -
The pulse-labelling experiments (Fig. 7.2) indicated

.

-
-
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Fig. 7.3

Fate of [14C] glyceollin I in so¥2ean hypocotyls in
a gulse-chase experiment with {[~“C]-phenylalanine.
[:L C]—Glyc’eolljﬁ I was synthesized during a 1 h
pulse with L-{U**C]-phenylalanine and chased with
L-phenylalanine (1lmM). The pulse was applied” from
10-11 h following inoculation oxffrom 14-15 h after

'wounding in the wounded controls. Intact hypocotyls

inoculated with Phytophthora megasperma f.sp.

glycinea race 1, cv. Harosoy (susceptible)@®—@ ,
.cv. Harosoy 63 (resistant)O—O. Wounded inoculated
hypocotyls, cv. Harosoy —., cv. Harosoy 63[0—{3.
* Wounded control hypocotyls cv. Harosoy &—4, cv.
Harosoy 63 &—A . Chase period commenced at O h
(arrow) immediately, following the 1 h pulse from
-1 'h. Data are. from one of two similar experiments.
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Fig 7.4

Hetabolism of

{14'C:]'-glyceol],in I #n soybean

-chase experiment with [=

Cl-

hypocotyls in a Til
phenylalanine..

lyceoliin' I was synthesized
.8uring a 1 h pulse with L-[U
chased with 1" mM cinnamic acid. The pulse was ap-
‘plied from 8.5-9.5 k following inoculation or 14-

5. h following wounding in thq wounded control. In-

aot\hypocotyls inocu ated‘witb Phytophthora
megasperna f.8p. ‘'glycinea race 1, cv. Harosoy
N { si:sc:a::ti.b].e) o—=o . cv. Harosoy 63
(resistant) O—G . - Wounded inoculated hypocotyls,
-cv. Harosoy l—il, cv. Harosoy 63 [}—{J]. Wounded con-
trol hypocotyls :of cv. Harosoy &4 . Chase pgefiod
commenced at. O h (arrow) immediately following the
1 h pulse- from -1 h. Data are- from one oQut of three
.similar experl- ments . -

. .
. .
. . -

Cl-phenylalariine and

]
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“t Metabolism of extemaiﬁy fed [14C] -glyceollin I. in

soybean hypocotyls. "C}-Glyceollin 1 was applied
to wounds or infection sites for pulse peridds of

30 min immediately prior to analysis at the .times.
indicated. Residual glyceollin 1 was determined

follow&ng each 30 min pulse. Efficiency of
recovery from treated tissus without incubation was
64 percent (1600 d/min). Intact hypocotyls inocu-
lated with Phytophthora megasperma f.sp. glycinea
race 1, cv. Harosoy (susceptible)H, cv.
Harosoy 63 (resistant)(Q—O. Wounded inoculated
hypocotyls, cv. Harosoyj—g . cv. Harosoy 63 0O-0.
Wounded control hypocotyls cv. Harosoy &—a ,- and
cv. Harosoy 63 &—4A . Incubation period refers to
timg following wounding and inoculation. Data are
the mean and standard errors for two replications
(5 hypocotyls per replicate).
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. . ,
that wounding alone induced glyceollin I biosynthesis. The
effect of wounding prior to inoculation on glyceollin I
biosynthesis and métabolism was examined, therefore. In-
oculation of hypocotyls that had been wounded 12 h pre-
viously (after wound-induced biosynthesis had been estab-
.1ished Fig. 7.2) -~ :~ulted in a much earlier onset of
glyceollin accumulation than in hypocotyls inoéulated at the ~
time of wounding (Fig. 7.6A). However, the pattern of [14C]-
incorporation into glyceollin I after pulse feeding with L-
[U14C]-phenylalanine (Fig. 7.6A) was entirely different from
that in hypocotyls inoculated at the time of wounding (Fig.
7.2). Rapid incorporation occurred in the compatible inter-
action and no changes in incorporation rate occurred in the
incompatible interaction. A pulse-chase experiment (pulsed
12 h following wounding for 1 h, inoculated at 13 h and
chased with 1 mM phenylalanine from 15 h) indicated that in-
corporation of radiolabel into glyceollin I continued during
the chase period in the incompatibbe interactien but
declined in the compatible interaction (Fig 7.6B). The in-
.consistencies in patterns of glyceollin I accumulation and
[14C]-incorporation suggested that the pulse and pulse-chase
‘data might reflect precursor pool sizes srather than true
rates of biosynthesis and metabolism.
This possibility was examined byﬂaetermining the
" relative incorporation of 114C] inéo glyceollin I after a 1
h pulse with Lf[UI4C]-phenylalaniné.at two spdcific radioac-
tivities (522 or 50 mCi m/mol) (Table .7.4).} The ten-fold
.difference in specific radiocactivity had 1ittld influence on
[I‘C]-incorporation in the incompgkible interactions but in
the cowpatiblp 1nteractions and the wounded controls incor-
poration from the 1lower of the two L-[UI4C]-phehylalaﬁine
concentrations was only about 50 percent of that from the
higher concentration. This reduction in 1ncorporation'sug-

gests that internal pools of phenylalanine were limiting in
.- )



Table 7.4
Influence of specific radioactixity of L-[U14C]-
phenylalanine on incorporation of [®7C} into glyceollin I
in pulse feeding experiments in soybean hypocotyls wounded
» , or inoculated with Phytothora megasperma f.sp. glycinea
) race 1.

Qultivar
and
treatment

TF*CT Glyceollin I (d/min) B/A x 100

[iéC] Phenylalanune (specific radioac'civ:‘.t:g,r)'tj
(A) 522 mCi m mol (B) 50 mCi m mol

6539+1777¢
(1.9+0.5)

Harosoy
wounded only

3206+733
(1.3:0.2)

Harosoy 63
wounded only

6147+280
(1.2+0.1)

2770+170
(1.2%0.1)

Harosoy
wounded
inoculated

17,290+966 ¢
(2.8%0.03)

8902+2813
(45+40.1)

Harosoy 63
wounded
inoculated

Harosoy

29,379+1042
(10.7%0.4)

1281+159

28395+38
(11.3%2.5)

786+55

unwounded-

(3.8%0.3)
inoculated

(4.5+0.8)

Harosoy 63
unwounded
inoculated

N 8 cv. Harosoy is susceptible and cv. Harosoy 63 is resistant to
b Phytophthora megasperma f.sp. glycinea race 1.

wounded and inoculateq_ ites (10 per treatment) were pulsed with

5 pl 50 uCi/mk L-(U"°C)-phenylalanine at two concentrations A

and. B as above, for 1 h from 10 to 11 h after inoculation or

3801+42.2
(21.8+3.8)

3286+188
(17.4%0.9)

c [Y%cl Glyceollin I (d/min), accumulated glyceollin I (ung) in
parenthesis. Data are means and SE from three replications. :

A
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Fig. 7.6

Effect of wounding soybean hypocotyls 12 h prior to
inoculation with Phytophthora megasperma f.sp.
glycinea on (A) ﬁ&yceollin I accumulation and in-
corporatioriff [*7C) into glyceollin I and (B) the
fate of [*“®Cl-glyceollin I in a pulse-chase
experiment. In (A) L-[u'4C]-phenylalanine (5ul, 50
HCi/ml 0.1 mM, per hypocotyls) was supplied in a 30
min pulse immediateig prior to the time of
analysis. In (B) L-[U*¥C]-phenylalanine +«(S5ul, 25
puCi/ml 0.05 mM, per hypocotyls) was supplied for
1 h prior to inoculation and chased with 1 mM
phenylalanine from 2 h after inoculation (arrow).
In both (A). and (B) hypocotyls cv. Harosoy

(susceptible; n ) , €v. Harosoy 63
(resistant; O ) were inoculated at O h (12 h
after wounding). Broken line indicates q%yceo-
11in I accumulation. Solid line indicated { cl-

glyceollin I.
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the controls and compatible interaqxions
Phenylalanine pool sizes were measured at 11 h fol-

lowing inoculation or wounding, a time at which rates of

[14C]-1ncorporation had reached significant 1levels in con-

trol and inoculated hypocotyls (Fig. 7.2A). Measurements in

wounded controls were made also after 15 h to coincide with

the first detection of glyceollin I accumulation in wounded
controls. Phenylalanine concentrations were much lower in'
inoculated than in control hypocotyls and, in Harosoy 63,

lower in the wounded controls than in the intact hypocotyls

(Table 7.5). The phenylalanine pool in the wounded

hypocotyls decreased significantly between’ 11 and 15 h. Thus

de

there was in general an inverse correlation between
phenylalanine pool éize and PAL activity and, from other
experiments, glvceollin I accumulation. However, there were
R " striking differences in PAL activity between inoculated and
control hypocotyls and activity in incompatible interactions
. was about three times that in compatible interactions (Table

7.5).

7.5 .Discussion - e
L-[Ul4¢]-Phenylelanine was used in the present study
as ‘the experiment precursor of glyceollin I, in general -
following procedu:jg\ﬂGEEribed by Yoshikawa éE al. [1979].
Banks and Dewick [1983] demonstrated daidzein (Fig. 7.7) to
be a precursor of the gl¥yceollins, but it was found that in-
corporation of [14Cj¥daidzein was too low to yield glyceol-~
lin I of reliahle specific radioactivity for pulse-feeding
experr;honts (data not presented). Similarlw, no useful in-
corporation was ootained with thé more .immediate precursgor
[1‘C]7mevalonate in the pulse periods used (Fig. 7.7), al-
though [14CJ-.incorporation from this compound in long term
feeding experiments has been .-reported fz;hringer et al.,
1978]. Moesta and Grisebach [1981b] used [l4c]-carbon
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\rable 7.5

Concentrations of free L-phenylalanine and activity of
phenylalanine ammonia-lyase in soybean hypocotyls folowing
wounding or incculation with Phytophthora megasperma f.sp.

glycinea race 1.

Cultivar® and Phenylalaninev RL activity®
treatment (n mo{/mg d. wt) mol cinnamic/min
' v /mg d. wt)

Y
Hypocotyls unwounded !
(11 h incubationm)®

Harosoy inoculated ‘ 67:289 0.88:0.23d

Harosoy 63 inoculated 56+14 . 2.61+0.12

Harosoy uninoculated 162+9 0.15+0.04

Harosoy 63 uninoculated 164+8 0.18+0.06

Hypocotyls wounded at

time of inoculation .

-(11 h incubation)

Harosoy inoculated 85+18 0.92+0.04

Harosoy 63 inoculated 54+20 2.85+0.22

Harcsoy uninoculated 136+17 0.20+0.03

Harosoy 63 uninoculated 111+19. 0.13+0.06

-(15 h incubation)

Harosoy uninoculated 66+5 0.16+0.08

Harosoy 63 uninoculated 75+6 0.11+0.01

Hypocotyls wounded®

12 h prior to inoculation

-(4 h incubation)

Harosoy inoculated - © 67+12 0.49+032_ -~

Harosoy 63 imoculated 49+0 1.06+0.Q08
. -

-(11 h incubation)

Harosoy inoculated 25+2 0.88+0.05

Harosoy 63 uninoculated 28+1 3.98+0.35

2 cv. Haroeoy is suscegtible and cv. Harceoy 63 is resistant to
b Phytophthora megasperma f£.sp. glycinea race 1.
Based on tissue excised from 20 lesions or wounds from 10
hypoootyls.
c period from the time of inoculation or wounding to the
of analysis.
d Mean and standard error from 2 replications.
© Hypocotyls in this series were woundad 12 h prior to inoculation,
4 h and 11 h incubation refer to the pericd after inoculation.

¢




Fig. 7.7 :

Some major intermediates in phenylpropanoid
pathways, starting with deamination of L-
phenylalanine by phenylalanine ammonia-lyase into
trans-cinnamic acid, leading to glyceollin I.

J
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dioxide as a ﬁrecursor of the glyceollins and suggested
. [Mobstarand Grisebach, 1980, 198la] that phenylalanine might
have the disadvantage that uptake might be influenced by ex-
perlmental conditions. Nevertheless, L-[U14C]-phenqu1aﬁ;ne
has been successfully employed as a precursor in a number ef
studies of phenylpropanoid biosynthesis [eg. Banks and
‘Dewick, 1983; Dewick and Martin, 1979; Dewick and Steele,
1982] and the data of Table 7.3 indicate that it is an ac-
fceptable precursor for comparisions of [14C]-incorporation.
into glyceollin I in incompatible and compatible interac-
tions under'the experihental conditions used here. 1In
contrast, the drawbacks to the use of '[14C]-carbon dioxide
apﬁaar'to be more serious. As will be discussed below, the
aime’ pulse-chase experiments [Moesta and Grisebach,
1981b
glyceoliin and the large pool of metabolic products that it

may be frustrated by the remoteness of CO, from

might be expected to give r#se to.

— Yoshikawa et al. [1979) concludég\}rom putse—feeding —
gxperiments that high biosynthetic rates were induced'by in-
oculation of wounded@ hypocotyls and by wounding alone. The
rates were similar in bath compatible and incompatible
1nte£actions, although accumulation of glyceollin differed
in the two interactions and was only just detectable in the
wounded conigrols. They concluded from these and pulse-chase
experiments that diffefances 1n'acchmulation‘were a reflec-
tion of different rates of glyceollin metabolism.. The
results _ip the prasent study with wounded hypocotyls were

' broadly similar with the exception that differences’ in the
amount of. incorporation in the two types of interaction
develcped after 11 h following inoculation (Fig. 7.1).
However, in unwounded inoculated hypocotyls, rates of
biosynthesis and accumulation Were distinctly different
throughout the time-course in oth interaction types. This
distinction evidently was masked by wounding,.both in the

<
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present study and those of others [Moesta and Grisebach,
1981b; Yoshikawa et al., 1979]. In unwounded inoculated

hypocotyls glyceollin accumulation appeared to be governed
by biosynthetit rates.

The pulse-chase experiments, with L-phenylalanine as

- the chase, provided satisfactory evidence for rapid glyceol-

Ain metabolism in the wounded controls in both the present
study and that of Yoshikawa et al. [£§79]. They failed to do
so in the inoculated Hypocotyls. In both investigations
there was continued incorporationn of [14C] both in incom-
patible and compatible interactions during the chase
period and espeéially in the incompatible interactions.
Clearly, extensive pools of radiolabelled precursors were

developed dﬁring the pulse period and these pools continued

to supply the biosynthg%ic pathway during the chase period.
Presumably, the much wider pool of precursors generated from
[14C]-carbon dioxide in the experiments of Moesta and

A

Grisebach [1981b] increased this problem. They .found [1491— :

incorporation continued to increase for 4 to 6 h after the
pulse period followed by a limited decline 1in [14¢]—
glyceollin in the incompatible interaction only (half 1life¢
of 28 h). Differences between the phenylalanine chase curves

* for the two tyéps of interactions, both in the present

study and that of Yoshikawa-et al. [1979], may indicate dif-
ferences in sizes of radiolabelled pools as much as dif-
ferences in metabolic rates. When cinnamic acid was used to
feed-back 1nhibit PAL (Fig. 7.7), following .the evidence of
Shields et al. [1982], fadioactivity 1n‘_glyceol,}§n 1
declined rapidly in all interactions, after a lag of between
1 and 2 h, with half 1ives of about 2 h (Fi{g. 7.4). Further-
more the rates of metabolism of [14CJ-g1yceollin I indicated
by these data were simxlar for each of the pairé of com-

patible and 1ncompat1ble interactions in either wounded or

unwounded hypocotyls. This was in spite of differenceswin

3
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specific-radioectlvities of glyceollin I in the two types of

;inte}actienﬁilﬁhig 7.2). Hence metabolié rates are retated”

to glyceollin pools rathery than directly to interaction-

types On the basis .of this experiment it appears that difb
ferences. in’ glyceollin I accumulation in the two types of .

‘ipteraction are not controlled by differential nstabolic

rates.
Adaitionalfeuidence‘for glyceollin I metabolism wes
orouided:bytpulse feeding with [l4c)- -glyceollin I (Fié.
7 5). The resultis of the present study were consistent ‘with
those of Yoshikawa et al. [1979], obtained with hypocotyl

‘3‘.eeetions 1n vitro,-but demonstrated further that

glyceollin I - applieq to wounds and to inoculated wounded
and unwounded hypocotyls was alsd metabolized. This abili 24
evidently was-nbt constitutive but was. indnced within 4.5 h
of uounding or infection and hence may involve dd novo en-

z?ne syntheeis comparable to\that required f£br glyceollih ° .

bdosynthesie [Bonho££ et al., 1986, Esnault et al., 1987,

'%thelzar et al., 1984). Half 1ives for externally supplied

glyceollin I were of ‘the same order . as those determined in

pulse-chase experinents with cinnamic acid. Such high rates

glycebllin I turn over -suggest that & study of the metsa--,
boiic fete of glyceollinrl. and enzymjic processes involved

_* would be‘profitable. Although ‘this experiment serves. to em-

phazp that quceollin I metgbolism is induced following
wougding and infection, the evidence that it also provides
for diiferential rates -of metabolism in compatible and in-

qenpatible interactions “must be regarded as equivocal. Dif- -

ferences-in apparent rates of metabolism may have been due

to 411ution Irou endogenous glyceollin I ,fespecially in in--
'cq-patib\, interacttons Tbe aécess of oxogenous

(
", glyceollin I to sites of bioeyntheaistaay have been in-

fluenbed-bdii’teraction type, boing less efficient in in-
gpet hypooot?la than in tissues oxpoeed by wounding. '
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The demonstration (Table 7.4) that [14C)-incorpéra-
tion into glyceollin 1 was affected by the specific radioac-
tgvity of the phenylalanine fed‘sdggests that pool sizes or
metabolic fluxes greatly influence estimates of biosynthesis
in pulse-feeding ekperiments. In controls and compatiﬁiq in-
teractions thu decrease 1n,[1‘C]-incorporation with the
higher of the two phenylalanine concentrations (i.e. 1low
specific radioactivigfl would be expected if internal pools
of .phenylalanine were small relative to quantities provided
by the pulse or i$ endogenocus rates of carbon-flow through

‘ ¢pﬁeny1a1anine were low. The much‘Smaller effect of specific
L e . _ radiSEcSivity of phenylalanine é6n incorporation ih the in-
' cpmbatible interactions suggests that internal precursor
» pools in these interactions were large or that metabolic
rates were high relative to quantities provided by the
pulse. No evidencs. for the expansion of free'phenylalanine
pools was found, concentrations were lowest where demand ap-
peared to be greatest. However, there were major differences
) in PAL activity (Table 7.5) that were generally cqrreratedf
. with glyceollin‘I accumulation Presumably a very high rate
of flow of carbon into the glyceollin biosynthetic pathway
is generated in the incompetible ‘'interaction resulting»in ot
large accumulations of glyceollin I of relatively low
specific radioactvity (Table 7.2). At the other extreme in
the wounded controls the external L-[Ul4C]phenylalanine
pulse presumably makes a major contribution to the wery
small endogeneous. flow, resulting in g‘llyceollin I of high
, ~'specific radioactivity (Table 7. 2f Observations that xates
| i of [146} 1hcorporation in wounded controls spproach .
. [Yoshiktwa et al., 1979) or equal (this study) . those in in- '
compatible 1nteractions,-therefore, ‘eflect differences in

endogeneous flow rates but not eiaileritiee in biosynthetic

. rates.
r.. . o

£

v

It might be expected that more uniform labelling .of
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ursors-would be achiqved by pulse feeding with [14C]—
‘car n dioxide as employed.by Moesta and Grisebach (1981b],
thus avoiding .some of the difficulties encountered with
[14C]'phenyla1anine. That this may not be the case, however,
is’ auggested by evidence that glyceollin biosynthesis in
hypocotyls draws heavily on reserves in cotyledons [Kimpel-
-and Kosuge, 1985]. Such reserves, presumably, would not be
labelled during (14c]-carbom dioxide pulses and would be
tapped differentially as different.rates of metabollic fluxes
developed in compatible anofincompatible'interactions.
Significantly, incorpora%ion'patterns during the early
critical hours following inoculation in wounded hypocotyls
were similar both following [14c] ~carbon dioxide feeding
[Moesta and Grisebach, 1981b] ‘and [14C]7phenylalanine feed-
ing‘Lioshikawa et al., 1979 and Fig. 7.13}. In all three
studies, rates of incorporation during this period were‘the
samé in compatible and incompatiblé interactions in wounded -
hypocotyls. Moesta and Grisebach [1981b] considered that
their data for glyceollin accumulation were consistent with
this, - for they failed to find significant differences for
the two interactions before 14 h after inoculation (although
a trend would appear to have been established earlier). In
the previous study by- Yoshikawa et al. [1979] and the”
present study, differences in glyceollin accumulation
developed much earlier, leading to- the interpretations dis-
cussed above. The latter results appear to be the more
reasonable. They are consistent with the early differentia-
tion of registant and susceptible responses in soybean
hypocotyls [Ward, 1983; Yoshikawa et al., 1978] and the as-
sociation of Qlycoollin'wlyh rentriction of spread of the
pathogen ([Lazarovits et-el., 19%?; Ward et al., 1981;
Yoshikawa et al., 1978). There is evidence that tramscrip-
tion of mRNAs for pathwgy enzymes takes place within 3 h of
inoculation in ani)ncompatible interaction but not in a.com-.
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patible interaction [Esnault et al. 1987]. The data of
Table 7.5 indicate also that PAL activity in incompatible
interactions was several fold that in compatible interac-
tions at 11 h after inoculation. Furthermore, in roots ac-

‘cumulation of glyceoliin I.and increases in activity of

patﬁway enzymes occur much earlier in incompatible than in
compatible interactions [Bonhoff et al., 1986; Hahn et al.,
1985]. Borner and Grisebach [1982], however, héa previously
failed to find comparable differences in PAL activity in
hypocotyls. Possibly, their procedures for inoculatior with
mycelium introduced non-specific elicitors of glyceollin
biosynthesis that,‘ together with the complication due to
wounding, obscured any early differences in response between
compatible and incompatible interactiOns:

Results \with intact hypocotyls . B were much less. am-
biguous thah those with wounded, hypocotyls. Thus rates of -

[14C] incorporation were consistent with atcumulation of .

glyceollin 1 and patterns in the two interaction types were

distinctly different (Fig. 7.2). Although wounding does not
- -~ -~ -

result in the accumulation of significant amounts of
glyceo‘lin gquring the firéf 12 h, it apceleratee the biosyn-
thesis and accumulation of glyceollin following infection
(Fig. 7.6) with parallel increases in the activity of PAL
(Table 7.5). This suggests that some wound responses may be
readily diverted to glyceollin biosynthesis or that the low
level of biqsynthesis initiated by wounding cen be more

rapidly enhanced by inoculationr. Such a response may be im--
portant in the resihtance of wounds to infection. A similar.

pheriomenon wes reported for sweet potatoes (Inoue et al.,
19543. Clearty inoculated wounds present a much more complex

situation for biochemical analysis than inoculated'intaét'”

hypocotyls.
‘ It is concludbd that ddfferenées 10 rates of glyeool- -
. 1in I accumulation, and presumably of othor 1soaoc., sre duo

’
[ % ’
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to the development of higher rates of biBsyn.thesis in incom-
patible than in compatible interactions and not to dif-
ferences in metabolism This is based on the demonstration
that a) retes of [14C] -incorporation intoc glyceollin I 4in
incompatible interactions, either equalled (wounded hypo-
cotyls) or exceeded (unwounded hypocotyls) those ~in com-
patible interactions, b) in incompatible interactions
specific radir~actiwvity of accumulated glyceollin I was 1low
due to relatively higher contribution .from unlabelled inter-
nal pools, ¢) PAL activity was stimulated to a much higher
1level 4n incoinpatible than in compatible interactions, con-
sistent with high metabolic floWws through the biosynthetic
pathway, d) rapid metabolism of glyceollin I occurred in
both interactions (and in uninoculated wounds) and rates
were related to the accumulation  of glyceollin I and not
directly' governed by the. e of interaction. Accumulation
of glyceollin I mufSt depe:;mon differences between rates of
biosynthesis and metabolism. Assuming that the :products of
glyceollin-metabolism are not phytotoxic, it is probablj( es-
sential that the plant maintains a balance between bioeyn-
thesls and metebolism of leceollin to avoid_ harmful
accumulation. Glyceollin I should be regarded as an inter-
mediaete. and not an end product of a secondary metabolic
pathway. ' ]
Since biosynthesis is stimulated in both wounds and
.infected tissues it may be a response to cell damage. Major
stiieuletion presumably would require persietent damage that
occurs in. infected tissues to varying degrees but not - in
wounds. Bvidence that continued stimulation is eeeentiel for
. phytoelexin eccuuuletiqn in cell-suspension culturee was
provided by Dixon et el.‘[1981] Requirements for continuous
stimulation and high rates Of ‘glyceollin metabolism are con-
sistent also with earlier observations that a compatible
race may epreed from restricted lesions containing high ton-
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centrations of glycedllin. Growth of a compatible race of
Phytophthora megasperma f.sp. glycines was stopped and
glyceollin accumulated in infected hypocotyls placed at high
.temperatures [Ward and Lazarovits, 1982]. Trasnsfer to normal
temperafures’evidentiy removed the stimulus for glyceollin
biosynthesis. Metabolism, at least at the.periphery .of
lesions, would presumably reduce glyceollin concentrations
sufficiently to permit the pathogen to spread. Similarly, in
incoculations with mixtures of compatible and incompatible

races [Ward, 1983] low stimulation of biosynthesis together
with continued metabolism of glyceollin in the microenviron-
ment of compatible hyphae might allow these hyphae to spread
despite the developing toxicity within the lesion as a
"whole. These observations are generally consistent with a
view expressed elsewhere [WNard, 1986] that the basic
relationship in host-pathogen interactions of this type is a

compatible one and that this persists unless 1Q$erfered
with. : C o~
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CHAPTER 8

L .
PHENYLALANINE AMMONIA-LYASE ACTIVITY IN SOYBEAN HYPOCOTYLS

. AND LBAVES FOLLOWING INFECTION WITH Phytophthora megasperma
\ )
f.sp. glycinea

i

8.1 Sumdary
Phenylalanine dmmonia-lyase (PAL) activity increased

rapidly after 2 h following inoculation with Phytophthora
megasperma f.sp. glycinea race 1 in unwounded hypocotyls of’
| soybean cv. Herosoy.63 (resistarit) but not in cv. Harosoy
(susceptible)'. Small but significant increases 1in PAL ac-

tivity were caused by wounding. Compared to unwounded
hypocotyls (Harosoy 63) PAL activity increased more slov‘wly
in hypo;:otyls wounded ,just; before inoculation but much
faster in hypocotyls wounded i2 h vefore inoculation. There
were comparable effects on symptom development.

Trifoliates of 14-dgy old cv. Harosoy 63 plants are
' resistant but trifoliates of 12-day old cv. Harosoy 63
plants and of 14-day old cv. Harosoy plants are susceptible
to race 1. Ihcreases in PAL activity following inoculatidn
were demonstrated only in l4-day old !farosoy 63 plants but
not until 24-36 h. Significant accumulation.of glyceollin
occurred by 24 h. Susceptible trifoliates of 12- -day old cv.
Harosoy 63 plents produced only low levels of glyceollin
following either infection or treatment with the abiotic
elicitor AgNO3» whereas trifoliates of 14-day old cw:
Hérosoy . plants prdduced -high levels of’ glyceollin in
response to AgNO3. It is concluded that trifoliates of 12-
Aay old, as _opposed to,K 14-day old, cv. Harosoy 63 \plants
have not developed mechanisms (recqgn:ltion ) for response tc¢
either infection or the abiotic .elicitor, or they are defi-
cient in hotabol.ic processes that support glyceollin biosyn-
thesis or pthor defence-related responses. '

1688 ,




8.2 Introduction - .

The association of phenylalenine ‘ammonia-lyase(PAL)
activity with the accumulation of phytoalexins was first
demonstrated by Hadwiger and Schwochau [1970] for the
elicitation of pisatin in peas using abiotic elicitors. The
enzyme catalyses the Eirst step of the phenylpropanoid path-
way . (Fig. 7.7) and hence it would be expected that activity
should be correlated with production of isoflavonoid
phytoalexins in incompatible host-pathogen interactions.
This has been found to be the case'forﬂelicitor treated cell
suspensions of beans and soybeans {eg Cramer et al., 1985;

Dixon and Bendall, 1978; Dixon and Lamb, 1979; Ebel et al.,-

1984; Lawton et al., 1983; Robbins et al., 1985]. Results
with whole plants have been less consistent. Recently PAL
activitquas correlated with glyceolldin production in
soybean roots [Bonhoff et sl., 1986] but Partridge and Keen
[(1977] concluded earlier that PAL activity was not related
to glycdbllin synthesis "in soybean hypocotyls wounded and .
inoculated with Phytophthora megasperma f.sp. glycinea. They
found little difference between PAL activity in wounded
controas, in which'glyceollin did not accumulate, snd that
in inoculated hypocotyls in which it did accumulate. Borner

and Grisebach [1982], in a study of the same interaction

detected 1little PAL activity in ‘'wounds but reported a

gradual tncrease in sct‘ty following 1nocu1‘tion. They
Y

also found that activit 8 similax in both compatible and
incompatible interactions for the first 14 h. This was con-~
sistent with their data lbr glyceollin acccumulation but not
with those bf others. [Yoshikawa et al., 1978, ;979], or with
development of early differences in the extent of .tiss\}.
colonization in compatible and incompatible interactions in
" soybean hypocoty{s or roots in ‘which glyceollin is presumed
to play & causal role (Hahn et al., 1985; Yoshikawa et al.,
1978]. Furthernore, a8 regent report [Esnault ot';l., 1987]

f
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has provided evidence for gene transcription of PAL mRNA in
etiolated soybean hypocotyls ‘within 3 h of inoculation in
the incompatible but not in tﬁ;—zbmpatible interaction.

It was observed that the Rps; gene for resistance to
Phytophthora megasperma f.sp. glxciﬁéﬁ race 1 carried by cv.
Harosoy 63 is expressed in leaves in addition to hypocotyls
[Chapter 4]. However, this was influenced greatly by’/pe age

"of the plant and the maturity of the le\aqqs. Thus, while
leaves from jq_day old cv. Harosoy 63 plants wefe resistaﬁt

. and aépumulated glyceollin, leaves from 12-day old plants of
the s@me cultivar were susceptible. In this chapter,
therefore, PAL activity was examined in leaves as well as in
woun@ed and intact hypocotyls following inoculation with

Phytophthora megasperma f.sp. glxcinea{

8.3 Materials and methods '
8.3.1 Host

Etiolated seedlings of the near isogenic soybean cul- '

tivars Harosoy and Harosoy 63 were grown in, trays of ver-
miculite for 6 days in the dark as described previously

(Chapter 2.1.1]. Trifoliates were\obtained from 14- day olj

cv. Harosoy and 12 and 14- -day old cv. Hatosoy 63 plant
grown. in. s0oil as described in- chapter 4.3.1.

. ..'
8.3.2 Pathogen :

. . The culture used wa§ a single-a2oospore isolate
(R1.19) derived from Phytophthora megasperma f.sp. glycinea
race 1 ([Chapter 6.4]. This race is virulent on cv. Harosoy

(xpsy) and avirulent on cv. Harosoy 63 (Rps;).. Zoospores ' .

were produced as doscribed previously [Chapter 2.2.2.2]. A
10 ‘ul drop of zoospore suspenaion (1051m1) was used as

inoculum.
" [

\
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8.3.3 BElicitor
: ®rhe abiotic elicitor of glyceollin, AgNOj (1073m)
{stossel, 1982] was applied in 10 ul drops to the uppeg, sur-
face of 1eavqg.
. , ‘ °
8.3.4 Inoculation and Incukation

# Etiolated hypocotyls from 6-day old seedlings were
arranged horizontally 1n glass trays as described previously
[Chapter 2.1.2] and two drops of zoospore suspension were
placed on each hypocotyl about 2 cm below the .cotyledons and
about 0.7 cm apart. Drops of eterile distilled water were
added to control hypocotyls..- In hypocotyls that were
wounded two surface wounds (about 3 mm long and O 5 mm
deep) were made about 2 cm below the cotyledons end ‘about
0.7 cm apart immediately /prior to inoculation [Chapter
7.3.3)], except 'ih one experiment . in which hypocotyls were
wounded 12 h prior to inoculation. In that experiment
sterile distilled water (10 ul) ‘was placed in each wound to
prégent desiccation dur;ng the 12 h period. Wounds were in-
oculated. . with 10 pl of ‘zoospore .suspension or sterile dis-
tilled water in controls. Ten hypocotyls (20 inoculated or
control sjites) were used for each treatment. Following in-
oculation or wounding, hypocotyls were incubated in the dark
at 25°C and .100% RH. ‘

. Trifoliates were arranged on Yef oellucotton'in glass
trays as described previously ([Chapter A.3.31. Six or eight °
drops of zoospore suspension,  AgiNOj, solution or'sterile dis-
tilled water were placed on adaxial surfaces of leaves of )

. 12~day ‘o014 Plants, twenty drops were used on leaves of 1l4-

day old plants. Tra¢s were closed immediately with.plastic
film and left undisturbed on the laboratory bench for 3-4 h.
Thereafter, they were incubated in a growth cabinet at 100%
RH with a daily 16 hslight period (fluoescent lamps;
approx. 33 uE m~2/8). The temperature was 23°C in the 1light

171 .
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and 16°C in the dark. .
]
8.3.5 Deter-ination of Phenylulanine Ammonia-lyase Activity
Hypocotyl gsections approximately 1.75 cm long con-
taining the wounded and inoculated sites and lesion tissues
in the cése of the leaves were excised, weighed, immediately
frozen in liquid nitrogen and stored at -70°C. PAL activity

‘in the. excised tissues was determined by foilowing the

methods described in chapfer 7.3.10. The enzyme activity was
expressed as n moles cinnamic acid produced in one minute
per g fresh weight of #issue. -

8.3.6 Determination of Glyceollin

Excised tissues from lesions in leaves inoculated
with zoospores or treated with AgNO3 solution (10'3M) were
extracted with 95% ethanol and glyceollin was separated by
thin layer chromatography as described in chapter 2.7.
Glyceollin (& mixture of three .isomers) was determined from
its esbsorption at 285-nm and’ the extinct}on‘coéfficient
[Ayers et al., 1976]. Glyceollin concentrationsg are
expressed as .,ug per g fresh weight’' of tissue.

8.3.7 Determination of Reducing Sugars

Reducing- sugars in the supernatant used in the assay
for PAL activity were determined following the arseno-
molybdate method of Nelson [1944].

8.4 Results . !

8.4.1 BEtiolated Rypocotyls
8.4.1.1 xggtoms .

In intact etiolated hypocotyls, symptoms fallouing
inoculation were consistent with those rsported previously
[Ward et al1., 1979]). In the incompatible interaction (cv.
Harosoy 63? brown spots were vidlb;e aftbr's-e h, while in

.
.
» 4
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the compatible interaction (cv. Harosoy), surfaces of inocu-
lhted sites developed a transparency that preceded the
‘general wateﬁ soaking.with brewning that was prevalent after
11-12 h. By comparision the develropment of symptoms was much
delayed in hypocoty%s wounded just before inoculatioh.'
Browning could not be detected in the resistant response in
wounds in‘cv. Harosoy 63 until 8-9 h followihgeinoculation.
There was also.a reduction 4n the amount ofs browning in the
compatible intereption (cv. Harosoy) Hypocotyls wounded 12h
prior to inoculation , however responded very rapidly to
infection. In fesistent responses in such hypocotyls of
Harosoy 63, tissues became brown 4 h following inoculstion.

LY.

8.4.1.2 Phenylalanine Ammonia- 1yase Attivity )

In intact eticlated hypocotyls PAL activity incre‘sed‘
rapidly from 2 h follpwing inoculation in the resistant
response (ev. ~ Harosoy 63) to Phytophthora megasperma f£. sp.
g xginea race 1 (Fig 8.1) but not in the susceptible
- response (cv¥. Harosoy). At 8 h following inoculation PAL ac-
tivity 1n the resistant response was more than six times

greater than that in the susceptible response or control
hypocotyls. weunding caused a small but significant increase
in PAL activity over that in intact hypocotyls (Fig. 8.2).
§ignificant differences 1in PAL activity between resistant
.agnd susceptible responses did not develop until after 4h and
stimglation in the resistant response (cv. Harosoy 63) was
much smaller than in unwounded nypocotyls. ~In hypocotyls
‘ wounded 12 h before inoculation the trends to increased PAL
_activity in thé controls continued (Fig. 8.3). There was
also a rapid increase io activity in the resistant respomse,
possibly greater than that in 1ntact hypocotyls, and sig-
) ‘ifieant_stimulation of activity in the susceptible
' respohse. ) :

L M
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Fig. 8.1 ° ' \

Phenylalanine monia-lyase activity in unwounded etio-
lated hypocotyls of soybean cultivars Harosoy (@——@)
and Harosoy 63 ( O——Q) following inoculation with
Phytophthora megasperma f.sp. glycinea race 1 and in
water-treated controls (cv. Harosoy, 4é—— and
Harosoy 63, (—). Data are based on two experiments.

»
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Fig. 8.2 -
Phenylalanine ammonia-lyase activity in etiolated
hypocotyls of soybean cultivars Harosoy (IlB—8 ) and
Harosoy 63 ( O0——{) wounded and inoculated immediately
with Phytophthora megasperma f.sp. glycinea race 1 and in
water-treated wounded controls (cv. Harosoy, &———4A and
Harosoy 63, &—1A ). Data are based on two experiments.

.
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Fig. 8.3
Phenylalanine ammoni@-lyase activity in etiolated
hypocotyls of soybean cultivars Harosoy (EB— ) and
Harosoy 63 ( O——{1) wounded 12 h prior to inoculation
with Phytophthora megasperma f.sp. glycinea race 1 and in

water-treated controls (cv. Harosoy, &¥~———4A and
Harosoy 63, &—A ). Data are based on two experiments.
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8.4.2 Leaves B
8.4.2.1 Ssymptom§’ ,
l .The selection of leaves used for determination of PAL
8ctivity was based upon observations of symptoms reported
previously [Cﬁapter 4.4.2). Trifoliates from 14-day.old cv.
Harosoy plants were susceptible and develoggd pale 6rown le-
sions by 24 h that started to spread by 36 h with the
development of soft rottgn tissues. Trifoliates from 12-day
0old cv. Harosoy 6§“wq§e susceptible also and lesions were
similar to those in cv.\Harosoy. However, by 14 days tri- .
foliates of cv. Harosoy 63 weré resistant. Brown spots ap-
peared beneath inoculum drops 12 h after inoculation and
conspicuous dgrk-b;owﬁ to reddish-brown lesiong, more or
less restricted to the inoculated aresz, develbped by 24 h. |

8.4,2.2 Phenylalanine Ammonia-lyase Activity ’

* There was no sighificant change in PAL activity in’
any of the infected leaves upto 24 h following inoculetion
(Table 8.1). At 36 h following inoculation there was a major
igcrease in activity in leaves of 14-day old cv. Harosoy 63.
Blants (resistant) but not in leaves of other plants.

8.4.2.3 Levels of Glyceollin -
e Followng zoospore inoculation much more glyceollin
accumulated in trifoliates from 14-day old cv. Harosoy 63
plants than in those from either 12-day old cv. Harosoy 63
pIants'pr~14-day 0ld ce. Harosoy plants (Table 8.2). At 24 h
but not 36 h, after ;nocdlation ngceolliq'acdumulatian\waa
significantly less in 12-day old cv. Harosoy.63 trifoliates
than in cv. Harosoy trifolfates. With AgNO; treatment (Table
8.2) amounts of glyceollin produced in trifoliates of l4-day

. 0ld plants of both cultivars wexe simii&r but only‘about one

fifth as much was produced in trifoliates of 12-day old
o . ¢

plants of cv. Harosoy 63. Lo ot "

~




Table 8.1

, Phenylalanine ummonia-lyase activity in trifoliates of
soybean inoculated with Phytopithore !gg__ggggg f. sp.
glxginea. —

PAL activity
_(nmole cinnamic’ acid/min/g fresh wt )

. Cuitiéq; Plant Age' Inoculated’*1 . .. Control,
. . . - _/’ - b
. (days) . _24h° 36h g_ 24h . ~36h
Harosoy 14 20.6+9.7°  9.4%3.7 = 26.1210.9 8.2+2.2

Harosoy 63 12  10.5+6.3 ® 16. 3+1z 2 _.8.7+Y.5 10.1+2.0

——— e \.

O . . :
Harosoy 63 14 =~ 9. 9+3 5 .84. 2+13 3- -g 9+3.6 9.213.0

Tri&niau::wanginaanauulby ph&ﬂng IQ pl dnxs of zoaque-
: suspension (10°/ml1) of Phytephthora £.50.
. race 1 on the adaxial surface. Drops of water (10 ut) were ap~-
i plied to contyols.
Iuatntnxzpmdnd:&nhmdng1naauatmnlxﬁ11amangds
Dsuaara1xmnd«:1tunenmnrﬁu:ﬁs . -

+ . [}

\ ® Table 8.2

o

wN

.\

Accumulation of glyceollin in leaves of soybeans following

"inoculation with Phytophthora megasperma f.sp. glycinea
race 1 or AgNOs. .

Glyceollin (pglg fresh—w@.)ﬁ

Cultivar Age(day) ° iooépores~ . AgNOy3 .
. | 74h 36h © 62n -«
' Harosoy id " 593:452  db0:d - 2876+243"
Haresoy 63 12 205+4 336+151 55642
" Harosoy 63 14 . 928+128 1097394 2755+301
L Ttifbtunns ﬂmxmnauxlty placing 10 i &hzx;ci a zoospare
- suspengion (10°/ml) or a AgNO3 solution (1|mn on the adaxfal
2 lu:ﬂlxnct'dtuxind leaves. 3 .
' . Incubetion period following indculation or Ag!%;treaumrn:until '
= o snalysis. -
) L 3!1“::&zrghﬂ::ﬂlﬂm(pgﬁ;fnuixwt)araIxnndc:\two‘nqnicatnrn b
-
. + ‘ .




8.4.2.4 Levels of Reducing Sugars

No differences in reducing sugar levals were found
among the three groups of trifoliates (Table 8.3).

8.5 Discussion
' The repid increase in PAL activity in the resistant
response but not in the susceptible response of intact etio-
lated soybean hypocotyls demonstrated here (Fig. 8.1) is
comparable to that in’intact roots of-soybean seedlings

reported by Bonhoff et al. [1986]. It is consistent-el‘eg'_

with early increases in gefi_e transcription for_ mRNA f_oi‘ PAL
'in resistant but not in susceptible reactions reported bY
Esnault et al. [1987] and with the evidence that rates of
biosynthesis and accumulation of glyceollin b ¢ ere higher in

resistant than in suséeptible inoculated hypocotyls [Chapter ,

7.4.1).° s -

\

In hypo)otyls, wounded just prior to inoculation,
symptom development was delayed compared to. that in intact
h.ypocotyls. . Similarly, PAL activity in the resistant
response . in wounded hYpocotyls increased at a lower rate
than in in_tact hypocotyls. 'I'hese diffe;rences were -dye evi-
dexrtlj( to the removal of the. epi_‘dermal and a few cortical
E cell layers by wounding. This indicates that the 'epidex‘uial
cell layer is important for early and rapid stimulation of
PAL activity in response to infection. ° . )

PAL activity in wounded tissues treeted with weter
only was s}ightly higher than .that of intact hypocotyle.
Borner and Grisebach [1982] also observed only. a low evel
of PAL agtivity,_ but Patridg“) and Keen [1977) réported K
high. level of PAL activity in/'wounded green hypocotyls of

soybeans treated with water. Neither of the two. groups,

however,, observed any difference in PAL activity between

- resigtant and. sgsceptip;e reéponees during early stages fol-

lowing inoculation.. This contrasts with the present study in

. >
.
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Table 8.3 : . o r

Total reducing suéar concenffations in soybean leaves
< following inoculation with Phytophthora megasperma f.sp.

glxcinea race 1.

Reducing Sugars dmg/g fresh wtf

Cultivar Plant Age Inoculated _ Control
(days) 24n? —36h 24h 360 -
’
Harosoy 14 4.35+0.20 3.96+0.04 3.61+0.54 4.19+0.47

Harosoy 63 12  4.45+0.23 3.85+40.31 4.33+0.54 4.48:0.52\
Harosoy 63 14 4.87:0.91 4.4710.11 4.08+0.20 4.06+Q.22

1 rriforiates wan%ina:uataihy placing a u))n.dnx>of zu:;xme
suspension (10¥/ml) of Phytophthora megasperma f£.sp.

race 1 an the adaxial surface. Drops of water (10 pl)‘ﬁne ap-

plied to contxols.

nxmbathzlpernxlfolh:dng inoculation until analysis.

Data for total reducing sugars (mg/g fresh wt) are based on two .

replications. L ‘

2
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which PAL actiyity'in wounded inoculated hypocotyls was sig-.
nificantly . lower in the susceptible response than in the
resistant response. Both groups of workers used fragmentaéd
mycélium for inoculum. This may have contained non-specific
'elicitoré that caused similar responses in both resistant
and susceptiblé}éiééues. They also used green hypocotyls and
it is possibleibﬁat, as Qe observéd for 1éavés, green
tissues have a sufficient basal level of PAL to support
biosynthesis of glyceollin during the first fey hours of the
host-pathogen interaction.
Wounding of hypocotyls 12 h priqr to inoculation (Fig
8.3) enhanced the development of symptoms and PAL activity
significantly compéred to- wounding immediately before
‘inoculation. This appears to be similar to the effects of
wounding on the development of hypersensitivity in potatoes
reported by Tomiyama [1960]. There was a graduil increase in
PAL activity due to wounding alone and by the tiMe of in-
oculation this was appreciably higher in hypocotyls woundad
12 h previously than in unwounded hypocotyls. 'Following in-
oculation PAL activity reached a .higher 1level in the
"hypocotyls wounded 12 h before inoculation than in the un-
- wouhded hypocotyls. In these hypocotyls, als6 accelerated
production of glyceollin was observed [Chapter 7.4. 3]l
-Possibly, the wound response involves -the priming qf cel-
lular mechanisms for synthesis ‘of PAL agqbother enzymes that
are rapidly mobilized on infection. Similar conclusions were
reached by Inoue et al. [(1984] for enhanced activity of en-
zymes for furanoterpenoid biosynthegis in wounded awoet
potato roots. As they suggested, the enhanced reaponse nay
increase resistance to wound- -invading microorganisms
’ In leaves, PAL activity increased after 24 h ‘only in
the resistant response of 14-day old trifoliates of
Harosoy 63. There¥ore, adaccumulation of glyceollin that was .
" demonstrated at 24 h occurred without stimulation of PAL  ac-




tivity owver background levels. This indicates that back-

ground levels of PAL are sufficient for initial accumdla-
tions of glyceollin aﬁd suégests that thg control of path-
ways after PAL, -leading to other phenylpropanoids, may dif-
fer in-'leaves from that in etiolated nypocofyls, eagg there
may be more demands for precursors for lignification in
hypocotyls than ig leaves. It suggests also, that the .Rps
gene for resistancg in cv. Harosoy 63 does not directly con-
trol glyceollin biosynthesis at the PAL step, but that
changes ,in PAL activity occur secondarily in response to
demahd and may be under allosteric control.

The trifoliates of 12-day old plants of cv.
Harosoy 63 were susceptible to race.1l and PAL activity was
similar to that in the normal susceptiSie response of the
trifoliates of 14;day old plants of cv. Harosoy. Glyceollin
concentratlons were reduced also and were comparable after
36 h. Howeéer, when treated with AgNO3.§olutionj an abiotic'
elicitor of glyceollin [Stossel, 1982], the 1level of
glyceollin accumulation in ihesé leaves was only one fifth
of that in AgNOj-treated trifoliates of 14-day old plants of
bofh cultivars. The leaves did noé differ in levels of
reducing ﬁagars which'méy be regarded as general precursors
for - phenylpropanoid biosynthesis as well as for many other
processes. It appears that 12-day old leaves have not
developed mechanisms for response to either infection or_tﬁe
abiotic elicitor, or . .they are deficient in metabolic
processes to support glyceollin synthesis or other defence-
related procasges.
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TEMPBRATURE-INDUCED SUSCEPTIBILITY OF SOYBEANS TO hxtogg
thora megasperma f.sp. glycinea : PHENYLALANINE mIA—

LYASE AND GLYCEORLIN IN THE HOST; GROWTH AND GLYCEOLLIN I
ssnszr:vrTi OF ‘'THE PATHOGEN.

9.1 Summary

In soybean cultivars differring in the effect of teﬁ-(
perature on the deveiopment of resistance, phenylelaﬁine
ammoniat-lyase (PAL) activity was determined in hypocotyls at

25 or 33°, foliowing infection with Phytophthora megasperma.

f.sp. glycinea or treatment with the abiotic elicitor,

AgNO3. PAL activity was less at 33°C than at 25°C in each of
six cultivars examined but was lowest in two cultivars pre-

viously shown to develop susceptibility at 33°C. Glyceollin~
accumulation was determined in response to AgN03-treatment
and was higher at 33°C than at 25°C in four cultivars
tested. The increase was ﬁarginal with two temperaturez
sensitive cultivarg but more than 50 percent in two cul-
tivars that remained resistant at 33°C. There were sig-

nificant differences among 18 races of the pathogen for
growth ‘'rates in vitro, the effect of temperature (25 or
33°C) on growth, sensitivdty to glyceollin I and the inter-
action of temperature and'glyceollin I sensitivity. Growth
of some races (eg. races 2,7) was strongly inhibited at

- 339C, that of others was similar at both temperatures, and
‘that of one (race 19) was faster at 33°C than at 259C. Mini-

mal restriction of growth at 33°c and relative tolerance to.
glyceollin I in race .4 combined with a major sup?reesion of

PAL activity and 1little increase in glyceollin accumuliation

at 33°C in cv. Altona was consistent with temperature-
induced susceptibility in this race-cultivar interaction.
The possibility that combinations of physiological variables

1R8

4y

»




- ) 187

in ‘host and patho§en% rather_than, or in addition to,
putatitive recégnit&gp eystems, may define reaction<types is
discussed. ‘
9.2 Introduction

The influence of temperature on the development of
resistance and susceptibility in the interaction ¢of soybeans
with Phytophthora megasperma f.sp. glycinea has beén the
subject of several previous reports [Chamberlain and
Gerdemann,. 1966; Classen and Ward, 1985; Keeling, 1985: QOse:
et gl.; 1982; Ward and Buzzell, 1983; Ward and Lazarovits,
1982). Similar observations have been made for other dis-
eases [ae.g., Bailey et al., 1980; Daly, 1972; Elliston et
al.,1977; Gousseau et al., 1985] and Vanderplank [1978] has

.proposed that temperature-induced susceptibility may be due

to copglymerization of host and pathogen proteins following -
changes in their tertiary structure caused by .4dncreasing
temperatures. However, there do not appear to be any essen-
tial reasons why temperature-induced chanées in suscep-
tibility should be related onfy to putagitive host-pathogen
recognition’ phenomena. In the soybean- Phytophthora
megesperma g:ep. glycinea interaction, for example, no links
were,found'between.temperature-induced susceptibility and
the production and activity of elicitors of theiphytoalexin,
glyceellin [”1aesenAand Ward, 1985; Murch and Paxton, 1980].
In addition to recognition phenomena that may lead to

_—the establishment of compatibility or 1incompatibility and

the triggering of defence reections, mgny other biochemical
attributes of host and pathogen presumably contribute to the
development.of resistant or susceptible reaction types. It
wags reported previously that the interaction Bf some com-

'b:l.nat:l.ona of Phytophthors megasperma f.sp. glycinea races

and soybean cultivars were temperature sensitive ( incom-
patible at 25°C, compatible at 32.5°C) while others were not

N ', )\
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(1ncoﬁpatible ét both temperatures) [Keeling, 1985:; ward and
buzzell,'1983; Ward and-Lé;arovits, 1982].51f-hefense re-
lated procésses are affeétea more 'by temperature changes in
some cultivars than in others and, similarly, temﬁeraturg—
related diffgrences for 'pathogenicity' factors exist be-
- tween races: then, temperaturé-in&ucea susceptibility would
be ‘expected to deVeiop most readily between cultivars most
affected and races least affected by elevated temperatures.
~Although the nature of such factors remains to ‘be defined,
two aspects of host and pathogen physiology fhat may be in-
volved were examined in this chapter. In the hdst, the ef-
fect of temperature on phenylalanine ammpnia-lyase(PAL) ac-
- tivity (Fig. 7.7) and produé:_tion of the phytoaldexin,
glyceollin were measured in several soybean cultivars dif- -
fering in temperature sens‘itivity. *PAL activity and mRNA
transcription have been repo;ted t0 increase specifically in
incompatible interactions and not in compatible Intar&ctions
[Bonhoff et al., 1986/ Esnault et al., 1987; Chapter 8]. In
the pathogen, the influence of temperature on growth and
senfitivity to glyceollin I of 18 races of Phytophthora
megasperma f.sp. glxciﬁeé was determined. The results. indi-
cate that teqpefatureeinQuced susceptiéility in some race-
cultivar combiﬁations ma&"be related to quantitative changes
in these aspects of host and pathogen physioclogy.

9.3 Materials and Methods
9.3.1 Host

Seeds of soybean cultivars/lines Altona, Harosoy}
Harosoy 63, PRX8-122-1, Corsoy-79, L-70-6494 were grown in
trays of vermiculite for 6 days in the dark as described
earlier to dbtain eticlated seedlings [Chapter~2.1.1].

9.3.2 Pathogen
. Phytqphthora megasperma f.sp. glycinea race 4 and race
L
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6 [Ward and Lazarovits,1982] were grown routinely on V8
Juiée agar at 25° c. Zoospores were produced as described
previously'[Chepter 2.2.2.2]. A 10 pl drop of zoospore
suspension’ ( los/ml)wes used as inoculum for both races.
Etiolated hypocotyls of Altona(gggs) are resistant to race 4
and susceptible, to®race 6 at 25°C and susceptible to hoth

. races at 33°C. Races 1 to 15 and 17-19 were maintained

similarly and used for in vitro bioassays described below.

LS

9.3.3 Abiotic Elicitor . ‘
A freshly prepared solution of AgNO4 (10”3 M) was used
as an abiopotic elicitor [Chapter 2.3]. It was applied to

\etiolated hypocotyls in 10 pl drops in the same way as

ZOO8pore suapensions.

9.3.4 Inoculation and Incubation

Eticdlated hwpocotyls were arranged horizontally in
glass tfaye as described previously [Chapter 2.1.2]}.
Hypocotyls were 1necu1ated by placing two drops of zoospore
suspension or AgNO3 solution, approximately 1 cm apart, 2 cm
below the cotyledons.” After inoculation with Phytophthora:
megasperma f.sp. glxei a race 4 or 6 (cv. Altona) or treat-
ment with AgNO5 (all cultivars) seedlings were incubated in
* the dark at 25° C'or 33° C and 100 % RH.

9.3.5. Deter-ination of PAL Activity
Hypocotyl sections approximately 1.75 em long contein-

'ing the inoculated sites were excised, weighed and im-
. mediately #rozén in 1iquid nitrogen and stored at -70°C. The

enzyme. activity was determined following the methods
deséribed \n chapter 7.3.10 and expressed as n moles cin-__

gamic acid produced in one minute per‘g fresh weight of

tissue. . ’ s .

-



9.3.6 Determination of Reducing Sugars

Reducing sugars in the supernatant used én the deter-
mination of P ac%ivity were determined following the
method of Nelson [1944] and expressed as mg per g fresh
weight of tissue.

9.3.7 Determination of Glyceoliin

Tissues from lesions developed following inoculation
with zoospores or AgNO; treatment were excised and extracted
in ethanol (95%) and glyceollin was separated by thin layer
chromatography as described in chapter 2.7. Glyceollin con-
centrations are expres&ed in pug per 10 treated sites.

9.3.8 Preparation of Glyceollin I

Seven-day old etiolated hypocotyls of cv. Altona were
arranged horizontally in glass trays (40 seedlings/tray) and
sprayed with AgNO3 (10™3 M) solution. After incubation for
48 h at 25°C, AgNO3-treated tissues were boiled in 95 §%
ethanol for 15 minutes and glyceollin I was extracted and
purified following.the methods described previously [Chapter
2.5].

9.3.9 Bioassays . s
Race‘s 1 to 15 and 17-19 of Phytophthora megasperma
f.sp. glycines were grown'IR_;;}ri dishes (90 mm diameter)
containing 6 ml clarified 10% V8 juice agar (agar 1.5%) at
25°C in the dark. Plugs (5 mm diameter) were cut from the
advancing margin of the colony and transferred to Petri
dishes (35 mm diameter) cbntaining the assay media prepared
as follows. ° '

4

An ethanol solution of glyceollin 1 was mixed with
molten 10% V8 juice in a flask in a water bath (50°C) to
give concentrations of 10 and 75 ug/ml. Ethanol concentra-
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tions were adjusted to 2% in all cases including controls
without glyceollin I. The media were dispensed imﬁediately
into Petri dishes (35 mm diameter, 0.8 ml/dish) on a slide
warmer to allow formation of a uniform thin fhyer before
setting . The Pétri dishes were transferred briefly to the
bench top for the agar to solidify and then to glass trays
containing wet paper towels and sealed, except during
inoculation, with plastic film. Prior to dispensing of
medium, the Petri dishes were serially numbered (1-36) and
randomly inoculated witl the 18 races (1 treatment, 2 Petri
aishes for each race). The Petri dishes of each pair were
separated randomly into two groups, one group was incubated
at 25°C the other at 33°C. A second replicate was set up in
the same way. Eighteen Petri dishes containing one glyceol-
lin I level and each of the 18 races were incubated in one
glass tray and constituted one replicate.

Growth was measured first at 36 h _following inocula-
tion and thereafter at 24 h intervals. This was achieved by
taking Polaroid photographs of groups of plates in the same
sequedca on successive days. The negatives were projected on
te a graphic tablet of an Apple 1Ile comput;r at a magnifica-
tion of 3.2 x using a photographic enlarger. The area of the
colony was computed from a series of points on the periphery
of thg image and from® this a value for mean colohy-diameter
was derived. Because of the differencés in growth rates,
data are based on the 24 h period 36 to 60 h for 0 and
10 ug/ml glyceollin I and from 60 to 84 h for 55 ng/ml. The
data are reported -ss—Tradial growth in mm/day and analysed
following a split-plot design [Little and Hills, 1978] with
temperature in the main plots, 1levels of Ylyceollin I in
pub-plots and races of Phytophthora megasperma f.sp.

glycinea in sub-sub-plots. —

\
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9.4 Results _ ,
9.4.1 Phenylalanine Ammonia-lyase Activity Following In-
oculation with Phytophthora megasperma f.sp. glycinea

“In the resiséant response of cv. Altona to Phytoph-
thore'gggasperma f.sp. glycinea race 4 at 25°C, PAL activity
was significantly greaéer than in controls 3 h following
inoculatign, it reached a peak at 12 h and, thereafter,
declined (Fig: 9.1). In the susceptible response of cv. Al-

. tona to race 6 at 25°C, PAL activity although higher than in

uninoculated controls did- not increase appreciabi}.during
the first 7 h, but, théreafter, it increased throughout the'
22 h period studied. The pattern of response changed at
33°c. There was a significant increase - in PAL activity by
7 h following inoculatian with race 6 but activity declined )

. after 12 h. In the temperature-induced susceptibiie reaction:

of cv. Altona to race 4 at 33°C PAL activity was much lower
thdn at 25°C for the first 12 h. It was comparable to that
in the cv. Altona-race 6 interaction at 33°C until 7 h but
thereafter the pattern of activity:was similar to, although
‘higher than that of the normal susceptible reaction to
rate 6 at 25°C. No temperatureJrélated differences in PAL
activity were detected in the wéter treated controls.

9.4.2 Phenylalanine Ammonia-lyasé Activity and Glyceollin
Production Following: AgNO3 Treatment

The effect of temperature on PAL activity in the host
without the interaction with the path‘ogen was determined
using the abiotic elicitor, AgNO3. This elicits glyceollin
.accumulation in etiolated hypototyls without wbunding'

. [Stossel, 1982; Chapter 3.4.4.1). At 25°C the pattern of PAL
" activity in AgNO4-freated hypoco{:yls (Fig. 9.3) was . com-
~ parabhle to that in the resistant response to the pathogen at-

25°C (Fig. 9.1). However, at 33°C, although PAL activity was
significantly higher than at 25°C by 3 h, it was less than



Fig. 9.1

Phenylalanine ammonia-lyase

hypocotyls of soybean cv.

"' R b
activity 4in
Altona inoculated with

1

cinea race 4 or

Phytophthora megasperma f.sp.
race 6 and incubated at 25°C or 33YC. Soybean cv.
Altona is resistant to race 4 at 25°C but sus- _
ceptible at 33°C, it is susceptible to race 6 at .-
both temperatures. Race 4 at 25°C (O0——0) and -
33°Cc (O----0), race 6 at 25°C ' (@—®@) and 33°(
@®--@®) or water treatment at 25°C(&—24) and-
33°C(a--a).
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9.2 . ' °
Phenylalanine ammonia-lyase activity in
hypocotyls of soybean cv. Altoha following treat-

meént with AgNO4 and incubation at 25° cC(O———0) -
and 33°C(.-—.) or water at 25C(O———O) and
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at 25°C by 7 h and continued to decline subsequently. At

12 h PAL activity at 33°C was only about half that at-25°C.
Comparisions with two other cultivars after incubation for
12 h indicated that they differed widely in the effect of
teaperature on PBL activity (Table 9. l). Thus while aétivity
in Altona was reduced 50 per cent at 33°c that in Harosoz 63
~ was reduced 1ess than 30 ‘per cent and even then was -com-
parable to that in Altona-at. 252C. There ‘were small dif-
ferences between the three culfivars in the levels of reduc-
—1ng sugars, but no indication that reduced PAL ectiviﬁy at
33°c was due o a depletion .of the general precursor pool
due to‘enhanced‘resbiration or other demands (Table 9.1). In
Harosoy there was an increase in reducing sugars .at the
higher temperature. ' . . -

In a further comparisdh, the effect of temperatfire on
PAL activity and glyceollin accumulation foliowing AgNOé
-treatment was determined for two pairs of soybean cultivars
that efther did (cvs. Altona, PRX8-122-1) or did not (cvs.
Corsoy 79, L-70-6494) -exhibit @éqperatureiinduced sq@cep-
tibility in an earlier study [Ward and Buzzell, 1983] ({able
9.2). In all four cultivars PAL activity was less at 33°C
than at 25°C but the decrease_in activity was much greater
in the cultivars with temperature-sensitive interébtidns
than ' those without. In the non-temperature sensitive’ cul-
tivar L-70-6494 the difference between the activf%ies at the
twd-temperatures was within the standard errors. Similarly,
although all four cultivars produced more glyceollin at 33°c
than at 25°C, increases were relatively minor in <the
temperature-senaitive cultivars but extensive in the other
two cultivars. Changes- in PAL activity and glyceollin ac-
cumulation were correlated. Thus,.cva. rsoy 79 and L-70-
6494 that had the smallest decreases in PAL activity at 33°C
had the greatest increases i? glyeeoilinfaccumulation.

) |
J
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-Table 9.1

Phenylalanine ammonia-lyase activity and reducing sugar
levels in soybean cultivars following A8N03-treatment and
incubatxon at 25°C or 33

. Temperature ) )
Cultivar $ decrease®

o
25°¢ 33°¢

(a) PAL-activity (n mole cinnamic acid mln—_/g f. wt)E‘

Harosoy 54.710.9c 35.9+0.7 34.4
Harosoy 63. 58.9+0.1 41.9+1.4 28.9
Altona 46.1+4.9 24.0+2.8 47.9

'S

(b) Reducing sugars (mg/g f. wt) e .

v

Harosoy - 11.6+0.2 14.5+0.9 .=
Harosoy 63 10.3+0.2 10.6+0.0 -=—-
Altona 9.6+0.1 9.8+0.6 -

Percent decrease of PAL actlvity at 33°C from that at
. 25~C.

PAL activity and reducing sugar levels were determined
12 h following AgNO3 treatment.

Data are mean.and S.E. from two replications.
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Table 9.2 .

Cosparison of phenylalanirnie ammonia-lyase activity and ac-

cumulation of glyceollin at 25°C and 33°C following AgNO5

treatment in soybean cultivars that differ in temperature-
induced susceptibility to Phytophthora megasperma f.sp.

glycinea

—

, Temperature .
Cultivar % change®
25%C 33%C

[

(a) PAL-activity (n mole cinnamic acid minZl/g f£. wt)2

PRX8-122-1 45.8+1.99 17.1+1.6 -62.7
) Altona - 42.3+2.5 A 23.6+1.1 -44.3
Corsoy 79 52.4+1.4 38.8+4.1  -25.9.

N L-70-6494 - 46.4+4.9 41.1+2.9 -11.5

(b) Glyceollin (ug/10 treated sites):

PRX8-122-1 : 72.0+4.5 80.8+7.0 +12.2
Altona: 45.3+1.1 \ 51.9+0.1 +14.6
. Corsoy 79 105.9+5.2 . 159.5+4.5 +50.6
L-70-6494 ' 101.8%7.1 | 178.3%5.4 +75.1

8 pPercent decrease of PAL activity at 33°C was calcu-
lated over that at 25°C, while percent increase of.
glyceollin accumulation at 33°C was calculated over
.that at 25°cC. ' ‘

b PAL activity was determined 12 h and glyceollin 20 h-
following AgNO5 treatment. . - ‘

€ Cultivars Altona and PRX8-122-1 displayed temperature-

" induced susceptibility in- a previous study [Ward and

Buzzell, 1983] Corsoy 79 and L-70-6494 did not.

Data are mean and S.E. from two repiications.




.- = —9.4.3 Influence of Temperature and Glygeollin I on Growth
of Phytqphthora megasperma f.sp. glycinea in vitro

There were major differences among the 18 races of
Phytophthora megasperma f.sp. glycinea in their growth rates
and responses to temperature and glyceollin I (Fig. 9.3,
Table 9.3). Analyses of the data of Table 9.3 demonstrated
that there were significant differences for the effects of
temperature and levels of glyeeollin I; for the interaction
effects of temperature and glyceollin I levels; among the
races and their interaction with temperature or glyceollin I
levels, or with temperature and glyceollin I levels (Table

9.4). The overall effect of the 2 temperatures or 3 glyceol-
lin I 1levels on the 18 races differed significantly from
each other (Table 9.5). However, at the highest glyceollin I
level (Z5.ug/ml) there was no overall significant effect- of
temperature on growth. - T ,

Fifteen of the 18 races grew more slowly in the con-
trol medium at 33°C than at 25°C (Fig. 9.3, Table 9.3) but
the extent of the reduction varied widely. Thus growth of
race 7 at 33°C was only 16% of that at 25°C,‘growth of
faces 2 and 13 was about 40% and growth of the majority was
between 70 and 80% that at 25°C. Hoéeker,‘two races (4 and:
18) grew as rapidly at 33°C as at 25°C.'and one rase—+9——
grew most rapidly at 33°cC.

Sensitivity to glyceollin. I differed appreciably emong
races (Fig. 9.3, Table 9.3). At 25°C growth with 10 ug/ml
glyceollin I ranged from 69% (race 11) to 104% (races 13 and
15) of corresponding~centrols. wWith 75 ).g/ml the range was
from 7 to ﬁ4%,_At 33C there were further'd;fferencee. Some
races (7,9,12,13,17) grew better with 10 ug/ml glyceollin I
than without it, others were unaffected (4,15) while others
were inhibited (1,2,608). For some races (4,7,9)
glyceollin I 'at one or both of the concentrations was rela-
.tively less inhibitory at 33°C than at 25°C. The actuai-’




Fig. 9.3

7

Effect 8f temperature and glyceollin I on growth
of Phytophthora megasperma f.sp. glycinea, races
1-15 and 17-19. Temperature, 1levels .of glyceol-
lin I and incubation periods were as follows: A)
25°c, 0 ng/m1, 84 h; B) 25°C, YO ug/ml, 84 h; C)
25°%, 75 ug/ml, 168 h; - D) 33°c, 0 ug/mi,
84 h: E) 33°C, 10 pg/ml, 84 h; F) 33%, 75
Hg ml1™~, 168 h. In each group races were arranged
as follows: from left to right, top row, races

1,2,3,4,5,6; middle row, races 7,8,9,10,11,12,

and bottom row, races 13,14,15,17,18,19.
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Pable 9.3

Effect of temperature and glycedllin I levels on radial
growth (-./day) of 18 races of thtophthora megasperma
f.sp. glycinea. ,

Glyceollin I (ug/ml)

L J

Race
2 0 . 10 75
7$3C 33iC %0 359C  339C % 359C  339C %
1 25.73» 4.20% 73 $.91% 2.81% 57 1.873 1.13° 60
2 4.97s 1.96% 39 _  4.332 0.60% 14 1.29% 0.28% 22
3 5.19» 2.90° 56 = 4.12% 2.18° 53 1.37 1.20 88
S+ 4.91 4.70 96 Ato7 4.54 112 1.47% 2.04* 139
5 5.65% 4.03° * 71 1.61% 3.40° 74 2.27 1.91 83
s 4.89a 3.65%. 75 3.94°2.50% 64 2.17 1.99 92
T 5:39- 0.86% 16 4.50% 0.99% 22° 0.38 0.49 129
8 .4.§7-.4.02= 86 . 4.35s 3.10% 71 1.48 1.15 78
9 §5.61°'3.94% Y0 °  3.864 .4.36% 90 0.64 0.77 120
1o°j’5.4p-'3172b 69 . 4.652 3.07> 66 1.00 1.01 101
11, 6.21% 3:89% 63 /0 4.28* 340 79 1.36 1.4 99
12 6.06% 5.27% 87 - 5.33 5.56 103 1.05 0.91 87
13 5.91s 2.27% 38 6.164 2.74> 43 1.24 .0.94 76
14 4.6733.27% 70 1.71* 3.18° 68 1.88 1.52 81
15" 3.92s 2.97% 76 4.09» 3 05% 75 °  0.93 ‘.85 9t
17 4.97s 2.84° 57 449 ‘4.2 96  0.66 0.1 ‘b2,
18 5.28 5.27 100 . 4.98 .61 93 _..9;97‘:1.65'”109
19 s, 81- 6.75» 146 - - 5.54 5.20 94 -. 0.81 88 109

-
[ a []

]

g‘\} Radial ¢ruuth at 33¢C as a pescentage of that at 25°C.
Erowth (ma .day-1).1SD=0.49  for temperatures- within a
llycqpllin I level for each’ race. Races with significant

dif‘!’m in growth at the two tqemtures’ are ° identjfied
. with superscripts a and b. .

'1SD=0.69 (within a column) for nll 18 races at a sinzle tempera-

ture and ayo-ou.in I lml



Table 9.4

-~y

*

. P
Mean sum of squares for the effect of different levels of
temperature and glyceollin I on the radial growth of is
- - races of Phytophthora ‘megasperma f.sp. glxcine

Source da¢ Mean sum of squares
Replication 1 0.07,
Temperature(T) 1 57.60
Error(a) 1 ~0.02
nyceollin I level(Ll) 2 227. 30
TxL 2 10.73"*
‘Srror(b) 4 0.23
Race(R) 17 3. 58**
RxT ~ <17 2. 19**
RxL 34 l:30§*
RxLxT . 34 0.55
Error(c) - .- 102

' 0.12

* Significant at P=(.05

* Significant at P=0.01

Radial growth was determined “for 18 races of Phytoph-

. thora megasperma

f.sp.

cinea at two temperaturaS‘

s

(25 and 33YC) and three glyceollin I levels' (0 10 and
75 pg/ml). Refer to data of Table 9.3.
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Table 9.5

The effect of temperature and glycecllin I levels on the
radial growth (mm/day) of 18 races of Phytophthora
s megasperma f.sp. glycinea. *

Glyceollin I level(ug mi 1)

Temperature (°C) 0 10 75 Mean
A B E ~é
. 25 5._29 a 4.66 b 1.27 c 3.74
N c D e E b
33 3.69%, _ 3.31%, 1.128 2.71

" Mean ® 4.498  3.99® 1 1¢C

Values not accompanied by the same letter in each series of su-
perscripts and subscripts differed significantly at the P=0.05
level as follows:

A,B,C,D,E superscripts for groups among different temperature
and glyceollin I level combinations. » :
a,b,c subscriptg for different glyceollin I levels at each
temparature

a,b,c superscripts for either over all effect of temperature or
- glyceoliin I level. Analysis based on data of Table 9.3:
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growth rates of races 4,5 and 6 with 75 mug/ml glyceollin I
at 33°c were appreciably higher than any of .the other races.

9.5 Discussion .
Resistance and susceptibility of soybeans to Phytoph-
thora megasperma f.sp. glycinea are mediated by a:Series of
major genes in the host that condition specific interactions
with a complementary series of races of the pathogen. By
analogy with other examples in which the genetics of the
pathogen is understood, it has been assumed that there is a
gene-for-gene relationship [e.g. Ellingboe, 1983]. Several
authors have postulated that in such rélationships host and
pathogen genes code for a recognition process probably in-
volving molecules at host pathogen interfaces [Daly, 1984].
On these assumptidns the induction of a susceptible
phenotype in soybeans by temperature change is equivalent to
loosing (or in reverse, gaining) a major gene for resistance
and, consequently, a change in the recognition process. Daly
[(1984] has pointed out, however, that one of the dif-
ficulties with recognition models, as generally envisaged in
gene-for-gene host-pathogen interactions, is that they are
"yes or no" systems, whereas even in well defined_intefac-
tions of hosts with biotrophic fungi this is seldom the
case. In the interaction of soybean cv. Altona with race 4
of Phytophthora megasperma f.sp. glycinea [Hard and
Lazgrovits, 1982] there is a grédual change from resistance
at 25°C through a serfes of intermediate reaction-types at
increasing temperatures to complete susceptibility at 32-
33°Cc. This suggests that if a recognition phenomenon is
involved, either it must have a quantitative dimension,
which is perhaps difficult to reconcile with a "yes or no"
system, or it is overridden Ry other components of the in-
teraction for which there must be a genetic basis also. It
might be suggested that concepfs of resistance and suscep-

- -
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tibility in soybeans'and identity of genes controlling the
process would be rather different if the incubation tempera-
ture generally used by investigators had been a few °C
higher. ’ '
Phenylalanine ammonia-lyase activity in soybeans is
enhahced in the first few hours following inoculation in theé
resistar - but not in the susceptible response of hypocotyls
‘[(Fig. 9.1) and Chapter 8.4.1.2] and roots [Bonhoff et al.,
1986] to Phytophthora megasperma f.sp. glycinea.

Phenylalanine ammonia-lyase is an important enzyme in the

. blosynthesis not only of glyceollin but also of 1lignins;

phenolic compodnds in general and melanins, all of which
have been associated with résistant responses in various
host plants [Ward, 1986]. Activity of PAL, is therefore, a
useful indicator of the activation of defense-related
fesﬁoﬂses. Consistent with this, was the demonstration in
the present study that the induction of susceptibility in
cv. Altona to Phytophthora megasperma f.sp.'glxcinea race 4

at 33°C was associated with a suppression of PAL activity
from that in the resistance response at 25°C to a level ini-

tially similar to that in the susceptible response to race 6

(Fig. 9.1). At later stages (12 and 22 h) PAL activity con-
tinued to increase in both the susceptible responses to
race 4 at 33°C and to race 6 at 25°C. These later increases
evidently do not correllte with the development of resis-
tance (or with the accumulation of glyceollin [Ward and
Laiarovits, 19821}). o *
The suppresssion of PAL activity at 33°C appears to be
primarily a property of the host and not of the host-
pathogen interaction, since activity in response to AgNO;P
also was much lower at 33°C than at 25°C in several cul-
tivars examined (Tables 9.1 and 9.2). There was no com-
parable decresse in the availability of redu.cing sugars
that gervé as sources of energy as well as of precursors for

-



biosynthetic pathways including that of the

. phenylpropanoids. Evidence that changes in PAL activity and
glycgollin,accumulatfba may be related directly to,
temperature-induced susceptibility was proG;ded also bj
analysif of AgNOj-treated hypocotyls. In two cultivers for
which temperature-induced susceptibility has been reported.
[Ward. and Buzzell, 1983], iﬁcreasing the incubation témpera-
ture from 25 to 33°C caused a much greater decrease in PAL
activity and a much smaller increase in gryceoilin accumula-
tion than in two cultivars in which resistance is not af-
fected by temperature.

There were appreciable differences in growth rate
among the 18 races of Phytophthora megasperma f.sp. glycinea
at 25°C and even wider differences at 33°C. The races dif-
fered also in their sensMtivity to glyceollin I and in the
extent to which this was influenced by incubat;on
temperature. The data provide further evidence of the wide
range of variability that appears to be characteristic of
species of the genus Phytophthora ltrwin, 19831. They are
based on cultures maintained by mass mycelial transfer that
may provide a better picture of the overall variability
within a race than random, and possibly atypfcalf single
zoospore isolates [see Chapter 6]. The data emphasize that
there are major differences between the races in addition to
the genes for avirulence that they are presumed to carry. In
comparisions of host .interactions with race differiﬁg in
virulence it may not be wise to assume ﬁhat all differences
between interactions are related only to the presence or ab-
sence of avirulence genes in the pathogen. 1t is possible
that relative genetic differences between races are grsdter
than betweeh near-isogenic lines of the host. The data may
serve also to suppleﬁent information about races obtained by
‘cultivar reactions. Thus, races 6 and 7 are sometimes d4if-
ficuit to distinguish by their reactions on the differential
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cultivars [Moots et al., 1983)], however, they differ dis-
tinctly in sensitivity tq- temperature and to glyceollin I.”

Without comparing rates of tissue colonization in
universally susceptible cultivars it cannot be assumed that
in vitro growth rates.bear a direct relationship to those in
tnfecteh plants. Nevertheless, the degree of suppression of
gfowth at 33°c probably provides a measure of temperature-
seneitivity that may apply to behaviour in the plant. On
this basis, temperature-induced susceptibility would be more
probabie with some races than with othere. Among races 1-6
tested in the previous studies [Ward and Buzzell, 1983; Ward
and Lazarovits, 1982] growth Jf race 2 in vitro was strongly
supbressed at 33°C and no breakdown in resistance to this
race was reported,..growth of race 4 was ‘only sliéhtly
suppressed and two cultivars were reported to be susceptible
to this race at elevated xempegatures. Race 2 was also one
of the most sensitive races to glyceollin I especially at
33°C whereas race 4 was one of the least sensitive. There
were, However, inconsistencies also. Thus, growth of race 3
at 33°C was only 56% of that at 25°C and yet susceptibility
to race-3 was induced at elevated temperaturés in two cul-
tivars [Ward and Buzzell, 1983]. However, this may have been
offset, at least in one of the cultivars (PRX8-122-1), by
greatly reduced PAL activity at 33°C with only marginally
increased levels of glyceollin (Table 9.2). Keeling [198%]
reported several additional examples of temperature-induced
susceptibility including cultivars inoculated with race 2.
However, in that study seedlings were inoculated by inser-
tion of mycelium into hypocotyl wounds and it was shown pre-
viously that wounding caused breakdown of resistance of
several cultivars at elevated temperatures [Ward and.
Buzzell, 1983). )

In the interaction of Phytophthora megasperma f.sp.
glycinea race 4 with cv. Altona .the combination of the
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bathogen's ability -to grow well at. 33°C and relatively low
sensitivity to glyceollin I together with a major suppres-
sion 6f PAL activity and little increase in glyceollin ac-
cumulation in the host appear to be consistent with
temper;ture—induced susceptibility. If ¢this interpretation.
is correct, it implies that glyceollih plays a significant
role in resistance. Testing of a wider range of race-
cultivar combinations is necessary before any firm conclu-
sions can be reached about the general importance. of tem-
perature effects on fhese host and pathogen characterjistics
in resistance and susceptibiiity. Presumably many additional
phygiological gttributes of host and bathogen contribute to
the developmént of a,hdst-pathogen interaction. The results
reported here serve to indicate that combinations of
physiological variables in host and pathogen rather than, or
in addition to, recognition systems involving hypothetical
cellj—surface components may define reaetion-types in some
interaction of hosts and pathogens. .

-




CHAPTER 10

GENERAL DISCUSSION

<

10.1 Dpiscussion = -
Phytophthora rot of soybeans [Glycine max (L ) Merr.)

caused by Phytophthora megasperma Drechs. £f.sp. glycineéa.
(Hildeb.) Kuan end Erwin has been reported to develop on all

parts of soybean plents [Sinclair, 1982]. Resistance :to
Phytéphthore g_gasperma £. sp. glycinea is governed by single
genes (Rps) that occur in different allelomorphs and also in
different loci [Schmitthenner 1985]}. Although the genetics
of_ the pathogen is nct known the expression of cultivar

-specific. or host resistance of soybeana to a series of

physiological races of the pathogen: follows the classical
"gene-for-gene" system put forward by Flor {1956]. The ex-
pression of Rps genes tekes place in almost all soybean‘or-
gans studted [Hahn et al., 1985; Keeling et al., Keen and
Horsch, 1972; 1976; "Lockwood and Cohen, 1978; Morrison and
Thorne, 1978; Chapter 3]. Expression of Rps genes, however,
is supplehented by age-related or organ-specific resistance
in%this host-pathogen interaction [Lazarovits et al., 1981;
Paxton and Chamberlain, 1969; Stossel et al., 1981; Ward et
al., 1981; Chapter‘3 and 4]. As a result, Rps genes play an
exclusive role in the expression of resistance only for
short periods of time during the development of soybean
organs. In older soybean organs age-related'resistance
duplicates the effect of ggg §enes. From 1ight and electron
microscope studies, Stossel and co-workers [1980, 1981] con-

‘¢luded that at the cellular level the expression of age-

related resistance of szybeane to a “virulent race of

hxgogg Ta' megasperma f.sp. glycinea is basically . similar

- to that of a cultivar-specific resistant reaction to an

avirulent rece. The effect of the Rps gene is duplicated ~
. J . . .

A ‘211
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also in susceptible soybean hypocotyls that have been pre-
exposed to 1light before inoculation with a virulent race
[ward and Buzzell, 1983]. In such green hjbocotyls,however,
if the epidermis and a few cortical cell layers were removed
~before inoculation with a wvirulent 1"&(;_\K resistance was
decreased. When the epidermis and a few cortical cell layers
were removed from etiolated hypocotyls of a resistant
cultivar, although resistance persisted, there was some
spreading from the inoculated wounded sites [Chapter 7].
Ward [1984e] concluded that although the interactions
between sbybeans and Phytophthora megasperma f.sp. glycinea
are classified into genetically controlled classes viz. com-
patible and inqompatible interactions, at the cellular level
the differences are much less clearly-defined. Together with
the obseryat%ons from physiological studies he concluded
.that. resistance and susceptibilility are not two absolute

alternatives th are the extreme expressions of quantitative
" differences., The-eﬁéression'of both resistant and suscep-
tible responses on the same trifoliate ef 28 day-old—pla?ts
of the susceptible cv. Harosoy (Fig. 4.2) and 12 day-old-
,planté of the resistant cv. Harosoy 63 [Chapter 4] also in-
- dicates that a delicate balance exists between resistance
and susceptibility. Décline in phenylalanine ammonia- lyase
activities in hypocotyls of resistant cultivars and increase
in sensitivities of avirulent races of Phytophthora mega-
sperma f.sp. glycinea to glyceollin’ I following temperature
increases from 25 to 33°C were correlated with temperature-
induced susceptibility [Chapter 9]. This indicates that a
delicate balance between resistance and suscaeptibility ex-
1§€s in etiolated hypocotyls. Therefore, it is possible
that, although the expression of cultivar- or race-specific
resistance }eads to two phenotypic classes viz. resistant
and susceptiﬁle, at the biochemical or molecdlar level the
- presumed recognition between gene products of the Rps genes

(8




of soybean cvs. and the prcducts\ofcgenes‘for-virulence or
avirulence of Phytophthora megasperma f.sp. glycinea races
may  take place in a quantiteti§e fashionL Presumabiy each
! Rps gene codes for a different receptor with specific struc-
tural sites that recognize the products of genes for

. virulence or avirulence.

Ellingboe [1976, 1981] considered that specificity in
a "gene-for-gene" system [Plor;_1956] resides in fﬁé incom-
patibility that is conditioned by the interaction between
genes for resistance (R) and avirﬁlence (A).iAll’other al-
lelic combinations viz. R/a, r/A and r/a result in
compatibility. If, as discussed, age-related and cultivar- -
specific resistance of soybeans are basically simiiar at -~
ﬁltrastructural, physiologicaf and biochemiéal_;evels
[Stossel et al., 1980, 1981; Ward et al., 1981], then ac-
cording to Ellingboe's arguments, for a susceptible cultiwpr
to express age-related resistence it must acquire- in the °
course of ageing or maturation the equivalent Of ‘an Rps
gene, complementary to an avirulence gene already present in
the race in question. . . .

" vanderplank (1978, 1982, 19843, “on the other" hand
argued that specificity resides in the interaction- between
the host alleles for resistance (R) and pathogen alleles gor
virulence (a). Compatibility is the outcome of all the ~com-
binations where there are no unmatched "a' allelds: while, .
incompatibility results in all cases where this is not the
case. According to-this hypothesis, the k/a combination will
result in the most-compatible interectien, while r/A, r/a or
R/A are progressively less compatible interactioss. This
hypothesis is generally consistent also with obsevetions
with soybeans of age-related resistance and of enhanced
resistance in 1ight-expoeed hypocotyls. - Thus, the ggg gene
products may be assumed to be receptors, for example on the

. host - plasmamembrane, that trigger plant defence responses

k]
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(mechanisms will be discussed later). It the nuﬁber of
receptors per unit area of plasmamembrane increases with
cell-age or maturity and if, as proposed by Vanderplank,
oomﬁatibility results from the interaction of R géne
prohucts with those of virulence genes, a, then in mature
cells th?re may be many more receptors' than a gene ptpducta.
Such surplus receptors would be free to activate the plant
defence genes that code for enzymes of pathways involved in_
synthesis of defencefrelated'products. Conyerély, in imma-
ture’trifoliates of the resistant cultivar, Harosoy 63,
there may be too few reteptors ta tip the reaction towards
resistance. This ma the reason that in trifoliates
treated with the abidfic elicitor, AgNO3, the amount of
glyceollin in trifolia
fifth of that in trifolia

of A2-day-old plants was anly one
of 14-day-old plants [Chapter

4]. A similar line of evidence comes from the work of ‘Ward
et al., [1981]. They also obserwved that much‘more glyéeoliin

a

accumulated in older than in’ younger parts Qf etiolated
hypocotyls following biotic elicitor treatment Possibly
this is a reflection of a greateér number of receptors in the -

A

older tissue. . ) : ‘ ; v : b .

Crute and Norwood [1986] put forward another
hypothesis basically similar to that. of Eillingboe 711976,
1981] and concluded that Vanderplank's' interpretation of the
"gene-for-gene" hypothesis does not explain the data. tHey
obtained. for inQeritance in the léttuce-Bremia lactucae .
interaction. They observed gene dosage effects or  incomplete
dominance especially for the genes for resistance dof lettuce
to the pathogeq. According to Crute and«No;wqod [1986] the
interaction takes place between alleles for susceptibi}ity
(r) and~av1tulence (A). In the abscence of °‘r', allele °A’
provokes resistance. This modeL. however, does not help to
explain the basis of age-related resistance.

__ Circumstantial evidence for receptors 1n the plasma-

E]
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membrane that mediate compatibility or incompatibility was
provided by the demonstration of incompatibility of “pea pod
endocarp' tissues to cells of diverse plant and animal
origin [Teasdale et al., '1974]. Such incompatibility between
species of the same or two different kingdoms disappeared
when protoplasts wexe fused, that is whenythey were not
separated by their plasmamembranes [Bushnell, 1985]. How-
ovegi there were also exceptions to this view cnd Bushnell
[1985] has argued .that plants do not have a universal
ability to recognise ‘non-self' but are stimulated by .
products of ofher organisms. However, from the eccumulated
evidence for stimulation of plant-defence-genes by wounding,
biotic or  abiotic elicitors, and infection. [Bailey, 1985;
Dixon, 1986; Ward, 1986; Yoshikawa, 1983; Yoshikawa et
ai.,1979° Chapter 3, 7, 8, 9], it may be proposed that
plants recognise not virulent or avirulent races but an ar-
ray of stimuli that may all cause varyisg degree of stress.
Hargreaves and.Bailey [1978] and later Hahn et al., [1981]
demonstrated the presence of water-soluble elicitors in ex-.
tgacts of plant tissues. These were *first termed constitu-
tive elicitors but now are generally referred-to as en-

- dogenous elicitors. %ﬁUS, following infection, or treatment

with biotic or abiotic elicitors or simply wounding or ex-
posing the plant tissues to environmental stress e.g.
freezing, - UV-light, endogenous elicitors are released from

,plant tissues, most probably from cell walls [Dixon, 1986].

As guch'endogenous elicitors triggerwplant defence
responses, it is proposed nere that they do so by interact-
ing with  the receptors coded for by genes for resistance.(g
genen)a

Possibly, the release of endogenous elicitors is
basically a general response to wounding. In other words,
all treatments with biotic or abiotic agents. or infection
with microorganisms may cause wounds to varying degrees

c
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thereby releasing endogenous elicitorsdﬁud activating plant-
defence-genes [Ward, 1986]. Recent evidence to support th%g :
possibility\has been provided by Liang et al. [1987]. They
reported that in beans there are 4 genes that code for
phenylalanine ammonia-lyase (PAL), the “irst enzyme o€ the
phenylpropanoid pathway that leads to many products of in-
termediary metabolism in addition to defence related com-
pounds e.g. phytoalexing, 1lignins etc. Significantly, of
these four genes, one coded for PAL both following infection
and wounding. . -

Differences in the extent of activation of plant-
defence-genes followihg mechanical wounding, éelicitor treat-
ments or infection should be related to the degree'énd dura-
tion of wounding or‘irritation caused by these different
agents. Dixon et al. [1981]) demonstrated that continued
stimulation is essential for phytoalexin accumulation in
cell-susp;nsion cultures. Due to their phytotoxic nature
abiotic and also probaﬂf§ biotic, elicitors cause wounds
that are locally more extensive than mechanical wounds
[Ward, 1986] and, therefore, higher concentrations of
phytoalexins accumulate. In microbial infection, ‘while the -
initial contact may create a small wound, the irritation
caused byiinfection is persistent. As the pathogen attempts
to spread the stimulation of the host is likely to continue
until the pathogen is sealed off (resistant) or the host can
no longer successfully respond (sgsceptible). Rapid g}yceol-.
1in I metabolism with a very sho;t half l1ife [Chapter 7) in
both infected tissues and tissues wounded only indicates
that phytoalexin accumulation is dependent upon the rate of
biosynthesis, and this in' turn will depend on the amount of
irritation or wounding produced.'The time courses of ac-
cumulation of glyceollin I or IiI [Chapter 3] ors.PAL ac-
tivity ([Chapter 9}, especially in the -resistant rodbonqo is,
therefore, also the time course of irritation caused by the
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fungus. When growth of thé_fungus in the lesion decreases,
the amount of jrritation is reduc;d and so is the rate of
biosynthesis [Chapter 7] and accumulation [Chapter 3] of
glyceallin I or PAL activity [Chapter 9). Because of the
ragié metabolism of glyceoll;‘n I, the accumulation is
finely controlled by the plant. This presumably  prevents
_ harmful effects on the plant, for glyceollin I is phytotoxic
"and an inhibitor of electron transport in soybean miiqchon-
-dria [Boydston et al., 1983]. Therefore, possibly the 'levels
- of glyc;eolli;x I correlate with the amountg of irritation or
endogenous elicitor released. -

. Recognition of endogenous elicitors by‘:’ receptors
codede for by R genes,' while consistent with age-rh*a{ed and
quantitative resistance effects, does not provideé._ the
specificity required by :"gene-for-gene" host-pathogen
interactions. However, it may be proposed that each of the
'receptqrs coded by R genes has:; ong general site for recogh}-
tion of éndogenous elicitors and a specific site that is
recognized ¥y the gene products of a cori'es'ponding gene 'for
vii‘ulenée.-?ossibly both sites overlap or, alternatively,
'binding' ¥o the specific site of the receptc'n: by the product
of a gene for virulence fesults in changes in the configura-
tion of the general site go that the endogenous elicitor
subsequently 'car_mot bind. ’ -

' The role of defe‘nce-relatt:ed compounds elaborated
) through the phenylpropanoid pathway from the common precur-
§or.'pheny1&1ani_ne in diéease resistance is ‘evident from the
+ WOrk preseni_:ed( in chapter 9. Elevated temperature causes a

decrease ’1r\ PAL-activi:f:y in temperature-sensitive cultivars.
’On" the other hand reduced- sensitivit{ of some Phytophthora

megaspermg, f.sp. glycinea races to glyceollin I correlates
with temp"tature-induced susceptibility. Therefore, a crifi)—
.4 cal balance, for expression of reaction type, occurs between
the ampunts of- defénce-related substances synthesizea and
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sensitivity of the pathogens to those substances. Tegtnoier\\—~

and VanEtten [1982] in genetical studies also observed that
ascospore progeny of Nectria haematocogca, which were not
able to\demethylate pisatin, were low in virulence and sen-
sitive to pisatin; whereas, all isolates thgt were highly or
moderately virulent on pea could demethylate pisatin and
were tolerant of pisatin. There is also much circumstantial
evidence for the association of phytoalexins with disease
resistance [e.g. Bailey et al., 1980:; Bailel, 1982; Hahn et
1., 1985; Mayama et al., 1982; Yoshikawa et al., 1978].
Ward and Lazarovits [1982] oUServeq that when growth
of a virulent race was stopped at hjgh temperature, a high
concentration of glyceollin accumdigteb, compafable to that
in a resistant response._Howeve;[u@hen the infected plants
were returned subsequently to ii‘normal temperature, com-
patjibility was restored. This’may not have been due to
uneven concentrations of glyceo n at the cellular 1level
and the escape of a few hypha% om regions_with'low
glyceollin concentrations, as suggested by Keen [1986]. In
the light of evidence in chapter 7 a more probable explana-

tion is that it is due to rapid metabolism of the glyceollin

and removal of -the stim@}us“for glyceollin biosynthesis. At
the higher temperature, growth of the fungus is inhibited:
therefore, the gene product from the geme for virulencq m

not be synthesized and endogenous elicitors would have
access to receptor sites, turn on plaht-defence-gbnes and
the developqent of a resistant response would follow. After
returning to the lower temperature the virulen¢e gene would
become active again and igs product_woulq compete for recep-
tor sites with the éndogéhous elicitors. -Rapid getéboli:n by
the hogt would remove glyceollin and the virulence gene

- product would eliminate further stimulation of biosynthesis.

A separate study using the systemic fungicide, metalaxyl [N-

: (2, 6-dimethylphenyl) iN-(methyl-acetyl) alanine mathyl
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ester] an inhibitor of RNA and protein synthesis in.Phytoph-

thora spp., by Ward [1984b] indicated that RNA and protein
synthesis by Phytophthora megasperma f.sp. glycinea is es-
sential for compatibility or, in terms of the proposal malde
here, supp‘ression of resistance mechanisms. It was shown

also that a virulent race could survive and spread from le-
sions produced from predominantly aviruldnt inoculum [Ward,
1983]. These studies are consistent with the view that
virulence gene products play a rcole in'inhibiting the ex-
pression of plant-defence-genes. They are presumably ac-
tively released, whereas in plants the receptors are

¢
presumably constitutive. Possibly, virulence gene products

are rapidly produced and liberated into intercellular spaces
of the host 80 that they can pre-occupy receptor sites in
advance of the release of endogenous elicitors. Evidence
that fungal components may spread into host tissues sur-
rounding invading hyphae has been provided by the detection
of antigens from fungal fimbriae by immuno-electron micros-
copy [(Svircev é; al., 1986]. &

The proposed model for the expression of compatible
or incompatible interactions is apparently similar to the-.
"non-specific elicitor and specific suppressor"”™ model dis-
cussed recently by Crute et al., [1985] and is consistent
‘with the view expressed by Ward and Stoessl [1976] that
specificity should be associated with compatibility. It is
also in part consistent with models proposed individually by
Bushnell and Rowell [1981] and Heath {1981]. However, the
proposed model attempts to accommodate quantitative, age-
related and non-host aspects of resistance with cultivar-
specific ‘resistance that follows the gene-for-gene sysfem of
Flor [1956]. Further, in the proposed model the non-specific
elicitor is of endogenous origin, arising fros the plant 1it-
self and not from the invading microorganism as suggested by
* others. It, therefore, covers a wide range of microorganisms




and of otﬁ;f stresses that cause the accumulation. of
defence-related compounds. The ”nén—specific elicitor and
specific suppressor” model arose from studies by Doke et al.
(1979, 1980); Doke and Tomiyama [1980); Garas et al. [1979}7
Ziegler and Pontzeﬁ [1982]. In this and also in the model

proposed here, specificity is accounted f6r by the interac- ,.

tion of the gene products of genes for resistance (R) and

- genes for virulence (a). In the proposal put forward by Van-'

derplank [1978, 1982] the R/a combination was considered, to
be the most compatible because compétibility‘is due to th

specific interaction between products of genes for resis-
tance (R) and virulence (a). Other combinations were con-
sidered less compatible, however, there was no evidence for
this in a recent study by Crute and Norwood [1986]. In the
present proposal compatibility is observed in all but the
R/A combination and should be similar in each combination
for the following reasons: 1) in the R/a combination the
virulence gene product occupies the feceptors coded by R,
endogerious elicitors are not recognized and plant defence
genes are not turned on, 2) in the r/a and r/A combinations
there are no receptors and,therafore,'similérly there 1is ho
acfivation‘of plant defence genes. The R/A combination is
incampatible, 'because the product of Jene A  fails to pre-
occupy the receptors coded by the g geﬁe and hence en-
dogenous elicitors turn on the plant-defence-genes. Evidence
that the gene product of R is essential for a resistsnt
responée comes from the work of Loegering and Sears ([1981].

They observed that deletion of a chromosomal arm carrying a

dominant resistance gene resulted in a suséeptible response.
On the other hand Flor ([1960] observed that when avirulence
genes wére removed from homozygotes presumably through |
deletion mutation,. a compatible interaction instead of in
incompatible interaction -developed. This appa;ently indi-
Egtes that there is no requirement for a product of the gene

-
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for virulence to establish compatibifity in the presence of—
an R gene. According to this the model proposed here is not
correct. However, Flor's [1960]. study may also indicate that
genes for virulence and avirulence are regulatory instead of
structural genes. The avirulence gene product would then be

" a repressor protein for the structural gene it the pathogen

that codes for the product specific -for the receptor coded ©
by the complementary R gene in the host. When the avirulence
gene was removed by deletion in Flor' s\study ‘the necessary
structural gene was derepressed and susceptibility was the
result [(Fig. 10. 1] . X

A similar phenomenon may have occurred in the -study

by Staskawicz et éi [1984] whe cloned an avirulence gene

from race 6 of Pseudomonas Syrinqg_ pv. glycinea. When the

' gene was mobilized into the virulent race 5 through

transconjugation race 5 became avirulent to an otl';erwise
susceptible cultivar of soybean. The 'merodiploid (race 5. +

‘avirulence gene from race 6) thus carried both virulence and
' avirulence genes. . The introduced avirulence gene may have

suppressed the expresgsion of the etrut.tural gene for
virulenog tHe product of which possessed specificity
(suppressor) for the,receptors coded by the corresponding R

‘gene in the. host [Fig. 10.1)]. Tepper and Anderson [1984]

also emphasizea thst "major genetic changes conditioning
epecificity fmay. be regulatory l1oci rather than in stfuctural
dgenes". They discussed the importance of mutation of
regulatory rather than structura1 loci for evdlution at the
organismal level. - )

In the foregoing discussion a model has been proposeJ_
to ‘accomodate the biochemical data from cultivar-specific
resistance with,the requirements of the classical "gene<for-
gene” hypothesis, ‘considering only one pair of loci in the
host and pathogen. Ho&everg in nature the final outcome of

an interaction is likely to be the result of the interplay
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Fig. 10.1
Hypothetical model for the control mechanisms for
- ., expression of a gene for virulence in the
pathogen.

.

A; : gene for avirulence ih Flor's hypothesis
vy @ structural gene, the products [S] of which
specifically bind the receptors [R] in the
."host plasmamembrane coded by R genes for
& resistance
: promoter region for gene Vi
E : Endogenous elicitor
. ¢ Plasmamembrane
W : Cell Wall

A] Normal incompatible interaction: ° ' sup-
presses the expression of "v,;', endogenous
elicitors switch on the plant-defence-genes.

B] Normal compatible interdction: 'v,' expresses
constitutively and suppressor S' 1inhibits
the expression of the plant-defence-genes.

C] Compatible interaction as observed by Flor:
{1960] due to deletion of A; gene that
resulted in constitutive expression of vy
gene. - . ’

. D] In merodiploid obtained by Staskawicz et al.
[1984], gene products from A; gene-
suppressed the expression of v; and, hence,
incompatibility resulted.
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/of.more than one locus or at least more than one allele in
the host and many ldci,in the pathogen. According to the
gene-for-gene' hypothesis, an interaction is incompatible
if in both the host and pathogen a EOrresponding pair of
dominant resistance and- evirulence genes are present at
least in one  locus. However, it does  not mean that other
loci are not playing any role. Take for example an interac-
tion between a host with the genotyg& Rl Ry, §3 Rg and a
pathogen with the genotype a; a) A3 Ag (race 1; Fig. 10.1).
The subscripts indicate corresponding loci or gene pairs.
The interaction of this combination will result in incom-
patibility according to Flor's. -gene-for-gene' system
(because’ of R4/A4)1and also accor g to the model proposed
here (receptor of Ry will be bound by the endogenous
elicitors). At locus' 1 (Rj/a;) and at locus 2 (Ry/ay) the
outcome is compatibility, because gene products from a; and
a, will pre-occupy receptors coded by R; and R,
respectively. At the 1locus 3; rq does not code for a
receptor, therefore, endogenous elicitors sannot elicit the
plant-defence-genes and there is no interaction. Since
receptors coded by Ry cannot be blocked by the pathogen, en-
'dogenous elicitors are recognized by these receptors and
"they trigger a resistant reaction,: although in the loci 1
and 2 interactions are for compatibility. The irtteractions
among alleles can be outlined as in Fig. 10.2. ’
. According to the proposed model a universally suacep-
tible cultivar should not develop age-related resistance be-
éause it will not have any genes coding for receptors. The
cv. ﬁeyne is considered to be a universal susceptible cul-
tivar of soybean to Phytophthora megasperma f.sp. glycinea.
' However, etiolated hypocotyls of this cultivar exprassed
age-related resistance when inoculated with a virulent race
[Bhattaeharyya and Ward, unpublighed]. Therefore, it must
have at least an unidentified Rps gene for resistance which

L4
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Fig. 10.2
_Types of interaction at different ,coimlementary
loci of a host with two pathogen races, and the
final phenotype of such interactions at four
complementary loci in both host and pathogen on
the basis of the proposed model.
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is responsible for the expression of age-relaéed resistance.
Furthermore, Rutherford gs'gl. [1985]) presented evidence for
switching on of plant-defence-genes in this cultivar in
response to a ;inéle goospdre'isolate obtained from a
virulent  race, and an unidentified Rps gene must be’
inférred. A- similar observation was recorded for this culs,
tivar following inocuiaticn with single zoospore isolates
obtained from Isalate I.l1l [Chapter 6j. In Vanderplank's
scheme [1978, 1982] also a "universally susceptible” host
genotype does not exist. According to the model proposed
here cultivars of soybeans will differ in numbers of

-

Host (R;R; RoRy 1rg R4Ry) Phendtype

Lecus ‘R].Rl R2R2 r3r3 R4R4

S a3 C |

Pathogen (race;) : I Incampatibile
(alala232A3A3A4A4) azay . C interaction

Aghg & 1 .

8131 N | . !

8282 c '
Pathogen (race,) . - Campatible
(a;3)828283R33434) Azhs ‘ - interaction

8484 C

c'-mubknmactim

I-= Incampstible interaction

- = no interaction but lealls to caqxﬂibdo intaraction
due to abeence of receptors coded by Ry gene

-

A\
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receptors coded by Rpg genes they carry. Those with many Rps
genes should have more receptors than those with fewer Rps
genes. This may possibly give rise to differences in the
degree of compatibility among the cultivars to a virulent
race. For example, 1in the present s8tudy, cultivar Harosoy
although susceptible to Phytophthora megasperma f.sp.
glycinea race 1 (formerly regarded as universally
susceptible) éarries an unidentified Rps gene(s) conferring
resistance to races 12, 16, 18 and 19 [Keeling, 1982j while
none have been reported for cultivar Wayne. This may be the

reason that cv. Harosoy was less susceptible than cv. Wayne
to & number of single 2zoospore isolates -obtained from iso-
late 1.1. [Chapter 6]. Such residual effects of genes for
resistance have been described by Martin and Ellingboe
[1976]. However, more detailed studies ‘are required to con-
firm this possibility. If truj, it may explain quantitative
differences in the balance between compatible and incom-
patible interactions. . '

Evidence that cultivar- or race- specific host genes
may exist but have not been reported due to unavailability
of appropriate avirulent races is provided by the work of
Staskawicz cited by Day [1986]. He observed that when cloned
fragments of DNA from the tomato bacterial pathogen Pseudo-

. monas syringae pv. tomato were introduced into P. syringae

pv. glycinea, some transformants showed some new cultivar-
specific avirulence in soybeans. This report has - -at least
two important implicatioqg: e.g. 1) In addition to reported
genes for resistance thereypay be many more genes for resis:
tance that are nullified by the cofresponding virulance
genes of different races of a pathogen and hence are hidden.
In other words, "universal susceptibility" may be a éoncept

.that'is impossible to prove. ii) P. syringse pvs. tomato and

glycinea, presumably, descended from a common ancestor. The
basis of their classification into two pathovars is that of



host range. Presumably, in the course of evolution'they
gained virulence genes or lost avirulence genes that were
complementary to the resistance genes of. either tomato or
soybeans. Loss of avirulence genes. may be the more probable
alternative [1n support of Flor [1960] also]. <In that case,

Staskawicz may have restored an avirulence gene from pv

tomato to pv. glycinea that the latter had lost during the

‘course of its evolution. The virulence gene of pv. glxci a
in the’transformant evidently "failed to. nullify the recep-
tors coded by the c¢orresponding hidden‘resistance genes in
the host.' Similar results can beuexbected from transforma-
tion ©f pv. tomato by the cloned DNA -fragments fram pv.
glycinea. In this context,' a pathogen can be . defined. as the
one which lost all the avirulence genes complementary~toball
resistance genes im the host in due course of'evolution.
Also it can be concluded that the same gene for resistance‘
plays a role-not only' against races of a pathopen but also
against all non-pathogens that can penetrate the first line
of (non- specific) defence e. g.h cuticle [Kolattukudy and
Koller, 1983]. If this assumption is  correct ‘then resistance
of plants was the primary ' situation and the development of
compatibility with the pathogen was secondary. Heath [1985)
also discussed the possibillty of achleving” basic com-
patibility by a successful parasite on some members of o.
plant species as ar alternative 'to the gePerally accepted-
possibility of superimposing cultivar-specific resistance on
alreagy established basic compatibility. She.termed the non-
host resistance tnat is overcome by the successful parasité
"residual resi=tance She speculated that such residual
. non-host resistance could be the reason for cultivar-x
specific: resistance as 1ong as resistance involves active
plant responses,.controlled by a'single gene.
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10.2 Conclusions .

1) Although the expression of cuitivarFspecific'

resistance in soybeans leads to twa phenotypic classes viz.

resistant and susceptible, in most of the cases following

- - infection with Phytophthors megasperma f.sp. glycinea races,
at the biochemical or molecular level recognition between

the oene products aof tne Rps genés of soybean cultivars and

the gene products of the genes for wvirulence or avirulence

of the pag&ggen races takes place in a-.quantitative fashion.
2) 'Recognition' is a continuous event and it takes
place in-ireshly invaded tissues to switch on the pPlant-
deféAce-genes in this host-pathogen interaction. Rapid meta-
bolism of glycéollin I indicates that the level of accumula-
tion depends upon the rate of biosynthesis qu biosynthesis
“in turn depends upon the switching on of plaht-defence-genes
through:the 'recognition' process.
ST 3) It is hypothesized that active responses of plants
-~ - . to any biotic or abiotic stimuli take place through recep-
. R tors ooded by the Rps genes of soybeans. EndogenOus
’ - elicitors or active components, released from plant cell
walls following wounding caused by such stimuli, are ‘Tecog-
nized by the receotors. Gene products of the virulence genes
- can nullify the receptors so that the recognition does not
. take place. Genes for avirulence oOr virulence may have
regulatory functions for each of the operons coding gene
products specific to the receptors of complementary Rps
genes. ' L ’ '
. 10.3 Propoaala for future work
, Rapiad metabolism of glyceollin I observed in infected
. . and wounded tissues [Chapter 7] indicates that it would be
profitable to- look for enzymes that ore involved in the me-
tabolism of glyceollin I. Identification of such an en-
zymo(s),hand its purification, and production of dntibodies

¥
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against it will enable us in the near future to localize the-
cellular-sites for glyceol}in I metabolism by immuno-
electron microscopy. Site of synthesis could be identified
similarly , if the enzyme that elaborates glyceollin I from
glycinol or glyceollidin I can be identified, on the same
preparation for sites of metabolism following double immuno-
cytochemical 1labeling technigue [éendayan, 1982]: Such
studies will possibly reveal invaluable information regard-
ing the role of glyceol}in I in soybean-Phytophthora
megasperma f.sp. glycinea interaction in addition to the
mechanisms of its accumulation.

Studies can be carried out also to understand the
molecular mechanisms of generation of variability in succes-
sive single zoospore generations of Phytophthora megasperma
t.sp. glycinea race 1 or Isolate 1.1 [Chapter 6]. In such
studies isolation and characterization of the mitochondrial
genome froﬂstwo extreme types among the single-zoospore iso-
lates may be useful. -

If the susceptible response of trifoliates of 12 day-
old plants of the resistant cv. Harosoy 63 to Phytophthora
megasperma -f.Sps glycinea race 1 [Chapter 4 and 8]'13 con-
sidereed to be due to non-expression of its .Ll gene, a
molecular biological study can be undertaken to isolate the
Rps; gene as follows: 1) A cDNA library constructed for tri-
foliates of 14 day-old plants-6f~cv.~ﬂarosoy 63 (gene
expressed) can be screened by hybridizing it with the mRNAs
Isolated from trifoliates of 12 day-old plants of the same :
cultivar. 2) The' cDNAs that were not hybridized by mMRNAS"
could ?e mobilized into a suseptible cv. Harosoy (rps;)
using a suitable vector and a methology e.g. electropora-
tion [Fromm et al., 1985]. 3) Transformants can be scrooned
using a dxig res(stant .marker and then dvaluated for tho ox-
pression of Kps; gene. ‘

. Y
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Appéndik I -

Standexd graphs for the quantificatiom of glyceollin
isome following HPLC analysis. Glyceollin I ( O ),

glyceollin II ( 3 ) and glyceollin III ( A ). The
by injecting known concentrattons
and monitoring the absorbances

of each of the isome
at 28§ nm. :
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Appendix II - .
Standard graphs for the determination of trans-
cinnamic acid produced (n moles) as a measure for
phenylalanine ammonia-lyase activity [see Chapters 7,
8 and 9)]. The graph was fitted by measuring absor-

bances of Known amounts of cinnamic acid at 290 nnm.
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