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Authors’ abstract

Partial resistance (PR) of wheat to wheat leaf rust acted in two steps. The first step led to a
reduced infection frequency (IF), the second step to a longer latency period (LP).

The genes for a prolonged LF inhetited in a recessive way and showed additive gene action.
The PR-genotype Akabozu carried two and Westphal 12A three LP-prolonging genes. BH
1146 contained one HR gene and two or three LP genes. Transgression was observed in the
progenies.

PR, measured as LP, was best expressed in the young flag leaf stage, at fow temperatures.
LP is a good estimator for PR.

Three epidemiological parameters were used to assess PR in the field: 1} disease seventy
at the time that susceptible controls are severely rusted, 2} AUDPC, 3) the logistic growth
rate. 1} and 2} are reliable estimators for PR, 3) appeared unsuitable. Long LP and low IF
were correlated.

Conclusive evidence for or against race specificity of PR has not been obtained. PR was ex-
pressed in a wide range of environments, indicating that PR is stable. The ranking orders
were simifar at all locations and years. The PR studied might be durable. The PR in BH 1146
is effective since 1955.
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STELLINGEN

i. De a-tending emulgator glycercllactopalmitaat (GLP) kan
beneden de kristallisatietemperatuur een stabiele oc—gelfase
vormen in de aanwezigheid van water.

Dit proefschrift.

2. De vergelijking, die Sebba tracht te maken tussen de fysische
analogie van de structuur van een waterig schuim en die van
levende cellen, is bijzonder hachelijk.

F. Sebba, Foams and Riliquid Foams-Aphrons. Ed : Wiley and Sons, (1987).

3. Agglomeratie van vetbolletjes in toppings, die een relatief
hoog gehalte aan GLP op vetbasis bevatten, hangt nauw samen
met de vorming van een a-gelfase op het o/w-grensvlak van de
deeltjes.

Dit proefschrift.

4. Een emulgatormengsel dat beneden de kristallisatietemperatuur
van de koolwaterstofketens een oc—gelfase kan vormen met water
kan dit onafhankelijk doen van het feit of dit mengsel boven
de kristallisatietemperatuur mescmorfe fasen vormt met water.
it proefschrifre,

5. Hoewel men in de levensmiddelenindustrie graag zou beschikken
over vetongevoelige eiwitschuimen, lijkt dit vanuit fundamen-
teel oogpunt, althans voorlopig, geen haalbare zaak.

N.a.v. De 23° themadeag gecrganiseerd door de KRLO : Luchtige levensmiddelen, hun be-
reiding en efgenschappen, (1987).

6. De veronderstelling dat amorfe lactose bij bevochtiging met
water beneden 93.5°C practisch alleen in e-lactose monohy-
draat overgaat is aan bedenkingen onderhevig.

Zie bv. P. Morrisgey, In ! Developments in Dairy Chemistry-3. , Ed : P.F. Fox,
Elsevier Applied Science Publishers, (1985).

7. Het aantreffen wvan troebelingen in bier kan ondermeer worden
veroorzaakt door schuimvorming in de fles.

8. Op grond van resultaten bereikt met pulse NMR aan topping-
poeders mogen Barfod en Krog niet concluderen dat geadsor-
beerde eiwitten de kristallisatie wvan het vet/emulgator-
mengsel in de gedispergeerde deeltjes onderdrukken.

N.M. Barfod en N. Krog, J. Am. Oil. Chem. Soc. , &4, 112-11%, (1987,

9 Eén en dezelfde emulgator kan zowel schuim stabiliserend als
destabiliserend werken.




10.

11.

1z2.

13.

Om de eigenschappen van levensmiddelen, die bestaan uit
complexen van bicpolymeren, beter te kunnen begrijpen,
verdient het de aanbeveling een integratie te bewerkstelligen
tussen levensmiddelenfysica en -chemie.

Het succes van technologische vernieuwing staat of valt met
de betrokkenheid van de werknemers.

Golf maakt een goede Xans om uit te groeien tot een nationale
sport, indien er geen haast gemaakt wordt met het oplossen
van onze afvalproblematiek.

Uitgerekend op rekencentra lijkt men in de toekomst te zijn
uitgerekend.

Stellingen behorende bij het proefschrift " Centribution of the a-
gel phase to the stability of whippable emulsions " door J.M.M.
Westerbeek, 24 februari 1989 te Wageningen.



1

2

7

8

pnof20) 1254

Het gebruik van de term "vroege abortie"“= bij de roest-pathogenen
impliceert het voorkomen van "late abortie", aangezien dat laatste
in partieel resistente tarwe niet is waargenomen, kan de toe-
voeging "vroege" vervallen,

*
R.E. Niks, 1983, Studies on the histology of
partial resistance 1in barley to leafrust, Puccinia

hordei. proefschrift, LH Wageningen.

Ondanks een verschiffende morfologie van enerzijds de gastheercel-
wand-toevoegingen in tarwe tegen bruine roest en anderzijds de
celwandtoevoegingen in tarwe tegen septoria, in gerst tegen
meelidauw en in gerst tegen dwergroest, hebben de ceiwandtoe-

voegingen een overeenkomstige funktie.

Het werk van een aantal roest-onderzoekers kan niet volledig
beoordeeld worden omdat zij het infektietype van de bestudeerde

interaktie niet in hun publikaties vermelden.

De genen in Westphal 12A en Akabozu die coderen voor een langere
latentie-periode moeten opgenomen worden in het systeem van bijna-

isogena lijnen.

Duurzaamheid van resistenties kan niet tijdens een veredelings-

programma bepaald worden.

Bijna-isogene lijnen zijn bijna altifd niet bijna-isogeen.

Stam, P and A.C, Zeven, 1981, The theoretical
propertion of the donor genome in near-isogenic lines of
self-fertilizers bred by backcrossing. Euphytica 30:227-
238.

Zeven, A.C., and J, Waninge, 1986.

The depree of phenotypic resemblance of the near-
isogenic lines of the wheat cultivar Thatcher with their

recurrent parent, Fuphytica 35:665-676.

De aancuiding "widely grown for a long period" (Johnson, 1984) moet

nader gespecificeerd worden.
R. Johnson, 1984, A critical analysis of durable

resistance. Annual Review of Phytopathelogy 22:309-330.

In Zuid en Noord Amerika s geen sprake van een "africanized bee"

maar van gen "african bee",
Rinderer, T.E., 1986. Bee genetics and breeding.

Academic press.




9 De kans dat er zich voor het jaar 2000 een desastreus ongeluk
voordoet in de kerncentrale Dodewaard is groter dan de kans dat de

centrale stilgelegd en ontmanteld wordt voor dat jaar.

10 £r is geen enkele reden om geen voorstander te zijn van politieke
gelijkheid in Zuid Afrika (one person - one vote}.

11 Een goede kollega is het halve werk,

Stellingen behorende bij het proefschrift "histological, genetical and
epidemiological studies on partial resistance in wheat to wheat leaf
rust", publiekelijk te verdedigen door Th. Jacobs, woensdag 25 januari
1989 des namiddags te kwart over vier in de aula van de landbouwuniver-
siteit te Wageningen.




A O4Tot, 1257

Selectie op resistentie tegen bruine roest in een tarwepocpuiatie
die zeer heterogeen is voor de eigenschap ontwikkelingssneiheid

zal in het algemeen tevens leiden tot selectie op laatheid.

Het aantal genen dat betrokken is bij de overerving van een
resistentie hoeft niets te zeggen over de duurzaamheid van die

resistentie.

Het bepalen van de logistische groeisnelheid van bruine roest
epidemieén in tarwe is een onbetrouwbare, dure en tijdrovende
methode om het niveau van partig€ie resistentie te bepalen.

Het selecteren op partiéle resistentie te velde met ongedefi-
nieerde isolaten als infectiebron kan leiden tot de selectie van
ongewenste overgevoeligheidsresistentie.

Het parti€le karakter van een resistentie is geen garantie voor

duur zaamheid.

Selectie op partigie resistentie moet niet zo zeer plaatsvinden in
milieu's die optimaal zijn voor de ontwikkeling van het pathogeen
maar veel meer in milieu's die optimaal zijn voor de expressie

van resistentie tegen dat pathogeen.

Het verdient de aanbeveling om de term incomplete resistentie
alleen te gebruiken voor onvolledige overgevoeligheidsresisten-

tie.

Voor het veredelingsonderzoek is het een goede zaak dat de Vak-
groep Plantenveredeling van de Landbouw Universiteit wordt

betrokken bij het Centrum voor Plantenveredelingsonderzoek (CPQ).

Het vervangen van de OCé—copieerapparaten door Nashua-copieer-
apparaten op de Vakgroep Plantenveredeling is een voorbeeld van

verkapte arbeidstijdverkorting.




10 Roest Rust Niet.

11 De extrapolatic van de mate van bezuinigingen en het aantal
bejaarden doet het ergste vermoeden voor de ouderenzorg in 2025,

12 Al is de sporter nog zo snel de dopingcontrole achterhaald hem wel
{als hij niet slim genoeg is).

Stellingen behorende bij het proefschrift "histological, genetical and
epidemiclogical studies on partial resistance in wheat to wheat leaf
rust", publiekelijk te verdedigen door L.H.M. Broers, woensdag 25
januari 1839 des namiddags te kwart voor drie in de aula van de

landbouwuniversiteit te Wageningen.
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"The reason of my liking to keep the marks for cleanness on plants, which have afterwards
become rusty, is that | look upon lateness in becoming affected by it, as a measure of resis-
tance to the parasite; and because | consider that individua! plants may transmit to their
progeny the valuable quality of resisting the parasite until a late stage of their lives, when it
has less time for injuting the grain."

W.J. Farrer, 1898. The making and improvement of wheats for Australian conditions. Agr.
Gas. N.S. Wales, 9, 131-168.



VOORWOORD

Wij hadden de afgelopen vier jaar het geluk deel te zijn van de "ROEST-CLUB” van de
vakgroep Plantenveredeling. De sfeer was uitstekend, wij hebben veel kunnen doen. Een
groot aantal mensen heeft ons daarbij geholpen. Zonder de medewerking van de koliega’s
op de vakgroep, de studenten en de partners binnan het EG project hadden we nooit tot het
huidige resultaat kunnen komen.

Het begeleiden van studenten was voor ons een nieuwe ervaring. Het was een heel erg leer-
zame en leuke ervaring. Jos van Boxtel, Geert Braks, Marianne Buurlage, Walter de Boef,
Lenie Derks, John van Diepen, Jos Gosselt, Francois van Hee, Kees van 't Hoenderdal, John
Kruyt, Martin van Maaren, Erik van Nassau, Diedetik Smilde, Jos Suelmans, Roelof van Til,
Jacques Vergroesen, Nelleke Wallenburg en Leo van Zanten hebben ieder hun steentje bij-
gedragen om ons verblijf aan de vakgroep te veraangenamen. Voordat we dit overzicht maak-
ten hadden we ook niet het idee dat het er zoveel geweest zijn. Duidelijk is wel, dat zij veel
en goed werk verricht hebben, waarvoor we ze heel erg hartelijk danken.

De mannen van de overkant, vooral Herman Blekkink, Frans Bakker, Barto Stoffers en An-
ton Vels hebben ons veel veldwerk en kaswerk uit handen genomen, evenals de mensen
van de 'ir. A.P. Minderhoudhoeve’, met name de heer J. Jansen, Cees Claassen en de heer
van der Wal. Sjaak Janssen danken we voor "een hoop zorg" in Zorg en Hoop. Geert Haem-
stra verzorgde onze link met het mainframe. De microscopen ap de laberatoria van R.E. Niks
en M.S. Ramanna hebben we veelvuldig kunnen benutten. H. Kuiper, J. Waninge, J. de Bruijn
{vakgroep Plantentaxonomie) en M. Dik (Centrum Genetische Variatie Nederland) hebben
zaad ter beschikking gesteld waarmee we diverse proeven hebben uitgevoerd. Bij ons on-
derzoek waren de aanwezigheid van een goed toegankelijke bibliotheek en de steunvan J.C.
Schouten en |.V. Veerman erg waardevol. Speciale herinneringen hebben we overgehouden
aan de twee AIESTE studenten Irina Teodosievska (Joegoslavie) en David Widawski (USA).

De Europese Gemeenschap heeft een gedeelte van het projekt gefinancierd. De inbreng van
de projectpartners (LUW Fytopathologie: J.C. Zadoks, W. Hoogkamer; IPO: R.W. Stubs,
G.H.J. Kema, R. Daamen; SVP: J. Mesdag, J. Scheepers, C.J.M. Denissen, P. van de Put-
ten) en onze halfjaarijkse bijeenkomsten waren erg waardevol. J.E. Parlevliet was aanvra-
ger van het projekt, verantwoordelijk voor de tussentijdse verslaglegging en het eindverslag.
De heren A.M. van Harten en A. Hendriksen hebben het beheer over de financien gevoerd.
Zonder deze inspanningen zouden we dit projekt niet hebben kunnen voltocien.

Onze grootste hulp en steun gedurende deze periade was Tony van Ommeren. Zijn voort-
durende zorg, zijn kennis van zaken en zijn supervisie hebben een groot deel van ons werk
veel gemakkelijker gemaakt en ertoe geleid dat experimenten met meer accuratesse uitge-
voerd zijn. Tony was een vriend meer dan een collega; zijn gedrevenheid was groot, zijn
aanwezigheid een genot. Hij is te vroeg van ons heen gegaan. Hij zal op de promatiepiech-
tigheid ontbreken maar zijn aanwezigheid straalt af van elke pagina van dit proefschrift. Het
is voor ons moeilijk te bevatten datiemand die drie jaar van zijn leven met ons heeft samenge-
werkt, nu, en voorgoed afwezig zal zijn. Het is voor ons nauwelijks een troost te weten dat
we niet de enige zijn die hem missen,



Onze promotor, Jan Parlevliet heeft zich gedurende de afgelopen vier jaar ontpopt als een
terughoudend maar duidelijk raadgever. Hij gaf ons de vrijheid om naar eigen goeddunken
een invulling te geven aan onze onderzoeksopdracht. Ondanks zijn schrijnend tijdgebrek,
heeft hij in de laatste maanden voor de voltooiing van dit proefschrift onze niet aflatende
stroom concepten snel en nauwkeurig van commentaar voarzien. Jan, onze hartelijke dank.

Een persoon mogen we hier zeker niet vergeten: FIEN, assistente van Niks. We zouden ons
moeten verontschuldigen voor de manier waarop we haar behandeld hebben, maar ze kon
het "hebben"., In haar reakties bespeurden we een gevoel van waardering. Die waardering
willen we retourneren. Fien was onze sociale hoeksteen; ze was eerlijk, kordaat en duidelijk.
Zonder haar was ons verblijf op de vakgroep, maar ook daar buiten, een stuk minder aange-
naam geweest. We verheugen ons op de toekomstige samenwerking.

Léon:

Professor J.C. Zadoks wil ik heel hartelijk danken voor zijn inspirerende begeleiding. Onze
discussies betekende voor mij steeds weer dat ik boordevol nieuwe ideeen thuis kwam.
Ursula, jou bewonder ik omdat je al die tijd met een geduldig oor mijn "roestige verhalen”
hebt willen aanhoren. Aan jou kon ik in moeilijke tijden mijn ei kwijt en je zorgde dat er altijd
een lichtje in de duisternis was. De stimulans die van je uitging is doorslaggevend geweest
voor mijn deel in dit proefschrift.

Theo:

Marjan, Roland, Truus, Bea, Geert, Wim, San, Bep, Erik, Nel, Jan, Anke Riet, Leen, Fons,
Mies, ik ken jullie al lekker lang en verheug me op de vele uren die ik nog met jullie kan gaan
doorbrengen. Luuk, Eilen, Ronald, Michel en Elise, op een of andere manier spreken we el-
kaar te weinig. Met Peter Baart heb ik wel veel leerzame gesprekken gehad, dank je.
Rients, ik beschouw onze geestelijke interakties als zeer vruchtbaar en hoop dat die ook in
de toekomst plaats vinden.

Paul van Snippenburg en Sieb Masselt hebben op uitstekende wijze tekeningen, respectie-
velijk foto’s in de hoofdstukken 3, 4, 5 en & van dit proefschrift verzorgd, A.B. Haasdijk gaf
hulp en adviezen bij het druk klaar maken van foto's en tekeningen (vakgroep Plantencyto-
togie en -morfologie). Arie Bergwerff (tekenkamer van het Biotechnion) verzorgde de teke-
ningen in de hoofdstukken 8, 11 en 12. Lucas Noldus (vakgroep Entomologie) danken wij
voor zijn medewerking bij het printen van de uiteindelijke versie van dit praefschrift.

De publikatie van dit proefschrift is mogelijk gemaakt door een financiéle bijdrage van het
LEB fonds (Landbouw Expoert Bureau) aan beide auteurs.
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INTRODUCTION

Th. Jacobs and L.H.M. Broers
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There are more than 3000 rust species in the world {Laundon, 1973). Wheat (Triticum aes-
tivum) is parasitized by stripe rust (Puccinia striiformis), stem rust (Pucc. graminisf.sp. tritici)
and wheat leaf rust (Puce. recondita f.sp. recondita, syn. Pucc. triticing). Wheat leaf rust is
the commonest, most widely distributed of the cereal rusts. Wherever wheat is grown, wheat
leaf rust occurs {Chester, 1946).

Growth cycie of the pathogen

Wheat leaf rust is a macrocyclic rust with a sexual cycle (teliospores, basidiospores, aecio-
spores) and an asexual cycle (urediospores} (Alexopoulos and Mins, 1979). [t is the uredial
stage which is of great economical importance, causing large yield losses.

Germination of a urediospare on a wheat leaf is initiated by 100 % relative humidity in a
dark period of at least six hours. The germ tube grows towards the stoma, over which it forms
an appressorium. Inside the leaf a substomatal vesicle is formed from which an infection
hypha grows towards a host cell. At the end of a hypha a haustorial mother cell is formed,
from which the host cell wall is penetrated. The haustorium inside the host cell extracts nu-
trients from the cell for the benefit of the colony, which grows intercellularly. In the central part
of a mature colony new urediospores are formed which are released after the epidermis has
burst.

Resistance

Many modern cultivars are protected against wheat leaf rust by the action of resistance genes
which cause hyparsensitive host cell collapse. However, the fungal population is able to adapt
genetically, resulting in a loss of the effectiveness of resistance. The average life time of
wheat leaf rust hypersensitivity resistance (HR) genes is estimated to be about 5 years on
global base (Kilpatrick, 1975). In view of this lack of durability of the hypersensitivity resistan-
ce genes, research was initiated to invastigate other ways to protect the crops against such
pathogens. The alternatives can be summarized into two categories.

i) Resistance genes can be managed in such a way that genetic diversity is increased,
e.g. the use of multi-lines or cultivar mixtures and/or regional depioyment of resistance genes.
This management leads to a reduced reproduction of the pathogen population. This
decreases the probability of genetical adaptation of the pathogen. This category has been
extensively discussed by Mundt and Browning (1985).

li) More durable forms of resistance have been studied. However, durability of resistance
can only be reliably identified in retrospect. A prerequisite for resistance to be considered as
durable is that it has been present in a cultivar grown on a iarge scale and for a long time in
environments that are favourable for the pathogen, without loosing its level of resistance
(Johnson, 1984). Producing new cultivars is best done by using genotypes with proven
durable resistance.

Parlevliet and co-workers studied the barley/barley leaf rust pathosystem. They distin-
guished two forms of resistance: hypersensitivity resistance (HR) and partial resistance (PR).
The HR-genes cause a collapse of the host cell after a haustorium has been formed in the
cell. Cells that collapse within a few hours after penetration prevent the supply of nutrients to
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the fungus, which leads to a rapid death of the infection structure. This cannot be observed
macroscopically. Delayed collapse allows some fungal growth and small yellow, necrotic
flecks can be seen by the naked eye. Collapse that is even more delayed allows the forma-
tion of urediospores. In all these cases a resistant infection type, ranging from 0 to 6 (scale
of McNeal et al.,, 1971), is observed.

PR can be recognized as a reduced epidemic build-up in the field despite of a susceptible
infection type (Parlevliet and van Ommeren, 1975). A susceptible infection type, ranging from
7 to 9, suggests the absence of effective genes for hypersensitive cell collapse. In that case,
reduction of the epidemic build-up should be attributed to ancther resistance mechanismthan
HR. In partially resistant genotypes the collapse of host cells is probably highly retarded or it
does not occur at all.

Research objectives

Based on the definition of PR and the observations made by Partevliet and co-workers of the
barley/barley leaf rust pathosystem, a program was initiated to study PR in wheat to wheat
leaf rust. First, a large collection of primitive and advanced spring wheat germplasm was
screened for the presence and level of PR. This resulted in a group of genotypes with dif-
terent levels of PR which were used in the program, which comprised four aspects:

1) histological aspects of PR;

2) epidemiclogical aspects of PR;

3) genetical aspects of PR,

4) Development of guidelines ta racognize PR and to screen for it.

ad 1) Histological comparison of susceptible and partially resistant genotypes could indi-
cate at which phase during the development of a urediospore to a sporulating colony, genes
for PR have a major impact.

ad 2) Epidemiological studies should be made of the components of PR measured in the
greenhousae, of their relation with PR as measured in the field, the representational value of
PR measured in small adjacent plots, the stability of PR in a wide range of environments, the
sensitivity of the components of PR to temperature and the race-specific aspects of PR.

ad 3) The genetical aspects of PR were to be evaluated to determine the number of genes
present in genotypes with high levels of PR, the dominance relations and the effects of in-
dividuat genes. The possibility of accumulating genes for PR to obtain higher levels of PR
was to be determined as well.

ad 4) Based on the results of the histological, epidemiological and genetical studies, in-
structions should be generated on screening for PR in wheat to wheat leaf rust: how to recog-
nize it, how to screen for it and how to increase the-level of PR.

The following chapters report on these four aspects of PR in wheat to wheat leaf rust,



iniroduction 5

REFERENCES

Alexopoulos, C.J. and C.W. Mins, 1979. Introductory Mycology. Pp 499-533. John Wiley and
Sons.

Chester, K.S., 1946. The nature and prevention of the Cereal Rusts as examplified in the leaf
rust of wheat. Chronica Botanica. Waltham, Massachusets, USA.

Johnson, R., 1984, A critical analysis of durable resistance. Annual Review of Phytopathol-
ogy 22: 309-330.

Kilpatrick, R.A., 1975. New wheat cultivars and longevity of rust resistance 1971-1975. U.S.
Agric. Res. Serv. Northeast Reg. ARS-NE NE-64.

Laundon, G.F. 1973. Uredinales. Pp.247-279. In: The Fungi. Vol IVB. Eds: G.C. Ainsworth,
F.K. Sparrow and A.S. Sussman. Academic Press, New York.

McNeal, F.M., C.F. Conzak, E.P. Smith, W.5. Tade and T.S. Russel, 1971. A uniform system
for recording and processing cereal research data. USDA Agr. Res. Surv. Wash. DC, ARS
34-121.

Mundt, E.C. and J.A. Browning, 1985. Genetic diversity and cereal rust management. In:
Cereal Rusts. Vol Il. Diseases, Distribution, Epidemiology and Control. Eds: A.P. Roelfs and
W.R. Bushnell. Academic Press Inc., London. Pp 527-560.

Parevliet, J.E., and A.van Ommeren, 1975. Partial resistance of batley to leaf rust Puccinia
hordei. H. Relationship between field trials, microplot tests and latent pericd. Euphytica 24:
293-303.




Chapter 1.

GERMINATION AND APPRESSORIUM FORMATION OF
WHEAT LEAF RUST ON SUSCEPTIBLE, PARTIALLY
RESISTANT AND RESISTANT WHEAT SEEDLINGS AND
ON SEEDLINGS OF OTHER GRAMINEAE SPECIES.

Th. Jacobs
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Germination and appressorium formation of wheat leaf rust urediospores were studied in two
experiments. No differences could be detected between 11 wheat genotypes (Triticurn aes-
tivum), two barley, one Triticum dicoccum, one T. dicoccoides, one T. boeoticum and one
Aegilops squarrosa genotype. There were differences in percentage germination and appres-
sorium formation between tips and central portions of the leaves. The results of the study are
in line with earlier repotts indicating that especially physical signals direct germtube growth
and induce appressorium formation. Resistance genes do not influence germination and

appressorium formation.
INTRODUCTION

Prepenetration stages in the development
of wheat leaf rust (Puccinia recondita f.sp.
tritici, syn. Pucc. triticing) urediospores are
germination, germ tube growth and farma-
tion of an appressorium over a stoma.
Chemical and physical stimuli affect growth
of the germinating rust spore (Hoch and
Staples, 1987; Staples and Macko, 1984).
It is believedthat germination and germtube
growth require less stimuli than appres-
sorium formation (Goodman et al., 1986).
Host resistance is generally not judged an
important factor which influences appres-
sorium formation. (Hoch and Staples,
1987). However prepenetration inhibition of
a leaf pathogen has been reported {Evans
and Pluck, 1978). Hooker {1984} cited
Peletz who reported that significantly more
corn rust spores germinated on the leaf sur-
face of susceptible than of resistant plants.
Payntz and Hyde (1987) reported a dif-
ference in germination but not in appres-
sorium formation hetween a susceptible
and a resistant genotype. Not much is
known about the eftects of genes for partial
resistance on the prepenetration phases.

In this paper germination and appras-
sorium formation of wheat leaf rust have
been studied in relation to wheat leaf rust
resistance of wheat, barley and species re-
lated to ancestors of wheat.

MATERIALS AND METHODS

Two experiments were conducted. In both
experiments plants were grown in two rows
along the sides of flats (37 x 39 cm). The
plants of one genotype occupied part of the
row, the location was chosen at random.
The seedlings were inoculated at the time
that the second leaf was about to emerge.
The leaves were flattened on a glass plate
placed between the rows. Small iron
weights were used to keep the leaves flat
with the adaxial sides up. The weights were
carefully placed to minimize leaf damage.
Urediospores of a monospore culture of the
"Flamingo’ race of wheat leaf rust were har-
vested, dried in an exsiccator during one
night, weighed and approximately 1.0 mg
spores per flat, mixed with 2.0 mg
Lycopodium spores, were applied in a set-
tling tower (Eyal et al., 1968). In each corner
of aflatagreased glass slide (1.0 x 0.72 cm)
was placed for later determination of the
number of spores applied. After inoculation,
the flats were placed in a greenhouse com-
partment for incubation during the night.
The relative humidity was kept high by
means of an electric humidifier. In both ex-
periments three leaves per genotype were
not harvested to estimate latency period
(Parlevliet, 1975) and infection type on a
scale of 0 to 9 (McNeal et al,, 1971),
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Experiment 1

In the first experiment of five leaves per
genotype, leaf segments from the central
part of the |leaf, each 4.0 cm long, were har-
vested approximately five and ten hours
afterthe estimated point of darkness (19.00
h), gently boiledin lactophenol:ethanol (1:2)
and placed in 0.05% Blancophor for 5 min.
{Niks, 1981). Care was taken not to locse
germinated urediospores. The glycerol
mounted segments were observed under
an epi-fluorescence microscope. The total
number of germinated urediospores and the
total number of appressoria per leaf seg-
ment were noted. Urediospores were noted
as germinated if the length of the germ tube
exceeded the diameter of the spore. The
area of the leaf segments was measured.
The numbers of germinated urediospores
and formed appressoria were converted to
numbers per cm? for statistical analysis.

Seedlings of twelve genotypes were
studied. The barley genotypes L94 and
Vada, highly susceptible and partially resis-
tant to batley leaf rust (Puccinia hordei),
respectively, and non-hosts for wheat leaf
rust were compared with six wheat
genotypes (nrs 3-8, Table 1-1) and four
genotypes related to ancestors of wheat
(other Triticum species and Aegilops squar-
rosa). The wheat genotypes Saratovskaja
36, Cl 9321 and Downy showed a hairy
epiderm.

An analysis of variance, four a prioritests
and one a postenoritest (Scheffé) were per-
formed. Assumptions for the a priorf test
werg, there is a difference with regard to
germination and appressorium formation:
i) between barley and wheat, ii) between
wheat and Triticum species related to an-
cestors of wheat, iii) between barley and the
Triticum species and iiii) between hairy and
non-hairy wheat genotypes. Calculations
were performed with help of the SPSS pack-
age on a DEC-10 mainframe of the Agricul-
tural University.

Experiment 2

Experimental procedures were identical to
those of Expariment 1, Differences are des-
ctibed below.

A different set of genotypes was used
(Table 1-2). Included were the partially
resistant genotype Akabozu, the wheat
varieties Canthatch, Thatcher and a near-
isogenic line of Thatcher incorporating Lr 19
{rl 6040), a gene for hypersensitivity re-
sistance.

The experiment consisted of two series.
Seedlings in the first series were sown and
inoculated a week earlier and showed
langer leaves than seedlings in the second
series. Of each genotype five leaves were
used. From each leaf two segments, each
4 cm long, were harvested after one night
incubation at a relative humidity of 100%.
One segment included the top, the other
segment was harvested from the central
part of the leaf.

A priori assumptions were:

- there is a difference in germination and
appressorium formation of urediospores on
Thatcher compared to its near isogenic line
with Lr 19,

- there is a difference between wheat and
the non-wheat genotypes with regard to ger-
mination and appressorium formation.

A small experiment was conducted to
compare the method used in this paper with
a treatment in which the leaves were gent-

_ly sprayed with a solution of Blancophor.

The mean number of germinated
urediospores were counted. The experi-
ment showed that non-germinated
urediospores, which lacked a germ tube to
provide adhesion to the leaf surface, were
partly removed by boiling.



RESULTS

Experiment 1

Estimated latency periods ranged from four
to eight days (Table 1-1). Most genotypes
studied showed a susceptible infection type.
The barley genotype Vada and Triticum
boeoticum did not show any visible res-
ponse after inoculation with wheat leaf rust.
In the barley genotype L94 small colonies
with chlorosis developed. None of the a
priori contrasts was significant. The number
of germinated urediospores per genotype
was 24.7 per cm? five hours after inocula-
tions and 31.7 tive hours later. The number
of appressoria averaged 12.2 per cm? after
5 hours and 13.8 after 10 hours (Table 1-1).
In the first experiment there were

no significant differences in numbers of
germinated urediospores and of appres-
soria per cm? between the genotypes. The
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data do not show an association between
latency period or infection type and number
of germinated urediospores per cm”,

Experiment 2

The infection types of all genotypes were
high (8-9) except for Lr 19 and the barley
genotypes L94 and Vada. Relative latency
period ranged from 100 far Aegilops
squarosa to 127 for the parially resistant
wheat genotype Akabozu (Table 1-2). The
average number of germinated
urediospores per cm® in series 2 was con-
siderably higher than in series 1. This was
probably caused by differences in inoculum
density. The two tested a priori contrasts
were not significant. In the first series no
genotypic differances in germinated
urediospores per cm? or number of appres-
soria per cm? were observed (Table 1-2). In
the second series the numbers of ger-

Table 1-1. Estimated latency period in days (LP50), infection type (IT), number of
germinated (germ.) urediospores of wheat leaf rust and number of appressoria (appr.)
per cm” at two times for two barley genotypes, six wheat genotypes and four other

gramineae species.

Nr Genotype LP50 IT 5 hours 10 hours

germ. appt. germ. appt.
1 L94 (barley) 8 3 234 12.2 17.3 6.7
2  Vada (harley) - 0 18.3 9.0 21.5 8.0
3  Saratovskaja 36 4 9 29.9 14.8 250 9.5
4 Melchior 7 9 16.2 7.2 334 151
5 Bonza Sib 7 9 33.3 16.5 251 1.2
6  Kaspar 6 9 11.9 13.6 28.8 15.8
7 Cl19321 6 9 255 10.5 42.3 14.6
8 Downy 6 9 24.3 10.8 329 6.6
9 Triticum dicoccum 8 8 31.0 16.4 28.7 6.1
10 Triticum dicoccoides 8 9 354 19.3 42.5 23.0
11 Aegilops squarrosa 4 9 259 9.1 48.3 24.5
12 Triticum bogoticum 0 215 6.5 349 14.7
Average 247 12.2 31.7 13.8

*y nene of the values within the column ditftered significantly from each other according to the Scheffé test.
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Table 1-2. Latency period relative to Aegilops squarrosa (RLP50), number of ger-
minated urediospores (germ.) and appressoria (appr.) per cm? of wheat leaf rust on 4
cm long segments from the top and central part of seedling leaves of wheat and other

gramineae species.

Nr Genotype ALP50 SERIES 1 SERIES 2

TOP MIDDLE TOP MIDDLE

gerr‘n.i appr. germ. appr. germ.  appr.  germ.appr.
1 . Vada - 654 5047 6187 4347 164070 13022 2035 161.3P°
2 Melchior 1105 546 424® 643% 569° 169.2%° 142.2° - 171.9°°138.67°
3 Kaspar 1133 633% 5358 606% 4057 181.5% 15617 169.7°7 144.97°
4 Cleazi 1072 69.8% 549 760% 60.6° 163.6%° 131.0° 982 793°
5  Akabozu 1268 54.2% 439 9447 849% 147.0° 1278 174.8%01559%°
6 Canthatch 1065 5847 476% 831? 6047 159370 13147 211.2°¢1782°
7 Thaicher 1076 7227 606° 6172 491® 1753° 137.0° 192670 1702°
8 Lr19 - B1.5% 668° 8287 69.1% 1659™ 133.0° 194.0°° 1625
9 Triticum dicoccum  108.2 9247 752° 8027 6927 12557 10112 198337 173.5°
10  Aegilops squarrosa 100.0 7697 671 11907 108.2° 152.4° 1362 983" 823%

T per calumnn values with the same Tefier do nof difer significantly al the 0.05 level (Schelié test).

minated urediospaores with or without an ap-
pressorium seemed to follow a random pat-
tern. Norelation between latency period and
number of germinated urediospores ap-
peared from the data. According to the
Anova the number of appressoria per cm

did not show a genotypic influence on the
top segments (series 1, p=0.37, series 2,
p = 0.48) but on the central parts of the
leaves there were differences between the
genotypes (p = 0.01 and p = 0.001
respectively). No counts were made of the
density of stomata of the different genoty-
pes. The actual number of stomata percm

probably differed between the genotypes, a
correction should then have been made.
This probably would not have altered the
results to an important extent.

DISCUSSION

Growth of rust urediospores can-be inter-
rupted at several phases (Niks, 1982). In
principle each of these phases can be af-
fected by the action of resistance genes.
From the data presented no clear relation
between genes for hypersensitivity resis-

tance or partial resistance and an altered
number of appressoria per cm? could be
detected. If differences were present they
seemed to be caused by external influences
and showed random variation. The pre-
sence of epidermal hairs does not impede
appresscrium formation. This is not as
strange as it may have been anticipated as
the hairs are widely spaced and the uredio-
spores are small compared to the hairs. Ap-
proximately five hours after the onset of
darkness the majority of appressoria were
formed. There was a slight increase in ger-
mination and appressorium formation after
that time.

The Anova indicated that in the central
parts of the leaves a genotypic influence on
germination and appressorium formation
was present. These differences couldnotbe
Attributed to specific genotypes {Table 1-2).

Mahindapala (1978) reported higher ger-
mination in the mid portion ofthe youngcorn
leaf, but mature leaves showed mare ger-
minated urediospores in the tip portion. On
the cultivar Wampum spore germination
and appressorium formation was higher at
the base than on the tips (Chang and Line,



1983). The differences in % germination
and appressorium formation between the
top and the central parts of the leaves as ob-
served in this study are probably related to
small differences in environmental condi-
tions and do not seem to be influenced by
the action of genes for (partial) resistance.

Other workers raported no significant dif-
ferences in germination and appressorium
formation neither between susceptible and
slow leaf-rusting wheat genotypes (Chang
and Line, 1983; Gavinlertvatana and Wil-
coxson, 1278; Lee and Shaner, 1984), or
between near-isogenic lines with different
hypersensitivity resistance genes to wheat
leaf rust (Plotnikova et al., 1985). Eifecis of
a gene for hypersensitive reaction on the
early stages of infection could not be
detected in stem rust (Gousseau and
Deverall, 1983). Niks (1981) studying bar-
ley leaf rust concluded that merphological
characteristics ot the leaf surface of
gramineae species provided signals for
appressorium formation irrespective of the
host or non-host status of the species. A
contact sensitive ability of the germ tube
was also reported by others (Staples et af.,
1983). Wynn (1978) showed that the
protruding lip of guard cells induced forma-
tion of the appressorium. The present study
indicates that the corresponding extarnal
leaf characters of the different gramineae
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ABORTION OF INFECTION STRUCTURES OF WHEAT
LEAF RUST IN SUSCEPTIBLE AND PARTIALLY
RESISTANT WHEAT GENOTYPES.

Th. Jacobs
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Arrest of the growth of wheat leaf rust infection structures was studied with fluorescence mi-
crascopy in seedling leaves and flag leaves of the susceptible spring wheat genotypes Mo-
rocco and Kaspar and the partially resistant genotypes Wesiphal 12A and Akabozu. The
percentages non-penetrants and substomatal vesicle abortion were low in alf genotypes. In
the partially resistant genotypes the percentage abortion of infection structures was higher
than in the susceptible genolype Morocco. Aborted infection structures had formed one or
two haustorial mother cells. In adult plants differences in the percentage aborted infection
structures between susceptible and partially resistant genotypes were more pronounced than
in seedlings. The so-called late abortion was not observed.

INTRODUCTION

The infection cycle of a cereal rust can be
divided into several phases (Niks, 1982). In
principle mycelial growth can be arrested in
each of these phases. Zadoks (1972) sug-
gested a component analysis to determine
the importance of biockades in the various
phases of fungal development in resistant
genotypes.

In the barley/Puccinia hordei interaction
the early abortion of colonies was an impor-
tant event in primary as well as flag leaves
of partially resistant genotypes (Niks, 1982;
Parlevliet and Kigvit, 1986). According to
these authors the so-called late abortion did
not show a high correlation with partial resis-
tance in barley to Puccinia hordei .

Prepenetration exclusion was reported
for wheat leaf rust on leaf sheaths and
peduncles of wheat (Romig and Caldwell,
1963). In the wheat/wheat leaf rust interac-
tion differences in urediospore germination
and appressorium formation were not re-
lated to the presence of resistance genes
(Jacobs, 1989).

In this paper the occurrence of arrested
infection structures after appressorium for-
mation by wheat leaf rust (Puccinia re-
condita f.sp. trtici, syn. Pucc. triticina) in
susceptible and partially resistant spring
wheat genotypes ( Triticum aestivum) will be
described.

MATERIALS AND METHODS

Seedling leaves and flag leaves have been
studied of the highly susceptible genotype
Morocco, the susceptible genotype Kaspar
and the partially resistant genotypes
Waestphal 12A and Akabozu. Seedlings
were grown in 2 rows along the sides of flats
(37 x 39 cm). Plants of each genotype
covered part of a row. The parts were ran-
domly assigned to genotypes. Tempera-
tures ranged from 14 to 16 "C during the
night and from 19 to 21 “C during the day.
Four flats with seedlings (growth stage DC
11, Zadoks et al,, 1974) were inoculated in
the first experiment. Piants for experiments
with adult plants were sown weekly in con-
tainers for 6 weeks and kept at 10 "C for 5 -
6 weeks to stimulate tillering. The plants
were raised in a greenhouse compartment
with an average day temperature of 15 °C
and a night temperature of 12 "C. Adult
plants were selected for inoculation when
they had reached the young flag leaf stage
{DC 48-59, Zadoks, et al,, 1974). Intotal five
sequential series with adult piants were
inoculated.

All plants were inoculated in a setiling
tower with 1 mg urediospores from a
monospore culture of the wheat leaf rust
race 'Flamingo’ mixed with 3 mg
Lycopodium spores. At each incculation
four greased glass slides were placed be-
tween the leaves to asses the number of
spores percm2 applied. Incubation followed
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inoculation, with a relative humidity of 100
% during one night.

Starting the second day after inoculation
3.0 em long pieces from the central part of
four or five leaves per genotype, chosen at
random, were harvested daily. The leat seg-
ments were boiled in lactophenoi/ethanol
{2:1) and stained following the procedure of
Rohringer et al, (1977). Instead of Cal-
cofluor a 0.1 % Uvitex 2B sclution (Ciba-
Geigy) was used. Both chemicals are
optical brighteners. Whole mount prepara-
tions were made and infection units were
observed with a Nikon epifluorescence UV
microscope, excitation filter V: 385-425 nm,
magnification 100 x, for details 400 x. Per
segment 25 - 30 infection structures from
the central part of the leaf were cbserved
and classified according to their develop-
mental phase. In this paper, mycelial struc-
tures consisting of a germ tube and an
appressorium lacking a substomatal vesicle
{ssv) are denominated: 'non-penetrants’. If
a ssv was present but no infection hypha,
the infection structure will be called: 'ssv
abortion’. Infection struclures, with an ap-
pressorium, a ssv and seme infection
hyphas, which were much smaller than es-
tablished infection units at the time of obser-
vation are called: 'aborted infection
structures’. The presence of a substomatal
vesicle was confirmed by phase contrast
light microscopy observations. The presen-
ce of a yellow autofluorescence near infec-
tions units was recorded, autofluorescence
was confirmed by switching from filter V
{385-425 nm) to filter B (420-490 nm}) during
observations. it was recorded if uredial beds
and sporulating areas were present. Not yet
sporulating uredial beds in mature colonies
were visible as bright red areas under UV
light. The presence of a sporulating area in
colonies was recorded, at that stage the
epidermis was ruptured and round blue
spores were visible.

The relative importance of the various
compoenents in flag leaves was determined

by calculating the number of non-penetrants
per cm?, the number of ssv abartions per
cm2, the number of aborted infection struc-
tures per em? and the number of estab-
lished colonies per em? on day 5,6 and 7
after inoculation of the partially resistant
genotypes and day 4, 5 and 6 for Morocco.
The average values of the components
were transformed into relative ones, the to-
tal over the four components being 100
(Table 2-5).

The infection type on a scale 0 to @ (Mc-
Neal et al., 1971) and the latency period
were determined on five leaves per ge-
notype of seedlings grown in the first flatand
of adult plants of the first series {according
to Jacobs and Broers, 1989).

In a small second experiment with see-
dlings, the cultivar Chinese Spring and a
genotype from Brazil, BH11456, were in-
cluded. Leaves were harvested on day four
and twelve only.

RESULTS

The number of spores agplied ranged from
85 to 107 spores per cm” and averaged 98
spores per cm?, indicating near-equal in-
oculum densities over all series. No data of
adult plants of the genotype Kaspar were
obtained as flag leaves of Kaspar appeared
too late compared to the other three
genotypes.

The infection type in seedlings as well as
in adult plants was high (8 -9). Differences
in latency period were small in seedlings.
Akabozu showed a slightly longer latency
period (8.9 days) than the highly susceptible
genctype Morocco (8.6 days). In adult
plants the latency period of Morocco was 11
days, the values for Akabozu and Westphal
12A were 17 and 19 days respectively. The
amount of autofluorescence was negligible
in Morocco, Westphal 12A and Akabozu., In
the genotype Kaspar several aborted infec-
tion structures showed yeliow autofluores-
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Table 2-1. Percentage of non-penetrants, ssv abortion, and aborted infection struc-
tures (i.s.) in seedling and flag leaves of four wheat genotypes various days after in-

oculation with wheat leaf rust.

Seedlings

Genotype % non—pen.” % ssv abortion"’ % aborted i.s.%
Morocco 30a* 18a 09a

Kaspar 43a 23a 19.9b
Westphal 12A 40a 1.0a 7.3a
Akabozu 38a 1.5a 16.1b

Flag leaves

Genotype % non-pen) % ssv abortion® % aborted i.s. ¥
Moroceo 50ab 1.7a 1.5a
Waestphai 12A 9.7h 40a 143Db
Akabozu 40a 1.0a 29.7¢

* different letters within columns indicate significant diterences (P = 0.05, Scheffé test).
1) averages over samples evaluated 2,3,4 and 5 days after inoculation.

2) averages over samples evaluated 4,5,6,7,8,9,10 and 11 days after inoculation.

3) averages over samples evaluated 4,5,6 and 7 days after inoculation.

4) averages over samples evaluated 5,6 and 7 days after inoculation.

cence in the first experiment but hardly so
in the second seedling experiment. The
variation in percentages of aborted infection
structures, percentage of colonies with
uredial beds and percentage sporulating co-
lonies between leaves of partially resistant
genotypes was high. For instance the per-
centages aborted infection structures on
day four after inoculation in five seedling
leaves of Akabozu were 4, 14, 17, 21 and
50 respectively, the percentages of
sporulating colonies 15 days after inocula-
tions were 4, 7, 24 and 64 per leaf segment.

Early development

in seedlings the percentages non-
penetrants and ssv abortions were low and
did not differ between the genotypes (Table
2-1}). In adult plants the percentage non-
penetrants differed between the genotypes.
In both seedlings and adult plants the per-

centage aborted infection structures
showed a clear genotypic effect. In the par-
tially resistant genotypes Westphal 12A and
Akabozu more infection structures were
aborted than in the susceptible genotype
Morocco. Differences between susceptible
and partially resistant genotypes were more
pronounced in adult plants than in see-
diings.

In a second experiment with seedlings
the percentages non-penetrants were high
and the percentage aborted infection struc-
tures in the parially resistant genotype
Akabozu was higher than in the susceptible
genotype Morocco (Table 2-2).

Aborted infection structures in the
genotype Akabozu developed one or two
haustorial mother cells {HMC), on rare oc-
casions three HMC were gbserved (Table
2-3). In the same period as mentioned in
table 2-3 66 % of the aborted infection struc-
tures in Westphal 12A had developed one
HMC and 33 % had developed two haus-
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Table 2-2. Percentage of non-penetrants, ssv abortion, aborted infecticn structures
(I.s.) and established colonies in seedlings of wheat genotypes susceptible and par-
tially resistant to wheat leaf rust four days after inoculation and the percentage
sporulating colonies twelve days after inoculaticn, data from experiment 2,

day 4 cay 12
Genotype aborted % sporulating

non-pen  ssv i.8. colonies colonies
Marocco 36 0 1 63 100
Kaspar s 0 2 63 99
Westphal 12A 26 1 4 69 100
Akabozu 26 2 20 b2 95
Chin. Spring 24 2 4 70 -
BH 1146 23 2 13 62 -

torial mother cells. In the genotype Kaspar
66 and 26 percent of the aborted infection
structures showed one or two HMC respec-
tively. Considering all three genotypes
roughly speaking two out of three aborted
infaction structures had one HMC and near-
ly one out of three showed two HMC.,

Late development
Seven days after inoculation uredial beds

were observed in seedlings, later followed
by sporulation {Table 2-4). The percentages

of colonies with uredial beds first increased
but decreased when the colonies started to
sporulate. In adult plants sporulation started
ten days after inoculation in the highly sus-
ceptible genotype Morocco, and several
days iater in the partially resistant geno-
types. These histological observations cor-
respond with the differences in latency
period observed with a 7 X pocket-lens. In
seedlings nearly all established colonies
had developed a sporulating area atthe end
of the experiment. All colonies in flag leaves
of the highly susceptible genotype Morocco
sporulated 19 days after inoculation. In flag

Table 2-3. Number of ahorted infection structures of wheat leaf rust with one, two,
three or four haustorial mother cells (HMC) on four consecutive days after inoculation
in seedling leaves of the partially resistant genotype Akabozu. Data in parenthesis are

percentages.
number days after inoculation
of HMC 4 5 7 8
1 23 (66) 16 (60) 18 (86) 10 (50}
2 11 (31) 9 (33) 3 (14) 7 (35)
3 1(3) 2(7) 0 3 (15)
4 0 0 0




abortion of infection structures 23

Table 2-4. Percentage of non-sporulating colonies with uredial beds and percentage
sporulating colonies in seedlings and flag leaves of wheat genotypes susceptible and
partially resistant to wheat leaf rust various days after inoculation.

Seedlings % colonies with uredial beds % Sporulating colonies

Genotyps 5 7 8 9 10 1t1days 7 8 9 10 1tdays

Morocco 0 93 68 9 3 0 ¢ 36 90 97 100

Kaspar 0 73 67 6 0 0 2 33 94 100 100

Woesiphal 12A 0 68 77 49 3 2 2 14 44 87 98

Akabozu 0 16 75 43 18 2 0 11 45 82 98

Flag leaves % colonies with uredial beds % sporulating colonies

Genotype 10 12 13 15 19 22days 10 12 3 15 18 22 27 29days
Morocco 94 11 2 1 0 0 1 g6 98 99 1060 100 100 100
Westphal 12A 0 5 5 12 12 16 0 0 0 3 55 69 98 100
Akabozu 0 5 4 24 5 12 0 0 3 24 8 80 - -

leaves of Westphal 12A all colonies had
developed urediospores 29 days after in-
oculation. Inthe partially resistant genotype
Akabozu the percentages of sporulating
colonies did not increase between day 19
and 22. Probably all colonies in this
genotype would have sporulated at a later
observation date as several colonies had
developed uredial beds at day 22.

The number of established colonies in
flag leaves of the partially resistant
genotype Akabozu was clearly reduced by
the abortion of infection structures (Table 2-
S}. In the genotype Westphal 12A this was

also observed but to a lesser extent. The
component ssv abortion was of little impor-
tance. The number of non-penetrants varied
per genotype and somewhat reduced the
number of colonies.

DISCUSSION

There does not seem to be a host genotype
effect on percentage non-penetrants and
ssv abortion in these experiments. The high
percentage non-penetrants in the second
experiment could have been caused by

Table 2-5. Aelative number of infection structures: non-penetrating, arrested after ssv
formation, aborted or successfully having formed a colony after inoculation of flag

leaves of three spring wheat genotypes.

Genotype non-pen. ssv abortion  aborted i.s. colonies
Morocco 5 3 2 g0
Woestphal 12A 9 4 14 73
Akabozu 4 1 25 70




24 chapler2

suboptimal incubation conditions, alowered
viability of the urediospores or an unknown
other reason. The small differences in per-
centages non-penetrants and ssv abortions
between the genotypes are probably cau-
sed by external factors. This contrasts with
findings of Romig and Caldwell {1963}, but
these colleagues studied leaf sheaths and
peduncles. Other workers also reported no
genotypic effects on wheat leaf rust growth
prior to the formation of the first haustorial
mother cells {Gavinlertvatana and Wilcox-
son, 1978; Lee and Shaner, 1984, Poyntz
and Hyde, 1987).

Abortion of infection structures clearly
reduces the number of wheat leaf rust
colonies in partially resistant wheat
genotypes. Up to now this was not reported
by other workers. No autofluorescence, in-
dicative for hypersensitive cellcollapse, ac-
companied aborted infection structures in
the partially resistant genotypes Westphal
12A and Akabozu. Possibly growth of fun-
gal structures is arrested prior to cell wall
penetration and haustorium formation, or
parasitized cells of partialiy resistant
genotypes do not exhibit autofluorescence.
In the vicinity of aborted infection structures
in seedlings of the genotype Kaspar yellow
autofluorescence was presentin the first ex-
periment but not in the second experiment.
This indicates the action of a gene for
hypersensitivity resistance with an expres-
sion influenced by environmental condi-
tions.

Partial resistance not only leads to abor-
tion of infection structures, partial resistance
also seems to be responsible for a reduc-
tion of mycelium growth in partially resistant
genotypes compared to the growth in a sus-
ceptible genotype. This leads to a delayed
formation of sporogenic tissue and
postponed sporulation in partially resistant
genotypes. In the partially resistant
genotypes studied probably all the colonies
eventually would have formed a sporulating

area. This indicates that in wheat the so-
called late abortion {term introduced by
Niks, 1982)is an artefact created by the mo-
ment of observation. The number of wheat
leaf rust colonies not sporulating at the time
of observation should be considered as an
indication for the growth delaying capacity
of partial resistance. However, high levels
of partial resistance can reduce the growth
of colonies to such an extent that sporula-
tion does not occur even long after the in-
cubation pericd (Jacobs and Broers, 1989).

Differences between susceptible and
partially resistant genotypes were more
pronouncedin adult plants than in seedlings
for ali components studied. Selection for
high levels of parial resistance should
concentrate on aduit plants. Parleviiet and
Kievit (1986) suggested the name mature
plant resistance for these differences be-
tween seedlings and adult plants of a
genotype. It is not clear if an active resis-
tance mechanism is responsible for these
differences. Possibly the smaller size of
mesophyl cells and a different physiology of
adult plants accounts for the observed dif-
ferences.

The relative importance of the abortion of
infection structures compared to the growth
reduction of colonies in epidemics of wheat
leaf rust awaits determination. A reduction
in latency period and in size of colonies and
sporulating area, greatly influences
epidemic build up. A reduction in the num-
ber colonies reduces the epidemic in the
field to a lesser extend. Simulation studies
tend to confirm this impression {Shaner,
1983; Zadoks, 1971). Possibly reduction of
mycelial growth rate instead of reducing the
number of colenies is a more effective resis-
tance mechanism in fungi species with a
strong colonizing behaviour (Puce. grami-
nis, Puce. striiformis) and less so in species
with small final colony sizes (Pucc. hordel)
(Parlevliet, pers. comm.). Wheat leaf rust
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shows a way of growing intermeadiate to the
above given extremes.
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Chapter 3.

GROWTH OF WHEAT LEAF RUST COLONIES IN
SUSCEPTIBLE AND PARTIALLY RESISTANT SPRING
WHEATS.
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SUMMARY

The average size of wheat leaf rust colonies, measured using epifluorescence microscopy
was significantly larger in the highly susceptible genctype Morocco than in the susceptible
genotype Kaspar and the partially resistant genotypes Wesiphal 12A, Akabozu and BH 1146.
This was already so three days after inoculation. Colony growth in partially resistant genoty-
pes was continuously retarded compared to colonies in the highly susceptible genctype Mo-
rocco. No evidence was found for an initial inhibition of the growth of colonies in partially
resistant genotypes. In partially resistant genoctypes formation of uredial beds and sporula-
ting areas started at a smaller colony size than in susceplible genotypes. Wheat leaf rust co-
lonies in primaty leaves of all genotypes studied were much larger than colonies in flag leaves
measured at the same number of days after inoculation. Growth and sporulation of not intert-
wined colonies was not influenced by either a high or a low number of neighbouting colonies.

INTRODUCTION

Pattial resistance is defined as a resistance
that causes a reduced epidemic build-up of
a pathogen despite a susceptible infection
type (Parlevliet and van Ommeren, 1975).
In a monocyclicinfection in the greenhouse,
pantial resistance can be paritioned into
several components (Parlevliet, 1979).
Histelogical observations of a monocycle
of the barley/barley leaf rust (Puccinia hor-
dei) interaction, showed that infection struc-
tures in partially resistant barley were
aborted prior to haustorium formation {Niks,
1982, 1986). Cell wall appositions probably
responsible for failure of haustorium deve-
lopment were concentrated around the
point of entry into the leaf and not evenly dis-
tributed over the whole of the colony (Niks,
1986). This suggests that partial resistance
operates especially in the early phases of
infection, directly after penetration. Arntzen
and Parlevliet {1986), also studying bar-
ley/barley eaf rust, concluded that an initial
stagnation of growth was the dominant ¢cha-
racteristic in partially resistant barley
genotypes. Atlater stages in the monocyclic
growth of bariey leaf rust fungal growth rates
in susceptible and partially resistant
genotypes appeared similar Arntzen and
Parievliet, 1986). Abortion of wheat leaf rust
{Puccinia recondita 1.sp. tritici, syn. Pucc.
triticing) infection structures also occurredin

partially resistant wheat genotypes
(Triicum aastivtim) (Jacobs, 1989).

This study was initiated to answer the fol-
lowing question:

Do colonies in partially resistant wheat
genotypes show an initial retardation of
growth, or is the growth of established
wheat leaf rust colonies in partially resistant
genotypes continuously reduced compared
with colonies in susceptible genotypes?

Additional questions were:

Do colonies, irrespective of genotype,
have to reach a certain size before sporula-
tion starts? Is the growth of the colony af-
fected by formation of a sporulating area
and urediospores? Do adjacent colonies in-
fluence each others growth and sporula-
tion?

MATERIALS AND METHODS

Material

Expariments were parformed with the high-
ly susceptible genctype Morocco, the sus-
ceptible genotype Kaspar and two partially
resistant genotypes Westphal 12A and
Akabozu. In 1986 the resistant Brazilian
genctype BH 1146 was included. In 1985 no
adult plants of the genotype Kaspar were




chapter 3

-gg86) Bunds uawyadxs :gg-g anb|y

"(pol1ad Aouele]} paje|niods Sa1uoj0d O JBqUINU IBUY YL JO % (S YIUM Je st = ._.
spaq |e|pain Jo adueigadde 1Siy = @

‘¢ ulnine Juawadxe 1yz-¢ ainfiy

‘uope|naoyy Jaye shep

jeiaaas sadfjouab  Jeaym Bujids Jo saaea] Beyl uy S2|uoj0T )SNJ Jea] leaum jO 8215 2§ anbid

az-¢ 'Big
uoleqanraw Jalje sAeq

w5 by
uoNeqRIU e sieg

¥z 0z a9t 2l g ¥

1805 N g

©2I0I0N

(LW ) azIs AUO|DZ}

14 L 0z 9l <l i |4

nzogeyy

¥ ZLjeydisapm

ﬁ 0020J0)

{;wuw )Dazm AUQI0D

¥l

‘uoHe[naou] 1a))e sAep aiowW
pug a2y} sadAjousb jeaym Bunds
inoj Jo saaea; Alewpd u| sajuo|oa
1SNn4 jea| jeaym 4o 9z|S ‘L-g ainbi4

1-g By
uclegnaul Jal e sAeq

0 8 9 ¥

Q220401

(UL ) BZIS ALOIID




studied. All genotypes studied are spring
wheats.

Primary leaves

In july 1985 seedlings were raised in flats
and all plants were inoculated simul-
taneously with a monospore culture of the
"Flamingo’ race of wheat leaf rust. Tempera-
tures ranged from 18 to 20 °C during the day
and from 14 to 16 "C during the night. Start-
ing at day two, leaf pieces, 3 cm long, were
harvested at regular intervals from the
central part of the leaves, baoiled in
lactophenal/ethanol {1:2) and stained with
Uvitex 2B (Jacobs, 1989). Each sampling
date five leaf pieces were harvested per
genotype. Per leaf piece the length and
width of 20 to 30 separate colonies, evenly
distributed overtheleaf, were measured. In-
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tertwined colonies were not included in the
observations. Colonies between the leaf
margins and the first large vein were dis-
carded. Very small infection structures pos-
sessing less then six haustorial mothercelis
(aborted) were not measured. Just after in-
oculation some aborted infection structures
could have been included, due to the small
difference in colony size between aborted
and established infection structures. If
present, the length and width of uredial beds
and sporulating areas in the colonies were
measured. The distance between opposite
sides of an area was measured with a
calibrated eyepiece micrometer using an
epifluorescence microscope. The length of
an area was obtained by measuring paral-
lel to the long axis of the leaf. its width was
measured perpendicular to the long axis.
Occasionally scme hyphae extended
beyond the front of the majority of fungal

Table 3-1. Number of days of wheat leaf rust colonies to reach a given size in primary
leaves and flag leaves of five spring wheat genotypes.

Colony size in mm? x 102

Primary leaves
Gehotype 25 50 75 100 150 200 400 600
Moracco 51 5.8 6.4 7.1 8.1 88 113 122
Kaspar 57 6.9 7.6 8.1 a1 10,0 129 149
Westphal 12A 5.9 7.2 7.9 8.5 95 10.2 - -
Akabozu 6.3 7.4 8.0 9.4 104 115 - -

Flag leaves, 1985
10 15 20 25

50 75 100 150 200

Morocco 7.6 8.2 8.7 9.1
Westphal 12A 137 155 172 18.9
Akabozu 126 154 189 -

Flag leaves, 1986
10 15 20 25

108 13.0 134 158 183
22.6 - -

50 75 100 180 200

Morocco - - 4.4 5.3
Kaspar - - 45 6.0
Woestphal 12A - 6.1 7.3 8.7
Akabozu 4.3 7.2 8.1 8.7
BH 1146 6.1 8.1 9.1 10.1

65 75 85 105 1240

83 95 115 185 250
13.0 173 21.3 285 348

88 118 189 203 -
143 220 238 355 -
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Table 3-2. Average number of haus-
torial mother cells per wheat leaf rust in-
fection structure two and three days
after inoculation and their difference
(diff), in primary leaves of four spring
wheat genotypes.

Genotype day2 day3 diff
Morocco 38a" 13.2a 94
Kaspar 21c 97b 7.6
Westphal 12A 3.1ab 90D 59
Akabozu 26bc 74b 48

* Values in each column with different letters differ
significantly (P=0.05, according to the Schefté
test).

material, these rare extensions were not in-
cluded in the measurements. The amount
of autoftuorescence in colonies was
evaluated. After measuring length and width
of a colony the number of adjacent colonies
was counted in a circle around the exterior
of the colony with a radius equal to the
length of that colony. If no part of a colony
was pre ent within that circle the distance to
the nearest colony outside the circle was
measured.

On the second and third day after in-
oculation the number of haustorial mother
cells per infection structure was counted.

Some aborted infection structures could
have been included in these gbservations.

Flag leaves

Two experiments with adult pfants were per-
formed. In autumn 1985 and spring 1986
plants were raised to the flag leaf stage. Just
heading plants (stage 48-59, Zadoks et al,
1974) were inoculated, 3 cm long flag leaf
pieces were harvested, boiled and stained
as described earlier (Jacobs, 1989). Suffi-
cient numbers of just heading plants were
inoculated at the same time to allow har-
vesting of flag leaves at regular intervals. At
each sampling date four leaf pieces were
harvested per genotype. In 1986 from each
flag leaf two adjacent leaf pieces were har-
vested for mutual comparison, the average
of both was calculated. Per leaf piece, the
length and width of 30 separate colonies
and their sporulating area, if present, were
measured. In 1985 day temperatures ran-
ged from 14 - 16 "C and night temperatures
varied from 10to 13 °C. in 1986 the average
night temperature was 15 "C, day tempera-
tures were more variable, ranging from 20
to 25 °C, occasionally exceeding 30 C
shontly after noon,

Table 3-3. Colony size at the time that 50 % of the final colonies sporulated (LP50) and
estimated maximum colony size of wheat leaf rust in primary leaves and flag leaves of

spring wheat genotypes (mmz).

colony size at LP50

primary flag leaves

maximum colony size

primary flag leaves

Genotype leaves 1985 1986 leaves 1985 1986
Morocco 1.8 0.45 0.40 11.0 6.0 7.3
Kaspar 1.3 -- 0.30 8.6 -- 2.1
Wesiphal 12A 1.2 0.23 0.23 6.6 1.3 1.5
AKabozu 1.1 0.15 0.18 3.0 0.3 1.1

BH 1146 -- - 0.16

~ - 10




Table 3-4. Size of the sporulating area,
as a percentage of the whole wheat leaf
rust colony which is set at 100, in primary
leaves and flag leaves of five spring
wheat genotypes.

Genotype primary flag leaves

leaves 1985 1986
Morocco 7.4 144 176
Kaspar 7.5 - 19.3
Westphal 12A 9.7 156 246
Akabozu 8.1 17.8 177
BH 1146 - - 214
General

The size of the colonies and sporulating
area was calculated by multiplying the
length and width. Per leaf piece the average
size of the 20 to 30 colonies was calculated.
These average values were considered the
experimental units for analysis. The
average size ot a colony or sporulating area
of a genotype, as presented in Figure 3-1
and Figure 3-2, was calculated as the
average of all the leaf pieces harvested at
each sampling date. The values of the
average colony size per genotype per day
were natural log transformed. The number
of days to reach a certain colony size was
calculated as an interpolation of the natural
log transformed data. Maximum colony size
was determined through extrapolation as
the asymptotically reached value of the hy-
perbolically shaped natural log transformed
growth curves.

In all experiments the latency period (LP)
and infection type, on a scale 0 to 9, were
determined (Jacobs and Broers, 1989),

RESULTS

The infection type in all genotypes studied
was high (810 9), exceptforBH 1146in 1986
(5t0€). The colonies of BH 1146 in the 1986
experiment showed yellow autcfluorescen-
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ce which indicates hypersensitive cellcol-
lapse.

Latency period was longer and colony
size smallerin partially resistant genotypes
compared with those in the highly suscep-
tible genctype Morocco (Figure 3-1 and 3-
2). Colony size in primary leaves was
considerably largerthan the size of colanies
in flag leaves when measured at the same
number of days after inoculation. The rank-
ing order of the genotypes was the same in
primary leaves and flag leaves. In adult
plants differences in colony size between
the susceptible and partially resistant
genotypes ware far more clear than in
primary leaves (Figure 3-1 and 3-2). At the
first sampiing date, three days afterinocula-
tion, colonies in primary leaves of the par-
tially resistant genctypes Westphal 12A and
Akabozu and the susceptible genotype
Kaspar were already significantly smaller
than colonies in the highly susceptible
genotype Morocco. In flag leaves the dif-

v T )
BH 1146

/ Westphal 12 A
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i
/

e |
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Days 10 reach a cerlain size
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Figure 3-3. Relation between colony size
and days to reach a cettain size for sus-
ceptible and partially resistant spring
wheat genotypes. The linear regression
lines are given. Data from flag leaves
{1986).
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Table 3-5. Sizes and sporulating area of wheat leaf rust colonies with the nearest neigh-
bour less than one (<1) or more than one (>1) diameter away in primary leaves of four
spring wheat genctypes several days after inoculation (d.a.i.). Eight and nine days after
inoculation a subdivision was made between colonies with one and colonies with more
than one adjacent colony within a distance of one diameter of the colory perimeter.

COLONY SIZE *
da.i. Morocco Kaspar Westphal 12A Akabozu
<1 >»1 <1 »1 <1 >1 <1 »1
5 2264 2015 1140 1039 1122 a81 796 643
7 9814 8026 5474 4531 5828 4903 3418 3212
more one more ong more one more  one
8 13057 14033 12862 8879 9351 9603 6934 7657 6690 8272 7295 5975
g 20416 22240 -- 15530 13291 -- 12464 13219 12017 8916 8188 7216
SPORULATING AREA *
da.i Morocco Kaspar Westphal Akabozu
<1 >1 <1 >1 <1 >1 <1 »1
more  one - more  one - more  one more  one
] 1404 1473 - 1198 970 - - -~ - - --
10 2326 2136 2553 - 1754 1374 2317 1949 2188 1182 1212 1109
1 - 2842 -- 2383 2391 - 2369 2477 2303 1230 1432 1245
12 4976 3783 -- 1950 2737 -- - - - 1819 2005

-- ) no colonies in this category.

+ } none of the differences in colony size or sporulating area between categories within a genotype are sig-
nificantly different from each other (Mann-Whitney test (P=0.05)).

ferences in colony size between Morocco
and the partially resistant genotypes
Woestphai 12A and Akabozu were also sig-
nificant at the first sampling date. This was
day 3 in 1985 and day 4 in 1986 ( P=0.05,
Mann-Whitney test).

The number of days for wheat leaf rust
colonies to reach a given size was smaller
in primary leaves than in flag leaves. The
difference between the highly susceptible
genotype Morocco and the partially resis-
tant genotypes Westphal 12A and Akabozu
in number of days needed to reach a certain
size was small just after inoculation and in-
creased with time (Table 3-1).

The number of haustorial mother cells
shorily after inoculation in partially resistant
genotypes was smaller than in the suscep-
tible genotype Morocco (Table 3-2),

The average colony size in partially resis-
tant genotypes was smaller than the
average colony size in susceptible
genotypes at the time that 50% of the final
number of colonies sporulated (LP). The
values of the maximum colony size in the
highly susceptible Morocco greatly ex-
ceeded the values of partially resistant
genotypes both in primary and flag leaves
{Table 3-3). Colony size and size of the
sporulating area in flag leaves in spring
1986 were larger then in autumn 1985. This



was probably related with ditferences in
temperature and light between the two ex-
periments.

The size of the sporulating area related
to the colony size (set at 100) did not seem
to differ between susceptible and partially
resistant genotypes. In primary leaves the
relative size of the sporulating area was
smaller than in flag leaves (Table 3-4).

Colony size increased considerably
while uredial beds and sporulating areas
were formed (Figure 3-1 and 3-2).

The number of adjacent colonies and
their distance from the measured colony did
not seem to influence colony size and the
size of the sporulating area (Table 3-5).

DISCUSSION

Initial delay or continuous retardation

Colony size in partially resistant genotypes
was smaller than in the highly susceptible
Morocco. The difference in number of days
needed 1o reach a cenain colony size in-
creased with increasing colony size.

According to Arntzen and Parlevliet
(1986}, studying barley/barley leaf rust, an
initial stagnation of growth would lead to
large differences between susceptible and
partially resistant genotypes in number of
days needed to reach a given colony size,
already early after inoculation. They repor-
ted that these differences did not change
substantially with increasing colony sizes.
This was not observed in wheat infected
with wheat leaf rust (Table 3-1).

The linear regression lines through the
dataofthe respective genotypes cross each
other close to the ordinate indicating a com-
mon point of initial growth (Figure 3-3).

This teads us to the conclusion that
wheat leaf rust colonies in partially resistant
genotypes show a continuously reduced
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growth compared to colonies in susceptible
wheat genotypes. This contrasts with the
situation in barey/barley leaf rust {Arntzen
and Parlevliet, 1986).

A reduced colony growth rate of wheat
leaf rust colonies, is not contradicted by the
growth measured as the number of haus-
torial mother cells at two and three days
after inoculation (Table 3-2). In primary
leaves two days afier inoculation the dif-
ferences in the number of haustorial mother
cells between susceptible and partially
resistant genotypes are small. Three days
after inoculation colonies in partially resis-
tant genotypes have significantly lower
numbers of haustorial mother celis than
colonies in the highly susceptible genotype
Moroceo (Table 3-2). However a low num-
ber of haustorial mother cells on both days
is also expected in partially resistant
genotypes under the assumption of an ini-
tial inhibition. The data on number of haus-
torial mother cells {Table 2) do not permit a
discrimination between the presence of an
initial delay or a continuously retarded
growth rate in partially resistant wheat. The
reader should be aware of the fact that the
presence of a haustorial mother cell not
necessarily implies the presence of a haus-
torium (Niks, 1983).

Smaller colonies in slow leaf rusting
spring wheats have been reported by Lee
and Shaner (1984) who measured length
and width of wheat leat rust colonies at three
moments after inoculation. Gavinlerivatana
and Wilcoxson (1978) and Poyntz and Hyde
(1987) report smaller wheat leaf rust
colonies in flag leaves of wheat measured
120 hours after inoculation. However the
number of sequential samples in these
studies was three orless. No suppott for the
hypothesis of an initial inhibition or a con-
tinuous retardation can be derived from
these studies.

Reports from slow stem rusting wheat
seedlings (Martin et al., 1977) and slow rust-
ing oat plants (Luke ef al., 1984) which were
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intensively studied during the first 96 hours
afterinoculation seem to indicate that a con-
tinuous retardation of the growth rate is a
general phenomenonin so-called slow-rust-
ing resistant gramineae species. The initial
stagnation of leaf rust colonies in partially
resistant barley as reported by Artnzen and
Parlevliet {19886) clearly deviates from the
situation in the above mentioned pathosy-
stems. The nature of the patrtial resistance
in wheat is unknown. Possibly haustorium
formation fails and is correlated with the
presence of cell wall appositions as repor-
ted for partially resistant barley (Niks, 1986).

Critical colony size

It was postulated that fungal colonies sporu-
lated only after reaching a certain, critical
size ( Clifford and Roderick, 1978; Lee and
Shaner, 1984; Wahl et af,, 1980). Lee and
Shaner working with wheat leaf rust stated
that "although colonies in fast rusting wheat
cultivars were consistently larger than those
in slow-rusting wheat cultivars, it appeared
that uredinium formation began when the
colony reached a certain size whetheron a
fast- or slow- rusting wheat cullivar”. They
mentioned a critical colony size of 0,12 -
0.14 mm? for development of uredial beds
in both slow- and fast-rusting wheat
genotypes. Uredinal bed formation in flag
leaves of the highly susceptible Moarocco
was observed in the autumn of 1985 when
colony size was 0.3 mmZ. In the partially
resistant genotypes Westphal 12A and
Akabozu uredial beds were first noted in
colonies of about 0.1 mm®. In primary
leaves colonies started formation of uredial
beds when they were 0.6 mm? in Morocco
and 0.2 mm?in Akabozu. These differences
are substantial. The colony size at sporula-
tion {LP) in partially resistant genotypes is
considerably smaller than in susceptible
genotypes (Table 3-2). If in the autumn of

1985 colonies in flag leaves of the partially
resistant genotype Akabozu had started for-
mation of uredial beds and sporulation at the
same colony size as colonies in the highly
susceptible Moracco (0.3 mmz), the
colonies in Akabozu never even would have
sporulated as the final colony size in the
1985 experiment for Akabozu was 0.24
mm?Z. The data from the experiments in this
paper do not support the hypothesis that "a
critical fungal mass” should be reached,
regardless the level of resistance, before
sporulation starts.

Mature plant resistance

Colonies in primary leaves grow faster, are
larger at the time of sporulation and reach
larger finat sizes than colonies in adult
plants. Differences in colony size between
susceptible and partially resistant genoty-
pes aresmallerinprimary leavesthaninflag
leaves. This phenomenon has been repor-
ted before for wheat partially resistant to
wheat leaf rust (Broers, 1989; Jacobs,
1989). Parlevliet and Kievit (1986) sugges-
ted the name "mature plant resistance” and
hypothesized that it might be a third kind of
resistance. This was argued against by
Jacobs (1989), stating that an altered mor-
phology and physiology of mature piant
cells could equally well be responsible.
Cells in primary leaves are more widely spa-
ced and larger than cells in flag leaves. The
relative sizes of sporulating areas in primary
leaves was smaller than those in fiag leaves
(Table 3-4). itis puzziing that coloniesin the
so-called "mature plant resistant” flag
leaves are more capable of producing spo-
res than colonies of equal size in seedling
leaves. The density of haustoria in flag lea-
ves can be different from that in seedlings.
Cells in primary leaves can also have a dif-
ferent metabolic activity. Possibly less
nutrients are available for the fungus. To




denote these differences as a third kind of
resistance seems somewhat premature.

It is difficult to determine the degree in
which the formation of uredial beds and
spores reduces the colony growth rate. ltis
especially clear from the data of the highly
susceptible Morocco that the fungus is ca-
pable of maintaining a high growth rate
while producing spores.

Mutual influence of colonies

in this study only separate colonies were
measured. Intertwined colonies were not
measured. The colonies were classified into
one of three categories depending on the
distance to the nearest neighbour. Five and
seven days after inoculation the average
colony size of cofonies having an adjacent
colony less than one diameter away were
slightly larger than colonies having colonies
over one diameter away. A similar pheno-
menon was observed eight and ten days
after inoculation (Table 3-5). The values are
not significantly different but the trend is
showing. If colonies are competing for
nutrients the opposite is t0 be expected.
Arntzen and Parlevliet {1986) also repon
that colonies having an adjacent colony
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Chapter 4.

THE OCCURRENCE OF CELL WALL APPOSITIONS IN
FLAG LEAVES OF SPRING WHEATS, SUSCEPTIBLE AND
PARTIALLY RESISTANT TO WHEAT LEAF RUST.

Th. Jacobs
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SUMMARY

In two experiments, the presence of celf wall appositions in flag leaves of spring wheat ge-
natypes susceptible and partially resistant to wheat leaf rust was studied. More cell wall
appositions were observed near aborted infection structures than in established colonies.
There was not a marked difference in the number of cell wall appositions per colony between
susceptible and pariially resistant genotypes. More cell wall appositions per unit area colony
were present in partially resistant genotypes. It was concluded that the low number of cell
wall appasitions could not be responsible for the observed difference in colony size between
susceptible and partially resistant genotypes. Pariial resistance in wheat 1o wheat leaf rust
can be divided into two phases. The first phase is pre-haustorial and results in a reduction in
the number of colonizing infection structures. In the second phase a post-haustotial retarda-

tion of fungal growth rate occurs. The latter appears to be the more important phase.

INTRODUCTION

Partially resistant genotypes show a highin-
fection type (Parleviiet and van Cmmeren,
1975). Spring wheat genotypes (Trticum
aestivumn) partially resistant to wheat leaf
rust {Puccinia recondita t.sp. tritici, syn.
Pucc. triticina) have higher numbers of
aborted infection structures than suscep-
tible genotypes (Jacobs, 1989). Wheat leaf
rust colonies in partially resistant genotypes
show a continuous retardation of the growth
compared to colonies in susceptible spring
wheats. In wheat leaf rust colonies in par-
tially resistant genotypes no autofluores-
cence, indicative for hypersensitive cell
collapse, is present (Jacobs and Buurlage,
1989).

In barley, partially resistant to barley leaf
rust, a pre-haustorial exclusion of the fun-
gus was observed (Niks, 1982; 1983; 1986).
Aborted bariey leaf rust infection structures
waere associated with host wall alterations at
the contact-sites with haustorial mother
cells. These cell wall appositions, probably
impeding haustorium farmatian, were more
numerous in established colonies in partial-
ly resistant barley genotypes than in sus-
ceptible barley genotypes {Niks, 1986).

Inthis paper the presence of host cell wall
appositions in wheat leaf rust colonies in
flag leaves of susceptible and partially resis-
tant spring wheat genotypes is investigated.

In addition, the occurrence of other his-
tological phenomena at early stages of the
infection process was studied.

MATERIALS AND METHODS

Two experiments have been conducted,
ane in spring and one in autumn of 1986. In
both experiments plants were raised in the
greenhouse and adaxial sides of young flag
leaves (growth stage nr 48-59, Zadoks et
al., 1974) were inoculated in a settling tower
{after a design of Eval et a/., 1968} with 3.0
mg urediospores of a monospore culture of
the 'Flamingo’ race of wheat leaf rust, di-
luted with Lycopodiumspores. The night fol-
lowing the inoculation a relative humidity of
100 % was created with the aid of an electric
humidifier. The average day temperature in
experiment one was 23 "C and the average
night temperature 18 "C. In experiment two
the average temperatures were 20 'C and
15 "C respectively. In both experiments 3.0
cm long leaf pieces from central paris of the
flag leaves were harvested, fixed during 24
hours in ethanol: dichloro-ethane (3:1 v/iv)
with 0.15 % trichloro-acetic acid (TCA),
boiled in 0.01 % trypan blue for 10 min and
more then 24 hours cleared in a neary
saturated solution of chloral hydrate (5:2
wiv). The leaves were then transferred
through a series of alcohols from 80 to 100
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%, immersed for 5 min in a saturated solu-
tion of picric acid in wintergreen oil (methyl
salicylate) and airtight mounted in
wintergreen il {(modified procedure, Niks,
1986). Observations were made with phase
contrast light microscopy (1000 x). Cell wall
appositions were visible as luminous struc-
tures. Aninfection structure is defined as an
appressorium over a stoma, with at least a
substomatal vesicle and one infection
hypha.

The spring wheat genotypes used in the
first experiment were the highly susceptible
genotype Morocco, the susceptible
genotype Kaspar and the partially resistant
genotypes Westphal 12A and Akabazu.

Inthe first experiment four leaf pieces per
genotype were harvested each sampling
time at 96, 144 and 192 hours after inocula-
tion.

The first set of observations were made
on the leaf pieces collected 96 hours after
inoculation. For 100 infection structures per
leaf piece the number of cell wall apposi-
tions was recorded. It was determined if the
infection structures were aborted or estab-
lished. Colonies were regarded as establis-
ed if several branched hyphae and
haustoria were present. Aborted infection
structures were hardly branched and
without haustotia. It was also recorded
whether the walls of the guard cells of the
penetrated stoma were luminous. The oc-
currence of luminous cell walls in a zone
around the occupied substomatal cavity
was evaluated. The presence of one or
more dark blue stained, cellapsed host cells
near an infection hypha was determined.

Forthe second set of data the number of
cell wall appositions per colony of 15 estab-
lished colonies perleaf piece was noted, 96,
144 and 192 hours after inoculation in ex-
petiment 1 and 54, 110 and 250 hours after
inoculation in experiment 2. Colonies be-
tween the leaf margin and the first vein were
not included in the observations. The
chosen colonies were evenly distributed

overthe leaf piece. Each infaction structure,
the presence of a substomatal vesicle was
checked. The infection hypha originating
from the substomatal vesicle was followed,
often deep into the mesophyll of the leaf. All
hyphae of the infection structure were
screened and the number of luminous cell
wall appositions close to the hyphae was
noted.

Colonies in partially resistant genotypes
are smaller than colonies in susceptible ge-
notypes. An estimation was made of the
number of cell wall appositions per standard
colony size. The size of the most suscep-
tible genotype was set at 100. Calculations
were based on data published by Jacobs
and Buurlage (1989).

In the second experimeant the highly sus-
ceptible genotype Little Club and the partial-
ly resistant genotypes Westphal 12A and
Akabozu were studied. Of each genotype
five flag leaves were harvested 54, 110 and
250 hours after inoculation. Procedures we-
re asdescribed above. The first set of obser-
vations, on 100 infection structures, were
made on leaf segments harvested 54 hours
after inoculation,

The distribution of cell wall appositions
overthe colony area was observed 144 and
192 hours after inoculation in experiment
one and 110 and 250 hours after inoculation
in experiment two.

Four additional flag leaves per genotype
were harvested 250 hours after inoculation,
boiled and stained with Uvitex 2B (Jacobs,
1989). The length and width of 20 colonies
per leaf segment were measured with a
calibrated eye-piece micrometer using epi-
fluorescence microscopy. The average of
length times width of the colanies of the four
leave pieces per genotype was related to
the highly susceptible Little Club, being set
at 100.



RESULTS

The marphology of the cell wall appositions
was quite variable. The majority (70 %) of
cell wall appositions consisted of a narrow
luminous zone gradually decreasing
towards both ends {Figure 4-1 A, B, C, E).
The length and width of these cell wall ap-
positions opposite hyphae or haustorial
mother cells varied considerably. A mingrity
of cell wall appositions {30%) showed a
thick central part opposite a haustorial
mother cell and a sharply decreasing thick-
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ness on a short distance from the center of
the apposition (Figure 4-1 D). Occasionally
an encapsulated pensetration peg was ob-
served. On rare occasions an enclosed
small haustorium was observed or a haus-
torium in a cell with a cell wall apposition
(Figure 4-1 F,G). Thus the majority of cell
wall appositions consisted of a narrow
luminous zone slightly wider in the central
pan opposite the haustoarial mother cell, the
length of the zone greatly exceeding its
width.

Figure 4-1. Schematic drawings of haustorial mother cells (HMC) and cell wall appositions. A.B.and C are draw-
ings of representative tivetivetivecell wall appositions which are slender and extended over a relatively large
area. D.E,F and G are drawings of situations which have been observed on rare occasions. D: Cell wall ap-
position restricted in length, showing a central thickening. E: Cell wall apposition with fading radial lines. F: En-
capsulated haustorial neck and primordial haustorium. G: Cell wail apposition and small haustoriumin the same

cell.
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Aborted infection structures

In all the genotypes studied aborted infec-
tion structures were associated with a high-
er number of cell wall appositions than
astablished colonies {Table 4-1). This as-
sociation was observed in both susceptible
and partially resistant genotypes. The
average of the differences in number of cell
wall appositions between aborted and
establised infection structures was 2.3in ex-
periment 1 and 1.1 in experiment 2.

Partially resistant genotypes showed a
higher percentage of aborted infection
structures than susceptible genatypes. The
percentage of aborted infaction structures
in the highly susceptible Little Ciub was
high, possibly due to experimental influen-
ces.

Other histological phenomena

Aborted infection structures were more of-
ten associated with stoma showing
luminous walls of the guards cells than es-
tablised colonies. (Table 4-2). The number
of infection structures, aborted or not, sho-
wing a ring of luminous cell walls around the
substomatal cavity were low. Both in
susceptible and partially resistant
genotypes abortedinfection structures were
associated with a higher number of col-
lapsed cells than established colonies.
(Table 4-2).

Celf wall appositions in established
colonies

The number of cell wall appositions per
colony between susceptible and partially

Table 4-1. Number of cell wall appositions per estaklished or ahorted wheat leaf rust
infection structure (i.s.) and percentage aborted infection structures in flag leaves of
spring wheat genotypes susceptible and partially resistant to wheat leaf rust in two
experiments. In experiment two the colony size 250 hours after inoculation (h.a.i.) was

related to that of Little Club {set at 100).

Experiment one 96 hours after inoculation
number of cell wall appositions in % i.5.
Genotype estab. colonies abortedi.s. aborted
Merocco 1.ta~ 350 9a+
Kaspar 1.6a 39a 19a
Westphal 12A 0.7a 21b 31a
Akabozu 1.7a 48b 53b
Experiment two 54 hours after inoculation 250 h.a.i.
number of cell wall appositions in % i.s. reiative
Genolype estab. colonies aborted i.s. aborted colony size
Littie Club 1i1a” 24b 3Ba+ 100 a ++
Waestphal 12A t3a 23a 24a 39b
Akabozu 192 28b 5ba 27b

*Y values in a row with equal letters do not ditfer significantly according 1o the Mann-Whitney test (P=0.05).
+ ) values in each column with different letters ditfer significantly according to the Schelfé test (P=0.05,).
++) values in this column with different letters differ significantly according to the Scheffé test (P=0.05), com-

putations on original data.




resistant genotypes hardly differed at a
given time after inoculation (Table 4-3). In
both experiments the number of cell wall ap-
positions per colony of comparable size,
was higher in partially resistant genotypes
than in the most susceptible genotype.

The majority of cell wall appositions ware
observed close to the point of leaf-antry .
Even so the cell wall appositions in other
parts of the leaf enclosed by the colony,
were mostly located near a substomatal
cavity. The data are not presented here as
distance to a stomatal cavity is difficult to
measure.

Haustoria in established colonies were
observed but no counts could be made as
the hyphae often grew deep into the
mesophyll. Granulation of cell contents in
less deep cell layers obscured the images
of the haustoria and made reliable counts of
haustoria in the flag leaves impossible.
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DISCUSSION

Aborted infection structures

The difference in the number of cell wall ap-
positions between aborted infection struc-
tures and established colonies was small. in
an earlier study (Jacobs, 1989), it was
shown that the majority (66%) of aborted
infection structures showed one haustorial
mother cell, some 33 % had formed two
haustorial mother cells. Thus it is possible
that the presence of one cell wall apposition
prevents the formation of a haustorium.
Probably most infection structures not able
to form the first haustorium, lack the poten-
tial to continue their attempts and are
aborted. Some infection structures are
capable of branching after a failed first at-
tempt and form a second haustorial mother
cell. The presence at that moment of

Table 4-2. Percentages of wheat leaf rust infection structures showing a luminous
stoma (stoma), a ring of luminous cell walls around the substomatal cavity (ring) or
with one or more deep blue collapsed cells in the vicinity of the infection structure (col-
lapse} in established (estab) or aborted (abort) infection structures, in two experiments
with susceptible and partially resistant spring wheats.

Experiment one 96 hours after incculation

stoma ring coilapse
Genotype estab  abort esta abo estab  aborf
Morocco 1i0a" 13a 2a 3a 22a 39a
Kaspar 1a 3a ia 3a 2a 14 a
Waestphal 12A 6a Ba Ca 2a 1a 20b
Akabozu 12a 19a Oa 6b 12a 20b
Experiment two 54 hours after inoculation

stoma ring collapse
Genolype esiab abort estal abo esfab abort
Little Club 4a* 14 a Oa 5a O0a 17 a
Westphal 12A 1a 17 a Oa 1a 0a 7a
Akabozu 20a 30a 0a 1a Oa 7a

* ) values in each row within the calegories : stoma, ring or cellapse having different letters differ significantly

according to the Mann-Whitney pair test (P=0.05).
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another cell wall apposition at the site of cell
wall penetration could be fatal.

It is worth noticing that the gap between
astablishment or abortion of an infection
structure seems small. The presence of one
or two cell wall appositions opposite haus-
torial mother cells probably determines the
fate of an infection structure. For an infec-
tion structure it is of utmost importance to
form that first haustorium, enabling the es-
tablished colony to overcome later barriers
at cell walls. Figure 4-2 shows the occur-
rence of cell wall appositions in an aborted
and an established hedhedhedhedwheat
leaf rust infection structure. It iooks as if the
balance between abottion and establish-
ment seems to be delicate. This could be
the reason why there is such a variation in
number of aborted infections structures in
partially resistant genotypes between dif-
ferent experiments and between leaves
within one experment (Jacobs, 1989).

Other histological phenomena

For a plant an early detection of a fungal
structure is important. With this view the
number of luminous stomata and the pre-
sence of a ring of lumingus cell walls was
noted. The differences between established
and aborted infection structures were not
significant, although a luminous stoma and
a ring of luminous ceell walls were more
often present near aborted infection struc-
tures. Possibly the reaction of the plant to
the formation of an appressorium over the
guard cells and the formation of a sub-
stomatal vesicle enhances the barrier
capacity of the plant prior to penetration of
the cell walil. These small influences could
contribute to the defence of the plant, The
presence of cell wall appositions opposite
the haustorial mother cells seems more im-
portant in determining whether an infection
structure is aborted or not.

The above described phenomena can be
summarized as pre-haustorium actions of

Table 4-3. Observed and estimated number of cell wall appositions per wheat leaf rust
colony in flag leaves of spring wheat genotypes in two experiments at various hours

after inoculation {h).

Experirment one

observed estimated’
Genotype 96 144 192 h 96 144 192
Morocco 3.0a+ 1.2a 136a 3.0 1.2 136
Kaspar 45a 46 a 16.3a 6.4 7.7 32.6
Westphal 12A 14a 1.0a 37a 31 26 18.5
Akabozu 23a 42 a 32a 6.2 12.4 21.3

Experiment two

observed estimated’
Genotype 54 110 250 h 54 110 250
Little Club 15a 11a 23a 1.5 1.1 2.3
Waestphal 12A 16a 14a 20a 4.1 31 5.7
Akabozu 24a 13a 89b 8.8 35 29.6

+) values in each column followed by a different letter are significantly different {(P=0.05) according to the

Scheffé test.
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Figure 4-2. Luminous cell wall appositions associated with wheat leaf rust infection
structures in flag leaves of the partially resistant genotype Akabozu.

A: Six days old aborted infection structure with several cell wall appositions op-
posite the haustorial mother cell (arrow).

B: Six days old established colony with two cell wall appositions (large arrow) and
intercellular hyphae (small arrows).

Magnification: 1600 X.
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resistance (term suggested by Heath,
1974). After penetration of the cell wall and
haustorium formation a cell could collapse.
In susceptible and partially resistant
genotypes aborted infection structures ware
associated with a higher number of col-
lapsed cells compared to established
colonies. This suggests that post-haustaorial
collapse of celis in some way contributes to
the abortion of infection structures. The rela-
tive importance of cell collapse appears
limited, in most cases less than 20 percent
of the aborted infections structures were as-
sociated with cell collapse.

Cell wall appositions in established
colonies

The influence of cell wall appositions on the
retardation of growth of wheat leaf rust co-
lonies in partially resistant wheat is probab-
ly negligible. The observed large difference
in colony size between susceptible and par-
tially resistant genotypes do not match with
the small differences in the number of cell
wall appositions. Two hundred and fifty
houts after inoculation the number of
mesophyll cells surrounded by a wheat leaf
rust colony in flag leaves of the highly
susceptible Lithe Club was estimated at
2000. It is difficult to imagine that the ob-
served number of 8,9 cell wall appositions
perinfection structure (Table 4-3) inthe par-
tially resistant genotype Akabozu leads to a
relative colony size of less than 30 % of the
size of colonies in Little Club (Table 4-2).
Assuming that: i) each mesophyli cell
within the area covered by the colony is
parasitized only once by a haustorium con-
nected with a haustorial mother cell, and,
ii} the presence of a cell wall apposition
impedes haustorium formation, observa-
tions learn that at the most 2 % of the at-
tempted penetrationsin anearly sporulating
colony in the partially resistant genotype
Akabozu would have been frustrated by the

presence of a cell wall apposition, Kneale
and Farrar (1985) estimated the total num-
ber of haustoria per barley leaf rust colony
to be 10* and showed that more than one
haustorium is present in a host cell. If these
data also applies to wheat leaf rust, it follows
that one in a thousand penetration attempts
is frustrated by cell wall appositions.

Itis concluded that the observed differen-
ces in colony size of wheat leaf rust several
days after inoculation between susceptible
and partially resistant wheat genotypes are
not caused by the formation and presence
of cell wall appositions.

In both experiments the number of cell
wall appositions per unit area colony in par-
tially resistant genotypes is higher than in
the most susceptible genotype. Such a cor-
relation between number of cell wall apposi-
tions and level of parial resistance has
previously been reported for the barley/bar-
ley leaf rust interaction (Niks, 1986).

The majority of cell wall appositions was
observed in mesophyll cells in the region
near the substomatal cavity. This againis in
agreement with the situation in partially
resistant barley. Aborted barley leaf rust in-
fection structures and the associated cell
wall appositions are located near the sub-
stomatal cavity.

Pre- or post-haustorial resistance

Partial resistance in wheat to wheat leaf rust
can be divided into two phases.

In the first phase a number of infection
structures is aborted (Table 4-1; Jacobs,
1989). Probably, the infection structures are
prevented from penetrating the cells to form
a haustorium by the presence of cell wall
appositions. This happens prior to the for-
mation of a haustorium. The time between
apressorium formation and formation of a
haustorium mother cell is short. The de-
fence reactions are localized near the sub-



stomatal cavity. The result of the first phase
is a lower infection frequency.

The occurrence of post-haustorial cell
collapse in aborted infection structures
could indicate that panial resistance to
wheat |leat rust not only acts prior to the for-
mation of a haustoria.

In the second phase a post-haustorial
growth retardation occurs (Jacobs and
Buurlage, 1989). This phase probably starts
withthe formation of the first haustorium and
continues during the growth and sporulation
of the wheat leaf rust colony. In the interac-
tion between wheat leaf rust and partially
rasistant wheat this seems to be the most
important phase. It determines the size of
colonies and the sporulating areas.
Sporulation is delayed which leads to longer
latency periods. The mechanism respon-
sible for this growth reduction is not known.

The growth retardation is not caused by
the formation of cell wall appositions during
the extension of established colonies (this
study).

An initial retardation as reported on the
barley/barley leaf rust interaction (Arntzen
and Parlevliet, 1986; Niks, 1986} was not
observed (Jacobs and Buurlage, 1989). ltis
possible that the growth of the wheat leaf
rust hyphae is retarded by extra-cellular
components on the mesophyll cell walls of
partially resistant genotypes. Or possibly
the uptake of nutrients through the extra-
haustorial matrix into the haustorium is
reduced in partially resistant genotypes.
This would lead to a slower growth of the co-
lonies compared to the growth in suscep-
tible genotypes.

No autofluorescence indicative for hyper-
sensitive cell collapse was observed in the
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HAUSTORIUM FORMATION AND CELL WALL
APPOSITIONS IN SUSCEPTIBLE AND PARTIALLY
RESISTANT WHEAT AND BARLEY SEEDLINGS
INFECTED WITH WHEAT LEAF RUST.

Th. Jacobs
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SUMMARY

Phase contrast light microscopy observations of wheat and barley seedlings infected with
wheat leaf rust suggested that cell wall appositions are structural barriers against haustori-
um formation leading to abortion of infection structures. Near equal numbers of celf wall ap-
positions per infection structure were detected in seedlings of susceptible and partially
resistant wheat genolypes. Differences between susceptible and partially resistant genoty-
pes became evident after the first haustorium had been formed. This again indicates the pre-
sence of a post-haustorial effect of partial resistance. Some factors influencing nutrient uptake
are discussed.

Wheat leaf rust hardly formed haustoria in barley seediings, the few not aborted infaction
structures were accompanied with cell collapse. The mechanisms of partial resistance in whe-
at and bariey to their respective leaf rusts seem different, but their non-host reactions appe-

ar similar,
INTRODUCTION

The hypersensitive cell collapse in
gramineae in response to an attack by
biotrophic fungi occurs after penetration of
the host cell wall and the formation of a
haustorium in the host cell (Heath, 1974,
1976).

In bariey partially resistant to barley leaf
rust {(Puccinia hordey), a pre-haustorium ex-
clusion of the fungus was suggested (Niks,
1982, 1986). The author reported an as-
sociation between failure of haustorium for-
mation and abortion of infection structures
without cell collapse. In wheat partially
resistant to wheat leaf rust (Puccinia recon-
dita f.sp. recondita, syn. Pucc. triticina)
Jacobs (1989b) reported that aborted infec-
tion structures were associated with more
cell wall appositions than established
colonies also suggesting a pre-haustorium
exclusion. However a post-haustorium
retardation of fungal development was con-
sidered ta be of more importance in partial-
ly resistant genotypes (Jacobs 1989b).

In this paper the accurrence of cell wail
appositions in relation to the location of
haustorial mother cells and the presence of
haustoria is studied. The actual number and
size of haustaria in susceptible and partial-
ly resistant seedlings was noted as well as

the presence of encased haustorial bodies
and haustorial necks.

MATERIALS AND METHODS

The wheat genotypes were Morocco (high-
ly susceptible to wheat leaf rust), Kaspar
(susceptible), Westphal 12A, Akabozu and
BH 1146 (partially resistant). The two barley
genotypes were highly susceptible {L94)
and panrtially resistant (Vada) to barley leaf
rust. In each of three flats (37 x 39 cm) see-
dlings of five wheat genotypes and two bar-
ley genotypes were grown. Primary leaves
of all genotypes were dusted on the adaxial
surface with a mixture (6:1) ot Lycopodium
spores and urediospores of a monospore
culture of the 'Flamingo’ race of wheat leaf
rust. A high density of inoculum was applied
to facilitate microscopic observation. After
incubation, during one night with a relative
humidity of 100%, the flats were placed in
the greenhouse. Average day temperature
was 22 'C and average night temperature
was 17 °C.

Per sampling date six ieaf pieces of each
genotype {two from each flat) were har-
vested, fixed in ethanol-dichloromethane
with 0.15 % trichloric acetic acid (TCA) du-
ring 24 hours and boiled in 0.01% trypan
blue {(Jacobs 1989a; modified procedure A,
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Niks 1986). Leaf pieces were mounted and
observed with a phase contrast light micro-
scope {400 X) for observation of the sub-
stomatal vesicle. Haustoria were observed
under emersion oil (1000 X). A suitable
combination of filters and very clean lenses,
to reduce background disturbance, were
necessary.

From each leaf piece 15 infection struc-
tures savenly distributed over the leaf were
selected. Infection structures between the
leaf margins and the first vein and those on
double occupied stomata were notincluded.
The location of the infection structures on
the leaf was noted (stomata number and
row number from a marked leaf edge), to
enable observation of the infection struc-
tures after the next step in the staining pro-
cedure (procedure B). Of each infection
structure the direction of growth of each
hypha starting from the substomatal vesicle,
the location of the haustorial mother cells
andthe number, size and shape of the haus-
toria were recorded. The haustoria were
classified as small, medium-sized or iarge.
The presence of dark blue collapsed cells
was recorded.

Afterthase observations leaf pieces pas-
sed a series of dehydrating alcohols and
were stained in a saturated soluticn of picric
acid in methyl salicylate, cleared and moun-
ted in methyl salicylate (procedure B, Niks
1986). The same infection structures were
observed, the number of haustoria per hy-
pha was checked, missing haustoria were
recorded and the number and position of
luminous cell wall appositions near the
haustorial mother cells were recorded. If
haustorial necks or the haustorial body were
encased this was also recorded.

In a separate flat seedlings of all
genotypes were inoculated on the adaxial
side with a low density of urediospores of
wheat leaf rust and incubated at a R.H. of
100% during the night. The infection type on
a scale of 0 to 9 and the latency period was
determined on 3.0 ¢m long central parts of

four leaves per genotype {Jacobs and
Broers, 1989). When the first light green
halo’s were visible on the most susceptible
genotype {105 hours after inoculation), five
leaf pieces of each genotype were sampled.
After the final count for determination of the
latency period (250 hours) three leaf pieces
per genotype were collected and fixed with
Uvitex 2B (Jacobs, 1989a). Observations
were made with an epifluorescence micros-
cope, magnification: 100x, excitation: 540
nm. The percentage abonted infection struc-
tures was determined (105 hours) by ob-
serving at least 100 infection structures per
leaf piece. An infection structure was de-
fined as aborted when at the most four haus-
torial mother cells weare present {Jacobs,
1989a). At both harvest times length and
width of 20 colonies of three leaf pieces per
genotype were measured with a calibrated
eye-piece meter. Data were related to the
highly susceptible genotype Morocco (set at
100). Of both harvests, the presence of yel-
low autofluorescence, which indicates hy-
persensitive cell collapse, near infection
structures was recorded.

Several smali experiments have been
performed to improve the visibility of haus-
toria, of the surroundings of the haustorium
and of the cell wall appositions. None of the
chemicals used improved the results obtai-
ned by the method used, although using 3,5
dinitro-salicyl acid gave almost equal results
as the use of picric acid. The use of xylol
instead of methyl salicilate gave visually at-
tractive images of haustoria but made reli-
able counts difficult. Several tests
performed to study the chemical composi-
tion of cell wall appositions coloured the
whole leaf segment. The tests were judged
inappropriate to study the intact fungal-host
interface in whole mounts. The tests were:
the phloroglucinol-HCI test, the KMnOa
reaction and the chlorine water-sodium sul-
fite test, all for lignin; the lacmoid test and
the aniline blue fluorescence test, for cal-
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Table 5-1. Infection type (IT), relative latency period (RLP), percentage aborted infec-
tion structures (abortion) and relative colony size 105 and 250 hours {hrs) after inocula-
tion of wheat and barley seedlings infected with wheat leaf rust.

IT RLP Abortion relative colony
size after
105 hrs 250 hrs
Wheat genotype " .
Morocco 9 100 18 1002 1002
Kaspar 9 100.3 72 74P 9g?
Westphal 12A 9 105.3 43 7620 982
Akabozu 9 1062 129 59°¢ 587
BH 1146 9 106.4 g2 45° g1ab
Barley genotype
L94 4 103 540 34 226
Vada 2 - g2t 4 o€

*) values in this column followed by the same letter are not significantly different

(P<0.05) according to the Schefié test.
“*) as above, cakulations on original data.

lose and the JKJ-H2S504 reaction for cel-
lulose.

RESULTS

All wheat seedlings showed high infection
types, a common feature in partially resis-
tant wheat (Table 5-1). The latency periods
of the partially resistant wheat genotypes
Westphal 12A and Akabozu were slightly
longer and the percentages aberied infec-
tion structures were slightly higher than
those of the highly susceptible Morocco.

Differences in colony size between suscep-

tible and partially resistant genotypes were
prorninent 105 hours after inoculation but
less s0 250 hours after inoculation. The
smaller differences between susceptible
and partially resistant genotypes at 250
hours compared to 105 hours, were probab-
ly caused by the fact that the colonies in the
highly susceptible Morocco had reached

the margins of the leaves and could not in-
crease in size anymoare.

Barley inoculated with wheat leaf rust
showed low infection types (Table 5-1). The
majority of the wheat leaf rust infection
structures were aborted in the two barley
genotypes. They had less than four haus-
torial mother cells and did not show auto-
fluorescence. The wheat leaf rust infection
structures (colcnies) in barley with more
than four haustorial mother cells showed
yellow autofluorescence. Most of these co-
lonies were small. In the genotype Vada
several colonies did not show more thanten
haustorial mother cells. Surprisingly most of
the established wheat leaf rust colonies in
the barley genoctype L94 sporulated.

Visibility of haustoria
After staining procedure A, medium-sized

haustoria were visible as balloon-like struc-
tures, which were darker than the surround-
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Figure 5-1. Haustoria (H) in wheat seedlings infected with wheat leaf rust. 2A. Small
haustoriumin a subsidiary cell cfthe partially resistant genotype Akabozu. 2B. Medium
sized haustorium in an epidermal cell of the partially resistant genotype Akabozu. 2C.
Large haustorium in an mesophyll cell of the partially resistant genotype Akabozu. 2D.
l.arge haustorium in a mesophyll cell of the highly susceptible genotype Morocco after
a xylol treatment.
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Figure 5-2. Cell wall appositions {arrows) opposite haustorial mother cells (*) in wheat
and barley seedlings infected with wheat leaf rust. 1A. Celi wall apposition in the high-
ly susceptible genotype Morocco. 1B. Cell wall apposition in the partiaily resistant
genotype BH 1146. 1C. Haustorial mother cell in BH 1146 in contact with a cell wal!
apposition on one side and a successful penetration on the other side. 1D. A repre-
sentative tivetivecell wall apposition in the non-host barley genotype L94, note the ab-
sence of granulation in the mesophyl cells.
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ing cell contents (Figure 5-1B). Large haus-
toria were often irregularly shaped and
hardly contrasted with their surroundings.
They were often slightly lighter than the
surrounding cell material and showed a
lighter ring around the haustorial walls
{Figure 5-1C). The large haustoria are
probably mature ones. After procedure B,
small darkly stained and circular haustoria
were detected (Figure 5-1A). These haus-
toria clearly showed a neck and sometimes
the neck band was visible. On several oc-
casions the nucleus of the host cell was
seen near the haustorium. At times the
nucleus was located close to the haustorium
neck, near the point where the cell wall had
been penetrated. Comparison of the obser-
vations made after staining with trypan blue
{procedure A} and those made after stain-
ing with wintergreen oil in methylsalicylate
{procedure B) showed that the walls of the
substomatal vesicles and hyphae were
reasonably well visible after procedure A,
but much more obscure after procedure B.
The same phenomenon was observed with

large haustoria. The location of the large
haustoria was exactly known after the stain-
ing with trypan blue. Observations made
after procedure B, learned that several large
haustoria were hardly visible, while others
were not seen at all. The opposite was true
for small haustoria. Additional counts of
small circular haustoria with a clearly visible
neck could be made after staining proce-
dure B. The smalt haustoria were located at
positions where previously no haustoria had
been recorded.

After procedure B cell contents were mo-
re granular and luminous cell wall apposi-
tions were visible. In wheat the majority of
the cell wall appositions was more drawn
outand thinner than the cell wall appositions
in barley which often showed a clear central
thickening (Figure 5-2). After both procedu-
res leaves of the barey genotypes were
much more transparent and showed less
granulation than the leaves of the wheat
genotypes studied. The data of both proce-
dures have been combined and are pre-
sented (Table 5-2). Due to the limited colony

Table 5-2. Average number of haustoria (H} and cell wall appositions (C) per infection
structure at 20, 34 or 40 hours after inoculation of wheat and barley genotypes infected

with wheat leaf rust.

20 hours 34 hours 40 hours

H C H C H [
Wheat genotype +
Morocco 0912 0.08% - 2597 0.09® 3477 0.09?
Kaspar 0922 0.10% 2212 0102
Westphal 12A 0.95° 0.16 2.13* 0.10*
Akabozu 0.842 030° 1.72% 0142 257 023
BH 1146 1,042 0.07% 2.08% 0.09?
Barley genotype _
194 . 043 123 087 511°
Vada 0.05° 3545 0.23° 583

+) values in each column followed by a different letter are significantly different
{P<0.05) according to the Schetté test.



size, the data of Table 5-2 inciude aborted
infection structures.

Location of luminous zones

After procedure B the parts of the cell walls
of guard cells in contact with the appres-
sorium and the penetration peg were bright-
ly coloured. All wheat and bartey genotypes
showed these luminous contact-areas.

Several haustorial mother cells in contact
with celf walls were associated with ceil wall
appositions. Luminous cell wall appositions
were also recorded at contact-sites with
hyphae. Occasionally luminous cell walls
were observed in cells not in direct contact
with the fungus. Most of these zones
resembled cell wall appositions. They were
located at sites where two mesophyll cells
contacted each other. These cell wall ap-
positions were not in contact with the fun-
gus and are therefore not included in the
data.

Association of cell wall appositions and
hausforia :

In nearly all cases where a haustorial
mother cell was in contact with a cell wall
and a cell wall apposition was present np
haustoria were observed in the mesophyll
cells (Figure 5-2 A,B}. On rare occasions a
haustorium was present in the mesophyll
cell with a wall apposition. In such cases the
haustorium originated from a haustorial
mother cell which extended beyond the cell
wall apposition (Figure 4-1 G).

Additional observations were made on
the seedling leaves of Akabozu collected
105 hours after inoculation. The exact posi-
tion of uvitex stained aborted infection struc-
tures was noted, the leaf pieces were
treated according to procedure A and B and

the presence of cell wall appositions and .

haustoria was observed. In all leaf pieces
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the abortedinfection structures did not show
haustoria and cell wall appositions were
present near the haustorial mother cells.

Number of haustoria

Wheat leaf rust infection structures had
formed, on-average, nearly cne haustorium
20 hours after inoculation in all wheat
genotypes. Atthattime differences between
the wheat genotypes were small (Table 5-
2). Significant differences occurred later.
The partially resistant genotypes showed in-
fection structures with fewer haustaria than
the highly suscaptible Marocco.

Twenty hours after inoculation the
majority of haustoria in wheat seedlings was
small or medium-sized, 34 hours after in-
oculation the percentage large haustoria
had increased to neary 30 percent and six
hours later nearly 40 percent of the haus-
toria was classified as large (Table 5-3). Dif-
ferences in percentages of haustoria in the
three categories between susceptible and
partially resistant genotypes were small. In-
fection structures in the partially resistant
genotype Akabozu had formed less than
avarage large haustoria at 20 and 34 hours
after inoculation but not at 40 hours after in-
oculation. _

No morphological differences could be
detected between the haustoria in-suscep-

tible and partially resistant wheat genoty-

pes. The average number of cell wall
appositions per infection structure did not .
differ between the wheat genotypes. No
dark blue collapsed cells were observed
near infection structures in any of the wheat
seedlings. No encapsulated or partially en-
capsulated haustoria have been observed
in the cells of the wheat and barley
genotypes studied.
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Table 5-3. Percentage small (), medium-sized (M) and large (L) haustoria of wheat
leaf rust infection structures in seedlings of wheat and barley genotypes 20, 34 or 40

hours after inoculation.

20 hours 34 hours 40 hours

S M L S M L S M L
Wheat genotype
Morocco 3 55 &6 27 44 29 28 37 35
Kaspar 27 68 5 26 44 30
Westphal 12A 24 62 14 25 47 28
Akabozu 29 71 0 36 44 20 27 30 43
BH 1146 28 6% 4 29 42 29
average 29 65 6 29 44 27 28 34 39
Barley genotype
L94 30 70 O 33 47 18
Vada 60 30 0 28 66 5
Barley DISCUSSION

The number of cell wall appositions in the
barley seedlings was higher than in the
wheat seedlings. The number of cell wall
appositions and the percentage abortion of
wheat leaf rust infection structures were
lower in L94 than in Vada (Table 5-1 and 5-
2).

In Vada several haustorial mother cells
opposite cell wall appositions were lobed or
strangely branched as if several penetration
attempts of the haustorial mother cell had
failed. This has not been observed in the
other genotypes studied. Niks (1983b)
reporied "unusual lobed haustorial mother
celis and hyphal tips” in Vada infected with
barley leaf rust.

In barley, established wheat leaf rust in-
fection structures developed few haustoria.
The majority of haustoria was smali (Table
5-2 and 5-3). In the genotype Vada dark
blue collapsed cells were observed.

The mechanism for partial resistance in
wheat to wheat leaf rust involves two dif-
ferent phases (Jacobs, 1989b). During the
first phase a pre-haustorium exclusion ot
the fungus was postulated, leading to the
abortion of infection structures (Jacobs
19893, 1989b). In the second phase partial-
ly resistant genotypes showed smaller
colonies than the susceplible genotype
{Jacobs and Buurage, 1989). Data fram this
study support this dual aspect of partial
resistance to wheat leaf rust.

The first phase

Aborted infection structures were as-
sociated with a higher number of tell wall
appositions than established infection struc-
tures {Jacobs, 1289b). In most cases where
a haustorial mother cell contacted a cell wall
and a cell wall apposition was present no
haustorium was observed. This strongly
suggests a causal relation betwean the



processes which lead to the formation of a
cell wall apposition and failed haustorium
formation. The rare observation of an
encapsulated haustorium neck suggests
that cell wall appositions are structural bar-
riers.

Cell wall appositions also occured at the
contact-site of two cells. It indicates that the
luminous wall zones are not only induced by
contact with a fungus. It is not impossible
that the procedure with picric acid is not a
very specific staining method.

In partially resistant wheat seedlings less
than fifteen percent of the infection struc-
tures were aborted. In earlier reports
{Jacobs 1989a, 1989b) the percentage
aborted infection structures in seedlings
never exceeded 20 percent. In the wheat
seedlings studied, the pre-haustorial exclu-
sion seems of limited importance.

The second phase

Wheat leaf rust colonies 105 and 250 hours
after inoculation, were smaller in partially
resistant wheat genotypes than in the high-
ly susceptible Morocco. Smaller colonies
were observedin seedlings and adult plants
of partially resistant wheat genotypes
{Jacobs and Buurage, 1989)

In this study the average number of cell
wall appositions per infection structure did
not differ between the wheat genotypes.
Jacobs (1989b) working with flag leaves
concluded that the low number of cell wall
appositions could not be responsible for the
observed difference in colony size between
susceptible and partially resistant genoty-
pes.

Colony growth measured by the number
of haustoria can be divided into two paris.
The first part covers the period between for-
mation of an appressorium and the forma-
tion of the first haustorium. This time-span
seems on average to be equal for all host
genotypes (Table 5-2). Differences be-
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tween susceptible and partially resistant ge-
notypes become apparent after the forma-
tion of the first haustorium. In the second
part there is a clear influence of host
genotype on the number of haustoria.

Wheat leaf rust colonies in partially resis-
tant genotypes formed fewer haustoriathan
colonies in susceptible genotypes (Table 5-
2). In the average number of haustoria per
infection structure, aborted infection struc-
tures are included. Assuming 1% abortion
for Morocco and 12% for Akabozu (Table 5-
1), the number of haustoria per infection
structure 34 hours after inoculation would
be estimated at 2.62 and 1.93 respectively.
Forty hours after inoculation this would be
3.50 and 2.88 respectively. This does not
alter the data to a large extent.

Mechanism

Probably the reduction in size of fungal
structures in the second phase is of a post-
haustorial nature. Carver and Carr (1978)
described the occurrence of a haustorial in-
efficiency in oats resistant to mildew. They
mentioned as possible factors influencing
the nutrient uptake by haustoria: a physical
restriction by the sheath surrounding the
haustorium, a semi-permeable sheath
membrane, osmotic relations or a lack of
suitable nutrients in the host. Light micros-
copic observations, made during this study,
showed that the post-haustorium reduction
of colony size is not caused by encasement
of haustoria. No statements based on ob-
servations from this study can be made on
the other factors mentioned above. Carver
and Carr also report that "haustoria of equal
size may differ in their capacity to extract
nutrients from the host celi". If a similar
phenomenon operates in wheat, it could ex-
plain the near equal percentages of small,
medium and large haustoria per colony in
susceptible and partially resistant genoty-
pes. It cannot be ruled out that the growth
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of hyphae in leaves of parially resistant
genotypes is retarded by chemical substan-
ces present on the exterior of cell walls orin
the intercellular cavities. The growth reduc-
tion caused by these substances may be
slight and only detectable at later stages of
the infection when cumulative effects be-
comae clear. it is also possible that the pas-
sage through the cell wall in partially
resistant genotypes takes more time thanin
susceptible genotypes. If such is the case,
a lower number of medium-sized and large
haustoria is expected in partially resistant
genotypes. This has not been observed.

The exact mechanism which is respon-
sible for the reduction in size of wheat leaf
rust colonies in partially resistant wheat ge-
notypaes remains unknown. it is clear that
pre-haustarium exclusion by cell wall ap-
position is of minorimportance in wheat par-
tially resistant to wheat leaf rust.

Two pathosystems

An average difference of 0.9 haustorium per
infections structure was observed between
Morocco and Akabozu 40 hours after in-
oculation. Niks (1986) reported a difference
of 2.9 haustoria 44 hours after inoculation
between the highly susceptible L94 andthe
pantially resistant Vada. This difference
reflects the difference between the two pa-
thosystems. In partially resistant wheat a
continuous reduction of the growth rate was
observed (Jacobs and Buurlage, 1989). in
wheat a small difference in number of haus-
toria per infection structure just after inocu-
lation is expected and larger differences
longer after inoculation. In partially resistant
barley an initiat delay was observed
{Artnzen and Parlevliet 1986). An early and
clear difference in number of haustoria per
infection structure between susceptible and
partially resistant genotypes is than ex-
pected. The difference in number of haus-
toria per infection structure between the two

studies could, in part, reflect differences in
experimental procedures (incubation time,
temperature).

Non-host reaction

The majority of wheat leaf rust infection
structures in barley were aborted (Table 5-
1). A minority developed few haustoria. In
both cases this was probably caused by a
high proportion of failed attempts to form a
haustorium, as the number of associated
cell wall appositions was high (Table 5-2).
The majority of haustoria was small (Table
5-3). In the genctype Vada dark blue col-
lapsed cells were observed. Indicating a
post-haustorium reaction of the mesophyl!
cells.

Niks (1983b) reported that a minority of
barley leaf rust infection structures deve-
loped a haustorium in mesophyll cells of the
wheat genotype Duri. The majority of barley
leaf rust infection structures did not develop
haustoria in the wheat genotype Duri and
were aborted. This was associated with the
prasence of cell wall appositions. The for-
mation of cell wall appositions is a regularly
observed phenomenon in the non-host
reaction of cereals (Aist, 1976, Heath,
1980). The similarity between the two non-
host reactions is striking. Both barley and
wheat show a non-host reaction in which the
majority of non-pathogen infection struc-
tures are excluded from entering the cell by
celi wall appositions. A minority of infection
structures becomes arrested after haustoria
have been formed in the cell.

Partial resistance and non-host resistance

The number of cell wall appositions and the
percentage abortion of wheat leaf rust infec-
tion structures were lower in the batley ge-
notype L94 than in the genotype Vada. The
barley genotype 194 is highly susceptible



for barley leaf rust and showed sporulating
wheat leaf rust colonies. Vada which is par-
tially resistant to barley leaf rust also sho-
wed a strong non-hast reaction against
wheat leaf rust. This corresponds with their
reaction to barley leaf rust and supports the
view that the non-host reactions of barley
bears resemblance with the pre-haustorial
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pathogens on non-host cereals has also
been reported by Helfer (1987}).

In barley, a high degree of similarity be-
tween non-host reactions of barley to Puc-
ciniaspecies and partial resistance to barley
leaf rust was reported {Niks 1983a). In
wheat, such a similarity between partial
resistance and non-host resistance was not

acting partial resistance of barley to barley observed.

feaf rust (Niks, 1983a). Sporulation of rust

REFERENCES

Amtzen, F.K. and J.E. Parlevliet, 1986. Development of barley leaf rust, Puccinia hordei, in-
fections in barley. [i; importance of early events at the site of penetration for partial resistance.
Euphytica 35: 961-968.

Aist, J.R., 1976. Papillae and related wound piugs of plant cells. Annual Review of
Phytopathology 14: 145-163.

Carver T.L.W. and A.J.H. Carr, 1978. Effects of host resistance on the development of haus-
toria and colonies of cat mildew. Annals of Applied Biology 88: 171-178.

Heath, M.C., 1974. Light and electron microscope studies of the interactions of host and non-
host plants with cowpea rust Uromyces phaseoli var. vignae. Physiological Plant Pathology
4:403-414.

Heath, M.C., 1976. Hypersensitivity, the cause or consequence of rust resistance?
Phytopathology 66: 935-936.

Heath, M.C., 1980. Reactions of nonsuscepts to fungal pathogens. Annual Review of
Phytopathology 18: 211-236.

Helfer, S., 1987. Deveiopment of cereal rusts on host and non-host plants. Cereal Rusts Bul-
letin 15; 44-52.

Jacobs, Th., 1989a. Abortion of infection structures of wheat leaf rust in susceptible and par-
tially resistant spring wheats. Submitted to Euphytica.

Jacebs, Th., 1989b. The occurrence of cell wall appositions in flag leaves of spring wheats
susceptible and partially resistant to wheat leaf rust. Submitted to the Journal of Phytopathol-

ogy.

Jacobs, Th. and L.H.M. Broers, 1989. The inheritance of latency period in susceptibte and
partially resistant spring wheat genotypes infected with leaf rust. I: Estimation of gene action
and number of effective factors in F1, F2, BC1 and BC2 generations. Euphytica, in press.



66 chapter5

Jacobs, Th. and M.B. Buurlage, 1989. Growth of wheat leaf rust colonies in susceptible and
partially resistant spring wheats. Submitted to Euphytica.

Niks, R.E., 1982. Eady abortion of colonies of leaf rust, Puccinia hordei, in partially resistant
barley seedlings. Canadian Journal of Botany 60: 714-723.

Niks, R.E., 1983a. Comparative histology of resistance and non-host reaction to leaf rusts in
barley and wheat seediings. Phytopathalogy 73: 60-64.

Niks, R.E., 1983b. Haustorium formation of Puccinia hordei in leaves of hypersensitive, par-
tially resistant and non-host plant genotypes. Phytopathology 73: 64-66.

Niks, R.E., 1986. Failure of haustorial development as a factor in slow growth and develop-
ment of Puccinia hordei in partially resistant barley seedlings. Physiological and Molecutar
Plant Pathology 28: 309-322.




Chapter 6.

THE ULTRASTRUCTURE OF THE INTERFACE BETWEEN
SUSCEPTIBLE, PARTIALLY RESISTANT SPRING WHEAT
GENOTYPES AND WHEAT LEAF RUST.

Th. Jacobs, F.P. van Hee and F.M. Engels*.

" Part of his "doktoraal studie™.
* Depariment of Plant Cytology and Morphology.




ukrastructure 69

SUMMARY

The ultrastructure of host cell wall appositions in the highly susceptible genotype Morocco
and in the pariially resistant genotype Akabozu was studied shortly afterinoculation with whe-
at leaf rust. The ulfrastructure of the haustorium and the host cell of Morocco, Akabozu and
another partially resistant genotype Westphal 12A was studied just before sporulation.

The cell wall appositions in Morocco and Akabozu were narrow and fong, they extended on
both sides beyond the contact zone of the haustorial mother cell and host cell wall. The ma-
jority of cell wall appositions in Akabozu consisted of a fibrillar network, in Morocco the ma-
Jority of cell wall appositions consisted of a layer of dark entities. It is suggested that contrary
to the general opinion the cell wall appositions are formed as a coagulation of fungal and host
proteins and are not a lignin or callose containing cell wall addition.

Just before sporulation no differences could be detected in extrahaustorial membrane, ma-
trix or haustorial wall between the susceptible and partially resistant genotypes. No collars
were observed around the haustorial neck. The cell contents in the highly susceptible Mo-
rocco appeared degenerated as if the cells were emply. The amount of cytoplasm was high-
er and the condition of chioroplasts was better in the partially resistant genotypes. It is
suggested that the transfer of nutrients into the haustorium in partially resistant genotypes
takes place at a lower speed or requires more engrgy than in the susceptible genotype. Pos-

sibly partially rasistant genotypes offer a poor quality nutrients to the fungus.

INTRODUCTION

The majority of electron microscopical stu-
dies of rust fungi focus on genoctypes which
give a susceptible reaction or show hyper-
sensitivity resistance. They have been
reviewed by Littlefield and Heath {1979} and
Harder and Chong (1984). Up to now we
know of no study comparing the ultrastruc-
ture of susceptible and partially resistant
genotypes.

Partial resistance in wheat { Triticum aes-
tivum) to wheat leaf rust (Puccinia recondita
f.sp. trtici, syn. Puce. triticina) was divided
into two phases (Jacobs, 1989b). In the first
phase infection structures were aborted.
This was associated with the presence of
cell wall appositions. The aborted infection
structures did not form haustoria (Jacobs,
1983c). Inthe more important second phase
a continuous retardaticn of the growth rate
was cobserved in partially resistant
genotypes (Jacobs and Buurlage, 1989)
and a post-haustorial inhibition was postu-
lated (Jacobs, 1989c).

In this study the ultrastructure of the cell
walll appositions in a susceptible and a par-
tially resistant genotype will be described.
The interface between bhiotrophic fungi and
their hosts consists of a highly specialized
region termed the extrahaustorial membra-
ne and matrix (Littlefield and Heath, 1979).
The ultrastructural properties of this region
of nutrient transfer in susceptible and par-
tially resistant genotypes was studied to
detect possible differences which could be
responsible for their reaction to wheat leaf
rust. Other elements of the cell contents of
susceptible and parially resistant genoty-
pes were also studied.

MATERIALS AND METHODS

Flag leaves of the highly susceptible
genotype Morocco and of the partially resis-
tant genotypes Akabozu and Westphal 12A
were used. The partially resistant
genotypes used showed a higher percent-
age aborted infection structures, a longer
latency period and smaller colonies thanthe
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highly susceptible genotype Morocco
{Jacobs, 1989a; Jacobs and Buurlage,
1989). Plants of all genotypes in stage 48 -
59, (just heading, Zadoks et al., 1974) were
selected and inoculated with a monospore
culture of the 'Flamingo’ race of wheat leaf
rust. To ensure a high density of infection
structures a fine-liner was used to draw
transverse lines on the central part of the
flag leaves. On three consecutive days a
large number of urediospores was applied
on the marked part of the flag leaves with a
brush. Each night an incubation was carried
out with a relative humidity of 100%
(Jacobs, 1883a). Two days after the last in-
cubation period, the marked parts were har-
vested, the leave margins were removed.
The inoculated leaf parts were cut into
pieces of 1.0 x 0.5 mm and treated accord-
ing to the procedure described by Woods
and Gay (1987). These are the "A samples”
in this paper.

Six days after the last incubation period,
central parts of the flag leaves were harvest-
ed and treated as described above (the B
samples). At that time the flag leaves of the

partially resistant genotypes showed halo’s
and colonies in Morocco nearly sponulated.
For comparison, not infected flag leaves of
the same stage were harvested. Thin sec-
tions of epon embedded material were post-
stained for 30 min. at 40 "C with
uranylacetate and 2 min. at 20 *C with lead-
citrate.

RESULTS

Obsarvations of the A samples

The barder between the cell walls of the
haustorial mother cells or hyphae and the
host cell wall was often obscure. Darkly
stained material was present in the comers
at these contact-sites (Figure 6-1 and 6-2),
Dark material was also present in tha host
cell wall opposite the haustorial mother cell
{Figure 6-2).

Opposite the haustorial mother cells, be-
tween mesophyll cell wall and plasmalem-

Figure 6-1 to 6-6 are taken from samples of the first sampling date (A samples).

Figure 6-1. Contact site of a wheat leaf rust haustorial mother ¢ell and the wheat cell wall, note the presence
of dark material in the corner {arrow). in the cell wall apposition two layers can be distinguished (Akabozu).
10.000 X.

Figure 6-2. Darker region in the host cell wall opposite the haustorial mother cell, the corner is fillad with dark
material (arrow). The cell wall is darker opposite the haustorial mother cell. Between the cell wall and the plas-
malemma a cell wall appaosition is present. {Akabozu) 13.000 X.

Figure 6-3. Ceil wall apposition in the highly susceptible wheat genotype Morocco consisting of a layer of dark
entities. 10.000 X.

Flgure 6-4. The majority of cell wall appositions in the partially resistant wheat genotype Akabozu consisted
of a homogeneous layer of fibrillar network. 13.000 X.

Figure 6-5. Cell wail apposition in the highly susceptible wheat genotype Morocco with central dark entities in
a layer of fibritlar network, 13.000 X.

Flgure 6-6. A typical cell wall apposition in the partially resistant Akabozu, with several layers of dark entities
and an outer layer of fibrillar network. 13.000 X.

Abbreviations:

Chl = Chloroplast HC = HostCel N =
CWA = Cell wall appositions HMC = Haustoriall Mother Cell PL =
ER = Endoplasmatic Reticulum M = Mitichondrium

Nucleusl!
Plasmalemma
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ma, cell wall appositions were observed in
the two genotypes studied (Figure 6-1, 6-2
and 6-4). The cell wall appositions were
slender and at the most twice the width of
the adjacent cell wall and extended beyond
the direct contact-area of haustorial mother
cell and cell wall. In several sections a cell
wall apposition was present without a haus-
torial mothercell being observedin that sec-
tion. In most cases a haustorial mother cell
was observed after serial sectioning.

There were marked differences in the
structure of cell wall appositions in the high-
ly susceptible genotype Morocco and the
partially resistant genctype Akabozu. The
majority of cell wall appositions in Morocco
consisted of a layer of electron-opaque en-
tities (Figure 6-3). These entities consisted
of a dark, often circular center surrounded
by a lighter irregutar shaped zene. These
entities will be called "dark entities”. In
Akabozu the majority of cell wall appositions
consisted of a homogeneous layer of inter-
connected strings of fibrillar material (Figure
6-4). Both types of cell wall appositions were
present in both genotypes studied but dark
entities were much more abundant in
Morocco and the fibrillar network
predominated in Akabozu. In both
genotypes intermediate forms have been
observed. In Motocco fibrillar network was
observed in the central part of the cell wall
apposition {Figure 6-5). In Akabozu cell wall
appositions have been observed with an
electron-opaque center {Figure 6-1 and 6-
2). A typical cell wall apposition has been
observed once in Akabozu (Figure 6-6).
This cell wall apposition was more than five
times as thick as the width of the adjacent
cell wall. it consisted of layers of dark en-
tities around a central area also filled with
dark entities. The most outward layer of the
wall apposition opposite the plasmalemma
appeared identical to the fibrillar network. In
most cells near a cell wall apposition the
cytoplasm was parietal and contained
numerous cell organelles.

Observations of the B samples

Not infected material of all genotypes sho-
wed a normal cytoplasm. The thylakoid
membranes in the chloroplasts were
regularly distributed and oriented parallel to
each other (Figure 6-7).

No cell wall appositions were observed
at contact-sites between haustorial mother
cells or hyphae and the host cell wall in es-
tablished colonies of all genotypes studied.

In al! genotypes studied haustoria were
found. Around the haustoria a layer of
cytoplasm was present (Figure 6-8, 6-9 and
6-10). Between the host cell wall and the
haustorium several chloroplasts and oc-
casionally a mitochondrium was present. At
times the host nucleus was located near the
haustorium. The host cell contained a large
vacuole. In a few sections a haustorial neck
was present, the neck was surrounded by
endoplasmatic reticulum orientated paraliel
to the neck. No collars were observed
around the neck in all genotypes studied.

In the highly susceptible genctype
Moraceo the host cells were vacuolated and
contained cytoplasm with a few organelles
(Figure 6-8). In several sections the
cytoplasm was retracted from the cell wall,
In several chloroplasts the thylakoid
membranes were irregularly arientated
(Figure 6-8, inset). In some cells the
chloroplasts contained starch. Only a thin
layer of cytoplasm surrounded the haus-
torium in cells of Morocco. No extensive
endoplasmatic reticulum was observed
around the haustorium. The extrahaustorial
membrane around the haustorium had an
undulating appearance. The width of the ex-
trahaustorial matrix, which is the space be-
tween the haustorial wall and the
extrahaustorial membrane, thus varied. In-
side the haustoria large vacuoles and some
mitochondria were present. The overall im-
pression of the cells in Morocco was that of
empty cells, in a way they looked plundered
by the fungus (Figure 6-8}. The symptoms
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Figure 6-7 10 6-10 are taken from samples of the first sampling date (B samples).

Flgure 6-7. Not infected leaf tissue of the partially resistant wheat genotype Westphal 12A with mitochondria
and endoplasmatic reticulum. 4200 X

Figure 6-8. Chloroplasts and a vacuclized haustorium in a cell of the susceptible wheat genotype Morocco.
4200 X. The inset shows irregularly orientated thylakoid membranes in a chloroplast (7200 X}.

Figure6-9. Haustorium, chlioroplasts and cell plasmain a celiof the partially resistant wheat genotype Akabozu.
4200 X. The inset shows a chloroplast with normal orientated thylakoid membranes {7200 X).

Figure 6-10. Haustorium, chloroplasts and nucleus in a cell of the partially resistant wheat genotype Westphal
12A. The distance between the haustorial cell wall and the extrahaustorial membrane looks wider than in the
pictures of Morecco and Akabozu. The presence of a wider space can be caused by sectioning through the tip
of the haustorium and has also been observed in the other genotypes. 4200 X.

Abbreviations:
Chl = Chioroplast M = Milochondrium 8§ = Starch
ER =  Endoplasmatic Reticulum N = Nucleus V = Vacuole

H = Hauslorium
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observed in cells of the highly susceptible
genotype Morocco are similar to symptoms
reported for compatible host/rust interac-
tions at later stages of the infection. (Lit-
tlefield and Heath, 1979).

Cells of the partially resistant genotype
Akabozu contained well arganized
cytoplasm compared to cells of Morocco
(Figure 6-9). Chloroplastin cells of Akabozu
hardly showed signs of disorganization
(Figure 6-9, inset}. Around the haustorium
extended layers of endoplasmatic reficulum
and occasionally dictyosomes were ob-
served. The haustorium was hardly vacuo-
lated and contained several mitochondria
which were localized near the haustoriai
wall (Figure 6-9). No extensive network of
tubules and membranes connected with the
extrahaustorial membrane, as reported for
compatible interactions (Harder and Chong,
1984), was observed. The host cells and
fungus in Akabozu were clearly less disor-
ganized and empty thanthe cellsin the high-
ly susceptible Morocco.

The condition of the cells and haustoria
in the partially resistant genotype Westphal
12A appeared intermediate compared that
of the highly susceptible genotype Morocco
and the partially resistant genctype
Akabozu (Figure 6-10).

Mutual comparison of Morocco,
Woestphal 12A and Akabozu did not show
differences in size or orientation of the ex-
trahaustorial membrane, in the width of the
extrahaustorial matrix or in thickness of the
haustorial wall. No differences were ob-
served in the number of mitochondria in
haustoria in Morocco and the partially resis-
tant genotypes. The main difference be-
tween Morocco and the partially resistant
genotypes consisted of a difference in
amount and condition of the cytopiasm of
the host cell and of the haustoria.

DISCUSSION

According to Jacobs (1989b) partial resis-
tance in wheat to wheat leaf rust involves
two difterent phases. During the first phase
a pre-hausterial exclusion of the fungus was
postulated, leading to the aborion of infec-
tions structures. The failure of haustorium
formation was associated with the presence
of cell wall appositions (Jacobs, 1989a,
1988b). In the second phase smaller co-
lonies were cbserved in parially resistant
genotypes (Jacobs and Buurlage, 1989).
Possibly the mechanism which leads to a
reduced colony size in pariially resistant
genotypes, is of a post-haustoriai nature
(Jacobs, 1289c).

The A samples

The events leading to the formation of celi
wall appositions in Morocco and Akabozu
can be summarized:

i} contact is made between a haustorial
mother cell or hypha and the cell wall. Sub-
stances can be exchanged between fungus
and host.

ii) the host responds with the formation of
a network of fibrillar material between cell
wall and plasmalemma.

i) a layer of electron-opaque entitias
develops between cell wall and plasmalem-
ma.

iiii) additional layers of fibtillar material or
dark entities are formed between the plas-
malemma and the part of the cell wall ap-
position already present.

This medel includes the majority ot
phenomena observed and explains the pre-
sence of dark entities near the cell wall and
the presence of the fibrillar netwark close to
the plasmalemma. It is not clear if the dark
entities appear later in time at the location
where previously fibrillar material was pre-
sent, or that the entities are excreted by the
fibrillar network towards the cell wall. In the




first case the dark entities would represent
a subseqguent and more mature stage, inthe
latter case cell wall appositions would
"grow" towards the plasmalemma.

It is interesting that the majority of cell
wall appositions in the partially resistant ge-
notype Akabozu were of the fibrillar network
type. In the highly susceptible Morocco cell
wall appositions with dark entities were mo-
re abundant. If the model is correct it follows
that the susceptible genotype would be the
fastest to complete the formation of cell wall
appositions. On the other hand, one would
expect the panially resistant genotype to
show dark entities in high frequencies. Ear-
lier observations (Jacobs, 1983%a, 1989b)
indicated that Akabozu was effective in ex-
cluding infection structures from the host
cell. it must be cancluded that the fibrillar
network can be as effective a barrier against
penetration by the fungus, as the layer with
dark entities. The marphology of the cell wall
appositions reported here, from tha wheat-
/wheat leaf rust interaction deviates from
those reported in the wheat/Septoria inter-
action (Hargreaves and Keon, 1986}, inthe
barley/Erysiphe graminis {.sp. hordei
interaction (Heitefuss and Ebrahim-Nesbat,
1986), and in the partially resistant bar-
ley/barley leaf rust interaction (R.E. Niks,
pers. comm.). The cell wall appositions
found in the latter interaction closely
resemble the typical cell wall apposition
found in the parially resistant genotype
Akabozu {Figure 6-8).

The cell wall appositions are believed to
be a product of the host cell in response to
fungal attack. The formation is triggered by
contact with a haustorial mother cell and will
continue until the cell wall appaositions are
completed. The cell wali apposition are con-
sidersd to be a structural or possibly a che-
mical barrier which inhibit the formation of
haustoria.

Woe suggestto lock atthe formation of cell
wall appositions as a direct interaction be-
tween fungal cytoplasmic material and ex-
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cretory products of the host. At the contact
site between haustorial mother cell and host
cell wall fungal degrading enzymes create
a small pore in the host celt wall through
which fungal cytoplasm can move toward
the host plasmalemma. The host cell ex-
cretes substances which react with the fun-
gal cytoplasm, the majority of which are
proteins, leading to coagulation and precipi-
tation. The host cell substances could even
have an inhibiting and toxic effect on the
haustorial mother cell. The area over which
cell wall appositions are extended can be
explained by diffusion of the reaction
products.

The B samples

The reduction of coleny size in partially
resistant genotypes in the second phase
was not caused by the presence of cell wall
appositions (Jacobs, 1989b). The
mechanism of the postulated post-haus-
torial retardation is not known.

No collars were observed around the
haustorial neck of the fungus in any
genotype. It is likely that the retardation of
the growth rate of the parially resistant
genatypes is not caused by an encapsula-
tion or another kind of physical enclosure of
neck and haustoria. Collars have been
reported in several rust/host interactions
{Littlefield and Heath, 1979; Harder and
Chong, 1984) and seem prominently
present in oats infected with Puccinia
coronata avenae (Chong and Harder,
1982). No ultrastructural differences were
detected with regard to the extrahaustorial
membrane, matrix and haustorial wall be-
tween the susceptible and pantially resistant
genotypes .

We did not find a sheath development
around the haustorium as has been repor-
ted from several incompatible reactions of
hosts against rusts (Manocha, 1975; Heath
and Heath, 1971; Coffey and Allen, 1982).
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Earlier reports pointed to a post-haustorial
nature of partial resistance (Jacobs, 1989b,
1989¢). From this study it becomes clear
that this resistance is not based on a post-
haustorial morphalogical obstruction of the
transport of nutrients through the host/fun-
gus interface. A difference in host cell con-
dition was observed between susceptible
and partially resistant genotypes. Mast like-
ly this difference in cell condition is a conse-
quence and not the cause of the difference
in partial resistance to wheat leaf rust. Cells
in the highly susceptible Morocco seem to
have lost most of their cantents whereas
cells in partially resistant genotypes siill
contain a certain amount of well organized
cytoplasm. Cells in Morocco seemed to ha-
ve released their contents without much
hindrance.

It is suggested here that there is a dif-
ference between Morocco and Akabozu in
the rate of nutrient transport through the ex-
trahaustorial membrane and matrix into the
haustorium. In Moroceo this rate could be
high and in partially resistant genotypes the
transfer could be lower. It is difficult to study
these difierences in rate of transfer in the
rust fungi with their intercellular hyphae and
intracellular haustoria. The interface of
haustoria of powdery mildew whose hyphae
extend cver the epidermis can be studied
(Gay and Manners, 1987). Differences in
transfer rate of substances through the
haustorial membrane could expiain the ob-
setvations that differences in latency period
between susceptible and parially resistant
genotypes decrease with increasing tem-
peraturgs (Broers and Wallenburg, 1989).
In such a view the rate of transferin suscep-
tible genotypes is already high and increa-
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Chapter 7.

THE INHERITANCE OF HOST PLANT EFFECT ON
LATENCY PERIOD OF WHEAT LEAF RUST IN SPRING
WHEAT. I: ESTIMATION OF GENE ACTION AND NUMBER
OF EFFECTIVE FACTORS IN F1, F2 AND BACKCROSS
GENERATIONS.

Th. Jacobs and L.H.M. Broers.
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SUMMARY

Crosses were made between the highly susceptible Little Club and the partially resistant cul-
tivars Westphal 12A, Akabozu and BH 1146 to obtain F1, F2 and backcross generations. La-
tency period (LP} was determined in plants inoculated at the young flag leaf stage with a
monospore culture of race 'Flamingo’ of wheat leaf rust. Broad sense heritability of LP in the
F2 averaged 0.8. The genes showed partial to almost complete recessive inheritance. Sca-
ling tests indicated that additive gene action was the most important factor in the inheritance
of partial resistance. The tests showed that there were no indications for additive x additive,
additive x dominance or dominance x dominance interactions. The number of effective fac-
tors was estimated as one or two for Akabozu, three or more for Westphal 12A and two or
three for BH 1146. BH 1146 also possessed a {semi-}dominant gene for a lower infection
type which was temperaiure sensitive in its expression. The genes of the various parents had

unequal effect on LP.
INTRODUCTION

Partial resistance is characterized by a
reduced rate of epidemic development of
the pathogen on the condition that a suscep-
tible infection type is present (Parlevliet and
van Ommeren, 1975). It can be partitioned
into several components, latency period
{LP) being the mostimportant onein cereals
infected with rusts {Teng et al., 1977, Parle-
vliet, 1979; Zadoks, 1971).

In the barey/barey leaf rust interaction
inheritance of LP is coded for by several (up
to 7) genes with small effects, most of them
showing additive gene action {(Parevliet,
1976; 1978). In the wheat (7Triticum aes-
tivum)/wheat leaf rust (Puccinia reconditat.-
sp. tritici, syn. Puce. triticina) interaction two
to four partially recessive genes for pro-
longed LP, with equal effects have been
repored {Lee and Shaner, 1985). Other
authors reported two to three partially reces-
sive genes present in slow rusting cultivars
(Bjarko and Line, 1986). Two partially reces-
sive genes for longer LP were reported in
the wheat genotype Suwon 85 (Kuhn et al.,
1980). In the above mentioned wheat/wheat
leaf rust interactions winter wheat was
studied.

This study was initiated to assesthe gene
action and number of genes in four spring
wheat cultivars which differed in LP.

MATERIALS AND METHODS

Crosses were made between the highly
susceptible Little Club, and the partially re-
sistant cultivars Westphal 12A, Akabozu
and BH 1146, Westphal 12A and Akabozu
are lines derived from landraces from
Hararge, Ethiopia and Saitama, Japan
respectively. BH 1146 is a selection from the
crass Ponta Grossa//Fronteira/Mentana
made at Bello Horizonte, Brazil in 1946. BH
1146 is grown on a commercial scale in
South America since 1955.

Greenhouse raised F1 plants were al-
lowed to self to obtain the F2. F1 plants from
crosses between Westphal 12A, Little Club
and Akabozu, Little Club were backcrossed
to the respective parents as pollen donars.
No reciprocal crosses were studied.

The inheritance of LP was studied in the
young flag leaf stage because differences
in LP between susceptible and partially re-
sistant cultivars were much more pronoun-
ced in flag leaves than in seedling leaves
(Broers, 1989; Ohm and Shaner, 1976).

Plant culture, inocufation and observations
Plants were raised in square plastic pots

of 12 x 12 cm in the greenhouse in Wage-
ningenin the spring of 1987, a smaller num-
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ber of plants were raised in late autumn of
1986. Plants from the segregating popula-
tions differed in earliness. Since the LP va-
ries considerably with the age of the flag leaf
(Parlevliet, 1975; Pretorius et al.,, 1988) it
was necessary to inoculate plants in the
same stage. Therefore all plants that reach-
ed the required young flag leaf stage (48 -
59 DC, Zadoks et al., 1974) were inoculated
together with parental plants in the same
stage. To have at each inoculation series
parental plants of the right stage available,
parents were sown at weekly intervals du-
ring a period of six weeks. Each inoculation
series four to six plants of the highly suscep-
tible Little Club and of at least one of the
pantially resistant parents were also inocu-
lated. Spores of a monospare culture of
wheat leaf rust race 'Flamingo’ were col-
lected a day ahead of the inoculation and
dried during one night in an exsiccator. The
plants were inoculated by dusting rust spo-
res (1.0 mg per plant) diluted 100 times with
Lycopodium spores, by means of a cyclone
duster. After inoculation, plants were ex-
posed to 100 % R.H. during the night, The
next morning the plants were transferred to
a greenhouse compartment, day tempera-
tures ranging from 18 - 22 °C, and night tem-
peratures ranging from 15 - 18 “C in 1987,
In the autumn of 1986 realized tempera-
tures were lower (day: 15 - 18 °C, night: 12
-15°C).

When light green flecks, which precede
urediocsori, became visible, an area of 2-4
cm on the central patt of the flag leave, with
some 60 -80 flecks, was marked. From the
day the first brown ovals were just visible,
the number of urediosori were counted
every day, using a pocketlens (7 x), until the
number did not increase anymore. Per plant
three to four flag leaves were observed. The
time from inoculation to the time that 50 %
of the final number of urediosori were visible
was taken as the LP. The infection type {IT)
was noted on a scale 0 to 9 (Mcneal et al.,

1971) two to three days after the estimated
LP.

Intotal abaut 35 plants of each parent, 30
plants of each F1, 150 to 200 ptants of each
F2 cross and 45 to 50 plants of each back-
cross were studied over seven inoculations
in 1987. In 1986 ten plants per F1 were ob-
served and similar numbers of plants as in
1987 in the other generations, over eight
series.

Analysis

In each incculation series the average LP
cf the fiag leaves per plant was related to
that of the highly susceptible Little Club,
which was given a relative value of 100.
Relating the LP to that of Little Club enabled
comparison between inoculation series.
The relative LPs were transformed to
natural log values.

Also calculated were the LP values re-
lative to Little Club (set at 100) and the
average of the partially resistant cultivars
Waestphal 12A and Akabozu, set at 170.
Both sets of relative values were analyzed
to see which transformation was most satis-
factory.

Genetic analysis, gene action

The means ofthe parents, the F1 and the
F2 generations were used to calculate the
midparent value {m), the additive (d) and the
dominance (h) component of gene action.
The degree of dominance was calculated as
h/d {Allard, 1960).

Individual scaling tests were performed
to test the significance of the deviation from
zero of four equations; a=2*B1-P1-F1;
b=2'B2-P2-F1;c=4"F2-2"F1-P1- P2;
d=2"F2 - B1 - B2, with P1, P2, F1, F2, B1
and B2 being the average LP of tha six
generations. If epistasis is absent, the equa-



tions should be equal to zero (Mather and
Jinks, 1982).

For the crosses Westphal 12A x Little
Club and Akabozu x Little Club data from
backcross generations were available and
joint scaling tests were performed (Mather
and Jinks, 1982). The first test involved sol-
ving simultaneous equations to estimate m,
d and h for each cross. A chi-square test
gave the probability that the observed
values can be explained by the values bas-
ed on the estimated m, d and h. Low proba-
bilities indicated the presence of interaction
{epistasis) between d and h (see Table 7-3,
first column).

The joint scaling tests were expanded to
include the additive x additive component
(i), the additive x dominance compeonent (j)
and/or the dominance x dominance com-
ponent (1}. Chi-square tests were performed
and the probabilities of the seven expanded
models were determined. The joint scaling
tests attempt 1o find the genetic model that
provides the best fit of the data for each
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cross. Chi-sguare tests indicate how well
the data fit a particular model.

Broad sense heritability was calculated
according to Allard {1960) and Simmonds
(1979).

Genaelic analysis, number of genes

Several methods were used to estimate the
number of effective factors in the partially
resistant cultivars contributing to a longer
LP compared with the highly susceptible Lit-
tle Club. We call the effective factors
"genes” for convenience only.

The number of segregating genes has
been calculated using several formulas.
Formula one (Table 7-4, subscript) is
derived from Lande (1981), formulas two to
four were published by Wright (1968), for-
mula five was proposed by Kast (1983). The
formulas are based on the assumptions that
the segragating genes are in one parent
onfy, not linked, have equal effects, have
equal degree of dominance, act in the same

Table 7-1. Degree of dominance and broad sense heritability for latency petiod of wheat
leaf rust in six crosses between highly susceptible and partially resistant spring wheat

cultivars.
Cross Degree of Broad sense
dominance’ heritabilit

A S
Akabozu xLittleClub -0.57 0.86 0.83
Waestphal 12A  xLittle Club -0.82 0.61 0.59
BH1146 xLittle Club -0.82 0.85 0.87
Woestphal 12A xAkabozu -0.93 0.90 0.85
Westphal 12A xBH1146 - 0.82 -
Akabozu xBH1146 -1.14 0.78 0.68

1) Degree of dominance calculated as h/d, h= the departure of the heterozygote (F1) from the midparent
value, d= the departure of the parents from the midparent value.

2) Broad sense heritability calculated according to h2 =(VF2-VE)/VF2 with column A: VE = 1/2(VP1 + VP2)
(Allard, 1960} ana column S: VE = 1/3[(VP1 + VP2 + VF1) (Simmonds, 1379).
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direction (in this case longer LP) and that
interaction components (i,j,1) are not impor-
tant. If these prerequisites are not met, es-
timates of numbers of genes can be heavily
biased.

The number of genes was also estimated
by a method published by Parlevliet {1978).
He used the proportion of parental pheno-
types in the F2 generation to deduce the
number of genes in the parents. The per-
centage plants showing an LP equal to that
of the susceptible parent, or the partially
resistant one in the F2 generation is ex-
pectedtobe 25,6.25 or 1.56 whenthere are
one, two or three genes respectivaly. This
method is effective only if the susceptible
parent carries no genes for a longer LP.

Calculations were performed with an Es-
tate P.C. and the VAX mainframe computer
of the Agricultural University.

RESULTS

The infection type {IT) in the parents and
nearly all the crosses were high, ranging
from 7 to 9, with an average of 8 in both
years. Only in the F2 of the cross BH 1146
x Little Club in 1987 the IT ranged from ane
to nine, with equal numbers of plantsin each
class. The data fit a 3:1 distribution for lower
IT{1to07):highlIT (710 9), and afso a 1:2:1
distribution for low IT (0 to 2) : intermediate
IT (3to 6) : highIT ( 7 to 9). This was not ob-
sarvedin 1986. This indicates the presence
of a monogenic hypersensitivity gene with
an environmentally sensitive expression.

Results of the analysis performed with
the LP related to the highly susceptible Lit-
tle Club did not differ from those performed
with the In transformed data nor from those
calculated with the LP related to Little Club
and the parially resistant parents. There-
fore only the results of the LP related to Lit-
tle Club will be presented.

The degree of dominance was negative
for ali crosses, indicating partial to complete

recessive inheritance. LP-prolonging genes
in Westpha! 12A and BH 1146 showed a
more recessive inheritance than those in
Akabozu (Table 7-1). Nearly all the means
of the Ft's between the partially resistant
parents and Little Club did not differ sig-
nificantly from the mean of the highly sus-
ceptible Little Club. The F1 of Akabozu x
Little Club showed a 20 % longer LP than
Little Club in 1987 and 36 % in 1986; the F1
of Westphal 12A x Little Club showed a9 %
increase in 1987; the F1 of BH 1146 x Little
Club showed a 9% increase in 1987 and 14
% in 1986 (Table 7-2).

Thus the ability to delay sporulation as
measured by LP inhefits as a recessive
character in crosses between the partially
resistant parents and the highly susceptible
Little Club.

Expression of gene action measured as
degree of dominance {h/d, Table 7-1} in the
crosses between the partially resistant cul-
tivars showed incomplete recessive inhe-
ritance. This is also shown in Table 7-2
where the F1 values of the crosses between
Westphal 12A, Akabozu and BH 11486
resembled the value of the parent with the
shortest LP in that cross.

Broad sense heritability estimates
ranged from 0.59 to 0.90. High heritability
values are indicative for high rates of suc-
cess in recovering the desired genes in fu-
ture generations.

Scaling tests

None of the terms of the individual scaling
tests differed significantly from zero. Forthe
1987 cross Akabozu x Little Club, for in-
stance, the terms were a: -7+ 63; b: 10+ 45;
¢: 154 38;d: 6+ 70;

for Westphal 12A x Little Club a: -124 35; b:
7+ 26;¢:-48+4 44; d: -22+ 29;

for BH 1146 x Little Club 1987 c¢: 95+ 164,
1986 ¢: -100+ 248. This indicates that only



additive and dominance effects contribute
to the gene action.

Resdlts of the jeint scaling tests also in-
dicated that additive and dominance effects
explain the gene action. The additive-domi-
nance model fitted the data from the cross
Akabozu x Little Club { P=0.986}, as well as
from the cross Westphal 12A x Little Club (
P=0.50} (Table 7-3 left column). This is a
clear indication that additive x additive (i),
additive x dominance (j) and deminance x
dominance {!) components are of minorim-
portance. Nane of these components were
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significantly different from zero. Addition of
these components in the expanded models
hardly improved the fit of the models (Table
7-3). The value of thenon-allelic interaction
components (i, j, I) turned out to be small
compared to the other components. In both
crosses the additive component (d) appear-
ed to be the most important factor, the
dominance component {h) was less impor-
tant (Table 7-3).

Table 7-3. Values and sign of the midparent value (m), the additive (d), the dominance
{h), the additive x additive (i), the additive x dominance (j) and the dominance x dom-
inance {l) components calculated for two crosses between partially resistant and the
highly susceptible (Little Club) spring wheat cultivars. Models are basedon 3, 4, 5 or
6 components. Chi square values (Chi ) and significance (P) of the various models are

presented.

Akabozu x Little Club . . . . . . .
m 143°% 1515 1445 1435 149'S 1495 143°% 155°
d 435 435 448 435 43% 438 43"
h -24% -33 24 -13 -31 -26 -18 -43
i - 85 -8 -8 -1
j -18 -16 -16  -17
I -11 -4 -7 8
Chi® 0.089 0.052 0.017 0.079 0.002 0073 0.238 0.000
P 096 099 099 099 099 099 099 1.00

Wesrphal 12A x Little Club | .
1285 1105 129°

d 285 298 29S

h -255 .4 -25% .48
i 19

i -19

|

Chi® 139 039 167 0.32
P 050 094 064 096

129 109° 80° 130° 86°
29° 30°% 29° 29°% 30°

-3 75 - 51 57

-25 -26  -20
-850 27 -38

0.22 030 033 000
097 099 089 1.00

* = value significant different from zerc according fo the t-test {P=0.05).
s = value differed more than twice the standard deviation from zero.
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Table 7-4. Number of independently segregating effective factors {(genes) controlling
the relative latency period in five spring wheat crosses estimated by five genetic for-
mulas over two years.

Formula" Cross?
AKAXLC WESTxLC BHxLC WESTxAKA  AKAxXBH
Formula 1
1987 vari 1.4 7.3 1.9 0.1 0.6
vare 1.3 7.0 1.9 0.1 0.5
var3 24 -1.9
vard 098 1.3
1986 varl 0.9 23 0.7
vare 2.0 2.3 0.7
Formula 2
1987 1.3 9.3 26 0.1 0.8
1986 2.1 1.0 0.9
Formula 3
1987 0.6 3.2
Formulad
1987 0.2 0.1
Formula 5
1987 K1 2.1 19.6
K2 1.4 4.8

1) Formula 1:N = (P2 - PA )2.'(8 varx) with x ranging from 1 to 4 (for explanation see below). P2 is the
average of the most resistant parent, P1 is average of the ‘east resistant parent, var1 = VF2 - VF1, var2 =
VF2 - [1/2VF1 + 1/aVP1 + 1/4VP2), vard = 2VF2 - VBC1 - VBC2, var4 = VBC1 + VBC2 -[VF1 +
1/2VP1+1/2VP2] VP1 = variance of P1, VP2 = variance of P2, VF1 = variance of F1, VF2 = variance of F2,
VBC1 = variance of BC1, VBC2 = variance of BC2.

Formula 2:N = (P2 - P1)2 (1.5 - 2h(1 - h))8(VF2 - VE), P2 is the average of the more resistant parent, P1
the average of the more susceptible parent, h = (F1 - P2)/P2 - P1),
VE = 1/4(VP1 + VP2 + 2VF1),

Formula 3:D = (F1 - P2)2/4(VBC2 - VE), D is the number ot genes by which the F1 differs from the resis-
tant parent, VE = 0.5(VF1 + VP2).

Formuia 4: D = (F1 - P1)2/4(VBC1 - VE), D is the number of genes by which the F1 differs from the sus-
ceplible parent, VE = 0.5(VF1 - VP1),

Formula 5: K1 =(1/2d2 + 1/2 h2)f VF2, K2 = (1/2 d2 + 1/2 h2)/ VBC1 + VBC2
withd = 1/2 P1 + 1/2 P2 and h = 6BC1 + 6BC2 - 8F2 - F1- 1.5P1 - 1.5P2.
2) AKA = Akabozu; LC = Little Club; WEST = Westphal 12A; BH = BH1146.




Number of genes

The number of segregating genes estima-
ted with help of the formulas was one ortwo
for the cross Akabozu x Little Club, one to
nine for Westphal 12A x Little Club and one
to two for BH 1146 x Little Club (Table 7-4).
The number of segregating genes in the
cross Westphal 12A x Akabozu was es-
timated zero implying that both cultivars
carry the same number of genes for longer
LP. Akabozu and BH 1146 appeared to dif-
fer for one gene only (Table 7-4).

From the cross Akabozu x Little Club 23
% and 15 % of the F2 plants resembled the
susceptible parent in 1986 and 1987 res-
pectively, indicating one or two genes in
Akabozu. Fifty one percent of the F2 plants
of Westphal 12A x Little Club resembled the
highly susceptible Littlle Club indicating at
most one gene. The F2 generation of BH
1146 x Little Club gave one plant resembling
Little Club in 1986 and none in 1987, indica-
ting the action of three or more genes. The
F2 distributions of all three crosses were
skewed towards shorter LP, indicating
recessive inheritance of the genes. This
leads to high numbers of F2 plants resem-
bling the susceptible parent and an
underestimation of the number of genes in-
volved. The number of F2 plants showing
the phanotype of the partially resistant
parent is not obscured by plants with reces-
sive genes in heterozygous condition,
which should in principal lead to better es-
timates than the previous methed. But the
large environmental variances of the plants
with long LP’'s and the continuous distribu-
tions of the progenies made it difficult to as-
sign planis to distinct classes, giving
imprecise estimates. In the cross Akabozu
x Littte Club about 15 % of the F2 plants
resembled the partially resistant parent in
1987 and 28 % in 1986, again indicating the
action of one or two genes. Plants of the F2
generation of Westphal 12A x Little Club
hardly resembled the partially resistant
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parent leading to estimates of three or more
genes, In 1986 nearly 8 % of the segregat-
ing F2 progeny resembled BH 1146 in the
cross BH 1146 x Little Club, 17 % in 1987,
indicating two and one or twa genes respec-
tively. No indications for number of genes
could be obtained from the F2 generations
between the partially resistant cultivars
Westphal 12A, Akabozu and BH 1146 using
this approach. Transgression towards
shorter or longer LPs was observed in all
three crosses. The numbers of segregating
planis were low and varied per cross (Table
7-2). The cross Wastphal 12A x Akabozu
clearly showed F2 plants with a LP longer
than that of Akabozu, one F2 plant resem-
bled the highly susceptible Little Club.

DISCUSSION

Gene action

Inheritance of longer LP was expressed as
a recessive or partially recessive character
in the cultivars studied. Genes in heterozy-
gous condition (F1) showed a LP hardly
longer than that of the homozygous suscep-
tible parent. Gene action was to a large ex-
tend additive. No epistasis of any
importance was observed. Recessive in-
hetitance of genes for prolonged LP or
reduced level of disease in slow leaf-rusting
wheat cultivars has been reported by other
workers (Bjarko and Line, 1986, Kuhn ef al.,
1980; Lee and Shaner, 1985).

The F2 distribution was continuous and
skewed towards shorter LP. A continuous
F2 distribution does not necessarily exclude
monogenic or digenic inheritance {Lee and
Shaner, 1985; Kuhn et al., 1980). Large en-
vironmental influences on gene action easi-
ly obscure simple Mendelian ratio’s. The
partially resistant cultivars although homo-
zygous for all loci concerned, showed a high
degree of variation for LP.
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According to Parlevliet (1978) positive
skewness of F2 progenies could be ex-
plained by one or more of three reasons. In
this study the dominance effect for short LPs
probably prevailed. In most crosses the F2
average was closer to the midparent value
than to the F1 value. But the data need be
looked at with caution, in the cross Akabo-
zu x Little Club there was bardly any dif-
ference in average of F1 and F2in 1986, in
1987 the averages differed considerable.
The opposite was true forthe cross BH 1146
x Little Ciub.

Parevliet {(1978) postulated as second
reason, a reduced expression of gene ac-
tion at the short end of the range of LPs, due
to physiological resttictions. We believe that
the fungus in a highly susceptible cultivar
has ample opportunity to grow and sporu-
late and will do so. Any gene with a small
delaying effect on fungal growth will be fully
expressed. Parlevliet assumed that the ef-
fect of an individual gene was smaller, clo-
ser to the physiological barrier (his group 1
crosses). According to our opinion such a
smaller effect is the result of a gene which
codes for a smaller effect. The exprassion
of the gene does not depend on the near-
ness of the physiological bartier.

Parlevliet {(1978) also postulated a
physiological barrier onthe upperside of the
range. Slow growing colonies would not
form a sparulating area, the colonies would
not be detected by eye thus leading to an
underestimate of the LP. This postulation
can be tested. Rust colonies can be made
visible with epifluorescence microscopy
(Rohringer et al., 1977; Niks, 1983). In this
study flag leaves of F2 plants of crosses be-
tween Westphal 12A, Akabozu and BH
1146 harvested and stained a long period
after the estimated moment of LP showed
non-sporulating colonies of different sizes
(data not presented). Some colonies sho-
wed a central red area, the uredial bed,
which later would have developed into a
sporulating area. Including these colonies

would clearly have led to longer LPs. This
means that the LPs of F2 plants with long
LPs are underestimated. This upper barrier
in the wheat/wheat leaf rust interaction is
most likely difficult to determine, but lies well
beyond the level of Akabozu or BH 1146, as
F2 plants have been found showing a LP far
longer than that of BH 1146 (Tabie 7-2).

In our opinion, the major influence on
skewness of the F2 distribution is the (par-
tially) recessive inheritance of the genes in-
volved.

Number of genes

The results of the various methods to calcu-
late the number of genes should be viewed
at with caution as several prerequisites are
not met and the estimates of the various
methods do not match. Despite these pit-
falls an estimate was made of the number
of genes in each parent by combining the
results of the methods.

The number of genes coding for longer
LP presumably equals one or two in
Akabozu, three or more in Wastphal 12A
and two orthree in BH 11486. It must be con-
cluded that the data from the F1, F2 and
backcross generations are insufficient to
determine the exact number of genes. Addi-
tional information is needed and will be
presented in a subsequent paper (Broers
and Jacobs, 1989).

The relative increase in LP compared to
Little Club was 60 for Westphal 12A, 100 for
Akabozu and 200 for BH 1146. This inva-
riably leads to the conclusion that the genes
in Westphal 12A had a smalier effect on the
increase of LP than the genes in Akabozu.
The same conclusion can be derived from
comparison of the cultivars Akabozu and
BH 1146. The estimates of number of genes
in Akabozu and Westphal 12A may be
wrong, it is clear however that the number
of genes in Westphal 12A is higher than in



Akabozu. Their overall effect is smaller and
so the effect of the individual genes.

From the data published by Lee and Sha-
ner (1985) it can be calculated that genes
from different parents have unequal effects.
The gene eftect measured asincrease of LP
ranged from 1.2 t0 3 days depending on the
parent. it is very tempting to speculate that
in the wheat gene-pool of genes for longer
LPs there is a variety of genes differing in
their effect on LP, their sensitivity for back-
ground genes and environmental influen-
ces.

These findings do not exclude the pos-
sibility that within a partially resistant cultivar
the genes have a different effect on the LP.
E.g. the genes in Westphal 12A may have
equal effects on LP, each increasing the LP
with 20 % (code: 20,20,20), but also une-
qual effect (30,15,15 or 40,10,10). Due to
the large non-genetic variation these gene
effects are difficult to detect in crosses with
the highly susceptible Little Club orthe other
resistent cultivars. Parlevliet {1976; 1978)
reported unequal gene effects of genes pre-
sentin one parent, The action of arecessive
gene with a fairly large effect and four to five
genes with much smaller effects were mea-
sured in the partially resistant barley cul-
tivars Vada and Minerva.

The situation in the Brazilian cultivar BH
1146 is less clear. The number of genes in-
volved ranged from one to three and was
estimated at two or three. In 1987 the F2
segregated for a lower infection type, in-
dicating cne gene with dominant (3:1) or se-
mi-dominant (1:2:1) expression for lower [T.
There was a negative correlation between
IT and LP in the F2 progeny (r=-0.6). Plants
with a lower infection type cleanly showed a
longer LP. Histological observations of flag
leaves of F2 plants showed autofluores-
cence, which is related to cell collapse.
Such a correlation is to be expected as
haustoria in collapsed cells are deprived,
and colonies will grow slower and sporulate
less. The gene for hypersensitive cell col-
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lapse and lower IT then acts epistatic over
possibly present genes for a prolonged LP.
This has been shown for the barley/barley
leat-rust interaction (Niks and Kuiper,
1983). In triticale, hypersensitivity resistan-
ce to wheat leaf rust was expressed in the
presence of long LP factors (Wilson and
Shaner, 1984). Conclusion from severat his-
tological experiments over the past few
years is that BH 1146 shows varying
degrees of autofluorescence in wheat leaf
rust colonies. The amount of autofluo-
rescence depended on external factors. BH
1146 clearly possesses a gene coding for
lower IT that is sensitive for environmental
influences. Expression has been observed
in 1887, notin 1986. Temperature sensitive
expression of hypersensitivity is common in
the wheat/wheat leaf rust intaraction (Brow-
der, 1980). How the presence of this gene
in BH 1146 influences the estimates of num-
ber of genes for longer LP is unknown.

Transgression

Inthe F2's of Westphal 12A x Little Club and
Akabozu x Little Club a few pilants showed
a LP shorter than Little Club. This was pro-
bably due to non-genetic variation. Up to
this moment no cultivars have been found
by the authors with a LP shorter than that of
Little Club. Little Club is as susceptible as
the spring wheat Morocco and selections
from landraces from Cyprus (Skalavatis
numbers) and Nigeria (data not presented).

In the cross Westphal 12A x Akabozu
one F2 plant resembied the highly suscep-
tible Little Club. This indicates that the ge-
nes in both parents are different. This is not
unexpected. The genes differ in their effect
on LP and originate from landraces of diffe-
rent parts of the world. Segregationinan F3
and F5 progeny of this cross is described in
another paper (Broers and Jacobs, 1989).
The cross Akabozu x BH 1146 and
Westphal 12A x BH 1146 showed
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transgression towards both shorter and
longer LP. In the F2 generation of both cros-
ses several plants were observed with a LP
nearly equal to the LP of Little Club. This
would not have been observed if the cul-
tivars shared one or more genes.

Durability of the genes invelved in partial
resistance or slow rusting is a highty desired
property. Durability should be demonstrated
by using the genes in cultivars "grown for a
long period over a large area in an environ-

ment favoring disease” as Johnson {1984}
stated. This not necessarily includes future
durability. It makes judgement of durability
retrospective, possible only when it is too
late for practical breeding purpases. Up to
now there does not seem to be a causal
relation between durability and the number
of genes involved or the mode of in-
heritance. For the time being the best policy
might be to restrain oneself from remarks
concerning durability and stimulate the use
of genes thought to have that property.
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SUMMARY

Three partially resistant spring wheat cultivars, with a long latency petiod were crossed among
each ather and with the highly susceptible Little Club, showing a very short latency period.
Parents, F3 and F5 plants have been inoculated with the wheat leaf rust race 'Flamingo’ in
the young flag leaf stage to determine the latency period. From the crosses with Little Club,
it was concluded that, Westphal 12A carnes three, Akabozu two and BH 1146 two or three
genes for a longer latency period. BH 1146 also appears to carry one hypersensitivity resis-
tance gene.

Transgressive segregation occurred in crosses between pattially resistant cultivars. If was
concluded that the genes in Akabozu and Westphal 12A are different, while those in Akabo-
zu and BH 1146 are at least partly different. The possibilities of accumulation of LP-prolon-

ging genes are discussed.
INTRODUCTION

Partial resistance (PR) in wheat (Triticum
aestivum) to wheat leaf rust (Puccinia re-
condila f.sp. tritici, syn. Pucc. triticina) re-
fards the disease progress in the field
despite a high, susceptible infection type
indicating a compatible host-pathogen inter-
action (Parlevliet and van Ommeren, 1975).
It occurs in several cultivars of spring and
winter wheat (Broers, 1989; Lee and Sha-
ner, 1985a, 1985b; Poyniz and Hyde,
1987). Latency period (LP) is the most im-
portant component of PR (Shaner and Fin-
ney, 1980; Teng et al., 1977; Zadoks, 1971).

Jacobs and Broers (1989} concluded
from an F1, F2 and backcross analysis that
LP in the spring wheat cultivars studied in-
herited partially recessive and acted in an
additive way, Some transgressive segrega-
tion was observed. Data indicated that only
a few genes governing a longer LP were
involved. The exact number of genes could
not be estimated from the F1, F2 and back-
cross generations.

In this study an attempt is made to es-
timate the number of LP-prolonging genes
in four spring wheat cultivars more precise-
ly using F3 and F5 generations. Further-
more, the occurrence of transgressive
segregation was studied.

MATERIALS AND METHODS

In 1985 crosses were made with the highly
susceptible genotype Little Club and
genotypes Westphal 12A, Akabozu and BH
11486, which differed in latency period (LP)
and level of PR to wheat leaf rust {Broers,
1989). All genotypes used had susceptible
infection types.

The F2 of Westphal 12A x Little Ciub,
Akabozu x Little Club, BH 1146 x Little Club,
Westphal 12A x Akabozu and BH 1146 x
Akabozu were evaluated for their LP (Ja-
cobs and Broers, 1989). From each cross,
50 F2 plants were selected, 25 with extreme
short LP (S1 population) and 25 with an ex-
treme iong LP (S2 population).

By single seed descent from randomly
chosen F2 plants, an F4 generation was ob-
tained of the crosses Westphal 12A x Little
Club, Akabozu x Little Club and Westphal
12A x Akabozu containing 39, 61 and 61
plants respectively.

Eight F3 plants per selected F2 ptant and
five F5 plants per F4 plant were raised inthe
greenhouse in 2.2 |. containers with one
plant per container. Inoculation was done in
sequential series as described by Jacobs
and Broers (1989) to neutralize differences
in earliness.

LP was determined by estimating the
time at which 50% of the finally visible infec-
tions had developed into urediosori on the
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flag leaves. The actual LP's were converted
into relative ones setting the LP of Little Club
at 100 and the LP of Akabozu at 180. The
F3 evaluations of Akabozu x Little Club,
Akabozu x BH 1146 and BH 1146 x Little
Club were carried out in the spring of 1987
whereas the F3 of the remaining crosses
and the F5 of the crosses Akabozu x Little
Club, Westphal 12A x Little Club and
Akabozu x Westphal 12A were cartied out
in the autumn of 1987. The temperatures
during the experiments fluctuated between
18 and 25 "C during the day and between
15 and 18 "C during the night.

The crosses Westphat 12A x Little Ciub,
Akabozu x Little Club and BH 11486 x Little
Club were evaluated to obtain information
about the number of genes (effective fac-
tors) govemning a longer LP {LP-prolonging
genes) in the partially resistant parents. The
assumption was madae that Little Club was
the most susceptible genoctype carrying no
LP-prolonging genes at all.

The basic concept was that the frequen-
cy with which plants occurred having the
same genotype for LP as one ofthe parents,
is dependent on the number of genes in the
partially resistant parent. Inthe F2 a fraction

of (1/4)" (n is the number of LP-prolonging
genes in the partially resistant parent) will
recover the Little Club genotype for LP-
prolonging genes{class 1), a fraction of
(1/4)" will recover the partially resistant pa-
rental genotype for LP-prolonging genes
(class ) and a fraction of 1-2*(1/4)" will
have a genotype different from both parents
(class 1I). In the F4 generation the fractions
are (7/16)", (7/16)", 1-2*(7/16)" for class |,
Il and lll respectively.

It was assumed that in the F2 class I and
class |l genotypes were only to be found in
the S1 and S2 population respectively, ex-
cept in the case that only one LP-gene is
present in the resistant parent. In that case
the population size of S1 and S2 was too
small to contain all expected class | and
class Il F2 plants.

F3 and F5 lines derived from class | or
class Il F2 plants should have a mean LP
equal to the respective parent and no segre-
gation should occuriin these lines. To decide
which lines met these prerequisites, two
criteria ware applied. First, the line mean LP
should not differ significantly from the LFP of
the respective parent according to at-test at
the 5% probability level. Secondly, none ot

Table 8-1. Number of F2 and F4 plants recovering the genotype for latency period for
wheat leaf rust of the susceptible parent (class I}, of the resistant parent (class II) or
of a genotype other than those of the parents (class l1l) and total number of plants ob-
served in the F2 and F4 generation of three spring wheat crosses.

Cross Number of lines Number of plants
in class F2 Fa
[ I
F2
Westphal 12A x Little Club 4 2 152 158
Akabozu x Little Club 7 7 180 164
BH 1146 x Little Club o 1 190 191
F4
Westphal 12A  x Little Club 6 4 5 61
Akabozu x Little Club 4 6 29 39




the plants within such a line should deviate
more fram the respective parent than twice
the standard deviation of that parent. F3 and
F5 lines that met both criteria were consi-
dered to be derived from class | or class |l
F2 or F4 plants respectively.

Chi-square tests were applied to com-
pare the observed number of F2 and F4
plants in class 1, | and HI with the expected
number of F2 and F4 plants in the respec-
tive classes, in models assuming one to four
LP-prolonging genes.

Heritabilities were calculated using the
formuta R =h®S (Mather and Jinks, 1982).
R is the response to selection measured as
the difference between the F2 mean LP and
F3 line mean LP of the S1 raspectively the
S2 populations, Sis the selection differential
expressed as the difference between the F2
mean LP and the F2 mean LP of the S1
respectively the S2 population.

RESULTS

The relative LP's of Little Club, Westphal
12A, Akabozu and BH 1146 were 100, 160,
180 and 200, respectively. No F3 or F5lines
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were observed with an LP shorter than the
LP of Little Club and no transgression
towards shorter or longer LP was obsarved
in the crosses involving Little Club as one of
the parents. This indicates that Little Club
does not carry LP-prolonging genes which
are not present in the other genotypes stu-
died. Since Little Club is a very susceptible
cultivar, it probably does not carry any LP-
prolonging genes at all.

The number of F2 and F4 plants in class
I, i and HI (Table 8-1) were deduced from
the F3 and F5 line means and variation. The
observed numbers of plants in the three
classes was compared with the expected
number derived from models assuming one
to four LP-prolonging genes (Table 8-2).

The three gene model fitted the cross
Woestphal 12A x Little Club best both in the
F2 and the F4 generation. In the cross
Akabozu x Little Club, the two gene model
fitted the data of the F2 generation best. In
the F4 generation, both the two and the
three gene model could explain the ob-
served number of plants in the three clas-
ses. Most likely, Akabozu possesses two
LP-prolonging genes. BH 1146 carries
probably three or mare LP-prolonging

Table 8-2. Chi-square tests to compare models explaining the number of F2 or F4 plants
recovering one of the parentai genotypes for latency period of wheat leaf rust in three
spring wheat crosses for one to four segregating genes with observed numbers.

Cross Chi-square1
1gene 2genes 3genes 4genes
F2 L3 - *
Westphal 12A  x Little Club 1409, 120 09" 250
Akabozu x Little Club 1179, 49™ 92 88.1
BH 1146 x Little Club 187.4 250 4.5" 1.2M8
F4 * - -
Westphal 12A  x Little Club 2832, 128 0.4" 8.6,
Akabozu x Little Club 115.2 26™ 30" 214

1) * = model differs significantly from observed situation; ns= model fits the observed situation.
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Figure 8-1. Frequency distribution of F3 line
means (S1 and S2 population) of Westphal 12A x
Akabozu and Akabozu x BH1146 and the F5 line
means of Westphal 12A x Akabozu for relative
latency periods measured on young flag leaves

after inoculation with wheat leaf rust.




genes as both the three and four gene
model fitted equally well the observed F2
data of the cross BH 1146 x Little Club.
Transgression was observed in Westphal
12A x Akabozu and Akabozu x BH 1148
(Figure 8-1}). In Westphal 12A x Akabozu, 8
F3lines of the S1 population and 7 F5 lines
showed a LP-significantly shorter than the
LP of Westphal 12A. None of the lines was
as susceptible as Little Club. Of the same
cross 11 F3 lines (from S2) and 15 F5 lines
displayed a longer LP than Akabozu. In the
cross Akabozu x BH 1146 8 F3 lines were
detected with a LP significantly shorter than
Akabozu and significantly longer than Little
Club. No lines with a LP longer than that of
EH 1146 were found.

Realized heritabilities for the £3 gene-
ration are shown in Table 8-3. Heritabilities
for the S1 populations ranged from 0.40 to
0.89. Hernitabilities calculated from the S2
population data varied from -0.37 to 1.29,
which is factually impossible, an explana-
tion will be given below.

DISCUSSION

Fromthe crosses Westphal 12A x Little Club
and Akabozu x Little Club it was concluded

Table 8-3. Herltabllities of latency perlod of wheat
leaf rust In five wheat crosses based on the ratio
of the selectlon differentlal (S) and the response
to selection (R) of two selected populations {S1
and S2) per cross.

Wheat cross Heritability

{(h’=R/S)

51 52
Westphal 12A  x Little Club  0.73 1.29
Akabozu x Little Club ~ 0.89 0.30
BH 1146 x Little Club  0.74 ~037
Westphal 12A  x Akabozu 0.54 0.06
BH 1146 x Akabozu 0.40 -0.10
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that Westphal 12A and Akabozu carry three
and two genes governing a longer LP res-
pectively. These genes act mainly additively
and are partially recessive (Jacobs and B-
roers, 1989).

If the genes in the respective parents act
with equal effects, it is not likely that
Akabozu and Westphal 12A have an LP-
gene in common (Jacobs and Broers,
1989). This is supported by the data of F3
and F5. Both in the F3 and F5 generation of
the cross Westphal 12A x Akabozu clear
transgressive segregation occurred. None
of the line mean LP's was equal to the LP of
Little Club. This could mean that Westphal
12A and Akabozu possess a common LP-
gene. In that case neither plants nor lines
are expected to show a LP shorter than the
LP controlied by the common gene in any
genaration. However, individual plants from
F3 and F§ lines showed LP’s equal to Little
Club. Thus, the LP-prolonging genes in
Westphal 12A and Akabozu are different

The maximum LP expected in the cross
Waestphal 12A x Akabozu would be 240 (=
100 + 60 + 80} in the case that both parents
do not have an LP-gene in common and all
five LP-prolonging genes are combined in
one genotype. In the case of a common
gene, no plants or lines are to be expected
with a LP longer than the combined effect of
the five LP genes (= 240) minus twice the
effect of that common gene. However, F3
and F5 lines were found which showed LP's
as fong as 240. We conciude therefore that
Waestphal 12A and Akabozu do not posses
a common LP-gene.

In the case of no comman LP genes, five
genes would segregate in the cross
Westphal 12A x Akabozu. The chance to
obtain plants without any LP-gene or with all
five LP-prolonging genes is one out of 1024
in the F2 and one out of 63 in the F4. Small
population sizesin F2 and F4 (160 F2 plants
and 61 F4 plants) explain why no plants in
the F2 and F4 and no derived F3 and F5
lines lacking LP-prolonging genes al-
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together have been found. In the cross
Westphal 12A x Akabozu, individual F3 and
F5 plants with LP's equal to Little Club have
been observed. These plants were probab-
ly derived from F2 or F4 plants with one or
two LP-prolonging genes in heterozygous
condition. One line was found, which might
carry all five LP-prolonging genes, as its
relative 1LP-value was 240.

The F2 frequency distributions of the
crosses Westphal 12A x Little Club and
Akabozu x Little Club were positively ske-
wed. Parlevliet {1978) mentioned three pos-
sible causes:

1} dominance effects, genes for a longer
LP would inherit in a recessive way.

2) the LP of the most susceptible
genotype may represent a fysiological bar-
rier, gene action would not be fully expres-
sed at low LP values.

-geometric cumulative gene action which
means that the more genes are present the
larger their effect is.

Jacobs and Broers (1989) concluded that
the first reason most likely was the most
important one and they excluded the se-
cond one. Geometric cumulative gene ac-
tion was not excluded. It causes the F2
mean to be closer to the F1 than to the mid-
parent value. In the previous study, Jacobs
and Broers (1989) showed that LP-prolong-
ing genes act mainly additively in Westphal
12A and Akabozu. The longest LP expec-
ted in the progeny of the cross Westphal
12A x Akabozu would be 240 provided all
five LP-prolonging genes are combined and
act additively. As said earlier, this genotype
is expected to occur in very low frequencies
inF3 and F5 generations. Nevertheless, five
out of 61 F5 lines showed mean LP's of
about 240 or even longer and several plants
in the F3 and F5 generation showed LP’s
remarkably longer than the expected maxi-
mum LP. It is concluded that geomettic cu-
mulative gene action might have been of
some importance in these cases.

Besides geometric cumulative gene ac-
tion, circumstances inherent to the experi-
mental design may have caused the
extreme long LP's of several plants in the
F3 and F5 generation. All plants obtained
the same spore density. Latency period and
infection frequency are negatively correla-
ted (Broers, 1989; Parlevliet and Kuiper,
1977) and LP is urediosorus-density de-
pendent (Johnson and Taylor, 1976; Metha
and Zadoks, 1970). This could mean that
the LP of very susceptible plants like Little
Ciub would be somewhat underestimated
compared to the LP of very resistant plants
due to differances in infection frequency.

Another reason for overestimating the LP
of partially resistant genotypes is the in-
fluence of temperature. When a period of
high temperatures is followed by a period
with lower temperatures at the moment that
Little Club has just passed its LP, the pus-
tule development on more resistant
genotypes will be delayed and the LP will be
longer than in the case of constant tem-
peratures during the experiment. The effect
will be most pronounced for the very resis-
tant genotypes and may lead to LP’s
beyondthe expected maximum of 240 com-
pared to Little Club.

The inheritance of LP in BH 1146 is not
very clear. According to the F3 analysis BH
1146 should possess three or more LP-
prolonging genes. In the seedling stage the
resistance of BH 1146 behaves like Lr-13
(Mcintosh, pers. comm.), which is a hyper-
sensitivity resistance gene present in many
South-American wheat cultivars and also
present in the ancestors of BH 1146. Athigh
temperatures (25 'C) Mcintosh observed
low infection types indicating hypersen-
sitivity resistance {HR) whereas at low
temperatures (15 'C) he observed high in-
fection types. In a small additional experi-
ment, BH 1146 and a line carrying Lr 13 in
a Thatcher-background were tested with
our 'Flamingo’ race at the 15 °C and 25 °C
and all genctype-temperature combinations




gave susceptible infection types. The
results indicated that our ‘Flamingo' race
carries virulence for Lr-13 and for the HR-
gene in BH 1148. In 1987, however, the F2
generation of BH 1146 x Little Club showed
a 3:1 ratio of susceptible and hypersensitive
plants, indicating a monogenic hypersen-
sitivity. This was not observed in the F2
generation in 1986, in F3 and F5 generati-
ons or in other crosses involving BH 1146.
Probably, the expression of the gene is
sensitive to the environment and the genetic
background which confirms the obser-
vations of Jacobs and Broers (1989).

Assuming that all genes in BH 1146 are
LP-prolonging genes difterent from the LP-
prolonging genes of Akabozu, transgres-
sive segregation to both sides would be
expected in the cross Akabozu x BH 1448,
in the F2 evaluation in 1986, in which the S1
and S2 populations were selected, trans-
gression occurred to both sides. In the F3
analysis reported here, transgression oc-
curred only towards a shorter LP. If the only
gene present in BH 1146 would be the HR-
gene, 25 % of the F2 plants of the cross
Akabozu x BH 1146 would merely segrega-
te for LP-prolonging genes of Akabozu. One
out of 64 plants would carry no LP-prolong-
ing genes at all and the derived F3 line
would have an LP equal to the LP of Little
Club. However, none ofthe F3 line and none
of the individual plants had LP's equal to Lit-
tle Club, indicating that the HR-gene is not
the only gene present in BH 1146, Itis con-
cluded that BH 1146 probably possesses a
HR-gene (possibly Lr-13) and two or more
LP-prolonging genes which are atleast part-
ly different from the LP-prolonging genesin
Akabozu. The HR-gene possibly acts epis-
tatic over the LP-prolonging genes like in
barley/barley leaf rust (Niks, 1983). Be-
sides, the HR-gene may have an increasing
effect on LP (Andres et af,, 1986).
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Inthe F2 of the crosses studied here, two
selections have been made, the S1 and S2
populations. The St population was obtain-
ed by selection for susceptibility. The heri-
tabilities revealed that selection for
susceptibility offers good possibilities
(ranged from 0.40 to 0.89}. Selection for
resistance, the S2 population, did not al-
ways give good results. The heritabilities for
the S2 populations were low orirrelevant as
negative values or values which are larger
than one were obtained. As indicated ear-
lier the environment might influence the LP
of plants, leading to genotype x environment
interactions. These interaction might have
occurred leading to negative heritabilitios
and heritabilities larger than one. Verdoorn
{1988) warned against the use of herita-
bilities based on results from different envi-
ronments because they give a misleading
impression of the genotypic part in the ob-
servedvariation in segregating generations.

Theinheritance of LP in spring and winter
wheat showed large similarities. Both in
spring and winter wheat, LP inherited parti-
ally recessive and oligogenic, LP-prolon-
ging genes in different parents had different
effects on LP (major and minor genes) and
transgression was observed in crosses be-
tween partially resistant cultivars (Lee and
Shaner, 19853, 1985b).

The observed transgression offers pos-
sibilities to accumulate LP-prolonging
genes like in barley/barley leaf rust (Par-
levliet and Kuiper, 1985). Additional new
sources of PR will be helpful. An additional
approach is the combination of LP-prolon-
ging genes in winter wheat and spring
wheat. They represent different gene pools
and LP-prolonging genes might therefore
be of different ongin. Combination of the
genes from the two gene pools might lead
to very high levels of PR.
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SUMMARY

Ten wheat leaf rust race nurseries were planted in 1984. in five, each with g different race,
no randomization of the twenty wheat genotypes was carried out. The remaining five race
nurseries, also each with one of the same five races, were completely randomized. Compa-
rison of the wheat genotype assessments was done using three procedures:

i) correlating (Pearson’s and Spearman’s r) the leaf area affected of the twenty wheat geno-
types in the randomized and the non-randomized nurseries;

ii} comparing the best five wheat genotypes in each race nursery;

i) comparing the Wi-indices of wheat genotypes in the randomized and non-randomized nur-
series.

All three procedures showed excellent agreement between the randomized and the non-ran-
domized nurseries. The use of a spreader row was most likely the reason for the large simi-
iarity. The consequence is that randomization is not sufficiently relevant to justify the increase
in risk of mistakes and the extra administration needed.

The host genotype/pathogen race interaction was significant and rather large. All but two host
genotype/pathogen race combinations showed a susceptible infection type, which indicates
that partial resistance of wheat to wheat leaf rust caused the major part of this interaction.
The results which suggest a gene-for-gene relationship, support the ‘integrated concept” of

Parleviiet and Zadoks.
INTRODUCTION

Zadoks (1961) developed the race nursery
as a method to evaluate the resistance un-
der field conditions of crop genotypes to
various races of an airborne pathogen. The
crop genotypes are sown in clumps of 20
cm diameter, alongside a spreader row
which is highly susceptible to all races of the
pathogen in the test. A severe epidemic
develops after inoculation of the spreader
row with the proper race, one race per nurs-
ery. At several dates disease is assessed
and from the disease readings the relative
resistance is calculated.

The race nurseries have been used ex-
tensively in the Netherlands to evaluate re-
sistance of winter and spring wheat
genotypes to yellow tust (Puccinia striifor-
mis f.sp. triticy and wheat leaf rust (Pucc.
recondita f.sp. tritici, syn. Pucc. triticina).

The testgenotypes were never randomi-
zed in such race nurseries. There is a good
practical reason 10 omit randomization, as
many mistakes during planting, managing
and analyzing the data can thus be avoided.

The assumption was made that the amount
of inoculum produced by the spreader row
was so much larger than the variable
amount of inoculum produced by the ag-
jacent clumps (variable because of differan-
ces in resistance) that their neighbour
effects were negligible. Randomization was
therefore not considered sufficiently re-
levant to justify the increased risk of mis-
takes.

The question arises whether the above
assumption is actually correct. The aim of
this study was to find an answer to this ques-
tion by comparing randomized and non-ran-
domized experiments.

MATERIALS AND METHODS

Twenty wheat genotypes were used. The
susceptible winter wheat cultivar 'Rubis’,
which served as the control, was obtained
from the Department of Phytopathology,
Wageningen. The other nineteen genoty-
pes were lines out of a Cyprian landrace,
supplied by Dr, A.C. Zeven of the Depart-
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ment of Plant Breeding, Wageningen
Agricultural University. This landrace is
known as Skalavatis (Hadjichristodoulous
and Della, 1976) and, according to Bennet
{1973), it is susceptible to wheat leaf rust.
Morphological, chemical and cytological
studies indicate that the nineteen Skalavatis
lines are hexaploid, that differ in genotype.
The nineteen lines were coded as S48 to
556, 558 to S66 and S68. S$70 stood for
"Rubis’.

The five wheat leaf rust races, named
’Felix’, 'Flamingeo’, "Marksman’, 'Clement’
and 'Neutral’ were obtained from the
Department of Phytopathology, Wagenin-
gen {(Zadoks, 1963). Monospore cultures
were maintained and multiplied on see-
dlings of 'Rubis’.

The basic design was the race nursery
as described by Zadoks (1963). Each race
nursery consisted of a spreader row (also
’Rubis’) with a row of 20 clumps on both
sides. Eachclump (diameter 20 cm)in a row
represented one genotype. The heart to
heart distance between clumps was 40 cm.
The spreader row was inoculated with the
proper wheat leaf rust race. This design of-
fers a test in two replications of 20 genoty-
pes to one isolate, performed at the mature
plant stage of the wheat.

The race nurseries were situated in
South Flevoland and planted at least 50 m
apartin a field of winter swede rape to avoid
cross contamination between race nurse-
ries. At the end of February, 1984, the
nineteen Skalavatis line were sownin 15¢cm
jiffy pots at the rate of 15 seeds per pot. After
seedling emergence the pots were placed
outside to induce good tillering. In the mid-
dle of April the pots were transferred ta the
race nurseries together with those of the
susceptible control and of the spreader
plants. As 'Rubis’ is a winter wheat and thus
needs vernalization, these pots had been
sown earlier, in November, 1983.

Before transferring the pots to the field,
half of the spreader plants were inoculated

by dusting with & mixture of spores of the
proper race and lycopodium powder. They
were incubated for one night at 10 °C and
100% relative humidity in complete dark-
ness.

Ten race nurseries were planted. In five,
each with a different race, no randomization
was carried out. Row 1 of each race nursery
was planted in the same order: S48, 549
etc., with S70 on position 7. Row 2, at the
other side of the spreader row, was planted
in the reverse order. This was the non-ran-
domized expetiment {(Exp. I). The remaining
five race nurseries, also each with a diffe-
rent race, formed the randomized experi-
ment (Exp. 1l). Within each row the twenty
genotypes were randomized. In Exp. 1 each
entry had always the same neighbours,
whereas in Exp. Il the neighbours were ge-
nerally not the same from one row to
another.

The level of wheat leaf rust was assessed
on 13, 21 and 28 June and 4 .July, by es-
timating the percentage of affected leaf sur-
face (PA) of the upper three leaves,
including the flag leaf, using the Peterson
scale (0-100%) (Peterson et al, 1948). On
13 June the avarage PA of the upper three
leaves was estimated. On 21 and 28 june
and 4 July the PA was assessed for each
leaf layer separately. The growth stages
were observed on 13 June, the infection
types on 21 june.

For statistical analysis of the observa-
tions the SPSS-program was used, which
was available at the DEC-10 computer of
the Agricultural University, Wageningen.
Tests were performed for pathogen race ef-
fects, wheat genotype effects and wheat
genotype-pathogen race interactions assu-
ming a fixed model {Snedecor, 1980) and
using transformed PA data {RPA) (per row
the PA of each genotype was expressed as
a percentage of the highest PA of the row).
For comparison of the expetiments two cor-
relation coefficients were used: Pearson's
linear correlation coefficient and




Spearman’s rank correlation coefficient.
The Wi-index, developed by Wricke (1962;
1864) was applied to estimate the contribu-
tion of individual genotypes to the total host
genotype/pathogen race interaction
variance:

n
Wi= Z (Xij - Xi/n - Xym + X_/nm})
=1

Table 8-1. Pearson's linear and Spearman’s rank
correlations between wheat genotypes from ran-
domized and non-randomized race nurseries,
characterized by thelr relative percentage of leaf
area affected.

Wheat leaf

tust race Pearson® Spearman
‘Falix’ 0.67 0.70
‘Flamingo’ 0.94 0.88
'Marksman’ 0.50 0.70
‘Clement’ 0.9 0.77
‘Neutral’ 0.87 0.82

* All coefficients are significant at P=0.001.
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where

Xij = RPA of genotype i at race j;
Xi./n = Mean RPA of genotype i;
X ym = Mean RPA of race j;
X_/nm= overall mean RPA;

If Wi is large, the contribution of genotype i
tothe interactionvariance is said to belarge.

RESULTS

After transformation of PA to RPA it was
concluded that the mean RPA of the three
leaves on 21 June was the most discrimi-
nating variable. The average PA on this day
was 34% . These data were used for the
comparison of the two experiments,

To compare the randomized and non-
randomized experiment three procedures
wetre applied.

i) Statistically by using correlation coeffi-
cients. In Table 9-1, Pearson's and
Spearman’s correlation coefficients are
given for five combinations of race nur-
series. Both Spearman and Pearson show
highly significant correlation coefficients (P

Table 9-2. The ranking of the best five wheat genotypes (best 25%) selected in each
ofthe five wheat leaf rust race nurseries in the non-randomized {N) and the randomized
(R) experiment and the percentage of agreement between N and R for each of the five

race nurseries.

Ranking Race
Felix Marksman Flaminge  Clement Neutral
N R N R R N R N R
1 S63 555 S50 S63 564 S64  S64 S64 559 569
2 554 850 563 S50 S65 559 865 565  S52 563
3 550 S54 8§54 554 561 S65 559 S61  S61 S65
4 S64 565 S64 S64 S59 S52  S61 859  S65 S50
5 565 564 560 S60 552 561 560 S52 S63 S61
% of
agreement 80% 100% 100% 80% 80%
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< 0.001) indicating good agreement be-
tween the two expefiments.

ity The second approach is that of a prac-
tical plant breeder. A plant breeder is inter-
asted in the results of a selection and its
repeatability. Selecting the best 25%
genotypes in each race nursery in both ex-
periments gave the results shown in Table
9-2. Fortwo races, the same five genotypes
were selected. With the other three races
four of five selected genatypes were the
same in the two experiments. This corres-
ponds with an average agreement in selec-
tion of 88%.

iii) The third approach is again a statisti-
cal method. Wricke (1962; 1964) developed
an index Wj which estimates the contribu-
tion of a genotype to the genotype/environ-
ment interaction. The Wi-index can be used
here by regarding the five races as five dif-
ferent environments of the host genotypes.
From the analysis of variance it was shown
that the host genotype/pathogen race inter-
action was significant (P < 0.05). If the two
experiments would give similar results, the

same genotypes would contribute to the
host genotype/pathogen race interaction
variance. Table 9-3 shows the Wi-index of
the genotypes that contributed most to the
interaction variance in both experiments
and some that did not contribute to it. The
linear correlation coefficient r of the Wi-
index between the two experiments was
0.93 (P < 0.001). In both experiments the
same seven genotypes caused over 75% of
the interaction variance.

DISCUSSION

Three different methods were used to com-
pare the randomized and the non-ran-
domized experiments.

i) Both Pearscn’s and Spearman’s cor-
relation coefficients were high and highly
significant (P< 0.001}. On the average the
Pearson’s correlation coefficient was higher
then the Spearman’s correlation coefficient.
Nine of the 20 wheat genotypes were very
susceptible. Their RPA was always over

Table 9-3. The Wricke's indices {Wi) of nine wheat genotypes as a measure for the con-
tribution to the interaction variance, in non-randomized (N) and randomized (R) wheat
leaf rust race nurseries based upon the relative percentages of leaf area affected, and
the relative contribution of the nine genotypes to the sum of the 20 Wi-indices.

Genotype N R

Wi rel Wi Wi rel Wi
S50 4820 15 4650 13
S54 3716 12 5418 16
§59 3746 12 2899 8
S61 3427 11 3106 9
863 4602 15 5003 14
S64 2852 9 3508 10
365 2050 7 2312 7
560 73 0.2 243 0.7
570 114 0.4 413 1.1
Sum of
Wi-indices 31300 100.0 34940 100.0




65%. Differences among genotypes in this
group were small and seemed mostly due
to experimental error. This means that the
ranking of these nine genotypes may differ
completely from one experiment to ancther,
causing Spearman’s correlation coefficient
to be lower than Pearson's correlation coef-
ficient. Pearson’s correlation coefficient,
therefore, is the more suitable one in this
study. It can be concluded from the com-
parison of experiments that there is little dif-
ference between the randomized and
non-randomized experiments.

ii) Selection of the best five genotypes of
each race nursery gave also an excellent
agreement between the two experiments.
Twentytwo of the possible 25 genotypes
were the same in both experiments (88%).
The genoctypes which were not selected in
one experiment but were so in the other, did
not differ significantly in most cases from
those that were selected. Again, the con-
clusion is that the two experiments were
very much alike.

iii) The last approach used, also shows
large similarity between Exp.l and Exp Il.
The same seven genotypes contribute over
75% to the host genotype/pathegen race in-
teraction variance. Even more important
was the high linear correlation coefficient of
0.93 of the Wij-indices of the two exper-
ments.

The use of a highly effective spreader
row is most likely the reason for the large
similarity between the randomized and non-
randomized experiment. The spreader row
produces large quantities of spores. Spore
dispersal is by wind and the two test rows
receive large amounts of spores. Even if
there is a predominant wind direction, which
might cause differences in inoculum level,
as was the actual case, the interplot inter-
ference with the spreader row s still so large
that interplot interference between adjacent
testclumps is overruled.

This way of testing genotypes for partial
resistance is a rather 'tough’ one (Zadcks
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and Schein, 1979). Lines with a good level
of partial resistance will not contribute to the
epidemic. They reflect to a large extend
what happens on the susceptible spreader
row. Every moment spores can start a new
monocyclic process by alloinfection. Autoin-
fection is negligible (Zadoks and Schein,
1979). Using this design, the level of partial
resistance is strangly underestimated (Par-
levliet and van Ommeren, 1984}. If interplot
interference of adjacent clumps has a sig-
nificant effect onthe epidemicdevelopment,
host genotype/pathogen race interaction
can be influenced by systematic planting. A
partially resistant line surrounded by two
genotypes susceptible to one race but resis-
tant to another race will show a high PA to
one race but a low PA 10 another race. This
is an artificial interaction which will not ap-
pear in randamized race nurseries. The in-
teraction found here are apparently of the
same origin in both experiments, indicating
that the systematic planting did not influ-
ence the interactions and that the effect of
the neighbour plants was negligible.

The consequence of the excelient agree-
ment between the randomized and non-ran-
domized experiments is that systematic
planting ofthe race nurseries, which provide
a heavy inoculum pressure through the
spreader rows, is allowed. This saves not
needed administration, reduces the risk of
mistakes, and does not impede statistical
analysis.

Since both the randomized and non-ran-
domized experiments are very much alike
the data were combined and the analysis of
variance was repeated. The host genoty-
pe/pathogen race interaction was signifi-
cant (P< 0.05). All but two host genc-type
/pathogen race combinations showed a
susceptible infection type which indicates
that partial resistance foralarge part causes
the observed interaction. Partial resistance,
characterized by a slow epidemic develop-
ment despite of a susceptible infection type
(Parlevliet and van Ommaeren, 1975), there-
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Table 9-4. Relative percentages of leaf area affected of six wheat genotypes for each
of the five races of wheat leaf rust at the second assessment date.

Wheat Race Mean
genotype  Felix Ftaminge  Marksman Clement Neutral

S60 61Y 54P 590 5g° 570 580
S70 65 50° 65%¢ L b 650¢ 63°
S59 720 [ 232 l sob"] 238 l 133 428
S63 362 86° 212 81¢ 258 502t
S49 700 84° 79%¢ 83° 90¢ 8¢
S56 73P 85° 85°¢ 87° ged 83°

* = entries with the same letter in a column do not differ significantly (P<0.05).

fore, seems to act according to a gene-for-
gene relationship, allowing for race-specific
interactions. These results corroborate the
"integrated concept” of Parlevliet and
Zadoks {1977) in which both verical and
horizontal resistance are supposedto acton
a gene-for-gene base.

The interactions found here are rather
large (Table 9-4), indicating that gene ef-
fects may be quite large and partial resis-
tance may be of pligogenic rather than of a
polygenic nature. This agrees with the
results of Lee and Shaner (1985a, 1985b)
who found two to four genes for partial resis-
tance to leaf rust in wheat, each with alarge
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SUMMARY

Latency period (LF), infection frequency (IF) and urediosorus size (US} of wheat leaf rust
were determined on primary leaves and young flag leaves of 18 spring wheat cultivars. A lar-
ge growth stage and a large cultivar effect on all three components were observed, Partial
resistance as measured by the three components was generally better expressed in the adult
plant stage than in the seedling stage. Associated variation of the components was obser-
ved: long LP, low IF and small US tended to go together. The association was not cormplets,
cultivars with clear deviations from this association for ong of the components were found
suggesting the existence of at least partly different genetic factors controlfing the respective
components. LP measured on flag leaves gave the most reliable results and, therefore, could

best be used as a selection criterion in breeding programs for partial resistance.

INTRODUCTION

Partial resistance (PR) is a form of resis-
tance that retards the disease progress in
the field despite of a high infection type, in-
dicating that no effective hypersensitivity
resistance is present. Attention of breeders
and scientists has been drawn 1o PR be-
cause it is assumed to be durable in con-
trast to the transient hypersensitivity
resistance.

In barley/bariey leaf rust, PR in the field
was highly correlated with the latency period
of the young flag leaves (Parlevliet and van
Ommeren, 1975; Parleviiet et al, 1985).
Other components such as infection fre-
quency and spore production were closely
associated with latency period but were
more difficult to measure (Neervooit and
Parlevliet, 1978; Parleviiet and Kuiper,
1977).

Partial resistance to wheat leaf rust {Puc-
cinia recondita f.sp. tntici, syn. Pucc.
triticina) has been found in several winter
wheat (Triticum aestivum) cultivars (Ohm
and Shaner, 19768; Shaner et al, 1978).
These cultivars always exhibited a longer
latency period compared to the highly
susceptible checks. it was not clear to what
extend the latency period and other com-
penents were affected by cultivar and deve-
lopment stage and how the components
were associated.

The aim of this study is to investigate the
variation of the three components of PR in
18 spring wheat cultivars and to obtain in-
formation about the degree of association
between the components, the effect of
growth stage on the variation of the com-
ponents and the reliability by which the com-
ponents can be evaluated.

MATERIALS AND METHODS

Eighteen spring wheat cultivars, obtained
trom the Department of Plant Breeding, Wa-
geningen Agricultural University, were
selected from preliminary field trials be-
cause they differed inlevel of PR. Skalavatis
56 was the most susceptible check and
Akabozu the most resistant check. {n ail ex-
periments a monospore culture of the wheat
leaf rust race 'Felix’ was used, obtained
from the Department of Phytopathology of
the Wageningen Agricultural University,

Seedling tests

Plants were grown in square flats (30 x 30
x 5 cm). Each flat contained Skalavatis 56,
Akabozu and five or six of the remaining cul-
tivars. One replication consisted of three
flats. Per cultivar and per replication at least
five plants were used. Three successive ex-
periments {Exp lla, llb, lic) were carried out
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with two replications per expetiment in a
three week period. Primary feaves of 10-
days old seedlings {DC 11 an the scale of
Zadoks et al., 1974) were inoculated at the
upperleaf surface in a settling tower. Per flat
1.3 mg rust spores mixed with 13.0 mg
Lycopodiurm spores were used giving ca.
100 urediospores/cmz.

Adult plant tests

Plants were grown in 2.2 | containers (4
plants per container) in a greenhouse. All
plants were incculated in the young flag leaf
stage (DC 48-59 on the scale of Zadoks ef
al., 1974). As cultivars differed in their

developmental rate, it was impossible to
inoculate all cultivars together at one and
the same time. Therefore, inoculations were
carried out in sequential series each includ-
ing the cultivars that were in the correct
growth stage for inoculation, and Skalavatis
56 and Akabozu in the proper stage as
checks so that different series could be
combined and compared. Per series, four
replications were inoculated according to a
randomized block design with four flag
leaves per cultivar and per replication. In-
oculation of the upper surface ofthe flag leaf
was carried out in the settling tower using
1.3 mg spotres per replicate giving ca. 100
urediospores/cmz. in the winter of
1986/1987 (Exp la) seven sequential series

Table 10-1. Latency period (LP) of wheat leaf rust race 'Felix’ on 18 spring wheat cul-
tivars relative to Skalavatis 56 (set at 100%) in the seedling and aduit plant stages.

Cultivar Seedling Adult plants
Expla Explb  Mean

Skalavatis 56 100 100 100 100
Little CLub 99 106 96 101
Jufy | 102 100 101 101
Sicco 99 108 101 105
Fr 45/73-2 100 108 103 106
Purple Justin 99 106 107 107
Fundus 102 108 110 108
Minaret 102 105 114 110
Van Hoek - 115 105 110
Ralle 102 109 112 111
RPB2-297-76E 100 113 111 112
Ze 64-1-14 100 107 120 114
Turano 101 119 119 118
Akabozu 121 167 157 162
Westphai 12A 115 162 159 161
Ponta Grossa 1 - 164 164 164
Kenphad 125 162 181 172
BH 1146 118 184 176 180
LSD 5% 5 14 16 12

- = not included in seedling tests.




were inoculated and in the late spring of
1987 (Exp Ib) six sequential series were
realized. Each cultivar was included in at
least three series in both winter and spring
experiments.

After inoculation, seedlings and adult
plants were incubated overnight in a mist
chamber where 100 per cent relative
humidity in darkness assured germination
of and penetration by the rust. Following
incubation the ptants were transferred to a
greenhouse where temperatures ranged
from 10 to 15 *C during the night and from
18 to 28 "C during the day.

Latency period {LP) and infection fre-
quency (IF) were measured on all inocu-
lated primary and flag leaves. The LP was
determined by counting daily the number of
uredigsori visible in a marked area on the
leaves {using a 7x pocket-lens} until the
number of urediosori no longer increased.
The time at which 50 per cent of the terminal
number of urediosori had appeared was es-
timated by interpolation. The LP was taken
as the time period from the beginning of in-
cubation to the time at which 50 per cent of
the urediosori had appeared.

The IF was measured using a metal
sheet with a 2 x 0.5 cm window (Parlevliet
and Kuiper, 1977). The metal sheet was
placed on the leaf 5o that the window fell
within the marked area. The number of ure-
diosori within the window was a direct es-
timate for IF in urediosori/cm?.

The urediosorus size {US) was measu-
red using a microscope {magnification 100
x) with a micrometer. Leaves were sampled
15 days (seedlings) and 25 days (adult
plants) after inoculation and boiled in a lac-
tophenol:ethanol {1:2, v/v) solution for 3 mi-
nutes to fix them. Per leaf the length (L} and
width (W) of 15 randomly chosen urediosori
were measured. US was obtained using the
formula: US =1/4 n"L*W. Seedlings of the
experiments IIb and llc were used for this
purpose. Per series four leaves per cultivar
were sampled. From the adult plants four
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leaves per cultivar were used in every
series, in both the winter and spring exper-
ments.

The means of the observed values of LP,
IF, US were converted into relative values
per experiment (seedlings) or per series
(adult plants) whereby the observed values
of Skalavatis 56 were set at 100%.

RESULTS

Latency period

The LP varied widely among cultivars and
significant cultivar differences were detec-
ted in both the seedling stage and the adult
plant stage (Table 10-1). In the seedling
stage the LP ranged from 7.1 to 8.9 days
(29 to 125% relative to Skalavatis 56). The
adult plant LP ranged from 8.2t0 15.1 days
{100 to 184% relative to Skalavatis 56) in
Explaandfrom8.41015.7 {9610 181% rela-
tive to Skalavatis 56) in Exp Ib.

Latency peried in the adult plant stage
was always longer than in the seedling sta-
ge and the effect of genes governing a
longer LP (LP-prolonging genes) was al-
ways larger in the adult plant stage than in
the seedling stage. For example, LP-
prolonging genes af Akabozu lengthened
LP with 21% (1.5 days} in the seedling stage
and with 62% (5.5 days)in the adult plant
stage.

The cultivar effect in relation to LP show-
ed a an irregular distribution over the avail-
able range. Therefore, Spearman’s rank
correlation coefficient was used to describe
the relation between the seedling LP and
the adult plant LP. The rank correlation coef-
ficients were significant (Table 106-2) but
differences in the seedling stage were so
small the seedling LP was a poor indicator
for adult plant LP.

The cultivars couid be divided into two
groups according to their LP. Group | con-
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Table 10-2. Pearson’s linear and Spearman’s rank correlation coefficients ofthree com-
ponents of partial resistance of wheat to wheat leaf rust as measured on primary leaves

and on flag leaves.

1,2)

Pearson Spearman

IF US P IF US
Primary- Flag Exp la 056 054 060, 049 046
Primary- Flag Exp lb 0.66, 0.51' 0.77, 0.57, 0.49'
Primary- Flag mean 0.68 0.55' 0.71 0.57 0.53'

1) LP = latency period; {F = infection frequency; US = urediosorus size.

2) i = significant at P=0.10; "= significant at P=0.05; **= significant at P=0.01.

Table 10-3. Size of urediosori (US) of wheat leaf rust race 'Felix’ on 18 spring wheat
cultivars relative to Skalavatis 56 (set at 100%) in the seedling and adult plant stages.
Cultivars are ordered according to the mean latency period on the flag leaf (Table 10-

1).
Cultivar Seedling Aduilt plants
Exp la Exp ib Mean

Skalavatis 56 100 100 100 100
Little CLub 108 104 98 101
Jufy | 116 92 75 83
Sicco 84 65 70 68
Fr45/73-2 111 80 63 72
Purple Justin 61 83 62 73
Fundus 117 70 81 76
Minaret o8 85 70 78
Van Hoek - 94 68 81
Ralle 130 91 77 84
RPB2-297-76E 116 82 62 72
Ze 64-1-14 106 83 82 83
Turano 103 71 53 62
Akabozu 66 28 40 34
Wastphal 12A 88 40 51 46
Ponta Grossa 1 - 45 73 59
Kenphad 46 44 41 43
BH 1146 103 37 36 37
LSD 5% 33 19 21 21

- = not included in seedling tests.




tained 13 cultivars which showed a seedling
LP of 89 to 102 and an adult plant LP of 36
to 120. Group Il contained five cultivars with
aseedliing LP in the range of 115t0 125 and
an adult plant LP inthe range of 157 to 184.
The low association between seedling LP
and adult plant LP is best exemplified with
the group l-cultivars. No significant cultivar
differences were detected within this group
in the seediing stage and all group I-cul-
tivars would be classified as being as sus-
ceptible as Skalavatis 56. In the adult plant
stage, howevet, a cultivarlike Turano show-
ed an LP significantly longerthan Skalavatis
56, so that Turano could be of interest as a
source of LP-prolonging gene(s).
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Urediosorus size

In the seedling stage US ranged from .23
mm (46% relative to Skalavatis 56) to 0.67
mm? (130%). The adult plant US ranged
from 0.15 mm? (28%) to 0. 56 mm? {104%)
in Exp la and from 0.18 mm? (36%) t0 0.52
mm?> (100%}) in Exp Ib (Table 10-3). In both
growth stages, a reduced US was due to a
reduction in both pustule length and width.
Significant cultivar effects weare found for
US in the seedling and the adult plant sta-
ges. In the adult plant stage the cultivar ef-
fect was larger than in the seedling stage.
Only three cultivars showed urediosori
smaller than Skalavatis 56 in the seediing

Table 10-4. Infection frequency of wheat leaf rust race "Felix’ on 18 spring wheat cul-
tivars relative to Skalavatis 56 (set at 100%) in the seedling and adult plant stages. Cul-
tivars are crdered according to the mean latency period on the flag leaf (Table 10-1}.

Cultivar Seedling Adult plants
Expla Explb  Mean

Skalavatis 56 100 100 100 100
Little CLub 100 116 127 122
Jufy | 96 89 85 87
Sicco 101 67 75 71
Fr45/73-2 86 95 90 93
Purple Justin 83 84 79 a2
Fundus 86 68 60 64
Minaret 100 104 81 a3
Van Hoek - 105 108 107
Ralle 97 68 62 65
RPB2.297-76E 96 81 80 81
Ze 64-1-14 97 106 72 89
Turano 87 106 72 89
Akabozu 56 63 52 53
Westphal 12A 76 90 78 84
Ponta Grossa 1 - 20 16 18
Kenphad 59 55 33 44
BH 1146 78 56 39 48
LSD 5% 36 25 28 19

- = not included in seedling tests.
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stage (Akabozu, Kenphad and Purple Jus-
tin) whereas 14 cultivars showed smaller
urediosori than Skalavatis 56 in the adulit
plant stage. Small differences and a large
error variance may have caused a lack of
discrimination in the seedling stage.

In general, the US relative to Skalavatis
56 was smaller in the adult plant stage than
in the seedling stage. Akabozu, for ex-
ample, showed a US of 0.34 mm? (66%)
after 15 days in the seedling stage whereas
the adult plant US (after 25 days) was 0.15
mm? (28%;) in Exp la and 0.21 mm? (40%)
in Exp Ib.

The association between the seedling
US and the adult plant US was low as ex-
pressed by correlation coefficients (Table
10-2). In the seedling stage, cultivar dif-
ferences for US and cultivar ranking were
probably attributed to a non-genetic origin.
Therefore, the seedling data for US were an
even poorer indicator for adult plant data
than those for LP. Only cultivars with ex-
tremely small urediosori in the adult plant
stage will be recognized in seedling stage.
A cultivar like Sicco showed a significantly
smaller US than Skalavatis 56 in the adult
plant stage but would not be classified as
such in the seedling stage (Table 10-3).

Infection frequency

The error variance of IF was large as was
the error variance of the spore deposit.
Counts of spores on greased slides, placed
in the sett-ling tower with the leaves revea-
led that differences between minimum and
maximum spore densit Z could be as much
as 30 urediospores/cm® at a mean value of
100. Nevertheless, a significant cultivar ef-
fect was detected (Table 10-4) in both see-
dling and the adult plant stage. In the
seedling stage the cuitivar effect was smal-
ler than in the adult plant stage.

The mean IF i m the seedling stage was
38 urediosoriiem?® {87%). In the adult plant

Tabla 10-5. Spearman’s rank correlation coefil-
clents between three components of partial
resistance of wheat to wheat leaf rust as measu-
red on primary leaves and flag leaves.

Components'! Spearmar’®
Primary leaves )

LP- IF 0.49'

LP- US 0.40

IF- US 0.34
Flag lsaves

LP- IF 064"

LP- US 0.75

IF- US 0.67"

1) LP = latency period; IF = infection frequency;
US = urediosorus size.

2} i= significant at P=0.10; "*= significant at
P=0.01;"** = significant at P=0.001.

stage the mean IF was 24 urediosori/cm?
(B4%} in Exp la and 25 urediosori/cm?
(74%) in Exp Ib. The results indicate that
genetic factors influencing IF were in ge-
neral better expressed in the adult plant
stage than in the seedling stage. IF me-
asured on primary leaves was somewhat
correlated with IF measured on young flag
leaves (Table 10-2) but as with LP and US,
IF inthe seedling stage was a poor indicator
for IF in the adult plant stage.

Association of components

In Table 10-5, Spearman’s correlation coef-
ficients between LP, IF and US in the see-
dling and adult plant stages are presented.
The correlation coefficients indicated an as-
sociated variation of the components
studied. This means that a longer LP, a
reduced IF and a smaller US tended to go
together. Akabozu, for example, showed in
the adult plant stage an LP, an [F and a US
which were 160%, 60% and 30% compared
to Skalavatis 56, respectively.
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Table 10-6. Classification of 18 cultivars in 7 clusters according to their mean latency
petiod in the flag leaf and the cluster mean latency period (LPc), infection frequency
(IFc) and uredicsorus size {USc). Entries are means of In-transforimed values (see Table

10-1, 10-3 and 10-4).

Cluster  Cultivars LP¢ IFe USe

A Skalavatis 56, Little Club, 4.62 454 4.47
Sicco, Jufy |

B FR 45/73-2, Purple Justin, 4.68 4.41 4.31
Fundus, Minaret

C Van Hoek, RPB2-297-76E, 4,72 4,43 4.38
Ralle, Ze 64-1-14

D Turano 4,78 4.49 4.13

E Akabozu, Westphal 12A, 5.09 3.79 3.81
Ponta Grossa 1

F Kenphad 5.14 3.78 3.75

G BH 1146 519 3.86 3.60

The correlation of the components, how-
ever, was not very high and suggested that
different genetic factors coded for the
respective components. In the adult plant
stage, a cultivar like Purple Justin for ex-
ample had significantly smaller pustule than
Skalavatis 56 but the LP was not sig-
nificantly different from the LP of Skalavatis
56.

Because the cultivar responses in rela-
tionto LP were not regularly distributed over
the avaifable range but rather appeared to
be clustered, results of linear regrassion
analysis have only limited value as there
were affectively far fewer than the apparent
16 (=18-2) degrees of freedom for the error
term. Nevertheless, cultivars with interes-
ting deviations from this association be-
twaen components might be detected with
linear analysis. To correct for the bias in the
number of degrees of freedam for the error
term, the cultivars were divided into clus-
ters. The range for mean LP of the two ex-
periments in adult plant stage (100% to
180%) was divided into classes with a range

from 5% starting at 100% and the cultivars
were clustered in the classes. This resulted
in7 clusters (Table 10-6). The values forLP,
US and IF were logarithmically (n-) trans-
formed and per cluster averaged over the
cuitivars giving LP¢, USc and IFc. Three
linear regression equations were obtained
(Figure 10-1), The coefficients of determi-
nation were over 90% for all three squati-
ons, indicating a strong associated variation
ofthe three components. The individual cul-
tivar responses for LP, US and IF were
compared with the three linear equations.
Three clear deviating cultivars were found
(Figure 10-1). For example, Ponta Grossa
1 had a much lower IF and Westphal 12A a
much higher IF than expected according to
its LP; Akabozu had smaller urediosori and
Ponta Grossa 1 had larger urediosori than
expected according to their LP. These
deviating cultivars indicated that the asso-
ciation of components is not complete. The
result suggests that different components of
PR might be governed by different genetic
factors, at least in some cultivars.
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Figure 10-1. Regression of infection fre-
quency and urediosorus size on latency
petiod (1a and 1b) and infection frequen-
¢y on urediosorus size (1c¢), with confi-
dence beits (dotted hyperboles) for the
regressed variable based on the mean
data of the seven classes of cultivars
from Table 10-6. The individual cultivar
observations are marked as diamonds,
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Table 10-7. Pearson’s linear and Spearman’s rank correlation coefficients between dif-
ferent experiments for three components of partial resistance of wheat to wheat leaf
rust as measured on primary leaves and flag leaves.

Pearson’? Spearman

IF us LP IF us
Primary leaves .
Exp lla- Exp lIb 032, . 073, 021 _
Exp lla- Exp llc 063, 0.69 068, 058 051
Exp lIb- Exp llc 0.74 0.70 0.70
Flag leaves - -
Exp la- Explb 0.88 0.78 0.77 0.75 0.73

1} LP is latency period; IF infection frequency; US is urediosorus size.
2} i= significant at P=0.10; *= significant at P=0.05;"* = significant at P=0.01; *** = significant at P=0.001;

Repeatability

The experiments were compared to check
the repeatability of the measurements ofthe
three components. Pearson's linear and
Spearman’s rank correlation coefficients in-
dicated that the measurement of com-
ponents in the aduit

plant stage is more satisfactory than in
the seedling stage (Table 10-7). Akabozu
and Kenphad were always among the best
five cultivars for the respective components
in the different experiments. BH 1146 was
in 12 out of 14 experiment-component com-
binations among the top five, Westphal 12
Ain 11 out of 14 and Ponta Grossa 1 (not
present in the seedling tests) in all adult
plant tests. This result implies that selection
on a long LP, a low IF or a small US in
repeated experiments will inevitably result
in the same cultivars being selected.

DISCUSSION

Latency period {LP), infection frequency (IF}
and pustule size {US) are components of
partial resistance (PR) of wheat against
wheat leaf rust. For all three components

clear growth stage effects were detected.
Generally, LP was longer, IF was lower and
US was smaller on young flag leaves than
on primary leaves. Similar results were
found in winter wheat/wheat leaf rust (Ohm
and Shaner, 1976; Pretorius et al,, 1988)
and in barley/barley leaf rust (Parevliet,
1975). The increase in resistance with in-
creasing growth stage can be divided into
two categories.

1) Increase in resistance caused by a dif-
ference in leaf tissue. Leaf tissue of primary
leaves differs from that of flag leaves. Cells
are larger and less tightly packed in primary
leaves than in flag ieaves. The fungus, with
its intercellular growth, may therefore be
less hindered to growin primary leaves than
in flag leaves. An example of this possible
etfact is the highly susceptible Skalavatis
56, with an LP onflag leaves 1.5 days longer
than on primary leaves and with an US
reaching a certain size ten days later in the
adult plant stage than in the seadling stage.
For IF no tissue effect could be discerned.

2) Increase in resistance because PR-
genes are not or not fully expressed in see-
dling stage. This category can be divided in
two sub-categories.
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a) Increase in resistance because of the
partial resistance genes are not expressed
in the seedling stage. In several cultivars,
the genetic factors contrelling LP, IF or US
came to expression only in the adult plant
stage. Most of the group | cultivars did not
differ from Skalavatis 56 in the seadling
stage for either of the three components. In
the adult plant stage sorne had a significant-
ly longer LP, lower IF or smaller US than
Skalavatis 56.

b) Increases in resistance because par-
tial resistance genes are better expressed
in the adult plant stage than in the seedling
stage. This may be exemplified by Akabo-
zu. The seedling values for LP and US were
121% and 60% respectively whereas the
adult plant values were 162% and 31%
respectively.

The consequence of the relation be-
tween partial resistance and growth stage is
that breeders should use the young flag leaf
stage for selection of PR.

Ranges for LP, IF and US were com-
parable to ranges observed in winter wheat
(Ohm and Shaner, 1976; Shaner et
al,1878) and to ranges reported in bar-
ley/barley leaf rust (Parlevliet, 1975; Parlev-
liet and Kuiper, 1977).

Conspicuous was the clustering of the
cultivars for LP in both the seediing stage
and the adult ptant stage (Table 10-1). Two
clusters could be racognized, that differed
markedly in LP in both seedling and adult
ptant stage. It is tempting to speculate about
the implications of the observed discon-
tinuity. Possibly, LP-prolonging genes exist
in low frequencies in the spring wheat gene
pool. This idea is suppaorted by preliminary
experiments which indicated that more than
90% of over 200 cultivars tested in the seed-
ling stage for LP would be ¢lassified in group
| {a seedling LP of around 100% relative to
Skalavatis 56). In both spring and winter
wheat 1 to 3 genes have been reported to
govern a prolonged LP. The smallest effect
of one LP-prolonging gene in adult plants of

winter wheat was estimated to be 1.3 days
(Lee and Shaner, 1985; Broers and Jacobs
1989). In the adult plant tests dascribed
here, this would mean an effect of about
15% compared to Skalavatis 56. Ifthisis the
minimum effect that one LP-prolonging
gene can have, group | cultivars posses at
most ane LP-prolonging gene and group Il
cuftivars two to at most five LP-pralonging
genes. This is in agreement with the resuls
of Broers and Jacobs (1989) who reported
that Akabozu, Westphal 12A and BH 1146
possess 2, 3 and 3 to 4 genes, respective-
ly, with rather large effects. Group I cultivars
carrying one LP-prolonging gene could be
af interest as a source of LP-prolonging
genes provided they are different from
known LP-prolonging genes in Akabozu,
Westphal 12A, BH 1146 and some other
winter wheat cultivars. As transgressive
segregation for LP-prolonging genes has
been observed (Lee and Shaner, 1985;
Broers and Jacobs, 1989), LP-prolonging
genes of group | cultivars might be suitable
to create extremely long LP's.

The components tended to vary in an as-
sociated way as expressed by the correla-
tion coefficients. Low correlations may be
due in part to the iarge error variances ob-
served with IF and US but also to different
genetic factors coding for the respective
components. The later explanation is sup-
ported by the fact that cultivars occur with
deviations from the observed associated
pattern foundin alinear regressicn analysis.
The results are at variance with observa-
tions in winter wheat/wheat leaf rust (Lee
and Shaner, 1985) and barey/barley leaf
rust {Parlevliet, 1986), where LP and US
respectively LP and IF seem to be coded for
by the same genes or by closely linked
genes. However, Neervoort and Parlevliet
(1978) found that the rate of spore produc-
tion perurediosorus of some bariey cultivars
did not correspond at all with their LP and
infectious period or, in other words, they



also found cultivars with deviations from the
associated pattern.

A breeding program must be based on
reliable selection criteria. Reliabilily is part-
ly determined by the repeatability of results.
Repeatability was best for latency period in
both seedling and adult plant stages and
was generally better in the adult plant stage
than inthe seedling stage. LP measured on
young fiag leaves should therefore be pre-
ferred to other components/growth stage
combinations as selection criterion for PR.
This is the more so as LP is the most impor-
tantcomponent of PR (Teng et al., 1977; Za-
doks, 1971) and because it is often
associated with other components of PR.

The correlation coefficients between
seedling and adult plant stages forthe three
components indicated that components
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SUMMARY

Eighteen spring wheat cuftivars were tested in microfields and race nurseries for their parti-
al resistance to wheat leaf rust under low and high disease pressure respectively. Large
differences existed between the 18 cullivars, Skalavatis 56 being the most susceptible and
Ponta Grossa 1 being the most resistant cultivar. Of the three epidemic parameters, disea-
se severity (DS) at the time that the susceptible check was severely diseased, area under
the transformed disease severity curve (AUTC) and the logistic growth rate (r), AUTC and
DS were highly correlated. Both seemed to be reliable estimators of PR but DS should be
preferred for economical reasons. The logistic growth rate seemed fo be unsuitable as an
estimator of partial resistance.

High and low disease pressure gave similar cultivar ranking. PR can be screened and se-
lected equally well in race nurseries with low space, fow time and low cost input as in micro-
fields with high space, time and cost input.

Cuitivar differences in development rate had a large impact on the cultivar differences in di-
sease level and can therefore greatly bias the estimation of cultivar resistance. The resistan-
ce of early cultivars tended o be underestimated whereas the resistance of late cultivars
tended {o be overestimated. The effect of differences in developmental rate was most pro-
nounced in the flag leaf. It is advisable to avoid the assessment of disease levels on the flag
leaf only and to incorporate in the tests several susceptible and resistant checks that cover
the range of development rates in the material to be selected, because otherwise selection
for resistance will tend to select also for [ateness.

Regression of the epidemiological parameters on three components of partial resistance re-
vealed that latency period (LP} is an important factor in determining the resistance observed
in the field explaining on average 67% of the observed variation. Adding infection frequency
(/F) and urediosorus size (US) to the finear model increased the proportion of the observed
variation in the field explained by the components to 80%. This result supports the idea that
the components of PR inhenit independently, at least, in part.

INTRODUCTION

The value of resistance in crops depends on
its level, its stability (reference to geographi-
cal and environmental conditions) and its
durability (reference to time). In wheat (Tr-
ticum aestivum), breeders have achieved
high levels of resistance to wheat leaf rust
(Puccinia recondita t.sp. tritici, syn. Pucc.
triticing) using monogenic, hypersensitivity
resistance (HR). HR has frequently been
defeated by new races of the rust fungus.
Currently, more attention is drawn to other
forms of resistance, such as partial resis-
tance (PR}, which are hoped to be more
durable than HR.

PR is characterized by a slow epidemic
build-up despite a high infection type in-

dicating a compatible host-pathogen inter-
action (Parlevliet and van Ommeren, 1975).
in wheat, several studies have been con-
ducted to characterize PR to wheat leaf rust
(Ohm and Shaner, 1976; Shaner et al,
1978) but only a few genolypes were used
in these studies. The relation between com-
ponents such as latency period {LP), infec-
tion frequency (IF) and urediosorus size
{US) on one side, and epidemic parameters
on the other is not known. In the barey/bar-
ley leaf rust system, LP is the most impon-
ant component of PR and explains most of
the variation for PR in the field {Parlevliet et
al, 1985; Parlevliet and van Ommeren,
1975).

The aim of this study was to characterize
the PR of 18 spring wheat genotypes under
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high and low disease pressures. Com-
parisons of epidemiological parameters to
the three components of PR describedin an
earlier report (Broers, 1989a) were made o
study the relation between the performance
of PR in the field and components of PR.

MATERIAL AND METHODS

Eighteen spring wheat cultivars obtained
fromthe Department of Plant Breeding, Wa-
geningen Agricultural University, were se-
lected from preliminary field trials because
they differed in level of PR. Skalavatis 56
was the susceptible and Akabozu the par-
tially resistant check. In all experiments the
wheat leaf rust race 'Felix’ was used
(Broers, 1982b) obtained from the Depart-
ment of Phytopathology, Wageningen
Agricultural University,

Two field experiments were conducted.
The basic design of Exp | was the race nurs-
ery (Broers, 1987; Zadoks, 1963) which
consisted of a spreader row (Little Club) with
a row of 18 clumps on both sides. Each
clump (20 cm diameter) in a row repre-
sented one cultivar. The heart to heart dis-
tance of adjacent clumps was 40 cm.

Three race nurseries were planted at the
university farm in East Flevoland in a large
field of winter rye at least 30 meters apart.
The cultivars of row 1 of each nursery were
planted in the same ordet. Those of row 2,
at the other side of the spreader row were
plantedin the reverse order. Randomization
was not carried out since it seemed to be
unnecessary (Broers, 1987). In this way a
tough' test was obtained for PR to wheat
teaf rust because of the high proportion of
alloinfection reaching the cultivars from the
spreader row (tough’ test; Zadoks and
Schein, 1979).

The second experiment (Exp 1l) con-
sisted of 54 isolated microfields (Zadoks,
1972) arranged according to a randomized
block design with three replications in a

large field of winter rye. Microfieids were
separated by at least 10 m of rye. Each
microfield measured 2.5 x 2.5 m of which
1.5 x 1.5 m was occupied by spring wheat.
Within replications wheat genotypes were
assigned randomiy to the microfields. The
isolation of the individual microfields by dis-
tance and by the tall winter rye reduced in-
termicrofield interference to0 a minimum. In
this way PR was measured with reduced al-
loinfection ('soft’ test; Zadoks and Schein,
1979).

In both experiments the epidemic was
started with sporulating spreader plants. On
May 10th, 20 plants were placed in each
race nursery and two plants in each
microfield. Ten days later the spreader
plants were removed from the microfields.

The level of wheatleaf rust was assessed
on June 30th in microfields, and on July 6th,
10th, 16th and 22th for both experiments. In
the race nurseries, disease severity (DS)
was assessed by estimating the percentage
of aftected leaf surface on the upper three
leaves, using the Peterscen scale (0-
100%){Peterson et al., 1948). DS was
subjected to a logistic transformation:
trans(DS) = logit(DS) + 10 =
In{DS/100-DS} + 10.

Ten was added to obtain positive num-
bers.

From all microfields 15 tillers were
sampled on each assessment date. DS was
assessed by counting the number of wheat
leaf rust pustules on each of the upper three
leaves using a 7x pocket-lens. These num-
bers were transformed according to the
scale of Parlevliet and van Ommeren
{1984), which shows a logarithmic progres-
sion. After transformation, the data were
corrected for differences in leaf area.

Heading date and infection type were
recorded for ali cultivars.

Analysis of both experiments was per-
formed with the transformed disease
severity data. The area under the trans-
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Table 11-1. Severity of wheat leaf rust on the upper three leaves on five assessment
dates, area under the transformed disease severity curve (AUTC), epidemic growth
rate and heading date of 18 spring wheat cultivars. Severity was expressed in number
of sori and transformed according to the assessment key of Parlevliet and van Om-
meten (1984) for microfields or expressed in percentage of leaf area affected accord-
ing to the Peterson Scale (Peterson ef al., 1948) and transformed to logits and adding
10 for race nurseries. Heading date is expressed in number of days after the heading

date of Skalavatis 56 {(18-6-1987).

Cultivar Microfields Race nurseries heading
Assessment date AUTC r Assessment date AUTC r
30-6 67 10-7 16-7 227 6-7 10-7 16-7 22-7

Skalavatis 56 10.7 114 121 134 - 190 023 92 105 130 169 200 048 0
Ralle 86 103 112 124 - 171 024 69 80 99 129 152 037 9
Little Club 82 101 114 123 - 169 026 77 93 97 183 168 049 14
Sicco 76 99 106 118 125 161 026 6.2 73 87 95 130 021 12
Purple Justin 82 583 102 114 - 156 020 63 71 86 101 130 D0D.24 12
Fr45/73-2 75 89 100 123 - 164 030 57 73 96 109 138 0.33 10
Fundus 75 93 99 108 121 151 020 57 65 75 88 116 0.9 iR
RPB2-287-76E 70 91 G4 111 115 147 0256 63 72 85 94 128 019 13
Minaret 59 85 952 110 $1.7 138 031 50 63 80 89 116 025 9
Ze-64-1-14 40 64 77 97 103 112 035 48 62 81 89 116 0.26 8
Jufy 1 42 63 72 B9 989 107 029 51 62 82 100 121 0.1 12
Akabozu 47 60 66 B2 92 100 025 29 45 72 87 97 038 12
Westphal 12A 34 56 61 74 91 91 024 35 55 70 91 104 0.34 5
Van Hoek 22 44 60 79 95 82 036 27 57 89 101 117 046 21
Kenphad 37 38 56 62 64 77 017 23 30 59 83 80 0.39 6
BH 1146 19 31 48 67 62 62 025 18 30 52 68 70 032 4
Turano 24 27 33 43 - 50 009 19 25 32 44 49 015 10
Pontagrossal 08 07 14 14 17 17 (005 18 18 18 18 29 0.00 12
mean 54 70 79 92 - 119 024 48 60 77 95 114 029

LSD 5% 1.7 20 16 15 18 24 0410 12 10 11 06 16 0.09

formed DS curve (AUTC) was calculated
according to
k
AUTC=Z (xij+xi-1)/(ti-ti-1)
i=2

with k = the total number of observation
days, ti=day i expressed as number of days
after sowing, and xj = the transformed DS
on day i. The epidemic growth rate was ob-
tained by linear regression of the trans-
formed DS on time. The regression
coefficients were considered to be
analogous to the apparent or logistic growth
rate described by Van der Plank (1963).

RESULTS

The analysis of variance of the disease
severity of the sequential observations
revealed that the linear compaonent of the
time factor was significant, whereas com-
ponents of higher arder were not significant.
This indicates that the used transformations
were satisfactory in obtaining additive data.

Infection types indicated that only one
cultivar, Turano, showed a clear hypersen-
sitive response to the wheat leaf rust race
used in the experiments. On other cultivars,
the infection type was high indicating com-
patible cultivar/race combinations. At later
assessment dates infection types tended to
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be somewhat lower. This is probably related
to the ageing of pustules as evidenced by
chlorotic and sometimes even necrotic
flecks.

Epidemiological parameters

Analysis of the disease seventies revealed
large cultivar effects on the wheat leaf rust
epidemics in both microfields and race nur-
series on all assessment dates. Skalavatis
56 was the most susceptible cultivar and
Ponta Grossa 1 was the most resistant cul-
tivar in all cases (Table 11-1).

Generally, the level of wheat leaf rust was
higher in the race nurseries than in the
microfields ('tough’ versus 'soft’ testing). On
the July 16th, forinstance, the average level
of wheat leaf rust was 9.2% (logistic trans-
formation and adding 10 gives 7.7; Table
11-1) in the race nurseries whereas in the
microfields only about 37 pustules per tiller
(9.2 on the scale of Parlevliet and van Om-
meren (1984); Table 11-1) were found
whichis less than 1%. This was to be expec-
ted as the cultivars in the race nurseries
were continuously subjected to high levels

of inoculum produced by the susceptible
spreader rows (high alloinfection).

Differences between cultivars were ge-
nerally larger in the microfields than in the
race nurseries. On July 16th, Little Club had
17 times (a difference of 4.1 on the scale of
Parlevliet and van Ommeren, 1984) more
pustules than Akabozu in the microfields. In
the race nurseries, Little Club had anly 7.5
times (trans(DS) = 9.7 is equal to 43% for
Little Club and trans{DS) = 7.2 is equal to
5.7% for Akabozu) more pustules than
Akabozu. This indicates that partial resis-
tance is better expressed in microfields than
in race nurseries.

A large cultivar effect was also detected
for AUTC. In both experiments Skalavatis
56 had the largest and Ponta Grossa 1 had
the smallest AUTC (Table 11-1).

The analysis of variance of the segquen-
tial cbservations revealed a significant cul-
tivar/time interaction, but only the linear
component was of importance. This linear
component represents the growth rate of
the epidemic for the ditferent cultivars. Its
significance means that cultivars differed in
their epidemic growth rate. Growth rate was
less discriminating than disease severity

Table 11-2. Pearson’s linear correlation coefficients between three epidemiological
parameters in microfields and in race nurseries.

Microfield” Race nurseries
DS AUTC r DS AUTC r
Microfields
DS akk
AUTC 0.98 2
r 0.58 0.44
Race nurseries »
DS 092, 089 065
AUTC 0.93 0.93 0.56, 0.98 , .
r .46 0.40 0.56 0.67 0.64

1) DS is disease severity on July 16th; AUTC is area under the transformed disease severity curve; ris

epidemic growth rate.

2)™** = significant at P<0.001; **= significant at P<0.01; "= significant at P<0.05.




and AUTC, especially in the microfields in
which only four cultivars (Ze-64-1-14, Van
Hoek, Turano and Ponta Grossa) had a
growth rate different from Skalavatis 56
(Table 11-1}.

Compatison of epidemiclogical
parameters

The epidemiological parameters disease
severity, AUTC and growth rate were
compared using Pearson’s linear correla-
tion coefficient (Table 11-2). The correlation
between disease severity and AUTC was
high and significant (P<0.001). The relative
low correlation coefficients between epide-
mic growth rate and the other two para-
meters suggested an interaction between
cultivar and epidemiological parameter. In
the microfields, for example, Van Hoek had
a high growth rate but a low disease severity

DS inscaie units 1a
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and a small AUTC whereas Skalavatis 56
had a low growth rate but a high disease
sevarity and a large AUTC (Table 11-1).

The two experimental designs give large-
ly similar results, the correlation cosfficients
with disease severity and AUTC were high
and significant (Table 11-2).

The epidemic growth rate growth should
not be used as a measure for PR of wheat
to wheat leaf rust as the correlation coeffi-
cients related to this parameter were low
within and across the experiments.

Effect of development rate on the
epidemic

The cultivar differences observed for the
epidemic parameters are influenced by dif-
ferences in development rate. In Figure 11-
1 and Figure 11-2, the disease progress
curve of Skalavatis 56, Little Club, Van Hoek

0S in scale units 1b
181
16 1

14

/"-‘

74 Little C o

: /r_\—‘,’ /5 roilovatis 56

104

B / {/

51 ”Hw / = awabozu
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Figure 11-1. Disease progress curves of four spring wheat cultivars in microfields after
plotting disease severity (DS) against number of days after sowing (1a) and against
the number of days after heading of the respective cultivars (1b). DS is expressed in
number of pustules per tiller and transformed according to the scale of Parlevliet and

van Ommetren (1984).
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and Akabozu are plotted in two different
ways for microfields and race nurseries
respectively.

1) The x-axis represents the number of
days after sowing and the sequential dis-
ease assessmants accordingly coincide
{Figure 11-1a and 11-2a).

2) The x-axis represents the number of
days after heading. Assessment dates are
related to the heading dates of the respec-
tive cultivars (Figure 11-1b and 11-2b).

The effect of the second way of express-
ing the data is that the disease progress cur-
ves were shifted with respect to each cther
because the four cultivars differed marked-
ly in heading date (Table 11-1). The sus-
ceptibility expressed as disease severity on
a certain assessment date leads to cultivar
differences and a cultivar ranking different
from those obtained by susceptibility ex-
pressed as disease severity on a certain
number of days after heading. In both micro-
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Shalavatis 54,
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fields and race nurseries, Skalavatis 56 was
more susceptible than Little Club when dis-
ease was assessed on the same number of
days after sowing. On the same number of
days after heading, however, Little Club was
the more susceptible cultivar (Figure 11-1b
and 11-2b). A similar observation was made
for Akabozu and Van Hoek. The results indi-
cate that neither of both assessment me-
thods are useful to compare the resistance
of cultivars that differ largely in heading
date.

The correlation between heading date as
a measure of development rate and the dif-
ference between disease severity on the
flag (F) leaf and the F-2 leaf was 0.51 (sig-
nificant at P=0.05). This indicates that a leaf
layer/cultivar interaction exists for disease
severity, which is partly depending on the
heading date. Statistical analysis showed
that the very early-heading Skalavatis 56
and the very iate-heading Van Hoek caused

DS in logits 2b
16 Skalavatis 56
a
161 LitHe clup f
14
=]
12
1 °
) o /

<

8 I, O/Nmnozu
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Figure 11-2. Disease progress curves of four spring wheat cultivars in race nurseries
after plotting disease severity (DS) against number of days after sowing {2a) and
against the number of days after heading of the respective cultivars (2b). DS is ex-
pressed in percentage leaf area affected according to the Peterson Scale (Peterson et
al., 1948) and transformed to trans(DS) (=logit{DS) + 10).




the largest pan of this interaction. Table 11-
3 shows that the disease severities of
Skalavatis 56 and Van Hoek on the flag leaf
ditfer greatly while at the F-2 leaf the diffe-
rences are far smaller. The resistance of
early cultivars is underestimated and that of
late cultivars overestimated in comparison
to the other cultivars. The effect of develop-

Table 11-3. Severity of wheat leaf rust on the flag
leaf (F) and the F-2 leaf, the ditference in severity
between the F and F-2 leaf (diff) and the heading
date expressed as humber of days after the head-
ing date of Skalavatis 56 for four spiing wheat
cultivars, Severity was expressed In number of
pustules transiormed according to the scale of
Parlevliet and van Ommeren (1984).

Genolype F F-2  dift heading
Skalavatis 56 113 121 08 0
Little Club 88 120 32 14
Akabozu 47 74 27 12
Van Hoek 28 71 43 21
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ment rate seems to be most pronounced in
the flag leaf (Table 11-3).

Differences in development rate were of
less importance in the race nurseries than
in the microfields. This is seen by the late-
heading Van Hoek. In the order from resis-
tant to susceptible on July 16th, Van Hoek
ranked 6th in the microfields whereas Van
Hoek ranked 14th in the race nurseries. The
ranking of Van Hoek in microfields and race
nurseries increased with time indicating that
the influence of differences in development
rate reduced with the progress of the
epidemic.

Correlation between components of PR
and PR measured in the field

The same 18 wheat cultivars were used for
acomponent analysis in seedling stage and
adult plant stage (Broers, 1983a). These da-
ta have been used to compare three compo-
nents of PR with the epidemiological
parameters of the microfields and the race

Table 11-4. Pearson’s linear correlation coefficient between three epidemiological
parameters and three components of partial resistance measured in two growth stages

in the greenhouse.

Seedling stage

Adult plant stage

LP IF us P IF Us
Micro ﬁe’ds ko Ak ke ke Ll
DS1) -0.87._% 070, 044 -084. 076 063
AUTC -083° 065 039 -0.84 071 0.65
r -043 054 047 -048 074" 033
Hace nurseﬁes L3t h kd "R -
DS -0.82. 067. 047 -078. 081 060,
AUTC -081° 069 048 -081 084 070
r 038 -028 -011 -0.03 052 0.5

1) D.S. is diseasa severity on July 16th; AUTC is area under the transformed disease severity curve; ris
epidemic growth rate; LP is latency period; IF is infection frequency; US is urediosorus size.
2)"= significant at P<0.05; **= significant at P<0.01;*** = significant at P<0.001.
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Table 11-5. Explained variation (Flz) of disease severity (DS) and area under trans-
formed disease severity curve (AUTC) of microfields and race nurseries by one, two

or three components of partial resistance.

Explained variation (R2) by”

‘ LP IF us LP+IF LP+IF+US
Microfield
DS 0.71 0.59 0.40 0.78 0.83
AUTC 0.70 0.50 0.42 0.71 0.77
Race nurseries
DS 0.61 0.66 0.36 0.77 0.80
AUTC 0.66 0.70 0.49 0.79 0.81
Mean 0.67 0.61 0.42 0.76 0.80

1) LP Is latency period; IF is infection frequency; US is puslule size.

nurseries by means of linear correlation
{Table 11-4). Turano was excluded beause
of its low infection type, Skalavatis 56 and
Van Hoek were excluded because they de-
viated too much in development from the
other cultivars. Latency periods measured
on the flag leaf and on the primary leaf gave
the best correlations with disease severity
and AUTC of both microfields and race nur-
series. The epidemic growth rate {r) showed
low correlations with the components of PR
confirming its unsuitability as an estimator
of PR of wheat to wheat leaf rust.

The values of the correlation coefficients
suggested that individual ¢emponents
could not fully explain the variation found for
the epidemiological parameters. On
average, LP, IF and US explained £7%,
61% and 42% of the observed variation
(Table 11-5). A multiple regression analysis
was periormed with AUTC and disease
sevetity of both experiments. Linear
combinations of the LP and IF gave a 1 to
11 % better explanation of the observed
variation forthe epidemiological parameters
than the most explanatory individual com-
ponent, whereas linear combinaticns of LP,
US and IF gave a 7 to 14 % better expla-
nation (Table 11-5). The results suggest

that the components are independently
inherited, at least in part, and that the com-
bined effects of the components determine
to a large extent the performance of PR in
the field.

DISCUSSION

Epidemiological parameters

Microfield and race nursery designs are two
different designs which represent to a cer-
tain extent the large field situation of com-
mercial wheat production and the small-plot
situation of a breedet’s field, respectively. It
i5 important to know whether the results of
both designs are comparable and which
epidemiological parameter should be used.
The results indicated that both designs gave
similar results with regard to AUTC and DS
assessed on July 16th. This means that
selection for PR to wheat leaf rust can be
done under high disease pressure. To as-
sess differences in susceptibility it is suffi-
cient to assess DS once during the
epidemic. The single disease reading to ob-
tain DS should be carried out at a moment



that the susceptible checks in a breeders
plot are severely (75 to 95% on the Peter-
son Scale) attacked by wheat leaf rust. As-
sessing DS needs less computation and is
less time consuming than assessing AUTC
and epidemic growth rate which both need
several disease readings throughout the
epidemic and more computation. Moreover,
the epidemic growth rate was a poor es-
timator of PR as it was less discriminating
than the other parameters and showed low
correlations within and across experimental
designs. Both the logistic transformation
used for race nursery data and the scale of
Parlevliet and van Ommeren make the as-
sumptions that (1) the organisms are dis-
tributed uniformly in space, (2) the
environment is uniform in space and con-
stant in timeg, (3) all wheat genotypes react
in the same way at any given time regard-
less of development stage and (4) the
growth rate of the rust population declines
linearly with population size. At least some
of these assumptions are violated and,
therefore, epidemic growth rate based on
these models is of restricted value as
parameter for estimating PR. This agrees
with the data of Rees et al (1979), which
indicate that the ranking according to dis-
ease severity and area under the disease
progress curve show large similarities but
both differed largely from the ranking ac-
cording to the logistic growth rate.

The level of attack by wheat leaf rust in
the microfields was much lower than in the
race nurseries. This was expected as the
cultivars in the race nurseries were con-
tinuously subjected to large spore loads
from the spreader rows. It was also expec-
ted that cultivar differences would be much
larger in the microfields than in the race nur-
series as alloinfection and interplot inter-
ference in the race nurseries will lead to
underestimation of resistance (Zadoks and
Schein, 1979). The cultivar differences in
the 2.25 m? microfields were indeed larger
than in the race nurseties, but the effect of
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different epidemioclogical conditions was not
as clear as with barley and barley leaf rust.
The difference between the susceptible bar-
ley cultivar L94 and the pattially resistant
barley cultivar Vada observed in 12 m?
microfields increased a 100-fold compared
to the difference in adjacent small plots
(Parlevliet and van Ommeren, 1975). This
indicates that either PR of wheat to wheat
leaf rust is less sensitive to differences in
disease pressure or that the small differan-
ces in microfields are due to an artefact or
that the effect is a combination if both. The
artefact probably has two reasons,

1) The data of the microplots have not
been corrected for differences in
urediosorus size. The resistance of partial-
ly resistant cultivars is underestimated as
they have smaller urediosori than suscep-
tible cultivars.

2) In small microplots, the susceptibility
of susceptible cultivars is underestimated
compared to resistant cultivars. This could
be due to the fact that the smaller the plot
is, the larger is the proportion of inoculum
produced by that plot that will be dispersed
beyond the boundaries of the plot, leaving
less inoculum for epidemic build-up (Pay-
sour and Fry, 1983). The data of Bowen ef
al. (1984) seem to support this idea as theg
found higher disease severities in 16 m
plots than in 4 m? plots.

The combined effect is that the cultivar
differences in the microfield are underes-
timated and that cultivar differences increa-
sed only slightly as compared to race
nurseries in which differences were
underestimated due to alloinfection.

Effect of development rate on the
epidemic

The cultivar differences in values of the
epidemic parameters, should be interpreted
with caution as cultivar differences in deve-
lopment rate may influence the epidemics
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of the respective cultivars. The sequential
observations described above were related
to different development stages according
to the earliness or lateness of the cultivars.
Therefore, two factors have to be consi-
dered to understand the influence of the
development rate and the epidemic:

1) only the upper three leaves were in-
cluded in the observations, and those of
earty cultivars had been exposed longer to
the epidemic at any assessment date than
those of late cultivars which had appeared
later. This leads to an overestimation of
susceptibility.

2) as in early cultivars the upper three
leaves appeared earlier than in late cul-
tivars, they were subjected to ctherinfection
conditions. Epidemic build-up in early cul-
tivars took place under cooler conditions
that increased latency period, and with
lower levels of inoculum from the lower
leaves, thus leading to underestimation of
susceptibility.

The magnitude of both opposing factors
is not known, but the results indicate that
tactor 1 is of greater importance when data
obtained at one assessment date are com-
pared. The net result was an overestimation
of the resistance of late cultivars and of the
susceptibility of early cultivars. When DS
values at any one development stage are
compared, factor 2 seems to be of greater
impartance. Susceptibility of early cultivars
and resistance of late cultivars were un-
derestimated. According to greenhouse ob-
servations (Broers, 19839a), Little Club and
Skalavatis are equally susceptible and no
differances are to be expected for epidemic
parameters in the field. At the same assess-
ment dates, Skalavatis 56 was always more
diseased than Little Club. This is due to the
influence of factor 1. At similar growth
stages, Little Club was more diseased than
Skalavatis 56, due to the influence of factor
2 {Figure 11-1, Figure 11-2). Akabozu and
Van Hoek differ greatly in resistance ac-
cording to greenhouse observations but in

the field almost no differences were ob-
served at the various observation dates.
However, at any development stage van
Hoek had much more disease than
Akabozu.

Obviously, differences in development
rate may cause a misinterpretation of the
data cbtained in field experiments. It is re-
commended to include in breeders’ plots se-
veral susceptible and resistant checks, that
cover the range of development rates in
these plots so that comparisons and selecti-
on can be done within groups of the same
development rate.

The results indicated that the effect of
development rate on the epidemic is most
pronounced on the flag leaf. This was to be
expected as the variance of leaf ages
across cultivars was larger for flag leafs than
for other leafs due to the shorter average
leaf age. Assessment of cultivar differences
in resistance based on the flag leaf only is,
therefore, not recommended.

Correlation between components of PR
and PR measured in the field

The correlation coefficients between com-
ponents of PR and epidemic parameters in-
dicated that LP is a very impontant factor in
determining the epidemic. This is in agree-
ment with the results of Teng et al. {1977)
and Zadoks (1971}, who found in simulated
epidemics that small changes in LP had a
large impact on the epidemics.

Broers (1989a) suggested that the com-
ponents LP, IF and US might possibly inherit
independently as their correlation co-
efficients indicated that they were not com-
pletely associated. The results obtained
here support this idea as individual com-
ponents explained at most 71% of the ob-
served variation in the field, whereas a
combination of components in a multiple
regression resulted in a better explanation
of the abserved resistance in the field. The



independence of the components is largely
hidden because selection either under
natural conditions or in the breeder's field
will tend to select for plants with long LP and
jow IF and small US. In a sample of culti-
vars, small exceptions onthis rule may exist
which will give a less than complete as-
sociation of the components. A clear ex-
ample of such an exception is Ponta Grossa
1. ts disease severity was too high in rela-
tion to its IF but too low in relation to its LP.
After combining LP and IF in a multiple re-
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Ponta Grossa 1 could be expiained satis-
factory.

The conclusion of this study is that selec-
tion of PR can be done under conditions of
high disease pressure as in small adjacent
plots or race nurseries and alse under con-
ditions of low disease pressure as in micro-
fields using either DS or AUTC as an
estimator for PR. Small adjacent plots and
race nurseries in combination with DS is the
least time and space consuming and there-
fore the least expensive alternative.

gression model, the disease severity of
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Chapter 12.

RACE-SPECIFIC ASPECTS OF PARTIAL RESISTANCE IN
WHEAT TO WHEAT LEAF RUST, PUCCINIA RECONDITA
F.SP. TRITICI.

L.H.M. Broers
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SUMMARY

Partial resistance {PR) in wheat to wheat leaf rust is characterized by a slow epidemic build-
up despite of a suscepiible infection lype. Two greenhouse tests and two field tests, in which
11 spring wheat cultivars were exposed to five wheat leaf rust races, revealed some indica-
tion for race-specificity of PR.

In the greenhouse, the expression of PR was highly dependent on the environment. Signiff-
cant cultivar-race interactions in the first experiment were not observed in the second expe-
riment probably due to cultivar-environment and cultivar-race-environment interactions.

In the polycyclic field tests several factors played a role in explaining the inconsistency of the
cultivar-race interactions, such as differences in initial inoculum, genotypic differences in ear-
liness, interplot interference and environmental conditions.

One cultivar-race combination showed a significant but small interaction towards susceptibi-
lity in both field experiments. The interaction was probably too small to be detected in the mo-
nocyclic greenhouse tests. The results do not conflict with the idea that a gene-for-gene
relationship could exist between PR-genes in the host and genes in the pathogen.

Some problems with regard to the selection of PR in wheat to wheat leaf rust are discussed.

INTRODUCTION

Wheat leaf rust (Puccinia recondita f.sp.
tritici, syn. Puce. triticina} is one of the most
important diseases of wheat (Triticum aes-
tivum) {Samborski, 1985). Cultivars are
often protected by monogenic hyper-
sensitivity resistance. However, the patho-
gen is able to defeat these genes easily, by
producing matching races. Alternative
forms of resistance may be more durable.
Partial resistance {PR) is such a form. It is
characterized by a reduced epidemic build-
up despite a high, susceptible infection type
{Parleviiet and van Ommeren, 1975). A
lenger latency period, lower infection fre-
quency, smaller spore production and short-
er infectious period are assumed to bhe
associated with PR, latency period being
the most important component (Kulkarni et
al, 1982; Parlevliet and van Ommeren,
1975; Shanerand Finney, 1980; Teng et al.,
1977).

In wheat, PR is found in several spring
and winter wheat cultivars and it is
oligogenically inherited (Broers and Jacabs,
1989; Lee and Shaner, 1985). Assuming a
gene-for-gene relationship with respect to
PR, diffarential interactions between cul-

fivars and races will be less easily detected
in the case of PR than in the case of hy-
persensitivity resistance, due to the quan-
titative expression of PR. In the case of
barey/batrley leaf rust, however, Parievliet
(1977) observed a significant and
reproducible but small differential interac-
tion for PR. In the data of Kuhn et al. (1978)
one can identify a small ditferential inter-
action for the latency period of wheat leaf
rust on wheat seedlings.

The aim of this study is to search for diffe-
rential interactions in PR of wheat to wheat
leat rust in monocyclic and polycyclic ex-
periments.

MATERIALS AND METHODS

The two greenhouse and the two field ex-
periments described hereafter comprised
11 spring wheat cultivars (Table 12-1), The
levels of PR in Table 12-1 refer to adult
plants inoculated with the 'Flamingo' race
(Broers, 1987; Broers, 1989).

The five Dutch wheat leaf rust isolates
used in all experiments were called "Felix’,
‘Flamingo’, ‘Okapi’, ‘Neutral' and 'Arminda’.
The former three isolates were obtained
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Table 12-1. Origin and level of partial resistance (PR) of 11 spting wheat cultivars.

Wheat cultivar Origin Level of PR
Little Club Cultivar, USA very low
Skalavatis 56 Line from a landrace, Cyprus very low
Skalavatis 59 Line from a landrace, Cyprus low
Skalavatis 61 Line from a landrace, Cyprus jow
Kaspar Cuitivar, The Netherlands moderate
Adonis Cultivar, The Netherlands moderate
Ze-64-1-14 Homozygous line, The Natherlands moderate
Van Hoek Cultivar, The Netherlands maoderate
Waestphal 12A Line from a landrace, Ethiopia fair
Akabozu Cultivar, Japan fairly high
BH t146 Cultivar, Brazil high

from the Department of Phytopathology,
Wageningen Agricultural University,
whereas the latter two were provided by the
Institute of Plant Protection (IPQ), Wagenin-
gen. Virulence tests performed with
monospore cultures on seedlings of near-
isogeneic lines of Thatcher carrying diffe-
rent wheat leaf rust resistance genes
confirmed that the isolates represented five
different races (Table 12-2).

Greenhouse expenments

The first greenhouse experiment (Exp. 1)
comprised the cultivars Skalavatis 56, Little
Club, Adonis, Kaspar, Westphal 12A and
Akabozu. It was carried out in the autumn of
1985. In the second greenhouse experi-
ment (Exp. ll), performed in the late spring
of 1988, the cultivars Kaspar and Adonis
have been replaced by Skalavatis 59 and
BH 1148.

All cultivars were sown at several con-
secutive sowing dates in order to obtain
plants at the same development stage (DC
48-59 on the scale of Zadoks et al. (1974) =
ears just emerged and young but fully ex-
panded flag leaves) at the time of inocula-
tion. Plants were grown at 15-18 "C and at
16 hours of light per day. Inoculation was
done in a settling tower {a design after Eyal
et al., 1968) using 1.3 mg of spores mixed
with 13.0 mg of Lycopodium spores each
inoculation. This corresponds with ca. 100
sporesicm?.

Exp. | comprised four sequential replica-
tions whereas Exp. |l was carried out in
three sequential replications. Per cultivar-
race combination two pots with each three
ar four flag leafs were incculated. After in-
oculation, the settling tower was cleaned
with 96% ethanol. The ethanol was allowed
to evaporate for 45 minutes before the next
inoculation with another race. After inocula-
tion, the pots were incubated at 100% rela-
tive humidity for one night at 20 "C.
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Table 12-2. Virulence factors of five Dutch wheat leaf rust isolates when tested against
27 near-isogeneic Thatcher lines'’ having different hypersensitivity resistance (Lr-)

genes in the seedling stage.

No. of
virulence
Isolates Virulence factor to Lr- factors
Felix 2b, 2¢,3ka, 10, 11, 12, 13, 144, 14b, 15, 16, 19
18, 20, 21,22, T, Ech, E, Eg
Flamingo 2b, 2¢, 10, 12, 13, 14a, 14b, 15, 18, 21, 22, 15
23, T,B,Eg
Okapi 2¢, 3, 3ka, 3bg, 10, 11, 12, 13, 14a, 14b, 15, 21
16,18, 20, 21, 22, 23, T, Ech, B, Eg
Neutral 2b, 2¢, 10, 11, 12, 13, 14a, 14b, 15, 16, 18, 15
21,22,23,B, Eg
Arminda 2b, 2¢, 10, 11,12, 13, 14a, 14b, 16, 18, 20, 15
21,22, B, Eg

1) Thatcher lines used carried Lr-1, 2a, 2b, 2¢, 3, 3ka, 3bg, 10, 11, 12, 13, 14a, 14b, 15, 16, 17, 18, 20, 21,

22,23,24,25 T,Ech, B, Eg

Of each inoculated leafthe latency period
(LP) was determined by counting the num-
ber of visibly sporulating urediniosor every
day from the appearance of the first
urediosorus until the number did not in-
crease anymore, The time at which 50% of
the urediosori were visible was estimated by
linear interpolation. The period between this
moment and the stan of the incubation was
called LP.

Analysis of variance was performed ac-
cording to a split plot design with races as
the main factor and cultivars as the split fac-
tor. The statistical unit was the average LP
of the two pots per replication.

Field experiments

The first field experiment {Exp. 111) included
six cultivars: Skalavatis 56, Little club,
Kaspar, Ze-64-1-14, BH 1146 and Akabozu,
It was carried out in 1985 at the university
tarm in the Flevopolder near Swifterbant. In
a large oat field, 15 plots of 7 x 1 m were

kept free of oat. The 15 plots were arranged
in five rows of three plots separated by 30
m of oat (between the rows) and 15 m of
oats (within each row). Each plot contained
six microplots, ane cultivar to a microplot,
arrangedin arow at a heartto heant distance
of 1.0 m. Each microplot consisted of eight
plants pianted in a circle with 10 cm between
plants. The plants transplanted into the field
plots were raised from seeds in 6 cm-jit-
fypots. Afteremergence, the seedlings were
placed cutside until transplanting took place
in the last week of April.

Perisolated plot one wheat leaf rusi race
was introduced by placing two spreader
plants in the isolated plot just before they
started to sporulate. Each ot the five races
were introduced into three isolated plots,
each race to one row of three plots. Nine
days after the introduction, on May 29th, the
spreader plants of the 'Flamingo’ race were
removed from the plots, six days earlierthan
for the other races because sporulation on
these spreader plants appeared t¢ be much
heavier than on the other spreader plants.
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On all spreader plants the number of ure-
diosori was counted after removal from the
plots.

On June 18th, June 25th and July Sth the
levels of atack by of wheat leaf rust were as-
sessed in each microplot. For this purpeose
ten tillers per microplot were sampled at
each date. On the upper three leaves of
each tiller, including the flag leaf, the num-
ber of urediosori was counted using a 7x
pocket-lens. These numbers were trans-
formed according to a logistic scale desig-
ned by Parlevliet and van Ommeren (1984)
and corrected for leaf area differences. The
mean of ten tillers was the statistical unit.
Development stage, according to Zadoks et
al.(1974) and infection type according to
McNeal ef al. (1971} were assessed on
June 25th.

The second field experiment (Exp. IV} in-
cluding the cultivars Skalavatis 56, Ska-

lavatis 59, Skalavatis 61, Little Club, Van
Hoek, Ze-64-1-14, Westphal 12A, Akabozu
and BH 11486, was carried out in 1986 also
at the university farm. In a large field of
winter rye 145 plots were set out in five
groups of 27 plots. The distance between
adjacent groups was 40 m. Each group of
27 plots was formed by three blocks of nine
plots. Within a block the plots were arranged
inthree rows of three plots. The distance be-
tween adjacent plots in a group was 6 m.
The nine cultivars were randomly assigned
to the nine fields in each block. The races
were randomly assigned to the five groups
of 27 fields. Each plot measured 2 x 2 m of
which 1 x 1 m was occupied by wheat. The
isolation by distance and by the tall rye crop
reduced contamination and interplot inter-
ference to avery low level. On April 14th the
plots were sown at a seed rate of 120 kg/ha.
The incculation was done on May 21stasin

Table 12-3. The latency period in days in the adult plant stage of five wheat cultivars
infected with five wheat leaf rust races in two experiments (Exp).

Exp Cultivar Race Mean'}
Okapi Felix  Arminda Flamingo Neutral

| Skalavatis 56 11.9 1.9 12.3 12.1 11.8 10.99

Little Club 10.7 10.9 11.0 10.7 11.4 12.0°

Ze64-1-14  13.3 126 12.9 135 12.9 13.0°

Westphal 12A  19.9 20.7 21.8 21.9 24.3 21.7¢

Akabozu 222 24.3 22 5 23.3 24.7 23.4°
Mean?’ 1562  16.1*  16.1% 1632  17.08

Il Skalavatis 56 9.0 8.8 8.8 8.8 8.8 9.13

Little Club 9.0 9.1 8.9 9.4 9.1 8.92

Ze 64-1-14 9.5 9.4 9.2 9.4 9.4 9.43

Westphal 12A  13.0 13.0 13.6 13.2 14.0 13.4°

Akabozy 12.7 13.1 136 13.4 13.8 13.3°
Mean®’ 1072 1072 108 108  11.08

1) Cultivar means with the same letters do not differ significantly at P=0.05.
2) Race means with the same letters do not differ significantly at P=0.05.



Exp. lll, using two spreader plants per plot.
On May 28th, the spreader plants were re-
moved from the plots and the number of sori
was counted as a measure for the initial in-
oculum.

On June 24th, July 4th and July 14th the
level of wheat leaf rust was assessedin the
plots. From each pilot 20 tillers were taken
randomly and the number of sori on the
upper three leaves was counted as in Exp.
4. The amount of rust on the flag leat was
also recorded separately. The data were
handled as in Exp. Ill. The development
stage and the infection type were recorded
on June 24th.

Both field experiments were analyzed ac-
cording to a split-plot model for each as-
sessment date separately. Within an
experiment assessment dates were com-
bined using a spiit plot model with repeated
measures. In Exp. IV, the initial inoculum
was used as covariable and the data were
corrected for this variable.
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All analyses were performed on the VAX-
computer of the Wageningen Agricultural
University, Wageningen, using a SAS-
program.

RESULTS

Greenhouse experiments

Both experiments were analyzed with un-
transformed LP-values. Logarithmically
transformed LP or LP relative to Skalavatis
56 did not change the results of the analysis.
In Table 12-3 the LP's of the 25 common
cultivar-race combinations are presented,
averaged over four (Exp. I) or thrae (Exp. Il)
sequential replicates.

The cultivar-race interaction was sig-
nificant in Exp. | {P<0.05) and indicative in
Exp. Il (P<0.10). Though some cultivar-race
interactions could be detectedin Exp. |, they
did not reappear in Exp. Il. Accordingly, no

Table 12-4. The difference between observed latency period in days in the aduit plant
stage and expected latency period if no differential interaction would occur. Five wheat
cultivars were infected with five wheat leaf rust races in two experiments (Exp) (data

of Table 12-3).

Exp Cultivar Race
Okapi Felix  Arminda Flamingo Neutral

I Skalavatis 56 +0.8 +0.1 +0.6 +0.1 -1.6*
Little Club +0.6 -0.1 0.3 -0.5 -0.5
Ze 64-1-14 +1.3, -0.5 +0.1 +0.6 -1.5,
Waestphal 12A -1.9 -1.3, +0.2 +0.2 +2.8
Akabozu 0.8 +1.6 -1.2 -0.3 +0.8

il Skalavatis 56 +0.5 +0.1 -0.2 -0.1 -0.4
Little Club +0.1 +0.2 -0.4 -0.5 -0.4
Ze 64-1-14 +0.4 +0.2 -0.3 0.0 -0.3
Westphal 12A -0.4 -0.4 +0.3 -0.1 +0.6
Akabozu -0.6 -0.1 +0.5 -0.2 +0.4

*} Significant at P=0.05.
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clear, reproducible and significant cultivar-
race interaction could be detected in the
greenhouse experiments (Table 12-4).

The LP of the five races did not differ sig-
nificantly although the LP of "Neutral’ seem-
ed to be somewhat longer than the LP of
"Okapi’ (Table 12-3).

Cultivars differed significantly (P<0.001)
in both experiments. The ranking, however,
was not consistent (Table 12-3). Ze-64-1-14
and Little Club had a significantly longer LP
than Skalavatis 56 in Exp. lbut notsoin Exp.
Il. The same was the case with Akabozu
relative to Westphal 12A. In Exp. |l the diffe-
rences between cultivars were smaller. The
difference between Skalavatis 56 and
Akabozu, forinstance, decreased from 11.4
days {95% of Skalavatis 56) in Exp. 110 4.3
days 49% of Skalavatis 56} in Exp. l.

Replication effects and cultivar-replica-
tion interaction effects were signiticant in
both experiments (P<0.001 and P<0.05,
respectively). The sequential replications
can be seen as different environments.
Thus the replication effect can be classified
as an environment effect and the cultivar-
replication interaction as cultivar-environ-
ment interaction.

All these facts indicate that the expres-
sion of PR of wheat 10 wheat leaf rust is, at
least to a certain extent, dependent on the
environment. This impact of environment on
the expression of PR could explain part of
the cultivar-race interaction variance,

Adonis and Kaspar, included in Exp. |,
showed low, resistant infection types with
the races 'Okapi’, 'Felix’ and 'Neutral’. With
the virulent races they had some PR as ex-
pressed throughtheir LP. Compared to Ska-
lavatis 56 the LP of Adonis and Kaspar was
1.7 and 1.9 days longer, respectively.
Skalavatis 59 and BH 1146 in Exp. Il did not
lead to different conclusions. No cultivar-
race interaction was observed and both cul-
tivars formed compatible combinations with
all races. The L.P of Skalavatis 59 and BH
1146 were 0.6 days and 6.4 days longer
than the LP of Skalavatis 56, respectively.

Field experiments

In the 1985 field experiment, the cuitivar-
race interaction was highly significant
{P<0.001} on all three assessment dates.
However, most of the cultivar-race interac-

Table 12-5. Leaf area affected expressed in sporulating leaf area transformed accord-
ing to the key of Parlevliet and van Ommeren (1984) on six wheat cultivars for five
wheat leaf rust races (Exp. lll, third assessment day).

Cultivar Race Mean
Okapi Felix  Arminda Flamingo Neutral
Skalavatis 56 12.2 11.4 i2.9 123 11.9 121
Little Club 9.9 10.6, 9.8 1.7 11.5, 10.7,,
Kaspar 5.8 6.2 10.6, 12.2, 6.8 1.3,
Ze-64-1-14 8.9 10.0 54 49 107 9.8
Akabozu 8.7 6.9 6.2 7.5 7.9 7.4
BH 1146 5.0 5.3 4.1 59 6.4 53
LSD 5% 1.1

*} Low infection type.

*"Excluding Yow infection lype data and corrected for race effects.
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Table 12-6. Difference between observed and expected (if no differential interaction
would occur) leaf area affected on four wheat cuitivars for five wheat leaf rust races
(Exp. lll, third assessment day, data of Table 12-5}.

Cultivar Race

Okapi Felix  Arminda Flamingo Neutral
Skalavatis 56 0.0 06  +24  -04 13
Little Club -1.4, +0.4 -0.4 +1.1 +0.5
Akabozu +2.0 -0.3 -1.0 -0.6 -0.1
BH 1146 -0.6 +0.5 -1.0 +0.2 +0.9

*} Signiticant at P=0.05.

tion variance was caused by Kaspar and
Ze-61-1-14 which had low, resistant infec-
tion types with some of the races indicating
a hypersensitivity resistance (Table 12-5).
Therefore, these cultivars were omitted
from the analysis. Then, a significant cul-
tivar-race interaction could be detected {P<
0.05) only on the third assess-ment date.
Two cultivar-race combinations were signi-
ficantly over-susceptible: Akabozu-'Ckapi’
(8.7 instead of 6.7 if no interaction

would occur) and Skalavatis 56-"Armin-
da’ (12.9 instead of 10.5 if no interaction
would occur) (Table 12-8).

The analysis of variance indicated sig-
nificant race efiects. These, however, do not
necessarily represent differencesin aggres-
sivenass. The numbers of sori on the
spreader plants varied greatly betwean the
races, from some 1700 on "Flamingo' to
about 110 for 'Arminda’. The variance for
race effecis tendad to become smaller
during the epidemic development indicating
a negative association between initial inocu-
lum and infection rate. This supports the ob-
servations of Rouse et al, 1981, who found
a negative correlation between epidemic
growth rate and the level of the initial in-
oculum in epidemics of powdery mildew on
wheat.

Exp. IV was analyzedin the same way as
Exp. lll. Results of the analysis appeared

comparable to thase of Exp. lll, though not
all cultivars were the same and the expeti-
mental design was different. The cultivar-
race interaction was significant on all three
assessment dates. The main contributor to
the cultivar-race interaction variance was
Ze-64-1-14 which had lower infection types
with some races asin Exp. lll. Excluding this
cultivar from the analysis resulted in signi-
ficant cultivar-race interaction on the three
assessment dates both for the flag leaf data
and the upper three leaves. The data for the
upper three leaves of the second assess-
ment date are presentedin Table 12-7. The
combination Akabozu-'Okapi’ was, as in
Exp. lll, more susceptible than expected
(7.9 instead of 6.5 if no interaction would
occur) and Akabozu-’Arminda’ was more
resistant than expected (3.3 instead of 5.4
if no interaction would occuri{Table 12-8).

The analysis of variance indicated high-
ly significant race effects. Here, as in Exp.
I, the differences in initial inoculum were
probably important in explaining this effect.
As in Exp. I, the race effects decreased
during the epidemic, suggesting a negative
relationship between initial inoculum and in-
fection rate.
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Table 12-7. Leaf area affected expressed as spotulating leaf area transformed accord-
ing to the key of Parlevliet and van Ommeren (1984) of nine wheat cultivars for five
wheat leaf rust races on the upper three leaves (Exp. IV, second assessment date).

Cultivar Race Mean
Okapi Felix  Arminda Flamingo Neutral

Skalavatis 56 13.2 12.7 i2.7 12.9 12.8 12.9
Little Club 12.9 12.8 1341 12.7 12.3 12.8
Skalavatis 59 13.1 12.7 121 12.1 11.4 12.2
Skalavatis 61 12.8 12.9 11.1 12.0 121 12.3
Van Hoek 10.2 11.2 9.1 8.2 9.3 9.6
Waestphal 12A 9.4 9.4 8.0 7.3 7.9 9.2
Ze-64-1-14 9.8 11.9 4.5" 6.3" 74 8.4™
Akabozu 7.9 6.4 3.3 4.2 5.0 5.4
BH 1146 4.1 4.6 2.4 2.9 2.2 3.2
LSD 5% 0.5

*} Low infection type
*"Excluding low infection type data and corrected for race effects.

Table 12-8. Difference between observed and expected (if no differential interaction
would occur) leaf area affected on the upper three leaves of eight wheat cultivars for
five wheat leaf rust races (Exp. 1V, second assessment date, data of Table 12-7).

Cultivar Race
Okapi Felix  Arminda Flamingo Neutral

Skalavatis 56 -0.8 -1.3 +0.6 +0.8 +0.6
Little Club -1.0 -1.0 +1.4 +0.7 0.0
Skalavatis 59 -0.1 -0.5 +0.6 +0.5 -0.6
Skalavatis 61 -0.4 -0.1 -0.7 +0.5 +0.5
Van Hoek -0.4 +1.2 +0.2 -1.2 +0.2
Waestphal 12A +0.2, +0.3 +0.3, -0.8 0.1
Akabozu +2.4 +0.4 -2.1 -0.8 +0.1
BH 1146 0.0 -~ +09 -0.3 +0.3 0.8

*) Significant at P=0.05.




DISCUSSION

In the experiments described here, two
forms of resistance occurred. Hypersen-
sitivity resistance (HR) as expressed by a
low, resistant infection type and partial
resistance {PR) as expressed by a slow
epidemic build-up despite of a high infection
type (Parievliet and van Ommeren, 1975).

In the greenhouse, HR was easy to
recognize. Kaspar and Adonis possessed
complete HR, not allowing for any sporu-
lation when infected with 'Okapi', 'Felix’ or
'‘Neutral'. LP could not be determined for
these cultivar-race combinations. All other
cultivar-race combinations showed high,
susceptible infection types and thus, LP
could be measured.

The LP was very sensitive to fluctuations
of the environment. Apart from the general
decrease in LP at higher temperatures, a
significant cultivar-environment effect was
observed. Environmantal conditions (main-
ly temperature} that shortened the LP
reduced cultivar differences markedly, even
relative differences became much smaller.
When the colonization rate of the pathogen
has a higher optimum temperature than the
ability of the host to resist this colonization,
the ratio of these two, which is the actual ob-
served resistance, will decrease with higher
temperatures (Bell, 1982). When different
cultivars have different optimum tempera-
tures for the expression of their resistance
a cultivar-environment effect may appear.
Additionally races may have different op-
timum temperatures for their colonization
rate. These differences might induce race-
environment and cultivar-race-environment
effects. Cultivar-race-environment effects
may have existedin the greenhouse experi-
ments as the cultivar-race interactions in
Exp. | wer2 not reproduced in Exp. Ii. Since
clear cultivar-environment effects were
observed, decreasing the relative cultivar
differences, the cultivar-race interactions
may also have decreased and thus may
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have remained undetected. If so, an experi-
ment at lower temperatures, would increase
the chance of finding cultivar-race interacti-
ons. According to Browder {1985), the host
pathogen interaction is a complex situation
in which a specific environment combined
with a specific cultivar-race combination
would lead to a specific asgricorpus. The
disease triangle is probably appropriate for
PR in the wheat/wheat leaf rust situation.

In the field, HR and PR were less easy to
distinguish. The HR of Kaspar was not com-
plete, allowing for some development of the
epidemic, and Ze-64-1-14 showed incom-
plete HR with some races which was never
cbserved in the greenhouse. Parlevliet and
Van Ommeren (1985), working with bar-
ley/bariey leaf rust used infection types on
adult plants in a greenhouse experiment to
differentiate between differential interacti-
ons caused by HR and PR. In the case of
wheat/wheat leaf rust, the approach of Par-
levliet and van Ommeren might lead 1o the
misinterpretation that PR observed in the
field showed large race-specific inter-
actions, whereas infection types observed
in the field indicate otherwise.

All other than above mentioned cultivar-
race combinations showed compatible
infection types. Only one consistent cultivar-
race interaction could be detected in the
field experiments. Akabozu-'Okapi’ was
more susceptible than expected if no inter-
action would cccur. Some cultivar-race
interactions that were significant in one ex-
periment were not so in the other. Broers
{1987) reported that Skalavatis 59 was less
susceptible with 'Flamingo’ and more sus-
ceptible with 'Neutral’. This is not confirmed
in Exp. IV. This leads to the question why
cultivar-race interactions are not always
consistent in the field. There are atleast five
reasons.

1) Statistically, there is a good chance
that a wrong decision is made if interactions
are rare. At 95% probability one out of 20
combinations in Exp. | and two out of 40
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Table 12-9. Leaf area affected expressed in sporulating leaf area transformed accord-
ing to the key of Parlevliet and van Ommeren (1984) of three hypothetical wheat cul-
tivars for three hypothetical wheat leaf rust races on two assessment dates.

Cultivar Leaf area affected
date 1 date 2
race 1 race 2 race 3 race 1 race 2 race 3
1 0 0 0 4 5 6
2 5 6 7 8 9 10,
3 8 9 10 11 12 12

*) Significant differential interaction

combinations in Exp. Il may be falsely
classified as interacting significantlyinterac-
tions by chance oniy.

2} Initial inoculum may have induced part
of the interaction variance. Within races
some cultivars may have received more ini-
tial inoculum than others. Therefore, with
one race, cultivar differences may have in-
creased while with another race cultivar dif-
ferences may have decreased, resulting in
artificial interaction variance. Analysis of the
initial inoculum of Exp. IV did not reveal a
significant cultivar-race interaction and ex-
plained only a small part of the cultivar-race
interaction variance observed.

3) Genotypic differences in earliness
may influence the ranking of the cultivars on
a specific assessment date. The upper
three leaves of late-heading cultivars like
Van Hoek in Exp. IV, escape from the early
stages of

the epidemic resulting in a overestima-
tion of their resistance. Later on they show
their real potential. Theoretically, these dif-
ferences in earliness may cause differential
interactions. Assume that three wheat cul-
tivars differing considerably in earliness are
tested against three wheat leaf rust races
that differ in aggressiveness {real or appa-
rent) (Table 12-9). On the first assessment
date, cultivar 1, which is assumed to be very
late, does not show any visible infection on

the upper three leaves. The other two cul-
tivars react according to their resistance and
the aggressivenass of the races. Asmall dif-
ferential interaction can be detected. On the
second assessment date, cultivar 1 reacts
normally. Cultivar 3, an early cultivar,
however, is already saturated with rust in
combination with race 2 and 3. Here again,
an interaction is caused by differences in
earliness. The effect of these differences is
most pronounced on the flag leaf (Broers,
1989). Flag leaf scoring, therefore, is less
representative and, because a smaller leaf
area is observed, less accurate than scor-
ing the upper three leaves together.

4) Interplot interference was only impor-
tant in Exp. [l as microplots of susceptible
cultivars and resistant cultivars were not se-
parated. Resistant cultivars had more rust
in Exp. lllthanin Exp. IV. Though they were
not performed in the same year, the dif-
ference between BH 1146 and Skalavatis
56 was 7.5 times larger in Exp. IV than in
Exp. lll. Thus, interactions in Exp. Il may
have been less easy to recognize since they
remained smalier, as might have been the
case with Akabozu-'Arminda’, which had
the same, but insignificant deviation in Exp.
lll as in Exp. IV (Table 12-6 and 12-8)

5) As was observed in the greenhouse,
differences in environmental conditions



may have influenced the cultivar-race in-
teractions.

PR in wheat to wheat leaf rust is a com-
plex system with an exprassion that is high-
ly dependent on cultivar, race and
environment. For selection purposes, the
most complex race can be used to neutral-
ize as many as possible of the known HR-
genes. Selection must be carried out in the
field and in the greenhouse. Selection only
inthe field will reveat mixtures of incomplete
HR and PR. This was the case with the
wheat cultivars selected for PR in the IPHR-
programs in Brazil and Zambia. Many of
them showed low infection types when test-
ed against Dutch wheat leaf rust races {De
Milliano et al,, 1986).

The four experiments desctibed here,
were performed to find out whether PR of
wheat to leaf rust shows race-specific ef-
fects. In the field experimenis one cultivar-
race combination showed a consistent,
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INFLUENCE OF POST-INFECTION TEMPERATURE ON
THREE COMPONENTS OF PARTIAL RESISTANCE IN
WHEAT TO WHEAT LEAF RUST.
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SUMMARY

Three components of partial resistance (PR) were studied at three post-infection temperatu-
res using seven spring wheat genotypes differing in level of PR and two different wheat leaf
rust races. The components were latency period (LP), infection frequency (IF} and uredioso-
rus size (US). The expression of LP was more sensitive to tempesrature than the axpression
of the other two components. LP-prolonging genes were better expressed at low temperatu-
res than at high temperatures and cultivar differences tended to increase with decreasing
temperature in both seedling and aduit pfant stages. The reaction of IF to temperature differ-
ed from that of LP and US, probably because IF is regulated by another mechanism than LP
and US.

It is recommended to perform PR-screening tasts at low rather than at high temperatures. If
lemperaturas are maintained at about 8-13 'C (night-day), seedlings can be used lo screen
for PR instead of the more expensive adult plant tests.

The effectivenegss of PR in seedling stage at Jow temperatures suggests that the seedling
stage may have epidemiological significance as the low temperaturas (8-13 °C) are relevant

for seedliings in the field,
INTRODUCTION

Environment has an important impact on
host-pathogen relations. Plant breeders
select their breeding material for disease
resistance in environments which are
suitable for disease development. The
environment is considered only when it
limits the occurrence of disease. The en-
vironment should also be considered as a
factor influencing the host-pathogen inter-
action. In wheat (Trticum aestivum), for
instance, the expression of several hyper-
sensitivity resistance genes for wheat leaf
rust (Puccinia recondita f.sp. tritici syn. Pu-
ce. triticina) is temperature sensitive (Brow-
der, 1980). Therefore, selection for
resistance in one environment may result in
resistance not effective in another environ-
ment.

The effact of environment on the expres-
sion of partial resistance (PR} is not yet ex-
tensively studied. Ohm and Shaner (1976)
and Broers (1989b) observed that cultivar
differences were larger in cooler periods
than in warmer periods. In barley, the ex-
pression of PR to barley leaf rust seems to
be relatively temperature insensitive as LP-

prolonging genes were fully expressed at al
temperatures (Parlevliet, 1975).

In this paper, the influence of tempera-
ture on the expression of three components
of PR is studied and the results are dis-
cussed in relation to selection for PR.

MATERIALS AND METHODS

Seven wheat cultivars were selected which
cover the known range of PR to wheat leaf
rust in spring wheat, BH 1146, Akabozu and
Woestphal 12A have high levels of PR, A-
donis and Kaspar have intermediate levels
of PR, and Skalavatis 56 and Little Club
have no PR or hardly at all.

Monospore cultures ofthe wheat leaf rust
races 'Felix’ and 'Flamingo' (Zadoks, 1966)
have been used as inoculum sources. The
two races have different virulence patterns,
as evidenced by these monospore cultures
{Broers, 1989¢). The monospore cultures
are seen as representatives of the two ra-
ces.
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Seedling tests

Plants ofthe cultivars Skalavatis 56, Westp-
hal 12A, Akabozu and BH 1146 were grown
in square flats (30 x 30 x 5 cm). Each flat
contained two replicates with all four cul-
tivars. Per replicate each cultivar was re-
presented by at least five plants. Three
sequential experiments were carried out. An
experiment consisted of six flats. Primary
leaves of 10-days old seedlings, DC 11
(Zadoks et al, 1974; = second leaf just
visible), were inoculated in a settling tower
at the upper leaf surface. Per flat 1.3 mg
urediospores mixed with 13.0 mg Lycopodi-
umspores were used 2qi\wing adeposit of ca.
100 urediospores/icm®. Three flats were in-
oculated with the "Felix’ race and three flats
with the 'Flamingo’ race. After inoculation,
seedlings were placed overnight in a mist
chamber where a water saturated atmos-
phere and complete darkness ensured in-
fection. Following the incubation, flats with
the same race were transferred to three dif-
ferent growth chambers with night-day
temperatures of 8-13 "C, 15-19 °C and 24-
28 °C, respectively. The RH was kept at 70
% and the day length at 16 hours in each
growth chamber.

Adult plant tests

Plants were grown in 2.2 liter pots (5 plants
per pot) in a greenhouse. All cultivars were
sown at several consecutive sowing dates
in order to obtain plants at the same
development stage, DC 48-59 (Zadoks et
al, 1974; = ears just emerged, young but
fully expanded flag leaves) at the time of in-
oculation. The adaxial surface of flag leaves
was inoculated in a settling tower using 1.3
mg urediospores mixed with 13.0 mg
Lycopodium spores.

Two experiments were carried out. In
1986 (Exp I} all seven cultivars were used
which were inoculated with the 'Felix'-race

only whereas in 1987 (Exp 1l) only
Skalavatis 56, BH 1146, Akabozu and
Waestphal 12A were used in combination
with both the 'Felix’ and the 'Flamingo'
races.

Exp | was carried out in four sequential
series. Each series consisted of six pots per
cultivar and two flag leaves per pot were in-
oculated. After inoculation the plants were
incubated in a mist chamber and transferred
to the three growth chambers mentioned
above. Each cultivar was represented by
two pots and four flag leaves at each tem-
perature in each series.

Exp Il consisted of five sequential series.
Each series contained six pots per cultivar-
race combination with two flag leaves inocu-
lated per pot. Per series, each cultivar-race
combination was represented by two pots
and four flag leaves at each temperature.

Latency period (LP) and infection fre-
quency (IF} were measured on all inocu-
lated primary and flag leaves as described
by Broers (1989a) and infection types weare
recorded on a scale of 0 to 9 (McNeal et al.,
1971). Urediosorus size {US) of the seed-
lings and the flag leaves of Exp tl were
measured. it was assumed that foreach cul-
tivar-temperature combination the US was
0 at its LP. Urediosori of all cultivars at the
same temperature and growth stage were
allowed to grow for the same time period
starting from the time at which 50% of the
urediosoti was visible (=LP). For seedlings
the time periods were 18 days, 8 days and
5 days for 8-13 'C, 15-19 "C and 24-28 °C,
respectively. For adult plants the time
periods were 25, 11 and 7 days for 8-13 °C,
15-19°C and 24-28°C, respectively. The
leaves were harvested and boiled in a lacto-
phenol:ethanol seolution (2:1) for 3 minutes
to fix them. Per leaf the length (L) and the
width (W) of 15 randomly chosen uredicsori
were measured using a microscope {mag-
nification 100 x) with & micrometer. US was
obtained using the formula:

US =1/4n"L"W.



influence of post infection temperature 163

Table 13-1. Relative latency period of wheat leaf rust races "Felix’ (Fe} and 'Flamingo’
(FI) on primary leaves of four spring wheat cultivars at three temperatures.

Cultivar Temperature {night - day)
8-13°C ) 15-19°C 24-28°C
Fe FlI mean” Fe FI  mean Fe FI mean

Skalavatis 56' 101 99 100%(13.6) 98 102 100;(7.2) 100 100 10015.0)

Westphal 12A 129 119 124° 112 108 110 106 106 1062
Akabozu 147 138 143° 112 110 1110 112 110 111°
BH 1146 143 119 131° 113 109 111P 104 106 1052
mean? 130 118 124 109 108 109 106 106 106
mean® 140 125 133 112 109 111 107 107 107

1) absolute latency period in days of Skalavatis 56 in brackels.

2) megan of all cultivars.

3) mean of all cultivars except Skalavatis 56.

4) means with the same letier do not difter significantly (P= 0.05).

Table 13-2. Relative latency period in days of wheat leaf rust race "Flamingo’ on flag
leaves of seven spring wheat genotypes at three temperatures.

Cultivar Temperature {night - day)4

8-13°C 15-19 °C 24-28 °C
Skalavatis 56 100%(12.6} 100%(6.6) 100%(5.2)
Little Club 1002 1002 1028
Kaspar 113° 10620 1022
Adonis 129¢ 126° 121°
Westphal 12A 126° 112P 1002
Akabozu 160° 1449 115°
BH 1146 231¢ 161 164°
mean® 137 121 117
mean’ 152 130 121

1) absoclute latency period in days of Skalavatis 56 in brackets.
2) mean of ali cultivars.

3) mean of all cultivars except Skalavatis 56 and Little Club.

4) means with same letter do not difier significantly {P=0.05).
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Exp | was carried out in winter 1986. Exp
Il and the seedling tests were carried out in
spring 1987.

RESULTS

Infection types of all cultivar-race-tempera-
ture combinations were high in both see-
dling and aduit plant stages indicating that
the LP, IF and US data were not influenced
by undefeated hypersensitivity resistance
genes.

Latency period

A large cultivar-temperature interaction on
LP was observed in both the seedling and
adult plant stages. Per temperature, LP’s of
all cultivars were expressed in per cent of
the mean latency period of Skalavatis 56 at
the respective temperatures (Table 13-1,
13-2 and 13-3). Assuming that Skalavatis
56 does not carry any LP-prolonging genes,
it represents the reference level at all three

temperatures. Values larger than 100 are
due to the effect of LP-prolonging genes in
the respective cultivar. The average effect
of LP-prolonging genes in the seedling
stage was 7%, 11% and 33%, at 24-28 °C,
15-19 °C and 8-13 °C, respectively (Table
13-1}. In the adult plant stage, these effects
were 21%, 30% and 52% for exp | (Table
13-2) and 15%, 49% and 101% for exp ||
(Table 13-3), respectively. The average ef-
fact of LP-prolonging genes increased con-
siderably with decreasing temperature. The
effect of LP-prolonging genes is largerin the
adult plant stage than in the seedling stage
at any temperature. Cultivar differences in-
creased with decreasing temperature in
both the seedling and the adult plant stages.
tn the seedling stage, for instance, no clear
cultivar differences could be detected at 24-
28 "C whereas at the lowest temperature
three significantly different cultivar groups
could be detected (Table 13-1).

The temperature effects on the LP in the
absence of LP-prolonging genes can be
seen from the absolute LP of Skalavatis 56
at the different temperatures. The LP

Table 13-3. Relative latency period of wheat leaf rust races 'Felix’ (Fe) and 'Flamingo’
{Fl) on flag leaves of four spring wheat cuitivars at three temperatures.

Cultivar Temperature {night - day)

8-13 C ) 1519 °C 24-28 °C

Fe FI mean” Fe Fl mean Fe Fl mean
Skalavatis 56! 100 100 100%(14.4) 101 100 100%(7.9) 102 98 100%(6.2)
Westphal 12A 181 182 182° 142 135 139° 106 102 1043
Akabozu 182 178 180° 151 146 149°° 119 119 119
BH 1146 222 258 240° 157 162 160° 118 124 121
mean? 171 180 176 138 136 137 111 111 111
mean 195 206 201 150 148 149 114 115 115

1) absolute latency period in days of Skalavatis 56 in brackets.

2) mean of all cultivars.
3) mean of all culiivars except Skalavatis 56.

4) means with the same letter do not differ signiticantly (P=0.05).
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Table 13-4. Relative infection frequency of wheat leaf rust races 'Felix’ (Fe) and
’Flamingo’ (FI) on primary leaves of four spring wheat cultivars at three temperatures.

Cultivar Temperature {night - day)

8-13°T ) 15-19°C 24-28°C

Fe FlI mean’ Fe FI mean Fe FlI mean
Skalavatis 56' 87 114 100“&57) 114 86 100%(65) 96 104 100"’&70)
Westphal 12A 63 91 772 103 83 932 04 77 86*
Akabozu 54 g9 720 100 74 872 54 53 54°
BH 1146 49 81 85° 86 66 762 g0 71 76%
mean? 63 93 78 100 77 89 81 76 79
mean 55 87 71 96 74 85 76 B9 72

1) absolute infection frequency in urediosori:fcm2 of Skafavatis 56 in brackets.

2) mean of all cuttivars.
3) mean of all cultivars except Skalavatis 56.

4) means with the same letter do not differ significantly (P=0.05}.

decreased with increasing temperature.
The LP at 8-13 *C was on average 2.5 times
longer than at 24-28 °C.

A small but significant race-temperature
interaction was found in the seadling stage.
The LP of Felix was significantly ionger than
the LP of Flamingo at 8-13 °C, whereas at
the other temperatures no significant dif-
ference was observed between the two ra-
ces. No race-temperature interaction in the
adult plant stage and no race, cultivar-race
and cultivar-race-temperature effects in
either growth stage were detected in the
analysis of variance. Apparently, the sensi-
tivity in expression of LP is due to the host
rather than to the pathogen.

Cultivars present in both aduit plant ex-
periments showed different responses in
exp | and exp Il with regard to LP. The ef-
fect of LP-prelonging genes was on average
7% smallerin exp lthan in exp Il. This result
suggests that the pre-infection environment
influences the expression of LP-prolonging
genes, as the experiments differed only in
growing conditions before infection.

Infection frequency

The data of IF are represented in the same
way as the LP data. Skalavatis 56 is set at
100% and represents the reference level
(no genes that reduce IF). IF values less
than 100 represent the effect of genes that
reduce IF. The mean effects of IF-reducing
genes in the seedling stage were 29%, 15%
and 28%for8-13°C, 15-19°C and 24-28 °C
respectively (Table 13-4). The mean effects
of IF-reducing genes in the adult plant stage
were 29%, 37% and 23%in exp | {Table 13-
5) and 44%, 16% and 12%

in exp Il (Table 13-6) for 8-13 °C, 15-19
*C and 24-28 °C, respectively. Only in Exp
Il a clear effect of temperature on the
expression of

IF-reducing genes could be detected, IF
decreasing with increasing temperatures. In
seedlings, no cultivar-temperature interac-
tion was gbserved and in exp [ the observed
cultivar-temperature interaction was due to
a change of rank of some cultivars at 15-19
*C compared to the other temperatures.
Thus, no clear, reproducibie temperature ef-
fect on the expression of IF-reducing genes
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Table 13-5. Relative infection frequency of wheat leaf rust race 'Flamingo’ on flag
leaves of seven spring wheat genotypes at three temperatures.

Cultivar Temperature (night - dav)4

8-13°C 15-19 'C 24-28 °C
Skalavatis 56" 1002%(33) 100%(46) 100%0(36)
Little Club 10g2 932 1142
Kaspar gaabe 60° 1003
Adonis 762¢ 57° 860
Westphal 12A 70° 8020 75°
Akabozu gadbe 590 a1®
BH 1146 369 570 44°
mean® 81 72 86
mean® 71 63 77

1) absolute infection frequency in urediosorifcm2 of Skalavatis 56 in brackets.
2) mean of all cultivars.

3) mean of all cultivars except Skalavatis 56 and Little Club.

4) means with the same letier do not differ significantly (P=0.05).

Table 13-6. Relative infection frequency of wheat leaf rust races 'Felix’ (Fe) and 'Fla-
mingo’ (Fl) on flag leaves ot four spring wheat cultivars at three temperatures.

Cultivare Temperature {night - day)
813°C ] 1519 C 2428 °C
Fe FI mean” Fe FlI mean Fe FI mean

Skalavatis 56" 112 87 100a(39) 95 105 100a(38) 95 105 100a(33)

Westphal 12A 38 49 44c 87 89 8Ba 126 111 11%a
Akabozu 64 77 7ib 82 66 74a 117 102 110a
BH 1146 53 51 52be 84 95 B89a 108 108 108a
mean2 67 66 67 g7 89 88 112 107 110
mean3d 52 59 56 84 83 84 114 107 112

1) absolute infection frequency in uredic:psori;v'c:m2 of Skalavatis 56 in brackets.

2) mean of all cultivars.
3) mean of all cultivars except Skalavatis 56.
4) means with the same letter do not differ significantly {P=0.05).



Table 13-7. Relative urediosorus size of wheat leaf rust races 'Felix’ (Fe) and 'Flamingo’

influence of post infection temperature

(FI) on primary leaves of four spring wheat cultivars at three temperatures.

Cultivar Temperature (night - day)

813°C i 15-19 C 2428 C

Fe Fl mean" fe FI ‘mean Fe FI mean
Skalavatis 56' 95 105 100"'&0.18) 122 78 100"‘&0.14) 112 88 100%(0.11)
Westphal 12A 80 87 84° 98 93 967 111 105 1082
Akabozu 59 63 61%° gg 72 sQP 97 70 842
BH 1146 78 84 81 86 74 80P 90 95 932
mean? 78 85 82 99 79 89 102 90 96
mean 72 78 75 91 80 85 99 90 95

1) absolute urediosorus size in mm2 of Skalavatis 56 in brackets.

2} mean of all cultivars.
3) mean of all cultivars except Skalavatis 56.

4 means with same letter do not differ significantly {P=0.05).

could be detected. A temperature effect-on
the IF itself was detected in the analysis of
variance. However, no consistency could
be observed, as can be seen from the ab-
solute IF values of Skalavatis 56 (Table 13-
4). In the seedling stage, the IF was highest
at the highest temperature (Table 13-4)
whereas in exp | of the adult plants the high-
est IF was observed at the middle tempera-
ture and in exp |l at the lowest temperature.
This inconsistency might have been due to
a growth stage-temperature and/or a pre-
infection environment-temperature interac-
tion, which, however, couid not be
demonstrated.

In the seedling stage, a significant race-
temperature effect was detected. At the
lowest temperature, the 'Felix' race had a
lower iF than the 'Flamingo’ race whereas
at the middle temperature the opposite was
true and at the highest temperature no dif-
ferences existed between the two races. In
the adult plant stage, the race-temperature
interaction was not significant. As with LP,
no cultivar-race and cultivar-race-tempera-
ture were detected.

The results indicate that the expression
of IF is somewhat sensitive to temperature
in both the seedling stage and the adult
plant stage but far less so than LP.

Urediosorus size

The data on US are given in Table 13-7
(seedlings) and Table 13-8 {(adult plants).
Skalavatis 56 was set at 100% and values
less than 100 represented the effect of fac-
tors that reduced US in the respective culti-
vars.

Statistical analysis revealed a significant
cultivar-temperature interaction. Factors
reducing US in partially resistant cultivars
were more effective at low than at high
temperatures. The effects of US-reducing
factorsinthe seedling stage were 25%, 15%
and 5% (Table 13-7) and in

the adu't plant stage 61%, 46% and 24%
(Table 13-8)at 8-13 °C, 15-19 "C and 24-25
°C, respectively. Both in the seedling and in
the adult plant stage, US-reducing factors
wera sensitive to temperature butto alesser
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Table 13-8. Relative utediosorus size of wheat leaf rust races 'Felix’ (Fe) and ’Flamingo’
{FI) on flag leaves of four spring wheat cultivars at three temperatures.

Cultivar Temperature (night - day)

813°C 1579°C 2428 °C

Fe FlI meand Fe Fl mean Fe F!' mean
Skalavatis 56! 104 96 100%(0.20) 103 97 100%0.17) 107 93 100‘10.16)
Westphal 124 38 47 420 74 63 69° 92 88 90°
Akabozu 40 41 40° 48 32 40° 66 53 59°
BH 1146 35 36 35° 49 57 53 78 79 78°°
mean> 54 55 54 68 63 66 86 78 82
mean® 38 41 39 57 51 54 79 73 76

1) absolute urediosorus size in mm2 of Skalavatis 56 in brackets.

2) mean of alt cultivars.
3) mean of all cultivars except Skalavatis 56.

4) means with same letter do not differ significantly (P=0.05).

extent than LP. The cultivar differences in-
creased with decreasing temperature, as
was the case with LP. Howsever, the cultivar
differences between the three partially
resistant cultivars did not increase with
decreasing temperature.

Contrary to LP, a small but significant
race-temperature effect was observed with
US. Both in the seedling and in the adutt
plant stage, the 'Felix’ race had smaller
urediosori than the 'Flamingo’ race at the
lowest temperature whereas at the other
temperatures the reverse was true. Assum-
ing that urediosorus size is refated to spore
production and reproductive capacity, this
result indicates that the selective advantage
of one race compared to the other can vary
with temperature.

DISCUSSION

The effect of temperature on LP, {F and US
can be divided into three elements. First,
there is an effect of temperature on the
pathogen, which can be measured in the

susceptible check assuming that it does not
posses any resistance. Secondly, there is
an effect of temperature on factors in the
host that pralong LP, reduce IF and reduce
US of the pathegen. This effect can be
measured by relating the cultivar values for
the respective compeonents to the vaiues of
the susceptible check (set at 100), to elimi-
nate the first element of temperature sen-
sitivity. Third, an environment genotype
{host})-genotype (pathogen) can be postu-
lated, and sometimes confirmed experi-
mentally.

Latency period

A clear temperature effect on LP-prolonging
factors was found. A decrease of tempera-
ture resulted in a much better expression of
LP-prolonging genes and in an increase of
cultivar differences in both the seedling
stage and the adult plant stage. This result
corroborates observations of Ohm and
Shaner (1976) and Broers (1989¢c} who
found larger cultivar differences for LP at




cooler periods than at warmer periods.
Broers (1989a) recommendedto use LP as
a selection criterion for PR and to perform
tests for LP on young flag leaves and not on
primary leaves as cultivar differances were
often too small to be detected in the seedling
stage. For the temperature used in those
experiments {comparable to the middie
temperature used here), the present results
support this recommendation. At low
temperatures, however, the expression of
L. P-proionging factors in seedlings im-
proved to a degree that seedlings became
suitable to screen for PR. Selection in the
seedling stage has the advantage that it can
be carried out in winter time so that one
selection cycle peryearis gained. Selection
in the seedling stage is less time and space
consuming than selection in the adult plant
stage. On the other hand, expensive equip-
ment, such as growth chambers, are
needed to keep temperatures sufficiently
low. If no such equipment is available and
adult plants are used to select for PR, one
should still try to keep temperatures as low
as possible because cultivar differences
decrease rapidly with increasing tempera-
ture.

The results have implications for selec-
tion for PR in the field. Breeders tend to
selectin environments which are favourable
for disease. It is expected that selection in
the field under cooler conditions, which are
suboptimal for wheat leaf rust, will give bet-
ter results than under warmer conditions,
due to the temperature sensitivity of LP-pro-
longing genes. The temperatures in the
Netherlands, for instance, are suboptimal
for the development of wheat leaf rust for a
large part of the season but with artificial
infection severe epidemics ¢can be obtained
in susceptible cultivars. The differences in
disease severity between susceptible and
resistant genotypes will be larger at subop-
timal than at higher temperatures, making
selection more efficient under Dutch condi-
tions than under optimal conditions.
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Infection frequency

The effect of temperature on |F-reducing
factors was inconsistent in different experi-
ments and much smaller than on LP. IF can
be considered as a stochastic variable
which expresses the probability that a spore
will develop into a sporulating colony. The
most crucial pericd for IF is most likely the
24 hrs after germination of the urediospo-
res. According to Jacobs (1983) two diffe-
rent phases are present in PR of wheat to
wheat leaf rust. During first phase cell wall
appositions are present at sites where the
fungus tries to penetrate a host cell. This
probably causes abortion of infection struc-
tures leading to a reduction of IF. A farge
part of this period in which abortion will take
place is taken up by the incubation period
after inoculation (about 13 hrs). This period
was the same for all temperature treatments
leaving only short time under different
temperature regimes. The second phase
starts when a colony has succeeded to in-
fect a host cell; it possibly reduces the effec-
tiveness of the haustoria to take up nutrients
from the host cell so that colony growth is
reduced and LP is prolonged. The two diffe-
rent phases may explain the different re-
actions of IF-reducing and LP-prolonging
factors to temperature.

Urediosorus size

The effect of temperature on US-reducing
factors was similar to but smaller than the
effect on LP. The similarity in response of
US-reducing factors and LP-prolonging fac-
tars reflects the growth potential of wheat
leaf rust and, probably, the growth retarda-
tion in the second phase (Jacobs, 1989)
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Epidemiological implications

A comparison of seedling data with data
from adult plants in Exp Il shows that at any
temperature the seedlings are more sus-
ceptible than the adult plants and that dif-
ferences between cultivars are easier to
detect in aduit plants than in seedlings. Ne-
vertheless, the seedling stage can have an
important impact on the epidemiology of
wheat leaf rust. As spring wheat is sown in
early spting, the low temperature (8-13 "C)
is most relevant to the field situation of see-
dlings. This implies that cultivar differences
for PR in the field are already large just aftar
emergence. During the growing season, the
resistance of the plant increases with its
development stage (Pretarius et af,, 1988)
and decreases because the temperature
rises at the same time. In the Dutch situa-
tion, average temperatures during the adult
plant stages of wheat are 15 to 20 “C which
means that then the middie temperature is
representative of the field situation. The
compensatory effects of growth stage and
temperature may cause rather constant cul-
tivar differences throughout the growing
season. If so, the epidemic will be reduced
in PR-cultivars as compared to susceptible
cultivars, to a similar extent irrespective of
the crop's growth stage.
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Chapter 14.

ENVIRONMENTAL STABILITY OF PARTIAL RESISTANCE
IN SPRING WHEAT TO WHEAT LEAF RUST.

L.H.M. Broers and J.E. Parlevliet



SUMMARY
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Five spring wheat cultivars differing in partial resistance (PR) to wheat leaf rust were tested
at Wageningen (The Netherlands) on a sandy and a clay site, El Batan (CIMMYT, Mexico)
and Ponta Grossa (Brazil) over two years. The cultivars were Skalavatis 56, Little Club (both
very susceptibie), Westphal 12A, Akabozu and BH 1146 {all three with high levels of PR).
The results showed that PR was expressed at all four locations in both years. The level of
expression was influenced by the environment but the cultivar ranking was hardly affected.
Selection for PR in the field can therefore be carried out over a wide range of environments.

INTRODUCTION

In wheat ( Triticum aestivum) the emphasis
of research into resistance to wheat leaf rust
{Puccinia recondita £.sp. tritici, syn. Puce.
triticing) is shifting towards forms that are
hopefully more durable than the hypersen-
sitivity resistance (HR). Partial resistance
{PR) might be such a form. It is characte-
rized by a slow epidemic built up though its
infection type indicates the absence of HR
{Parlevliet and van Ommeren, 1975}
Johnson (1984} defines durable resistan-
ce as "resistance that remains effective
during its proionged and widespread use in
an environment favourable to the disease".
This definition contains two elements, time
and area, and it refers to the biclogical stabi-
lity of the resistance. Experiments to predict
durability are, in fact, impossible as they
should be performed on large areas, over a
long period of time, and in many environ-
ments. Abiotic stability is another aspect of

resistance, which refers to its expression in
a wide range of environments, Experiments
performed under a wide range of growing
conditions may give some information on
the abiotic stability of resistance.,

This paper reports about of the expres-
sion of PR in wheat to wheat leaf rust over
a wide range of growing conditions.

MATERIALS AND METHODS

Five spring wheat cultivars with differant
levels of PR were used. Akabozu, BH 1146
and Westphal 12A have high levels of PR
and Skalavatis 56 and Little Club are very
susceptible. All cultivars showed suscepti-
ble infection types with a monospore culture
of the 'Flamingo’ race (Broers, 1989c¢).
The cultivars were tested at four loca-
tionsin 1986 and 1987. In Table 14-1, some
geographical and physical properties of the
four locations are given. In addition to the

Table 14-1. Some geographical and physical properties of four locations to test the
partial resistance of five spring wheat cultivars against leaf rust.

Location, country Latitude Altitude Soil typs Growing
$eason

The Netherlands, Wageningen (I}  51°51N 15m clay April-August

The Netherlands, Wageningen (I}  51°51°'N 15m sand April-August

Mexico, El Batan {CIMMYT) 19°32’N 2250 m  loam May-September

Brazil, Parana, Ponta Grossa 25°05'S 1000 m clay, low pH May- October
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differences mentioned in Table 14-1 the
pathogen populations too differed with the
locations. At Wageningen (I and II), a
monospore culture of the 'Flamingo’ race
was used. In Mexico and Brazil, wheat leaf
rust developed from natural infection and an
unidentified rust population was respensible
for the infection.

The basic design for all eight experi-
ments was a randomized block design with
three replicates of eight plots. The individual
plots consisted of three rows of one meter
with a row distance of 25 cm, Adjacent plots
were separated by five rows of oats
{(Wageningen and Brazit) or wheat leaf rust
resistant wheat (Mexico) and biocks werg
separated by a strip of oats or a wheat leaf
rust resistant wheat cultivar. The separation
of blocks and plots by cats or wheat leaf rust
resistant wheat was meant to decrease in-
terplot interference.

In Wageningen, the wheat leaf rust epi-
demic was started in mid May by placing a
sporulating spreader plant in each plot,
which were removed after ten days. In
Mexico and Brazil, the epidemic started
from natural infection.

At weekly intervals the level of wheat feaf
rust was assessed. Per plot 15 tillers were
harvested. On the upper three leaves of

each tiller the number of urediosori was
counted. These numbers were transformed
according to the scale of Parevliet and Van
Ommeren (1984) and corrected for differen-
ces in leaf area. Also the heading dates
were recorded.

RESULTS AND DISCUSSION

The terminal disease levels of the five cul-
tivars at four locations in two years are given
in Table 14-2. At all locations the disease
level on Westphal 12A, Akabozu and BH
1146 was iess than on Skalavatis 56 and Lit-
tle Club, indicating that PR is expressed in
all eight the environments. Conspicuous
was the difference in disease level between
Skalavatis 56 and Little Club. At all locati-
ons, Skalavatis 56 showed more wheat leaf
rust than Little Club {Table 14-2). This was
not expected because a component
analysis had revealed that the two cultivars
wete equally susceptible to wheat leaf rust
(Broers, 1989a). The cultivars differed also
in earliness. Broers (1989b) mentioned that
the susceptibility of late-heading cultivars is
underastimated relative to that of early culti-
vars. Leaves of the |ate-heading Little Club,
especially the flag leaf and the |leaf below it,

Table 14-2. Leaf area affected by leaf rust expressed in number of urediosori per tiller
transformed according to the scale of Parlevliet and van Ommeren (1984) of five wheat

cultivars at four locations in two years.

Cultivar Location

Wageningen | Wageningenli Mexico Brazil

1986 1987 1986 1987 1986 1987 1986 1987
Skalavatis 56 1278 1358 1202 135 1272 138 1212 1207
Little Club 1120 1222 113P 1272 112° 1230 8.7 )
Westphal 12A 56° 7.5° 6.4° 6.8° 219 76° 41 g4°
Akabozu 52¢  7.3° 20° 5.1 129 s5gd 10 628
BH 1146 379 46 539 6.7° 3.1° 82° 239 7.2°

* Means in a column with the same tetter do not differ significantly (P=0.05)
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Table 14-3. Heading dates expressed as number of days relative to the heading date
of Skalavatis 56 (set at 0) of five wheat cultivars at four locations in two years,

Cultivar Location

Wageningen I+1l  Mexico Brazil

1986 1987 1986 1987 1986 1987
Skalavatis 56 0 0 0 0 0 0
Little Club 12 14 23 25 31 )
Westphal 12A 4 5 11 12 -19 -25
Akabozu 11 12 26 30 -18 -21
BH 1146 6 7 -4 2 -18 -28

1) did not reach heading stage due to severe rust infection.

were exposed to wheat leaf rust during a
shorter time than those of the early
Skalavatis 56. Therefore, it is highly prob-
able that the difference in disease level be-
tween Skalavatis 56 and Little Club was
predominantly, if not solely, associated with
the difference in earliness. This gives the
possibility to estimate the effect of earliness
on the disease level. The average effect of
Little Club’s later heading, calculated as the
ratio between the difference in disease level
expressed according to the scale of Parle-
vliet and Van Ommeren {1984) (scale units)
and the difference in heading dates (in days)
with Skalavatis 56 averaged over all loca-
tion-year combinations, was 0.08 scale
units per day. The disease levels of Table
14-2 were corrected for differences in head-
ing date using the heading dates in Table
14-3 and the calculated average effect of
later heading. For instance, the corrected
disease level of Akabozu in Mexico in 1987
was calculated as:

Heading date * 0.08 + uncorrected disease
level = (30 * 0.08) + 5.8 = 8.2. In Table 14-
4 the corrected disease levels are presen-
ted. These results are probably more
representative for the real differences in
partial resistance at the four locations,

Waestphal 12A, Akabozu and BH 1146
still are significantly less affected than
Skalavatis 56 and Little Ciub.

In Mexico and Brazil, the expression of
PR, measured as reduced disease severity
was better in 1986 than in 1987. The dif-
ference between the pattially resistant cul-
tivars and the susceptible cultivars was
about four scale units larger in 1986 than in
1987. In Wageningen, the expression of PR
was the same for both years, but similar
changes as in Mexico and Brazil in the ef-
fectiveness of PR have been reported for
barley/barley leaf rust at sites in The Nether-
lands between years (Parlevliet and van
Ommetren, 1984).

The results indicate that the expression
of PR is affected by environmental condi-
fions. This agrees with the greenhouse ob-
servations of Broers (1989d), that the
expression of PR depends on the post-
infection temperature. At lower temperatu-
ras, the expression of PR was better than at
higher temperatures; cultivar differences
tended to decrease with temperature. Dif-
ferences in temperature bstween years
and/or between locations could easily ex-
plain the observed differences in PR. The
ranking of the cultivars, though was not af-
fected. However, this temperature sensiti-
vity of PR-genes studied, does not need to
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Table 14-4. Leat area affected by leaf rust expressed in number of urediosori per tiller
transformed according to the scale of Parlevliet and van Ommeren (1984) of five wheat
cultivars at four locations in two years. Data have been corrected for differences in

earliness.
Cultivar Location

Wageningen | Wageningenil  Mexico Brazil

1986 1987 1986 1987 1986 1987 1986 1987
Skalavatis 56 12.7% 1352 12.0% 1352 1272 1382 1212 1208
Little Club 12.32 1352 12.4%8 14,07 13.3%2 1462 11.5% -
Westphal 12A 590 74° 6.7 7.0 3.0° 8e” 26 6.4
Akabozu 6.1° g3 29 6.1¢ 33 g2 0.0° 45°
BH 1146 42° 52° 58° 7P 282 g4t 09° 50°

* Means in & column with same letter do not differ significantly (P=0.05)

be the cause ofthe differences in magnitude
in PR reported here, for the PR in barley to
barley leaf rust shows similar variations in
its magnitude {Parlevliet and van Ommeren,
1984) although the PR-genes in this patho-
system do not show any temperature sen-
sitivity (Parlevliet, 1975).

It is difficult to compare the level of ex-
pressian of PR across environments as cul-
tivar differences in eariness varied greatly
with location. In general, the expression of
PRin the partially resistant cultivars studied
resulted in a reduction of wheat leaf rust
varying from about 50 times (5.8 scale units)
to about 1550 times (10.6 scale units) at the
time that susceptible cultivars were severe-
ly rusted. Somaetimes, the effect of PR was
reduced due to environmental conditions.
An increase in levei of PR is useful to avoid
drops in effectiveness of PR as observed in
Mexico and Brazil. Higher levels of PR can
be achieved as transgressive segregation
was observedincrosses between Akabozu,
Westphal 12A and BH 1146 (Broers and Ja-
cobs, 1989).

Small but significant cultivar-environ-
ment interactioris were observed. In Wa-
geningen, Akabozu on the clay soil had
significantly more wheat leaf rust than BH

1146 whereas onsandthe reverse was true.
In Mexico, no significant difference in dis-
ease severity could be detected between
the partially resistant cultivars; in Brazil the
cultivar ranking was the same as in Wage-
ningen at clay. The interaction at the
Wageningen locations was associated with
soil type. The other interactions are not as-
sociated with a single factor. Possible
causes may be differences in eatiness,
pathogen population, day length, soil type,
and other environmental conditions. The
magnitude of these interactions is small in
comparison with the differance in disease
severily between the group of PR cultivars
and the group of susceptible cultivars. The
observed interactions do not disturbing the
ranking order in essence.

This study clearly revealed that PR is a
form of resistance that is expressed in a
wide range of environments. Therefore, itis
a stable characteristic. The level of expres-
sion of PR may vary somewhat with environ-
ments. Therefaore, the level PR in the
cultivars used may sometimes be insuffi-
cient to protect satisfactory against wheat
leaf rust elsewhere. The ranking of cultivars
is not much influenced by the environment.
Selection for PR can therefore take place in



a wide range of environments. Broers
{1989d) recommended to use environments
with suboptimal conditions for wheat leaf
rust as resistance is expected to be better
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tion will probably be necessary to start the
epidemic in such an environment. The ex-
periments at the Wageningen locations
{sub-optimal for wheat leaf rust) showed

that this way of starting an epidemic gave
satisfactory results.

expressed and differences between cul-
tivars to be larger than under conditions
conducive to the pathogen. Artificial infec-
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How to select for partial resistance

Partial resistance (PR) is defined as the ability of the host to retard the epidemic growth of
the pathogen despite of a high infection type (IT). A high IT (7 to 9; scale of McNeal ef af,
1971) means that at best chlorotic halos are present around the urediosori. Histologically, lit-
tle or no autofluorescence should be visible around the infection structures. A high IT indi-
catesthe absence of effective hypersensitivity resistance (HR) genes in the genotype studied.

Partially resistant wheat genotypes have a longer latency period (LP), a lower infection
frequency, smaller urediosori and lower rates of spore production compared to a highly sus-
ceptible genotype. It is hoped that PR to wheat leaf rust is durable in contrast to HR.

Based on the results of the preceding chapters a method is described here ta screen for
PR in wheat to wheat leaf rust (Puccinia recondita {.sp. tritici). This methed contains three
elements:

1} screening against low infection types;

2) assessment of PR in the greenhouse;

3} assessment of PR in the field.

Ad 1) An essential element of PR is the high infection type. Selection against low infection
types {IT 7) should be very strict and only truly susceptible genotypes should be considered
for further testing.

Testing should be done in the greenhouse. it is our experience that in the field PR and in-
complete HR are very difficult to distinguish as both reduce the rate of epidemic development
and the iT of PR-genotypes tends to decrease with time due to necrotisation of old uredioso-
ri {Chapter 16).

in the greenhouse, the seedling stage is recommended for a first screening. In seedling
tests, adult plant resistances (low IT resistances that are only expressed in the adult piant
stage) are overlooked. Selected genotypes should, therefore, be tested again in the adult
plant stage.

As an inoculum soutce, a monospore culture of the race with the broadest virulence
spectrum available should be used in all experiments (see point 2 and 3) to reduce the chance
that interesting PR-genes are obscured by effective HR-genes.

Infection types should be observed 2 to 3 days after the moment that all colonies sporu-
fate.

Ad 2) The most precise estimator for PR is the latency period (LP). This component of PR
shows high correlations with PR as measured in the field and it is relatively easy 10 assess
{Chapter 10, 11). LP is defined as the time between the start of infection and the onset of

sporulation. There are two ways to measure the onset of sporulation. First, it can be determi-
ned by counting each day the number of urediosori visible in a marked area on the leaves
{using a pocket-lens) until the number of urediosori no longer increases. The time at which
5Q per cent of the final number of urediosori appeared is estimated by interpolation and
considered as the start of sperulation (Chapter 7, 10). Second, the onset of sporulation can
be determined by estimating the time at which 50 per cent of the visible infections (greenish
flacks) are sporulating (Chapter 8). In both cases, the LP has to be taken as the time period
from the beginning of incubation to the time at which 50 per cent of the final numbaer uredio-
soti respectively of the visible infections appeared. The first method is suitable for precise
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Table 15-1. Comparison of seedling and adult plant tests on latency petiod.

Aspect Seedlings Adult plants

sufficient expression at low temperatures at moderate temperatures
(e.g.8-13°C) {e.g. 15-19°C)

required equipment growth chamber greenhquse

experimental size small large

time short long

differences in of no importance of high imponrtance;

development rate requires special sowing scheme

measurements of LP on smaill numbers of plants. The second method is less precise but al-
lows assessment of large numbers of plants e.g. segregating populations.

The expression of LP-prolenging genes is influenced by growth stage and temperature.
Young flag leaves {plants just heading, growth stage DC 48-53; Zadoks ef al., 1974) show a
better expression than seedling leaves {growth stage DC 11) (Chapter 10). The expression
is better at low than at high temperatures (Chapter 13). To choose the suitable growth stage
some aspects of seedling test and adult plant tests for LP are presented {Table 15-1). See-
dling tests need low temperatures (8-13 "C) for a good expression of PR and, therefore, re-
quire a growth chamber. Adult plant tests can be carried out in the greenhouse at moderate
temperatures {15-13 "C), which are sufficiently low for a good expression of PR. Adult plant
tests need more space and take more time than seedling tests.

LP varies with development stage. All plants should be inoculated in the same development
stage, to reduce the experimental error. In seedling stage differences in development rate
are of no importance. However, adult plants of different genctypes may not reach the young
flag leaf stage (growth stage DC 48-59; Zadoks et al,, 1974) at one and the same time due
to differsnces in development rate. Therefore, they cannot be inocculated simultaneously in
the same young flag leaf stage. To overcome differences in development rate the following
procedure can be used. Over a period of several weeks susceptible and partially resistant
standard cultivars are sown at weekly intervals. All genotypes to be tested are sown at once
about half way this pericd. Inocutations are carried out in sequential series each including
testgenotypes and standards that are, per series, in the same young flag leaf stage (DC 48-
59). The standards are added to each series to enable comparison of the different inocula-
tion series.

Irrespective of the growth stage that is used to screen for LP, it should be stressed that al-
ways sufficient susceptible and partially resistant standard cultivars should be included in the
tests for mutual comparison of different series. Furthermore, IT should be observed again
very carefully to be certain that a prolonged LP is not due to a gene that conditions incom-
plete HR. Thus, entries with low IT should be removed.

ad 3} Several methods are available to assess the level of disease severity of genotypes.
The methods are on different epidemiological parameters, different experimental designs and
different assessment scales (Chapter 11). In the case of wheat and wheat leaf rust, screen-
ing tests with a high disease pressure such as small adjacent piots and race nurseries (using
the Peterson Scale (0-100%); Peterson ef af.,1948) gave results similar to those of screen-
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ing tests with a low disease pressure such as isolated plots (using the more precise scale of
Parlevliet and van Ommeren, 1984). For economical reasons, small plots are to be preferred.
The susceptible and partially resistant controls should be included reguiarly in field experi-
ments, and comparisons should be made to the nearest check, as the disease pressure may
be heterogenecusly distributed over the field. If artificial inoculation is necessary to initiate an
epidemic, it is recommended to do this with spreader plants early in the growing season (e.g.
at tillering). In our experience, this method gives good results.

A satistactory disease assessment in the field can be obtained from one scoring ifitis done
at the moment that the susceptible control cultivars are severely rusted (about 75 to 95%,
Chapter 11)). Area under the disease progress curve can also be used but needs more as-
sessments. The logistic growth rate is not recommended because in our experiments it was
a poor estimator of PR,

The disease assessment should include at least the upper three leaves (including the flag
leaf). Assessments on the flag leaf only are more sensitive to differences in development
rate. Moreover, assessing on three leaf layers reduces the experimental arror because a
larger number of leaves is assessed.

Selection of genotypes with a retarded epidemic build-up {low disease level) does not
automatically imply that the selected genotypes are partially resistant. Both genotypses with
incomplete hypersensitive resistance (HR) and with PR are able to retard the epidemic. To
differentiate between HR and PR, infection type data should be used. The problem is that
infection type data recorded in the field are rather ambiguous. Incomplete HR will show an
IT of 4 to 6. PR should give an IT of 7 to 9. In the field, however, oid urediosor tend to be-
come necrotic and thus the infection type will decrease from 7 to 9 to 4 to7 (Chapter 16). It
is obvious that PR and incomplete HR are very difficult to separate in field tests. Examinati-
on of the IT in the greenhouse is necessary to distinguish between PR and incomplete HR.
Genotypes with a very low IT can be removed and do not need an examination in the green-
house.

A field test also encounters the difficulty of differences in development rate. Selection for
PH neglecting the differences in developmental rate, will result in selection for lateness as
late genatypes are less attacked at a certain moment in time {Chapter 11). To take differen-
ces in development rate into account, the field test should contain susceptible and partially
resistant standard cultivars that both cover the range of development rates observed in the
test genotypes. The test genotypes and standards should be classified according to develop-
ment rates. Selection of genotypes with a reduced level of disease ¢ar: be carried out within
groups of the same development rate.

Using the preceding three elements (not necessarily in the crder mentioned}, a breeder can
successfully screen his material for PR. When a breeding program for pantial resistance is in-
itiated itis essential that the parents, that will be used in the crosses, are selected very careful-
ly considering all three elements. Otherwise the program may fail to meet its objectives. A
practical procedure for a braeder can be as follows. Based on observation of IT and disease
levels of many genotypes in artificially infected small plots in the field, genotypes are selected
with IT4-6 and a disease level lower than that of the susceptible control. Completely disease-
free genotypes should be excluded as they may possess complete HR. In the period follow-
ing the field observations, seedlings and aduit plants of the selected genotypes can be
screened for [T and LP in the growth chamber or greenhouse. Genotypes with a high T
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{7 to 9) and a LP longer than that of the susceptible control can be used in a crossing pro-
gram. This completes the first and perhaps the most important step in breeding for PR: identi-
fication of parental genotypes with PR by careful exclusion of hypersensitivity resistance and
selection for long LP.
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Comparison of PR in wheat and barley lo their respective Jeaf rusts

In wheat, the histological data showed that the genes for partial resistance (PR) present in
the spring wheat genoctypes Westphal 12A and Akabozu operated at two stages during the
development of wheat leaf rust infection structures. The first noticeable effect was a reduc-
tion of the infection frequency. Several infection structures were probably obstructed by cell
wall appositions and did not form haustoria. They were aborted. The second effect of PR
genes was on established colonies. After the first haustorium was formed a difference was
observed in number of haustoria and growth rate between susceptible and partially resistant
wheat genotypes. This difference could not be explained by the presence of cell wall apposi-
tions. Possibly, a post-haustorium mechanism operated in the PR genotypes studied. The
nature of the mechanism remained unknown. Microscopic observations showed that haus-
toria in the PR genotypes were not encapsulated.

In barley, the decisive mechanism of PR to barley leaf rust was a pre-haustorium exclusion
of the fungus by cell wall appositions. These cell wall appositions were formed immediately
after formation of the first haustorium mother cells (HMC), thus leading to early abortion of
infection structures. In barley, the cell wall appositions were also formed during a prolonged
petiod after the formation of the first HMC, leading either to late abortion of infection struc-
tures or to an initial delay in the growth of established colonies (Arntzen and Parlevliet, 1986;
Niks, 1982; 19886).

it is astonishing to see that the mechanism of pantial resistance in the badey/barley leaf
rust interaction and the wheat/wheat leaf rust interaction differ so much. Both the plant and
fungus species are closely related. The partial resistance in both interactions shows a reduced
infection frequency, a longer latency period, smaller colony sizes and smaller sporulating
areas compared to highly susceptible checks. Despite similarities, the pathosystems tend to
show unique charactetistics. Therefore, one should be very careful to transfer concepts from
one pathosystem to another even if the hosts or the pathogens are closely related.

Induction, generalizing the specific, can be very misleading and requires verification.

Genelics

The prolongation of latency period in the spring wheats studied appeared to be coded by two
or three genes. Similar numbers of LP-proionging genes and genes decreasing the disease
severity have been found in wheat leaf rust infected winter wheat (Bjarko and Line, 1988; Lee
and Shaner, 1985). This could indicate that the oligegenic inheritance of partial resistance in
wheat to wheat leaf rust is a general phenomenon. The number of genes leading to a similar
prolongation of LP in partially resistant wheat clearly deviates from the number obsetved in
partially resistant barley {Parevliet, 1978b).

In our study, the LP-prolonging genes were inherited in a (partially) recessive way. Gene
action was mainly additive. In the two winter wheat studies cited above the inheritance of the
gene effect also showed a (partially) recessive inheritance and showed mainly additive gene
action. The recessive inheritance of PR and additive gene action seems to be a general
phenomenon of PR to wheat leaf rust in wheat (Bjarko and Line, 1988; Lee and Shaner, 1985;
Chapter 7). ‘

It should be stressed that neither the oligogenic inheritance nor the recessive way of in-
heritance can be interpreted as evidence for durability of partial resistance.
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In our study transgressive segragation for longer latency period was abserved. The spring
wheat genatypes studied contained partly different LP-prolonging genes. The accumulation
of these genes looks rewarding. If the genes for longer latency period in spring and winter
wheats also differ, their combined presence could lead to practically disease-free partially
resistant genotypes.

Components of PR

Latency period (LP), infection frequency (IF), and urediosorus size (US) are three components
of PR in wheat to wheat leaf rust. LP appeared to be a vety imponant factor in determining
the disease levels observed in the field (Chapter 10}. Data obtained from winter wheat also
indicated the importance of LP in the epidemic development of wheat leaf rust (Shaner and
Finney, 1980). Simulations of wheat leaf rust epidemics confirm these resuits (Teng et af.,
1977; Zadoks, 1971). A clear growth stage effect on the components was detected (Chapter
10). Generally, LP was longer, IF was lower and US was smaiter on young flag leaves than
on ptimary leaves. In winter wheat/wheat leaf rust (Ohm and Shaner, 1976; Pretorius et al.,
1988) and barley/barley leaf rust (Parlevliet, 1975; Parlevliet and Kuiper, 1977) similar results
were obtained. The ranges for LP, IF and US were of comparable size to the ranges obser-
ved in winter wheat (Ohm and Shaner, 1976; Shaner et al,, 1978), and to ranges observed
in barley/barley leaf rust (Parieviiet, 1975; Parlevliet and Kuiper, 1977).

The components LP, IF and US varied in an associated way. A longer LP, a reduced IF
and a smaller US tended ta go together. However, some cultivars deviated significantly from
this pattern. The presence of deviating genotypes indicates that in some cultivars different
genetic factors control the components. This is at variance with observations in winter wheat
(Lee and Shaner, 1985) and barley/barley leaf rust (Parlevliet, 1986) where LP and US, and
LP and IF, respectively, seemed to be coded for by the same or by closely linked genes.
However, i) the different reaction to temperature of LP and IF (Chapter 13), ii) the fact that
combining LP and IF in & multiple regression equation resulted in a better explanation of the
variation of disease severity than either LP and IF alone and iii} the observation that IF and
LP seemed to be governed by different mechanisms (Chapter 4}, support the idea that, at
least in some genotypes, the genes for a prolonged LP and genes for a decreased IF are not
necessarily the same or closely linked.

FR in the field

Disease severity (DS) at the time that the susceptible control is severely infected, was a reli-
able and economically justifiable epidemiclogical parameter to estimate PR in the field. The
Peterson Scale (Peterson et al,, 1948) used to assess DS was satisfactory at the levels of
PR now available. When higher levels of PR are obtained, more detailed observations and
the use of the scale of Parlevliet and van Ommeren (1984) may be necessary to differentiate
between genotypes with high levels of PR. In such cases, experimental designs are required
that provide very high disease pressure.

In our study, the logistic growth rate appeared to be unsuitable as estimator for PR in the
field. The logistic growth rate showed low correlations with the components LP, IF and US
and with the epidemiological parameters, DS and area under the disease progress curve
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(AUDPC). Data obtained by Rees et &/. (1979) also showed that the ranking based on logis-
tic growth rate differed largely from the ranking according to disease severity. A possible ex-
planation for the discrepancy between the logistic growth rate and the other epidemiological
parameters, DS and AUDPC, can be that the initial inoculum varied from plot to plot. The
variation in initial inoculum was more pranaunced inisolated plots. Rouse et af. (1981) showed
that the epidemic growth rate was negatively associated with the initial inoculum. This nega-
tive association could have interfered with the resistance of a particular genctype and could
have led to a wrong estimate of the resistance level of that genotype based on the logistic
growth rate data.

There may be another reason for the discrepancy between the logistic growth rate and
other epidemiological parameters. To obtain the logistic growth rate, data are logistically
transformed assuming that: i) the organisms are distributed uniformly in space, if) the environ-
ment is uniform in space and constant in time, iii) all organisms react in the same way at any
given time regardless of development stage and iiii) the growth rate of the rust population
declines linearly with population size. Clearly, some of the assumptions are incorrect. The
environment, for instance, varies with time and the host reaction changes with its develop-
ment.

PR was studied in the field under low and high disease pressure, representing commer-
cial wheat production and breeder's fields, respectively. The ranking order of the genotypes
studied was similar indicating that the best genotypes in breeders’ fields {(small plots, high in-
oculum press) also perform best in farmers’ fields (large fields, low inoculum pressure). There-
fore, selection for PR in the field can be done in small plots.

Inthe field, differences in development rate of plant genotypes can obscure reai differences
in PR. Compatison of early and late cultivars that were equally susceptible showed that late
cultivars had less disease when assessed at the same time (same number of days after
sowing). Late cultivars had more disease when assessed at the same development stage
{same number of days after heading). Therefore, susceptible and PR-genotypes that cover
the full range of development rates should be used for compatison during screening experi-
ments in breeding programs. Comparison of genotypes should be carried out within groups
of genotypes with similar development rate and not between such groups.

Race-specificity

In PR most variation was of the "harizontal type” sensu Van der Plank (1963). However, small
significant race-specific interactions have been found in field experiments (Chapter 12). The
interactions were of similar size as those found in barley/barley leaf rust (Parleviiet, 1978a).
In the data of Kuhn et al. (1978), who tested 22 isolates on three winter wheat genotypes in
the seedling stage, significant race-specific effects can be found for latency period. These
results suggest a gene-for-gene relationship for PR in wheat 10 wheat leaf rust and suppon
the "integrated concept” of Parlevliet and Zadoks (1977). The presence of race-specific ef-
fects does not imply that the rasistance is not durable nor the opposite. Parevliet (1983)
developed a model that can explain the durability of PR despite of a gene-for-gene-relati-
anship. This model assumes that if recognition exists between pathogenicity genes in the
pathagen and susceptibility genes in the host, the interaction will be compatible. Resistance
can only be avercome by a gain mutation, neutralizing the effect of the resistance in the host.
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Parlevliet (1983) assumed that gain mutations are difficult to produce and therefore the resis-
tance based on this model is expected to be durable.

The size of the race specific interaction absarved in the field experiments was relatively
small. If a gene forlonger latency period would have been defeated by the pathogen a larger
increase of disease severity is expected as LP-prolonging genes have a large effect. This
suggests that genes other than LP-prolonging genes influence the epidemic development,
for instance IF reducing genes. The component analysis (Chapter 10} showed that it cannot
be excluded that separate genes for longer LP and reduced IF are present in PR genotypes.
Due to the large variability of IF, the inheritance of IF is difficult to study. Therefore, evidence
supporting or contradicting this idea will be hard to obtain.

Comparison of iIncomplete HR and PR

At the time we started the work reported in this thesis the idea prevailed that there was a
clear-cut difference between hypersensitivity resistance (HR) and partial resistance (PR).
This was plausible. In barley the two types of resistance can be distinguished fairly easily and
are based on different mechanisms (work by Parlevliet, Niks and others). _

During this study several similarities betwaen HR and PR in wheat to wheat leaf rust
emerged, indicating that HR and PR of wheat to wheat leaf rust were less easy to distinguish
than in barley/barley leaf rust. The similarities can be summarized as follows:

1) In wheat, both incomplete HR and PR to wheat leaf rust are of a post-haustorial nature
and reduce growth of fungal colonies. Cells of a host carrying incomplete HR collapse after
the fungus has formed a haustorium {Heath, 1974). The cell collapse leads to autofluoresence
(AF) and is accompanied by colony growth retardation (Tomerin et al., 1984). The growth
retardation of fungal colonies in partially resistant genotypes, mast likely, starts after the for-
mation of the first haustorium. In partially resistant genotypes the extensive host cell collap-
56 and AF do not oceur.

2) A small number of genes is reported to be involved in the inheritance of HR and PR.
HR is mostly monogenic or digenic and most HR-genes inhetit in a dominant way. In PR-
genotypes, one to three genes governed a prolonged LP, but they inherit in a recessive way
{Chapter 7 and 8; Lee and Shaner, 1985)

3) The expression of HR and PR is temperature sensitive. Several H.R.-genes lead to in-
compatibility at low temperatures and to compatibility at high temperatures, other HR-genes
show a reversed temperature sensitivity (Browder, 1980). The effact of LP-prolonging genes
is much more pronounced at low temperatures.

4) Incomplete HR and PR have the same epidemialogical effect. They reduce the epidemic
build-up, prolong LP and reduce IF (Chapter 10 and 11; Eversmeyer et af,, 1980).

In addition to the similarities between HR and PR, difficulties were encountered to distinguish
incomplete HR and PR based on the definition of PR. Genotypes showing an intermediate
or high IT were hard to classify as HR or PR as factors other than resistance influenced the
infection type. Several adult plant resistance gene do not lead to a low I T in seedlings (Brow-
der, 1980}. On the other hand not all HR seedling genes are expressed in adult plants (Over-
laet, 1963). In the greenhouse the IT in flag leaves of a genotype can be high at low

temperatures and lower at high temperatures {BH 1148, Table 16-1). The IT of adult plants
can be high in the greenhouse but lower in the field. This has been observed in adult plants
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Table 16-1. Changes in infecticn type in some wheat-wheat leaf rust combinations due
to various factors.

Genotype Race Infection type
o 1 2 3 4 5 6 7 8 89 .
>30°C <30 °C
BH 1148 All .
F G
Ze-64-1-14 Flamingo - .
G F
Kaspar Felix
0 y
Akabozu All DR

“temperature in 'C; **G=greenhouse; F=Field; """ o=0ld urediosori; y= young urediosori.

of Ze-64-1-14 with the 'Flamingo’ race. The opposite effect, high IT in the field, low in the
greenhouse was observed in Kaspar with the 'Felix’ race. This discrepancy between green-
house and field data can probably be attributed to environmental dependent expression of
HR genes (e.g. temperature, day-length, light intensity). The IT of colonies sporulating for a
while tends to be lower than the IT of just sperulating colonies. This has been observed in
leaves ot partially resistant genotypes in the greenhouse and in the field (Akabozu, Table 16-
1). In some genotypes {BH 1146, Ponta Grossa 1), a high infection type was observed in
adult plants in the greenhouse. Microscopical observations of these genotypes showed a
large amount of aborted infection structures with autofluorescence. In both genotypes a HR
gene (presumably Lr 13) is present.

It is clear that under certain conditions an intermediate IT can be observed on leaves of
partially resistant genotypes. On the other hand a high IT not necessarily excludes HR. The
distinction between PR and HR cannot be made by a single determination of IT but requires
a careful investigation. Otherwise undesired HR may be selected.

Stability and durability

Stability and durability are two ditferent characteristics of PR. Stability refers to expression
under a range of environments, Resistance is stable if it is expressed in a wide range of en-
vironments daspite of differences in temperature, day length or other environmental varia-
bles. Durability refers to the biological expression of resistance. A cultivar possesses durable
resistance if the cultivar has been grown commercially at a large scale for a long time in an
enviranment conducive to the disease, without a major loss of the effectiveness of the
resistance due to adaptation of the pathogen.

PR in wheat to wheat leaf rust can be considered as a stable form of resistance as it was
expressed in a wide range of environments (Brazil, Mexico, The Netherlands) and the rank-
ing of the cultivars studied was hardly affected by different environments. The level of ex-
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pression of PR was affected by environmental conditions. This agrees with the greenhouse
observations (Chapter 13) that the expression of LP depends on the post-infection tempera-
ture. Differences in temperature between years and/or between locations may easily explain
the observed differences in the level of PR at the various locations. The temperature sen-
sitivity of LP-genes in wheat does not need to be the cause for the differences in level of PR
between years and between locations. PR in barley to barley leaf rust showed similar variati-
ons in its expression (Parlevliet and van Ommeren, 1984) although the PR-genes in this
pathosystem do not show any temperature sensitivity (Parlevliet, 1975).

Stability is not necessarily an indicator of durability. CIMMYT triticales proved to be resis-
tant to stem rust when tested in widely different areas over several years. However, shorlly
after their introduction in Australia the resisiance was defeated by a new race of the stem rust
pathogen. The resistance appeared to be governed by a single gene (Sr27) (Mcintosh, 1988)..

In the case of wheat leaf rust, evidence is present that PR in wheat is durable. BH 1146,
has been grown commercially since 1955 in Brazil under conditions that are favourable to
wheat leaf rust. Its resistance, recognized as being of the PR-type, is still effective in 1988
and it can be said to be durable. This is a retraospective conclusion. It is not correct to relate
the durability of a resistance to the occurrence of stability.
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SUMMARY
Histology

Microscopical observations showed that there was no differance between susceptible and
partially resistant genotypes in percentage germination, appressorium formation, substoma-
tal vesicle formation nor in the percentage of infection structures that formed a first infection
hyphae.

Partial resistance of wheat to wheat leaf rust appeared to act in two steps. In the first step,
several infaction structures were aborted, Probably due to the presence of cell wall apposi-
tions they were unable to form haustoria. This pre-haustorium exclusion leads to a decreased
infection frequency (IF). In the second step, a reduction in size of established colonies was
observed. The reduction was not caused by the presence of cell wall appositions nor by the
encapsulation of haustaria. The mechanism is unknown but it is presumably of a post-haus-
torial nature. The growth reduction leads to longer latency periods (LP).

Genetics

Three partially resistant spring wheat genotypes with a long LP were crossed among each
other and with the highly susceptible Little CLub. From the segregating generations it was
conciuded that Akabozu carries two and Westphal 12A three LP-prolonging genes. BH 1146
seemed to contain ane gene for hypersensitive cell collapse and two or three genes for a
prolonged LP. The LP-prolonging genes in Akabozu and Westphal 12A differed from each
other, as transgression was observed in their progenies. At least some LP-prolonging genes
of BH 1146 were different from those present in Akabozu.

The genes for a prolonged LP were inhetited in a recessive or partially recessive way and
showed additive gene action.

Epidemiology

PR measured as latency period (LP), infection frequency (IF) and urediosorus size {US) was
better expressed in the young flag leaf stage than in the seedling stage. The LP measured
in the flag leaf appeared to be relatively easy and accurate jo measure. LP is a satisfactory
estimator for PR as LP was well correlated with PR measured in the field {see below). To
. determine LP, relatively low temperatures should be used as differences in LP between
genotypes increased with decreasing temperatures.

Three epidemiological parameters were used o assess PR in the field: 1) disease severity
at the time that susceptible controls are severely rusted (75 to 95 per cent), 2) the area under
the disease progress curve and 3) the logistic growth rate. The former two parameters are
reliable estimators for PR. The latter, however, appeared to be unsuitable as it showed low
correlations with the other two parameters and with the three components of PR mentioned
. above.

The components LP, IF and US showed an associated variation. Long LP, low IF and small
US tended to go together. Some genotypes deviated from the observed pattern, Ponta Gros-
sa 1, for instance, had an IF which was to low relative to its LP and the disease severity of
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Ponta Grossa 1 was too low compared to its LP. The results indicate that the components of
PR are at least in some cases controlled by different genes.

Race-specificity

Conclusive evidence for or against race-specificity of PR has not been obtained. In the field,
one significant and reproducible cultivar-race interaction was observed. In the greenhouse,
measunng LP, also significant cultivar-race interactions have been detected. However, these
interactions were not reproducible. Therefore, it is not clear whether cultivar-race interactions
do occur regularly and what their significance is with respect to durability.

Stability and durability

Irrespective of the temperature sensitivity of the expression of LP, PR was expressed in a
wide range of environments (Brazil, Mexico, the Netherlands) indicating that PR is stable.
The ranking orders were similar at all locations and years. Ditferences in the level of PR were
observed among years and locations. The results indicate that the levels of PR in the
genotypes studied, might be insufficient under conditions very conducive to wheat leaf rust.
The PR studied might be durable. The PR in one of the cultivars studied (BH 1146) is still ef-
fective notwithstanding the commercial use of that cultivar since 1955 on a large scale in en-
vironments conducive to wheat leaf rust.
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SAMENVATTING

Histologie

Uit mikroskopische waarnemingen blegk dat er geen duidelijke verschil bestond in de per-

- centages kieming, vorming van het appressorium, van het substomatale blaasje en van de

eerste infektiehyphe tussen vatbare en partiéel resistente genotypen.
Partiéle resistentie in tarwe tegen bruine roest leek uit 2 fasen te bestaan. In de eerste
tase trad abortie van infektiestrukturen op. Een aantal infektiestrukturen vormde geen haus-

. torium. Dit werd waarschijnlijk verhinderd door materiaal dat aan de celwand werd toege-

voegd. Het verschijnsel kan bestempeld worden als een pre-haustoriale werking an leidt tot
vetlaging van de infektiefrequentie (IF).

In de tweede fase werd de groei van gevestigde kolonies vertraagd. De groeivertraging
werd niet veroorzaakt door het verhinderen van penetratie en evenmin door inkapseling van
haustoria. Het mechanisme is onbekend, maar waarschijnlijk post-haustoriaal van aard. De
groeivertraging had een verlenging van de latentieperiode (LP) tot gevolg.

' Genetika

| Drie partiéel resistente zomentarwerassen met een lange latentiepericde (LP) werden onderl-
- ing en met het zeer vatbare ras Little Club gekruist. Uit de LP gegevens van de splitsende

generaties werd afgeleid dat Akabozu twee en Westphal 12A drie genen voor een langere

. latentieperiode bevatten. In BH 1146 lijkt een gen voor over-gevoeligheidsresistentie aan-

wezig te zijn naast twee of drie genen die de LP verlengen. De genen in Akabozu en Westphal
12A verschillen van elkaar, in de nakomelingschappen trad transgressie op. BH 1146 an

- Akabozu hebben een of meer genen die van elkaar verschillen. De genen voor langere LP

erven {gedeeitelijk) recessief over en vertonen duidelijk additieve effekten.

Epidemiologie

* Partiéle resistentie gemeten aan de hand van latentieperiode (LP), infektiefrequentie (IF) of
. uredosorusgrootte (UG), kwam beter tot expressie in jonge vlagbladeren dan in

kiembiaderen. De LP gemeten aan het vlagblad bleek een gemakkelijk en nauwkeurig te
meten schatter te zijn om het niveau van PR te bepaien. LP gemeten in het vlagblad ver-
toonde een hoge korrelatie met PR gemetenin het veld. LP kan het best bij lage temperaturen
bepaald worden omdat verschillen tussen genotypen toenemen met afnemende tempera-
turen.
Partiéle resistentie in het veld is bepaald aan de hand van drie epidemiologische
parameters: 1) de mate van aantasting op het moment dat de vatbare Kontrole voor 75 tot
| 95 procent was aangetast, 2) de opperviakie onder de kurve van het ziekteverloop en 3) de
| logistische groeisnelheid van de epidemie. De eerste twee parameters zijn goede schatters
van PR gebleken. De logistische groeisnelheid bleek onbruikbaar als schatter voor PR van-
| wege een slechte korrelatie met de andere twee parameters en met de drie komponenten
van PR.
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De komponenten LP, IF en UG vertoonden een hoge onderlinge korrelatie. Een lange LP,
een lage IF en een kleine UG bleken veelal samen te gaan. Enkele genotypen weken ech-
ter af van dit patroon. Ponta Grossa 1, bijvoorbeeld, had een te lage IF ten opzichte van diens
LP. Ponta Grossa had tevens een aantasting die lager was dan verwacht werd op grond van
diens LP. Deze resultaten duiden er op dat de komponenten van PR tenminste soms op
verschillende genen berusten.:

Fysiospecificiteit

De vraag of fysiospecificiteit een rol speelt by partiéle resistentie, kan niet eenduidig worden
beantwoord. In het veld, is een signifikante en herhaalbare ras-fysio interaktie gevonden. In
de kas, waar LP gemeten werd, zijn ook signifikante ras-fysio interakties gevonden, maar
deze waren niet herhaalbaar. De vraag blijft dus open hoe frequent ras-fysio interaklies
optreden en of deze interakties betekenis hebben voor de duurzaamheid van PR.

Stabliiteit en duurzaamheid

Ondanks het feit dat de expressie van LP genen temperatuur afhankelijk is, bleek dat PR
in het veid effektief is in zeer verschillende milieu’s {Brazilié, Mexico en Nederland). De ran-
gordes van de rassen in de verschillende milieu’s waren nagenoeg gelijk aan elkaar. Weli
werden er verschillen in de mate van PR waargenomen tussen jaren en lokaties. Dit duidt er
op dat de niveaus van PR die wij bestudeerd hebben soms ontoereikend zouden kunnen zijn
om tarwe voldeende tegen bruine roest te beschermen. Over de duurzaamheid van PR kan
alleen gemeld worden dat de vooruitzichten goed zijn omdat de PR van één van de gebruikte
rassen (BH 1146) nog steeds effektief is ondanks dat het sinds 1955 op grote schaal wordt
verbouwd in een milieu dat zeer geschikt is voor de ontwikkeling van bruine roest,
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