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ABSTRACT

One system of claésifying plant resistance to parasités is
to divide all resistaﬁce occurring between a single host species
and.a singie parasite species into two types; vertical and
horizontal. Verticai resistance is based on the presence bf a“
gene-for-gene relationshi;—between the host and parasite, and so
tends to be specific resistance, where a single host individual
may be highly resistant to some parasite individuals, but not to
others. Horizontal resistance is that which does not. involve a
gene-for-gene relationship, and tends to be nonspecific, so that'
a given hoét individual'is resistant to virtually all individuals
of a given parasite species. Many gene~for-gene relationships
have been demonstrated in pathcsystems which involve domesticated
plants, but no undomesticated plant has been showg to be part of
a gene—for—éene relationship.

Most gene~for-gene relaticnships have been demonstrated by
simultaneous genetic analysis of both host and parasite, but such
relationships may also be demonstrated by analysis of host-
parésite interactions. The latter techniqgue was chosen for~this
thesis, and was applied to the Ribes bracteosum - ngné:;iga
ribigcola pathosystem. Rjipes species are alternate hosts for

Cropnartium ;ibicgla, tnhe causal agent of white pine blister rust,

3
an introduced stem rust of five-needle pines. The results show

’

that a gene-for-gene relationship is present in the R. bracteosum

iti



- C. ;ihigglg pathosysten, thué indicating that verfical
resistancé is not an artifact of agriculture, and may be e;pécted
to occur in wild pathosystems. |

Single spore derived isolates ,of C. ribicola were also used
to‘inoculate detached needles ofs Pjpus ngﬁ;igglg, The results of

these experiments suggest that specific resistance may be present

in the P. monticola - C. ribicola pathosystem.

iv ‘ w\/



Imagination is more important than knowledge.

Albert Einstein

There [s something fascinating about science. One gets such
N

a wholesale return of conjecture out of a triflingAinvestment

of fact.

S. Clemens

All time is game time.

Rules. All games.
NATO Studies Centre—

Londan

About field research: "If I Kknew what we’d find, I wouldn’t
bother to find it. People fhink research is like cutting
wood and stacking it up. I was ;orking with Cap’n Cousteau.
We worked and we worked, didn’t get anywhere. That’s how you

Know you’re doing research.”

Dr. H. E. Edgerton
National Geographic,

October 1987.
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Chapter |.

1.1 Introduction.

Plant diseases have likely been recognized and descriﬁed
since the beginninQ‘o? agriculture, if not before. Perhaps
the earliest r;cord of variation fn the levels of plant disease
is the thirdvcentury writings of Theophrastus; who noted that
barley was more liable to mildew than was wheat, and that among
barleys some were mildewed more than others (Carefoot and Sprott
1967). Consideration of plaht disease remained largely
descriptive however, until'thé recbgnitionrof Mendel’s laws of
inheritance, at the end of the nineteenth century. §

Mendel’s work wi;h garden‘ peas was the start of the
science of genefics, ahd much of his terminology (hybrid,
dominant, recessive)‘is still in useLtoday. Thét his work
and its inplications went unrecognized for nearly forty years
is a major tragedy; fortunately it was not lost. Mendel’s
work was recognized independently by three scientists around
1900 (Kirk 1975). At this time Mendel’s conclusions were
compatible with current bioclogical theory, and within a
decade there were more than 200 reports of breeding studies
of both plants and animals. These studies formed the basis
of modern plant breeding.

The variation in disease levels on different hosts has



cogtinued to intrigue crop scientlsts, and succeeding studles

-
showed that such differencesjcould occur at Qarious taxononmic
lgvels. That host species are subject toﬁdiseases which have no
effect on other species has been a common observation, as was the
fact that host species and populatioﬁs appeared to vary\{n the
amount of disease shdwn. Biffen (1905) 5h0Hed that resistance in
wheat to yellow rust (Puccinia strjiformis?> was governed by a
single recessive gene, thus demonstrating that host reéistance
had a genetic basis. Variation in pathogenicity within a

pathogen species was first reported by Erikson (1894), who, by

using different host spebies, subdivided Puccinia aramipis into
)
formae speciales.

Barrus (1311) demonstrated the existencé of physiological

races in Colletotrichum ngdg;g;bigngg, and pathogenic variation.
within a single host species. Goldschmidt (;928) studied the
genetics of_pathogénlcity;in the rust Ustilago yiolacea, and
discovered that the pathogenicity of the physiologiclraces was
controlled by single genes, in much the same way as V

resistance was controlled by single genes in the host.

v

Frog these early fesults\lt could be seen that much of.the
variation seen in both hos£ ang parasite obeyed Mendel’s laws.
Our understanding of plant resistance to parasites reached
another milestone with the discovery (Flor 1942) of the genetic
interaction which is the basis of at least some host-parasite

relationships. Working with the flaz-Melampsora lipj systenm,

Flor demonstrated that single gene resistance in the host became

I3



susceptibility when the reéistance gene or genes were matched by

pathogen virulence genes. This system of matching genes in host

3

and parasite has become known as the gene-for—gehe relationship,"

“and it 1s one of the cornerstones of modern plant breeding. The

gene-for-gene relationship concept has been broadened to include
parésites other than plant pathogens, and the list of plant
parasites fgr whiéh gene-for-gene relationships have been
denonstratedgpincludes insects, viruses, nematodes, and
bacteria. Gene-for-gene relationships have been conclusively
demonstrated to occur in relatively few host-parasite
associations, but are suspected to occur in many more.
Frequently, host resistancelddes not appear to be
deternined‘by g%ne-for-gene rélationships. Such resistance
is called horizontal resistance in this thesis, and is discussed

nore fully in section 2.2.

Until now, gene-for-gene relatiodships have been

demonstrated only with domesticated angiosperm hosts. This has

——

lead several authors to suggest that such relationships may be a
artifact of plant domestication and:breeding (Vanderplank

1975). Others, such as Person (1959) have pointed out that a
resistance gene of major effect would confer a large

selective édvantage to those individuals which possess it,
relative to those which do not. This selective advantage

would ensure that such genes would be maintained in natural

host populat}ons, should they occur there. Eventually this

would lead to the evolution of a gene~for-gene relationship. By

n



4
ezxamnining a white pine-blister rust pathosystem, it was hoped to
determine whether gene-forfgene relationships}occur in the wild,
with wild hosts, whether such relatiﬁnships couldv6ccur,uith a

“gynncspern host, and whether both hOst‘Qpecies of a hetereciogg
parasite could have a gene-for-gene felationship with»the4f
common parasite. |

There were several reasons for#choosin;\the white pine-
blister rust association for this study. The first gene;for—gene
relatibnship'denonstrated was in a rust-host pathosystén (Flor
"1942), and since then, several more rust-host pathosystems have
been shown to include sdch relationships (Day 1974). Thus if
gene-for-gene relationships exist in natupal pathosystems, they
are as likely to exist in rust-host pathosystems as in any other.
Secondly, white pine blister rust is economically important, and
because of‘this there has been as muth research effort devoted to
its study as there has been for any wild host-parasite
association. ‘Consequently, much scientific literature is
avaijlable.

White pines, of which Pinus mopticola Dougl. isvthe most
abundant in the Pacific Northwest, are among @he most
economically desirable trees in North America. White pines have
wide site tolerances and are able to grow well on sites which do
not suppart other commercial species (Allen 1959). White pines
are resistant to root rot (Phellinuys weirjiji (Murr.} Gilbertson)

(Allen 1959), and the lumber is more valuable than either Douglas

fir (Pseudotsuga menziesij {(Mirb.} Franco), lodgepole pine (Pjpus



contorta Dougi.), or hemlock (Tsuga heterophylla {Raf.} Sarg.),
which are the species most commonly planted on potential whlfe
pine sites (B.C. Ministry of Forests 1979). On nost sites, Pigus
mgn;lgng;grows faster thahvdorbther conifers, thus producing a
greater volume of wood in a given time perfod (Deitségnan and
‘Green 1965; Packee 1976). Thus any reseérch which contributes to
the reestablishment of western wh}te pine would be both
scientifically and econonicallf valuable.

The remainder of Chapter 1 is concerned with an
introdﬁction te wild pathosystems, and a summary of the thte
pine-blister rust péthosysten. The understanding of this
thesis rests upon an understanding of the gene-for—gehe
relationsﬁip; therefore Chapter 2 is a reviéw, and
interpretation of this relationship. Chapter 3 is devo;ed‘tb
exanination of the Ribes-Cropartium ribicola pathosysten,
while Chapter 4 deals Qith the Eiﬁgﬁrg. ribicola

pathosysten.



1.2 Wild plant pathosystenms.

A plant pathosystem is defihed as a host-parasite
¢onplex in which the host is é,population of a single plant —
species and the parasite is a poéulationjof a single:species.
Robinson (l987§>has identified three categories of plant
: pathosysteﬁs; crop pathosyfens; wild pathosyétens, and weed
pathosystems. Only crop pathosystems and wild pathosystems are
relevant to this thesis.

A wild plant pathosystem is one in which human
involvement has been minimal and’has not affected the
selection pressures acting on either the host or parasipf.
Crop pathosystems.differ from wild plant pathosytems by
'having a host which has been domesticated. Domestication
invariably results in fhe application of selection pressures
which are very different fron natural selection pressures, ané
this can be expected to affect the character of bothlhost and l
parésite. Consequently the nature of the resistance/
susceptibility relationships may be quite different in each of
the two‘types_gf pathosystenm.

Conparatively little information concerning host-
panasite interactions in wild plant pathosystems has been
collectéd, and so our -knowledge of their nature is limited.
There has been a tendency to’assuﬁe that wild plant pathosystems

behave similarly to crop pathosystenms.



It is generally accepted tbgt the level of parasitish in
wild plant‘pathosystens is very low (Dinocor and Eshed 1984).

‘plants in the wild,

This is held to be due to the diversity of
~this diversity being both between and within plant spécies. Crop
pathosystems differ fundanentally’and héve‘hostApopulations which
are genetically uniform or very SJnila}. However, ljttle isi \
Known aboutnthe nature of host resistance in wild plant hést
specieg, and natural stands of‘very feﬁ species (e.g. coniferous -
forests, grassland steppes, and tropical savannas) which cover
large areas nay closely resemble crop pathosystems. Yet failures
of resistance of the kind éssociatédlwith the “"boom and bust”
cycles of crop pathosystems have not been documented in wild
plant pathosyétems. Thus it would be yaluable to examine the.
evidence for variability of resistance in wild plantL\}
pathosystems, at the different leveis at which it may occur.
Variation in resistance between different wild host
species to a single parasite has been demonstrated by
numerous authors (Figoni et al. 1983; Mielke et al. 1937).
Variation in resistanéerbetwéen spectes may be expected to be
the rule, for different species vary in a multitude of ways,
andbit is likely that at least some of tﬁese differences will'
affect susceptibility. Such "non-host" resistance is considered -
to be outside the conceptual boundaries of the.pathosysten, and
outside the gene-for-gene relétionship. |

Variation in resistance within a wild species is also tc

be expected, on the grounds that there can be no selection
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ﬁithou; variation, and that varliation has been shown to océqr in
most oé the wild plant hosfs studied. What needs to be done now
fs to‘determine the character of such fesistance as is found. Is
it general resistance or specific? Horlizontal resistance or
veffical resistance? The most important queStion,to be answered
‘is whether gehe—for-geﬁé relationships are presént in wild
" pathosystems. If such relationshipé are presept in wild
pathosystems, the host popdlation will have to be managed so as

e

to minimize the possibility of a "bust”.

The gene-forfgene(relationship has beéo;e one of the
cornerstones of our understanding of plant'hosﬁ-parasite
- interactions, yet all demonstrations of ggne-for-gene
rélationships have been made in crop pathosystens. No
7 undomesticated ‘host speciés has been shown to have a gene-
for-gene relationship with any‘of its parasite species. This
can be interpreted as being due either to the far greater
research emphasis on domesticated plant species, or as ﬁegatlve
evidence which suggests that such relationships do not exist
in wild pathosystems. The presence or absence ofngene-for-
gene relationships in wild pathosystems is d?ggreat interest 
to theéretical plant pathology, and is of great importance to
the managers of undomesticated plant resources.

Although research emphasis has been largely concerned with
more economically important crop pathosystems, wild pathosystenms

have received some investigation. Some of these investigations,

such as the examination of a rust disease of wild sunflowers



., (Zimmer and Rehder 1976), Pucginia spp. on_ﬁggni spp. (Burdon QL

al. 1983; Dinoor .1977; Wahl et al. 1978, and. Ervsiphe gzgllnlg
" hordej on Hordeum spr (Wahl et al. 1978), were compromised by
the‘presencé of cultivated rélatiﬁes nearby. Becguse these
relatives are also susceptible to thebpathogéns of the ﬁild’
plants, and may have some pathogen and genetié exchange witﬂ
the wild hosts, it would be dangerous to assume that the -

pathosystems of these studies are represehtative of wild

pathosystems. Furthermbré,'fhe investigation of possible
gene-for-gene relations
studiés. In most cases, the pathosystem was hot inVestigated ét
the intra-specific level, and cOnfequently evidencq for
) S

gene-for-gene»relationships, if bresent, would not have been
seen. |

Deciduous forest spe01es frequently fit the crlterla for
wild pathosystens, and - have been subjected to study aimed at
detection and characterization of intraspécific resistance in
the host. The Melampsora occidentalis - Populus trichocarpa
pathosystem has been shown to exhibit evidence of quantitative
resiéténce, but revealed no evidence of gualitative resistance

(Hsiang and van der Kamp 1985). Populus deltoijdes clones have

been shown to vary gualitatively in their response to four
mono-uredospore isoclates of ﬁglgaﬁgggg larici-populipna, with a
significant interaction between clonés and~isolatésv
(Chandrashekar and Heather 1980). These results are highly

suggestive of speclfic resistance, but insufficient data was

- was not a primary objective of these

9
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presented tc allow denonstration of a geneefor-gene’relationship;
The data requirenents for a denonstration of a ‘gene - for- gene
' relationship is discussed in detail in Chapter 2.
| The Ribes-Cronartium ribjcola pathosystem has also been
investigated with the aim of characterization of host
resistancei' A snnnary of the results of these inVestigations
ishgiveninfsection 3.1. 7

B 7Conifer ferest species have also been investigated for
their’resistance to parasites. Pjpus taeda fanilies have ‘been
shonn'to'vary in tneir response to different sourcesiof
Cropnartium fusiforme inoculum (quers et al. 1977; Powers and
Zobel 1978; Powers, 1980); but tne variation was suggestife
of non-specific resistance”- KinlccH and Littlefield (1977)
denonstrated the existence of a 51ngle major gene for
resistance to Cronartjum ribicola in Pinus lagpgrtlgng_(sugar
pine), and tne presence of a natching race of pathogen.

Their results can be used to construct a Loegering and Powers
(1962) qnadratic check. To date, the work of Kinloch and
Littlefielé (1977) is the strongest evidence of specific,
monogenic resistance in a wild pathosysten. Such resistance is
suggestive of, but does not necessarily‘indicate; the presence of
a gene—for-gene relationship (see 2.5).

Because Q:gngztign_nipigghg is considered to be a relative
newcomer to the Pacific north-west, it is important to note thate
the local'pathosystens may not be representative of more

established wild pathosystems. This may be less of a concern for
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the Ribes-blister rust’pathosystem than it is for the pine-
blister rust pathosystem, as the Rjbes host has a much faster

reproductive cycle, .and so should be more responsive to new .

selection pressures.
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1.3 The white pine-blister rust life cycle.

The causal agent of white pine-blister rust is
Cropartjum ribjcola J. C. Fisch. ex Rabenh., a he;éroecious
fungus of the order Uredinales (rusts). The host range of (.
ribicola includes all five-needle pines (also Known as
*white’ pines, or ‘soft’ pines) as hosfs for the sexual
recombination phaée, and any speéies of Rjbes (wild or domestic
Eurrants) for the asexual reproduction phase. Castilleja mipjiata
can also serve as an alternate host (Hiratsuka and‘Haruyana ‘
1976), as cgh Pedicularis resypipnata (Yi and Kim 1983). There
are eight species of white pine (P. ngg;igglg, P. strobuys, P.
lambertiana, P. alkicaulis, P. flexilis, P. aristata, P.
gembrojdes, and P. balfouriapa) native to North America, and 30
species of wild Ribes can be found in the Pacific ﬁorthwest

(Hitchcock and Cronguist 1974). There is evidence which suggests
that there are two formae speciales of the white pine blister
. rust fungus (Patton and Spear 1989), one originating in North

America (C. ribijcola f. sp. ribicola), and the other (. ribicola

f.sp. pedicularis) from East Asia.
G. ribigola is native to Asia. From here it spread to

Europe in the 19th century, and spread from Europe to North
America in the early 1900’s (Littlefield i981). In both
Europe and North America the fungus quickly reached gpidenic

proportions, and has extended its range to match the natural
A

\
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distribution of its hosts. White pine-bliéter rust is one of
the most important forest diseases in North America, and ‘is a
major forestry problem wherever white pines and Ribes coexist.
It is also a problem for producers of cultivated_cu;rahts, as
many commercial varieties of black currants (R; nigrum? have
proved highly susceptible to infection by the fuﬁgus (Hahn 1948).
Fortuhately, resistant'black currant cultivars have been
developed (Anderson and Ffench {955).

Infection of the pine host begins when a germ tube of a
vhaploid basidiospore enters a stomate of a white pine needle, and
successfﬁlly penetrates the spongy mesophyll layer (Clinton and
McCormick 1919; Patton and Johnson 1970). The fungus grows
through fhe needle and enters the needle fascicle. From here it
grows into the twig, branch, or‘sten to which thé fascicle is
attached. Here the fungus éolonizes and disrupts the vascular
tissue, eventually girdling it, and so killing itself and that
part of the tree whidh is distal to the girdle. When.this is a
twig, the loss to the tree is minof; when it is a branch, the
loss is ybre-serious; when it is gbe stem of the tree below the
crown, the tree dies. )

The period from infection go girdling isnknown to depend
upon the diameter of the stem being girdled, with larger stems
taking longer to girdle than smaller stems (Zillgr 1974). It is
suspected to vary between trees, and between fungus isolates.

Aeciospore production usually requires 2 or more years post

infection (Hunt 1983), so many twig infections may be considered
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to be unsuccessful from the fungal point of view, as twlg |
girdling frequently takes place before sporulation can occur.
Brénch and stenm inYeétions may sporulate for years, and prior
to complete girdling, infecfions appear to have littléreffect oﬂ
tree growth (Hoff 1984).

Aeciospore production of the fuhgus on the pine host
generéll& takes place during the second or third spring after
infectioni(Huht 1983). There ié strong evidence that the rust is
heterothallic, and that aecioépore production requires insect
vectors for cross fertilization (Hunt 1985). The spores are
producéd»in aécia; which form the distinctive blisters from which
the name of the disease is derived. Unlike the basidiospores
which infect the pine, the aeciospores are cabable of long -
distance\gir-borne'dispetsal, being resistant fo both desiccation
‘andAultra-violet light. C. ribjcola aeciospores can be’wind
transported many kiloneters, énd remain viable for many Qeeks
(Mielke 1943). The aeciosporesrcannot infect pine trees, but
must travel to the alternate host, the Bigig plants. Hefe,
infection occurs thfough the stomata, and usually on the
underside of the leaf. Possibly to facilitate this, aeciospbres
are attracted to hegatively charged objects (personal
observation), presumably because they carry a partial positive
charge. This would facilitate st{cking to leaf tissue, which
carries a partial negative charge. Infection requires free water

be present at the infection court, and is most successful when

accompanied by periods of darkness and temperatures between 13-18
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C (Van Arsdel et al. 1956). Infection fails to occur at
temperatures above 23‘C (Appendik 1)y,

Within 2 - 3 Qeeks post infection, dépendlng largely on
temperature, aecfospore infections pfoduce uredospores, which
can infect more Ribes tissue. Like aeéiosbores, uredospores
are capabie of long distance dispersal, but in practice 36;t
uredosporés probably re-infect the hos£ on whicﬁ théy have
been producedl(HuntlIQBS). Tﬁis polycyclic phase is repeated
until lid-sunler,»when both temperature cues (Hpbohald and
Andrews 1960) and leaf senescencé tWiiliams unbublished)
stimulate the Rjpeg infections to produce telia rather than
uredospores. The telia ponsist of teliospores, which gernfnate
to produce haploid basidiospores. The basidiospores are
sensitive to both desiccation and ultrafviolet light, and So
are short lived. Consequently théy are only capable of short
distance dispersal of little more ﬁhan a few hundred metres under
most conditions, but have\been shown to be able to be able to
infect pinesiat ranges of several kilometers under optimum
conditions (Van Arsdel 1967). The basidiospores complete Q.
nlhiggli’s.life cycle by infectihg the pine host. Sucpessful
infection of the pine requires high humidity, free water,
temperatures of 10-13 C, and darkness (Van Arsdel et al. 1956).
In the field, basidiospores aﬁpear to be released mainly at
night, when conditions are most favorable (Van Arsdel 1967). A

diagrammatic description of C. rjbjicola’s life cycle is shown in

figure 1.1.



Figure 1.1 The white pine-blister rust life cycle.
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Chapter 2. ' The gene-for-gene relationship.

2.1 Introduction.

Althouéh the concept of the gene—for-gene relatioﬁship has
tréhsforned the understanding of host-parasite interactions, the
number of prﬁven géne—for-gene relationships remains small, and
has been linited'lainly by the time-consuming tests which are
required'?3r~a genetic demonstration. Analysis of host-parasite
differential interactions proﬁides a more rapid, phenotypic
demonstration of a gene—for—gene relationship. This chapter
describes the host-parasite differential,interéctions necessary
for phenotypic demonstration of gene-for-gene relationships, and
includes a iist of gene-for-gene relationships which have been

identified phenotypically.

2.1 Review of the gene-for-gene hypothesis.

Flor’s (1942; 1946; 1947) gene-for~gene hypothesis states //
that for every Mendelian gene for resisténce in the host plant
species there is a corresponding and specific‘gene for virulence .
in the pathogen species. When host resistance Qenes are matched
by parasite virulence genes, the resistance does not operate.
When host resistance genes remain unnatchedy the resistance

operates. Thus "each gene in either member of a host-parasite
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system may be ldentif{edvonfy by its counterpart in the other
member of the system®™ (Flor 1971). Robinson (1987) has compared
this relationship to that which occurs between locks and keys; é
key must match a lock before it can turn the lo:L, and each can
be used to identify the other. |

Flor’s (1942; 1946) gene-for-gene hypothesis was the résult
of simultaneous genetic investigation of a host plant (flax -
Linum usitatissimum) and its pathogen (flax rust - Melampsora
1ipi)>. In this host-pathogen association, resistance has USually_
been shown to be a Mendelian dominant, and‘virulence Ps usually a -
Mendelian recessive. The geng-for-gene hypothesis does not
require that resistance be dominant, or virulence be recessive,
but this has been the most frequently demonstrated situation.
Vanderplank (1984) éoints:out that such situations are more
easily identified than those which involve incomplete dominance
or additive gene action, and this may account for the abparent
lower frequency of the more complex interactions. When a
resistance éene is expressed, it usuallyipfovides near fotal
protection against all parasite races which do ndt bave the
corréspcnding virulence gene(s)Q & ‘

The important implication for the plant breeder is that
where resistance is part of a gene;fongene relationship, it will
remain effective only as long as those parasite races with the
matching virulence genes are rare or absent from the pathogysten.
Since the widespread use of such reslistance can be expected to

provide a powerful selective advantage to those races which can



match it, such resistance can be predicted to be tenporafy. Thus
the "boom and bust" cycle which has accompanied nény crops using
gene-for-gene based resistance. For the plant breeder, it is
cricially important to determine whether the resistance being
observed is part of a gene-for-gene relationship.

+ It is not always appreciated that a gene-for-gene
relatidhship (Flor 1942; Person 1959) can be demonstrated
without resorting to cplplex géngtic investigations. An
aiternatiﬁe method (Person 1959) involves the analeis of the
differential interactions between hosts and parésites, in much
"the same way as antiggds and antibodiés can be identified by
their interactions (Person 1959; Person and Christ 1983). \There\
are, however, various éategories of differential intefaction
matrices, and only some of them can identify a gene-for—gqu N
relationship. This chapter identifies those kinds of matrices
which can provide a demonstration of a gene-for-gene
relationship, and illustrates how these matrices lead to a
demonstration of a gene-for-gene relationship.‘

In its‘original form (Flor 1942; Person 1959) the gene-for-'
gene relationship was applied to host-pathogen systems. The
concept has since been broadened to include other parasites in
addition to plant pathogensx Gene-for-gene relationships havg
been denoq‘trated in host-fungus systems, in a host-insect system
(Hatchett and Gallun 1970), in a host-virus systeﬁ (Drijfhout
1978), and has been suggésted to occur in a host-nematode system

(Jones and Parrot 1965), and in a bacterium-host system (Mew et



> | N | | | | 20
al. 1982), For thedrest of this paper,'the term ‘parasite’ ls
used in the sense of ‘host-parasite’~assoclation, to Anclude
plant pathogens and other kinds of plant parasites. Q\“v

Gene-for~gene relatlonship theory has been further
broadened to include oné-gene-for-nore-than-one-gene
relationships. A one-gene-for-more-than-one-gene rela%ionship
has béen demonstrated by Christ and Groth (1982), and although"
the.exisfence of sqch relationships ha; considerable genetic
significance, they have little phenbtypié or pathosystem effect.
A 6ne-gene-for-;ore-than—one-gene relationship may be éeen as a
special kind of geneffop—gene relationship, and although {its
existence is acknowledged, it does not require special,
distinction in this chapter.

Whén a gene-for-gene relationship is present, an
individtal host normally possesses a subset of .the
- set of resistance éenes available in the host population, andban‘
individual parasite normally possesses a subset of the set of
virulence genes present in the parasite population. When the
host resistance genes are matched by the parasité’virulencé.
genes, and conditions are suitable, infection is successful
and the host is described as‘susceptiblq.. wﬁen one or more of
the host resistance genes remains unmatched, the infection fails,
and the host is described as resistant. The gene-for-gene
relationship defines the concepts of bothlyertical resistance
(Vanderplank 1963; 1968) and the concept of the vertlical

sgbsystenm of a pathosystem (Robinson 1976; 1980). Vertical
Q S
f ,
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resistance in crops is often ephemeral, is usually qualitative in -
its‘effecfs. and is face-épeqific. F

The absenée of a gene4fér—gene relationship normally
results in a continuous range of host-parasite interactions
(constant ranking; Fig. 2.1); thisfis the definitive
éharacteristic of horizontal resistance (Vanderplank 1963;
1968),'and the horizontal subsystem of a pathosygten
(Robinson 1976; 1980). Horizontal resistance in crops is
associated with durability, is usually quantitatively
inherited, and is race-nonspecific.

Johnson (1983) has pointed out that durable resistance
(sepsy Scott et al.)> caﬂnbt be predicted: it can only be deduced
by the test of time. If is impossible to pfove the negative
(i.e. resistance will not fail) but it is possible to prove
the positive (i.e. resistance will fail). Race—spedific
.resistance cannot be posftively identified in the gbsence of y
races which possess matching genes for virulence, and only
field testing over large areas for a reasonable time period
can make it likely that the’resistance in question has.been
exposéd to all possible bathotypes (Johnscn 1983).

Demonstration of a gene-for-gene relationship providgs

cdncluslve evidence that the resistance in question is likely

to fail,vsince it proves the existence of natching

pathotypes. When matching pathotypes are epiaeniologically
.

competent (i.e. have a progeny/parent ratio greater than

one), resistance will fail. Predictability of‘resistance

L
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fallure is essential for an effective digéase control strategy.
It is particularly inpdrtant in a»long-life perennial crop such
as plantation forests. )

Traditionally, the demonstration of a gene-for-gene
relationshib ﬁas required detailed genetic analyses in both
the host and the parasite.. When thg sexual phaSe of the
parasite is technically unusable (as with aphids)‘or absent
:(as with‘viruses; bacteria, and imperfect fungi), sué%
genetic stu are at best difficult, and at worsf
inbossible. éonsequently alternative methods of

demonstrating gene-for-gene relationships are valuable, and

this value increases with increasing ease of demonstration.

2.3 Differential interactions. -,

An important characteristic of a gene-fbr-gene relationship
is the preseneebof‘one or more differential interactions Setween
subpbpulations of the host species (cultivars, varieties or
clones) and subpopulations of the parasite species (races,
strains, isolates, or biotypes).‘ Where subpopulations are
defined by the presence 6r absence of resistance génes in the
host, and vifulence genes in the parasite,,special terminology is
use ful. Robinsonb(1976; 1979) bas suggested fhat resistance gene
defined'subpdpulatlons of the host (blotypes grouped together on

the basis of their possession of the same resistance genes) be
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called vertical pathodemes, and thatvvirulence gene defined.
subpopulations of the parasite‘be‘called vertical. pathotypes.
rThis terminology ié used in this thesis.\

A d}fferential interaction may be deflned as two different
parasitic interactions, one resistant aq@ one susceptible. Where
qualitative differencés are not obvious (as is the case with most
guantitative dgta), analysis of variahce tests may be used to
detgrnine the validity of a suspected differential interaction
-(Vanderplank 1975; Scott et al. 1980), as may raﬁkfng tesfs
(Vandgrplank 1975; 1984). Without significant differences -
in host susceptibility it is not possible'to deuoﬁstrate a
differential interaetion.

In practice, the pathodénes nost commonly used are

~

genetically uniform cultivars (such as pure lines, clones, or

hybrid Varjeties), and each pathotype consists of a sinéle
jsolate from a population of the baras?fl. A differential
interaction is the phenotypic expression of host suscehtipility
or resistance,.and parasite'virulence or avirulence; it is thds a
pair of observations, one showing a relatively high level of
disease, the other showing absence (or minimal presence) of -
disease. A set of differential interaétions is obtained ghen two
or more different pathotypes are used to inoculate two‘br more
different pathodemes.

Some differential interact{bns uéy be due to causés other

than a gene-for-gene relationship (i.e. all gene-for-gene

relationships exhibit differential interactions, but not all
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.differenflal interactions are due to a gene-for-gene

- _relationship). «

de:dgnonstrate a gene-for-géne-relatfonship conclusively by

means“oﬂ differential intéradtidns, it is eséentialﬁt&'elininate

'the‘péssibility that a given set of differential interactions is

due to any-other cause. To do this ifﬁis~nec€ssary to review the

other cauSes-of‘differentialAjnteradtions. Robinson (1979) lists

nine alternative causes of a differential interaction.
, . , \

2.4 Categories of differential interaction.
: ’ /

L=

Several tybqg of differential interactibp may occur when
more than one host species and noferthan one parasite speciés are
used to generate différential intéractions (DI). These are the
qualifative polyphyletic DI,_the.quantftativeIpolyphyletic Di,
the hybridizing host DI, and the innunitf DI. These DI’s involve
more than‘one host species, and more than one parasi#e
species. The gene—fbr-gene relationship is resfricted to
parasitic associations which involve a single host species
and a single ﬁarasite species. Consequently differential
interactioﬁs in which either the pafhodenes or the pathotypes
fnvelve more than one_species cannot be usea to demonstrate a
gene-for-gene relationship. - ? |

In some parasitic associations, particularly those which.
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extend over a large‘geographic range, a differential interaction
due to local differences in the levels of horizontal resistance’»
and parasite aggresSiveness (§gn§g<Vanderplank 1975) could
occur. It ishpossible‘that such local gifferences, combined
with co-adeptation of local host and parasite isolates could
be sufficiently pronounced to give a differential interaction
that could beeconfused with a differential interaction caused by
quantitative vertical (gene-for-gene based) resistance.
Jeffreygggl_ (1962)>, Jinks and Grindle (1963), and Caten
(1974), report quntitative data which showisuch differential
interactions in the potato-Phytophthora jnfestans ;
pathosystem. These results appear eo'describe horizontal

resistance which is combined with non-genetic, revergible

parasite adaptation to the host, similar to adaptation to

-

different growth media. The low level specificity causes a small
deviation from constant ranking. Judging from eheir frequency in
the literature, such differential interactions are rare.
Moreover, they do not appear to affect the durability of
horizontal resisténce. For this chapter, such deviations from
the definition of horizontal resistance will be.treeted as
exceptions to the rule.

It is now proposed that differential interactions of this
type be referred to as Jeffrey diffetentiél interactions.
Jeffrey DLs are produced by snali but consistent (and therefore
statistically significant) differences in otherwise

quantitative data. Such differential interactions do not
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reflect the presence of a gene-for-gene relationshlp, as |
there appears Is no specific matching between host and
parasite{» The possibil}ty of a Jeffrey DI being confused
with*a differential interaction -caused by a gene-for-gene
relationship can be precluded by the use of qualitative data
to derive differential interactions (since qualitatively
different data are an indicator of‘major gene effects),
Mendelian inheritance ratios, or phé shape of certain
differential interaction matrices.

Differential interactions may occur when the mechanisms
of resistance or virulence are,éreatly affected by
Venvironnentél factors. Such interactions are commonly
referred to as environmental dffferential interactions, and
may be expected to occur where environmental factors can
deternine whether infection will be successful. Temperature
sensitivity of resistance genes is a well researched example
of a situation which may produce an environmental
differential interaction, as is site specificity. When
an environmental DI occurs, susceptibility and re#sistance
will be correlated with certain enviroﬁmental factors, such
as temperature, or site characteristics.

If the possibility of an environrental DI beinq confused
with a gene-for-gene relationship is to be completely
reno&ed, each set of differential interactions must beievaluéted
in a single environment, at one time. Fortunately, this is the

usual means of generating such ddfferentfal interactions and so
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presents no serious problems. A denonstré%ion of Mendelian |
inheritance of resistancerénd pathogenicify will also remove
the possibility of an environnentél DI being confused with a
gené-for-gene-relationship, as will replfcated eXperiments,
and matrices larger than a 2 pathodeme x 2'pafho£ype‘
interaction. ‘

A resistance gene in a gene-for-gene relationship provides
host resistaﬁce against pathotypes which do not have the
matching virulence gene. A differential interadtfon may refleéi-
a host gene with alleles conferring resistance or susceptibility
to a toxin produced QY a pathogen. Such differential interactions
can be shown-for a number of diseases, such éSVVictoria blight on
oats, Milo diseasé on sorghui, and Southern leaf blight on maize
(Vanderplank 1978). Differential interactibﬁs of this type aré
not COhsideredbto be part_of a gene-for4gene relationship as
there is no evidence that there is any matching of alleles
conferring resistance and virulence. Flor’s (1942)
gene-for-gene hypothesis states that for each resistance gene
thére exists a specific and related virulenée gene. This is the
sanme inteépretation used by Person (1959). Thus éene-for-gené
relationships are defined by matching host resistance genes and
parasite virulence genes, nof host susceptibillty genes and
‘parasite avirulence génes, which do not matcﬁ. Consequently,
differential interactions which reflect the presence\pf a gene
for sﬁsceptibility (for vhich no pathotype is avirulent) cannot

be used to demonstrate a gene-for-gene relationship. It may

|
\
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7\~Jbe the ‘universal susceptible’ pathodeme, but uoré lnfornatlon
than a susceptibility DI‘is necessary to deternine this.

'The *quadratic check’ of Loegering and Powers (1962) shown
in Fig. 2.2a depicts a matrix of interaét{on phenotypes which may
result from a gene-for-gene relationship. When é géne-for-gene.
relationship is involved, this matrix results frbm the
interaction of the fwo parasite phenotybes (virulent and
avirulenti\and the two host phenotypes“(resistan; and
susceptible) which are due.to a single pair (one host, one
,pafasite) of matching genes. It does hot however, provide a
conclusive demonstration of a gene~for~gene relationship (Day
1974; Vanderplank 1978); environmental DIs can pfoduce a
Loegering and Powers quadratic check, as could a
misinterpretation of norizontal resistance.

Person (1959) first showed that a non-genetic
demonstration of a gene-for-gene relationship is possible
using a model DI matrix with five pa#rs of natchihg genes.
This model is now Known as the ‘Person differential
interaction matrix’ and it has a 25 x 25 (i.e. 32 x 32)
matriz (Fig. 2.3). The DIs in both the host (H)> and the
parasite (P) are arranged according fo the binomial
distribution and there is a nirrorrimage symmetry on each
side of the diagonal from bottom-left to top-right. As
éerson (1959) indicated, when a set of expefilental DIss can
be arranged to fit the Person DI matrix, this will provide a

conclusive demonstration of a gene-for-gene relationship.
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Bettencour; and Noronha-Wagner (1967) were the first to utilize
the Person DI matrix iﬂ this way, demonstrating a gene-for<gene.
relationship for coffeeffggiigg_grggigg) and coffee leaf rust

(Hemjleia vastatrig’>, in which the sexual phase is unknown.
Robinson (19763 1380) producgd a more symmetrical
version of the Person DI matrizx by arranging the
differential interactions in both the host and the parasite in
Athe numerical order qf their Habgood (1970) names, modified by
Robinson (1976), and this is Known as the Person/Habgood DI
matrizx (Fig. 2.4). Tpe Habgood nomenclature uses binomial’
numbers (20, 21, 22, 23 efc.) with arithmetic values 1, 2, 4,
8, etc. to designate individdai‘resistance and virGIence genes.
'Each pair of matching genes in the gené?for—gene rélationship‘is
given a ufdigue binomial number. - Tﬁe‘Habgaﬁd~nane of any )
particular phenotype is the value represented by the sum of the
arithmetic values of all the genes present dn,that genotype.
Thus Habgood *7’ consists of vertical genes 1, 2, and 4.. The |
Persoﬁ/Habgood DI na;rix was used by Robinson (1979} -to
demonstrate the presence of a gene-for-gene’relationship between
Piricularija orvzae and rice (Qryza satijvad. - |
-Exanination of the Person/Habgood DI iaprix reveals that
_Its matrix is é system of quadratic'checks (Fig. 2.4), and
that these are organized into 4 x 4 matrices, each of which
contains 3 guadratic checks.A_Each 4 x 4 matrix represents

two pairs of genes, with four different resistances and four

different virulences. The problem addressed in this chapter



30
concerns the nlnlnun-slze of the natrlx nécessafy for a
conclusive phenotypic demonstration of a gene-for-gene
relationship. The Persoh/Hapgood DI natrix provides such a
demonstration but the quadratic check does not. What then is the
smallest matrix which provides a conclusive phénotypic
demonstration of a gene-for-gene relationship, and what is its

shape?

2.5 2 ¥ 2 matrices

The smallest number of interacting genotypes which Will
provide a DI matriz is four, with two host phenotypqs and two
parasite phenbtypes; this is a 2 x 2 matrix. Var.ous kinds
of 2 2 2 matrices are possible.

The simplest 2 x 2 matrix is the Loeggiing ané Powers
(1962) quadratic ?heck shown in Fig. 2.2a. When this matrix is
the reflection of éenetic differences, it is due to one pair
of loci (o; genes where geﬂetic information is lacking)
where resistance is expressed (by the absence or relative
absence of infection) in only one host-parasite inte;action
of the four interactions shown in the matrix. Day (1974) and

Vanderplank (1978) noted that a quadratic check does not

exclude the possibility of nonspecific resistance. Various
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non-genetic factors (fungicides, antibiotiés) can also be the
cause of a quadratic check, as can differing levels of
horizontal resistance (Day 1974). Consequently a gquadratic
check which is not supported by evidence of monogenic
inheritance canhot be cohsidered as evidence of a gene-for-
gene relationship.

Demonstration of monogenic inheritance of resistance and
virulenée precludes the possibility of non-genetic factors as
the basis for the quadratic check ‘in question, but does not
entirely rule out the possibility that the matrix is caﬁsed by
horizontal resistance. For exaﬁple, if a disease ranking of 21
was interpreted as susceptibility, and a disease ranking of (1
was interpreted as resistance, the bottom right hand cérner of
figure 2.1 (constant ranking) could be.interpreted as a quadratic
check. | |

Vanderplank (13978) has noted that parasitic assoéiations in
which aifferent amounts of a pathotoxin are coded for by
different pathqgen genes, and different levels of tolerance
were coded for by different host genes, could result in a
quadratic check whiehvwould not be due to a geﬁe-for-gene
relationship. An even simpler hypothesis would be the
presence of—oligogenicaily inherited horizontal resistance
(Robinson 1976), or the presence of a susceptibility gene.

.Essentially, a quadratic check provides no evidence of any
matching of resistance and virulence genes. Because of this, a

Loegering and Powers quadratic check cannot be more than
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circumstantial evidence for the presence of a gene-for-gene
relationship, even when host and parasite genes involved in the
matriz have been identified as singlé genes.

vIn this thesis, the term 'quadratic check" will only be
used to describe the Loegering and Powers matrix. All other
‘matrices should be deséribéd by théir size; thus 2 x 2 matrices,
3 x 3 matrices, and so on.

A second type of 2 x 2 matrix is due to the presénce of
a susceptibility gene, rather than a resistance gene. A
susceptibility gene regquires no matching process for -
infectioh to take place, and so is sﬁsceptible to all
pathotypes. This matrix is shown in Fig. 2.2b. A 2 x 2 matrix
of this type can be shown for corn (Zﬁg.!glg) with Texas * |
cytoplasmic male sterility and Helminthosporium mavdis, and
for oats and Helminthosporjum victoriae. This matrix is due
to an abnormal sensitivity to a mycotoxin, or the absence of
resistgnce genes in one host isolate; as such it is not
evidegce of a gene-for~gene relationship gensu Flor (1942) or
Person (1959). This matrix is the converse of the guadratic
check, and because it looks somewhat sihflar, it can lead to
confusion. A 2 x 2 matriz of this type cannot‘be used to
demonstrate a gene-for-gene relationship, as it provides no
evidence of gene matching.

A third category of 2 x‘z matrix is shown in figure 2.2c.
This matrix ls characteristic of the ‘feversed reactlion type |

characteristic of vertical resistance’ noted by Vanderplank /



(1984). The matrix shown in figure 2.2c shows épecificity
between host and parasite; the natriceé discussed above do
not. Matrix 2.2c shows specificity because’each isolate can
infect only one of<§he,two hosts, thus denonstratiﬁg that
each host is potentially susceptible; and that eéch‘parasite is
potentially virulent.' To distinguish this type ofAmatrix |
from the others, the tern ‘trahsagonal matrlx’ is proposed.

This 2 x 2 matrix could result from a misinterpretation
of a polyphyletic DI or innunity DI (Robinson 1979). Under
unusual circumstances, such a matrix could be the result of a
complex environnéﬂtal DI. If the matrix is derived from
gquantitative data, t;e matrix may be caused by a Jeffrey DI.
If these possibilities can be disprofed, the only hypothésis
which fits the matrix is the gene-for-gene felationship.

The possibility of a matrix of this type resulting from
either a gualitative polyphyletic or an.inmunity interaction
can be removed by ensuring that the interactiqps have been
derived from no more than one host species and no more than
one parasite species. Where fhéldifferential interaction is
derived from quantitative data, identification of the genes
involved is required to préclude the poséibility'of a Jeffrey
DI being responsible. The possibility of an environmental bI
is disproved either by denopstration of monogernic - |
inheritance, or by evidencé that the interactions found in
the matrix were derived in one environment, at one time. The

involvement of susceptibility genes is precluded by the
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diagonal shape of the matrix,'yhich prévi@es eﬁidence of
matching resistance genes andAQIrulence genes.

When environmental, polyphyletic, Jeffrey DI,
susceptibility and immunity +causes can be rejected, the
transaéonal 2 x 2 matrix provides a conclusive demonstration
of a gene-for-gepe relationship. It ié the only 2 x 2 matrix
which can do so. The transagonal 2 x 2 maffix is the
smallest matrix which can be used to demonstrate a.-gene-for-
gene relationship, and as such, a demonstration which relies
on such a matrix has no degfees of freegﬁm. Thi$ iqkwhy

identification of the genes involved, or use of a larger

matrix is advisable.

2.6 3 x 2 matrices.

A 3 x 2 interaction is obtained by the addition of one
differential (either host or parasite) to a 2 x 2 matrix. To
avoid repetition, only 3 pathotype x 2 pathodeme interactions
are described; reversing the number 6f pathotypes x -
pathodemes would not alter thé‘interpretation of a given
matrix. Thus a 2 x 3 set of differential interactions can be
analyzed in the same way as can a 3 x 2 set, and each<;ill

provide equivalent information.

There are three meaningful 3 x 2 sets of interactions



.(Fig.‘2.5). Others may be derived, buf only with duplication
of either rows or columns (redundancy). When two or more
cultivars show the san; resistance-susceptibility pattern,
fhey nusf be treated as one pathodeme; Similarly, parasite
isolafes which exhibit identical virulence-avirulence
reactions must be treated as one pathotype. This does not
preclude subsequent discrimination when further intqractions'
becomerévailable, just as "single" genes for resistaﬂce can
sometimes: be shown by.further research to be composed of more

than one heritable element (Crute, 1986).

Figures 2.5a and 2.5b ca% be used to demonstrate a gene-for-
: . : :

gene interaction. Both matrices contain a 2 x 2 transagonal.
and so preclude the possibility of an ehvironmental DI, and

the possibility of abnormal host sensitivity to mycotoxins.

. The matrix shown in figure 2.5a also precludes the possibility

of a polyphyletic, pathosystem, or immunity DI, (by sho%ing
that susceptibility to one péthotype éxists.in‘both
pathodemes) ahd it is tﬁe smallest set of differential
intefactions which can be used to demonstrate a geﬂe-for-gene
relationship without genetic information, when the
differential interactions used.are derived from gualitative
data. When the differential interactions used in the matrix
are derived from quantitative daté, denonstration of 'w/
monogenic inheritance of resistancé is required fo preclude
the possibility of a Jeffrey DI.

As with the quadratic check from which it is developed,

35
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figure 2.5c does not disprove constant ranking, and
consequently it cannot be used to demonstrate a gene-for-gene
relationship. ) 7

Fﬁrther extensions of khis tybe of matrixzx (i.e. 4 x 2,_5
x 2 etc.) can be analyzed in tergs of their constituent
quadratic checks and 3 x 2 interactions. Such matrices are
only as meaningful as the individual 2 x 2 and 3 x 2 matrices

which can be found within them.

N ,
2.7 3 x 3 matrices

The next expanéion is fo a 3 x 3 matrix. :Where the data
used to derive thé differential inferactions used are
gualitative, each of the 3 x 3 matrices shown in figure“2.6'is
-sufficient to demonstrate a éene-for-gene\relationship, even
inkthe absence of genetically dérived evidence for the |
monogenic control of resistance and virulence. This is
because nolJeffrey DI, or misinterpretétion of horizontal
resistance could cause this shape of matrix. For an immunity
DI to be responsible, several species or formae épeciales
woul?‘have to be involved. | )

Figure’2.6a shows a matrix in which no pathodeme has more
than one gene for resistance, and no pathotype has more than
one gene for virulence. This matrix is an expansion of the

~

transagonal 2 x 2 matrix, and it is proposed that matrices of
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_Ebis type be 'dentified by the number of interactions
involved; thul this matrix beconés a 3 x 3 transagoﬁal

matrix. When the component differential interactions are

derived from quantitative data, this matrix couldfresult from .

a conmplex of Jeffrey DIs. To the knowledge of the author,

no such complex has been reported. Nonetheless, if

_
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guantitative data are used, figure 2.6a nust}be supplenénted <

»

with evidence of monogenic inheritance of'résistancé if a
gene-for-gene relationship is to be conclusively
demonstrated. - ' 4

VFigurés 2.6b, 2.6c, and 2.6d show interactions in which
pathodenes may have Qore than one gene for resistance, and
péthotypes may have more than o;e gedé for virulence. These
matrices cannot be coéfused with alterﬁative causes of |
diffepentjal interactions. The‘possibility of an
environmental DI is removed by the complexity of the natrix:
and the shape of the natrii precludes the possibility of
abnormal sensitivity or hdrizon?al gesistance.l The
possibility éf a polyphyletic or an innunity DI is also
‘precluded by the shape of the matrices, since iq»eagh case
£he pathotypes are able to infect more than one pathodeme;i

Other 3 x 3 matrices fall into twoAtypes;"natriceg which
are analogous to the 3 X 3 matrices shown in‘figure 2.6 (but
have rows;or columns in different combinations), and those |

which do not demonstrate a gene-for-gene relationship. Those

which do not demonstrate a gene-for-gene.relationship do not
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include a transagonal 2 x 2 matrix.

2.8 .4 X 4 matrices
Two 4 x 4 matrices which can demonstrate a gene~for-geneb

relationship are shown in figure 2.7. Matrixzx 2.7a is an‘
extension of;the_3 ¥ 3 transagonal matrix"shown in figure 2.6a,
and so it is cailed the 4 x 4 transagonal natrix. Strictly,
this matrii could be caused by a series of Jeffry DIs 'in
those cases‘where quantitatiye‘oata-has been used to derive
the dlfferentlal interactions in the matrii- To nany
readers, such a hypothesls mnay be less probagle than that of
a gene-for-gene relationship, and s0 the 51np1est hypothesis
, should have precedent. To renove all doubt, Hendellan
1nher1tance of resistance or pathogenicity is necessary when
such a matrii:is‘hased upon quantitativevdata. Such.
occurrences will be rare.

| Matrix 2.7b is the repeatlng unit of the Person/Habgood
matrix shown in figure 2.4. It is, by 1tse1f,‘a conclusive
denonstratlon of a gene for-gene relatlonshlp. Ali of the 3
X 3 natrlces shown in figure 2.6, with the exception ofv2.6a, can
fit w1th1n the,Person/Habgood natrix’f'Hatrix 2.6a requires a
change in nomenclature of the host and pathogen isolates

before it‘can fit into the Person/Habgood matrix, but it can

fit into the original Person (1959) matrizx. Any 3 x 3
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matrix taken from the Person/Habgood 4 x 4 matrix will
prbvide,a non-genetic demonstration of a gene-for-gene

relationship. Any 4 2 4 matrix from the Person-Habgood

39

matriz will demonstrate a gene-for-gene relationéhip, as long 

as that 4 ¥ 4 matrix contains a transagonal matrix, and shows

at least 2 other interactions which result in susceptibiiity.

2.9 .Rules

As a result of the preceding discussion, five rules can

be formulated.

1. Differential interactions used to demonstrate a
gene-for-gene relationship mustlbe derived from only one host
species and only one parasite species. They should also be

%

derived from data produced in a constant environment, or with

an experimental design which takes environmental heterogeneity

into account.

72. Denonstrati;n of a Qene-for-gene relationship
requires a set of differential inferactions whidhlincludes a
transagonal matrix.

3. The 2 % 2 transago9a1 matrix is the smallest 2 x 2
matrix which can be used to demonstrate a gene-for-gene
nrelatianship. To do this, the matrix must be accompanied by
‘evidence of monogenic inheritance:of both resistance and

virulence. Other 2 x 2 matrices do not conclusively
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"demonstrate a‘gene-fof-gene relationship, even Ghen
accompanied by evidence of nbnogenicvinheritance.
4. When evidence of monogenic inheritance is lacking,
and the q1fferéntla1 interactions are derived from’/
qualitative data, the snalleét natrii which can condlusively
demonstrate a‘géne-for—gene relationship is a 3 x 2 matrix
(figure 2.5a). Any of the 3 x 3 matrices shown in figure 2.6
(with the exception of 2.6a, when the differential interactions
are quantitative) also denonstrafé a gene-for-gene
relationship without need of supporting;evidence fréh genetic
studies. ' ' ' . =
5. All matrices used to demonstrate a gene-for-gene

relatioﬁship must fit within either the Person/Habgood

matrizx, or the Person DI matrizx.

ﬂ@fo Conclusions

~ One of the advantages of using a set of differential
interactions to demonstrate a gene-for-gene relationship is
that thejmethéd canrbe applied to preﬁiously publ ished ho;t—
parasite interaction data. This provides a quick neéns of .
demonstrating a gene-for-gene relationship, provided that
; suitable differential interaction data can be found.
Table 2.1 lists parasitic associations (and.the source of

- the data) which p?qyide enough interactions to coﬂstructia
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Person/Habgood 4 x 4 matrix, thus demonstrating a gene-for-
gene relationship in each parésitic association.

Table 2.2 lists associations (and the data source) which
show @ 3 X 3 matrix capable of demonstrating a gene-for-gene
relationship. Gene-for-gene relationship§ have been
"suspected or implied to exist in iany of these parasitic
associationé, but this is apparently the first tiie that
demonstrations have been made. These tables are the.result of an
extensive, but far from exhaustive literature search and it is
probable that data for additional denonstratiﬁns can be found.
Much’ useful data may be unpublished.

Even when no pertinent data exist, the differiﬁkial
interaction analysis technique provides a means of
>de-onstrating a gene-for-gene relationship which is more —
rapid and much easier than the traditional geneiic proofs;

Thus the differential interaction analysis technique has been

chosen for the experimental investigations of this thesis.
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Host-parasite associations. in which a gene-for-gene

relationship can be demonstrated with a 4 x 4 matrix.

Ascochyta

Host

Pea

Pea.

Rice

Soybean

Soybean

QOats

Parasite aroup

-/

Fungus

4

source

Ali et al.
1978

Al et al.
1978

Estrada et

al. 1981

Lavioclette
and Athow

1983

Haas and

Buzzell

1976

Bartos et

al. 1969
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Table-z.i continued.

Therioaphis Alfalfa

macylata

Globodera - Potato
r_qﬁ_o.gb_tmi_s.

Potato virus Potato
X

Tobacco Tomato

mosaic virus

s

Insect

Nematode

Virus

Virus

43

Neilson and

Don 1974

" Cole and

Howard 1966

Cockerhanm

1955

Pelham 1972
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Table 2.2 'Host—parasite~assbciations vhich a gene-for-gene

relationship can be demonstrated with a 3 x 3 matrix.

Parasite
Bremija
lactucae
Co Q

lindemuthijianum

ocbioticum

pv Qryzac

Host

Lettuce

Field beans

_Potato

Soybean

Rice

Raspberry

Barasite Group

Fungus

Bacteria

Insect

sSourge

Chénnon and

Higginson

1971

Tu et al.
1984

Ullrich 1958

Fett and

Sequira 1981

Mew et al.
1982:

Briggs 1965



Table 2.2 continued.

Nilaps

Rice

Barley

45

Pathak!and

Saxena 1980

Cook and

Williams 1971
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Figure 2.1 Constant r;}kng of disease reactighs. 0 Is the

minimum amount of disease, and 4 Is the maximunm. The

varlation in dlsease reaction is quantitative. -

Parasites
- |
w
N
o
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Figure 2.2 2 pathotype x 2 pathodeme matrices. Solid circles

represent interactions which result in susceptibility, and

hollow clircles represent Interactions which result In
reslstance. H = host, and P = parasite. The r and R
notation represent possible host genes involved, and a; A,

(avirulence) and v (virulence) represent possible parasite

genes.

2 @® @ v;O Ol v,O @

v



Figure 2.3

H

The Person differentlal interaction matrix.

clrcles represent Interactlons which result In

48

Solid

susceptlbility, and spaces represent Interactlions which

result in resistance. From Person (1959).
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Figure 2.4
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The Person/Habgood matrix. Solid circles represent

interactions which result in sUSceptibility, and épaces

represent .interactions which result in resistance. The

pumbers'are Habgood nomehclaturef From Robinson (1976).
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Figure 2.5 3 pathotype X 2 pathodeme matrices,  Figures ‘a’
and ‘b’ show recversed discasc rcaction, and so demonstrate
'specificity. Figure ‘c’ shows no reversal of discase

reaction, and so does not show specificity.
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Figure 2.6 3 pathﬁtype X 3_pathodém¢ matrices. All ﬁatficgs'
show- reversed disease reactions, and so show specificity..
Matrix ‘a’ shows a sltuétlon_where each péthodeme énd each
pathotype have only oné gehc for resistance (R), or Qné gecne
for virulence (v). The other’matrices show situations wherae

pathotypes and pathodemes may have more than one gene for

resistance or virulence.

°

O

°

O e

-
® O 0|7




Figure 2.7 4 pathotype x 4 pathodeme matrices. Figure ‘a’’
| shpws‘d situation wherec each pathodeme and pathotypc'pbsscsl‘
, qné gene .for resistance or for‘v}hulence. Figure ‘b’ shows

“the 4 x 4’unitffpom the Persoﬁ/ﬂébgood,matrix.
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Chapter 3

o
T

3.1 The Ribes-blister Egéivpathosystem:

Cronartium ribicola, the causal agent of white pine
blister rust was introduced to western North America.at Vanccuver
B.C. in 1910, iﬂ a shipment of aiseased seedl&ngs from(Frénce
,(Boybe 1961). Since then the aisease has devastatqd white pine
populationsito,the point that few white pines are now harvested
in B.C., andbplantings are more research oriented than »
commercial. The effect of c. ﬁlpiggig_on the Ribes populations
has been less well documéntéd, but appears to have been less
deétructive; one of the first blister rust control methbds
‘practiced was fhe “eradication” of the Ribes from white pine
areas. Unl%ke the barberry eradication progrém, which now
appears to have made an effective contributioh to wheat ruét
control (Roelfs 1985), attempts at Biggﬁ eraéication'haﬁe.g}ven
only slight reduction of Yhite éine—blisfer rust (Ostrofsky et
al. 1987); thewdisease continues to be destructive dawiﬁgqﬁine'
"host, and Rjbes plants remain nunérous. , )

Most reséarch has been concerned with the pine hosts because
these are the hosts of greater economic i%portance, but the Ribes
hosts have not been ignored. All.North American species of Rjbes

have been shown to be suscepfible (Clinton and McCormick 1924).

Mielke et al. (1937) showed variation énong four species of
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Rikes, and demonstfated variation in susceptibility wtthin Ribes
Reticlare. Anoerson and Fhench (1955) observed variation in
infection types on Ribes hi:&gllﬁm and suggested the presence of
races in €. pibicola. -‘McDonald and Andrews (1982) showed that
single aecfospore isolates varied in the‘fitness treits measured,
butrdid_notwneport any evidence of specificity. - McDonald and
‘Andrews (1981) used massed aeciospore (from single canaers on
each of five trees) inoculations to show a significant aecium x

v

Ribes clone interactiocn, and interpreted this as/evidence of
spe01flc resistance in Elggg n_gﬁgnlgn%;/t Q ribjcola.
Unfortunately, their results showed hlgh suscept1b111ty or: hlgh

resistance in the clonés tested but dld not show the alternation

of these phenotypes whlch is requ1red to demonstrate Sp&lelClty.

conclusively.

The foilowing experiments we;e aimed at deternining
whether measorable differences in susceptihility and
virulence occur in the Ribes bracteosum - Q{ ribico
pathosystem, and characterizing these differences wherever
possible. ‘R. bracteosum was chosen for its high
susceptibility to C. ribicola, and its latge leaf size, which
enabled eech leaf to provide many leaf discs. The primary
interests were to determine which levels of‘the pathosystenm,
if any, show significant’variation; Qhether host-pathogen.,
specificity-is present, and whether such specificity fits the

gene-for-gene hypothesis.
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3.2 Methods

The leaf disc technique used to investigate»the.RihggfruSt
interaction is essentially a modified version of Clinton and

McCormick’s (1924) petri dish technique.\‘All leaf discs were cut

from detached R. bracteosum leaves, and measured 1\@m in
diameter. Those leaves chosen to provide leaf discs\were the
most recent fully expanded léaf,on a;giﬁen stem, although
experimentation showed that»there appeared to be no différences
in susceptibility or spore production amogg the four most |
recently opened leaves on a Stém,(Appendix 1. Most experiheﬂt§
involved one leaf/plant} and no more than two 'leaves/plant were\
‘ used in any experiment. In all cases, discs were assignea to
dishes in a random fashion.

Immediately after cutting, all leaf discs were placed on
Whatman #1 filter paper which had been saturated with
distilled water after being placed in a 9 cm diameter plastic
disposable betrj dish. Inocdlation was by transfer of spores
by fine gauge needle to a drop of distilled water placed on
the surface of each disc.

After inoculation, all discs were transferred to a
growth roon, apd placed in darkness for 48 hours. For the

rest of the experiment a 16 hour photoperiod was maintained.

[»]

The temperature was maintained at 16 ~ 21 C for the duration



of the experiment.

v

*

Each codtaihed one,representative leaf diSc from each plant

in the‘experiment, and each disc in that dish was inoculated with

a

one‘%ﬁore_séurce. Each inoculation consiéged of approximately
ZSQMspores;’ﬁnleSS'anothér inoéulafiqn dosé is specified. An
'fnbéuiation dose of 200—300 agciospore; haé been shown to provide
eff&cignt and reliable infection (see Appendix 2).} |

Aeciospbres were collected in the field (U. B. C. Research

t

Forest, HapléARidge, B.C.), from_sporulating tfeeé."Where
ééciospofes are sbecified‘as coming from a single’blister, the ﬁ
- aecial covering was not ruptured prior to aeciospcfe collection,
and each collection was from'a>sing1e bfiéter,rand unless »
otherwiée stipulated; a singleﬁcanker.‘VWhere aéciosporg'Samples
are déscribed:as/ﬁeing from a free, they .are coméoged of_spores
from many blistefs and at ieast three‘caﬁkers on a!single tree.
All spore samplés were plaéed into glaSs vials thchvwene then
sealed and placed in a dfying ch3mber. - Aecioépores:é%llected énq
stored at room temperature proved capable of“germinatibn,fof,at
least & weeks after the collection date, whereas the

refrigeration technique of McDonald and Andrews (1980) was

invariably associated with condensation and Penjcjllium

-
-

contamination, rendering the spores inviable. o

-

All uredospores were collected from infections bn'ﬁﬁ
bracteosum discs. Thus all uredospores used were the product of.
the aeciospore sources.

all greenhousé Ribes were 2-3 years old, grown from
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seed, and kept in the greenhouse. *Wild’ Rjbes wére well
)establiéhedAplants ldcatéd:oh Burnaby Mountain, Burnaby, B.C.
Data were reqdrded at two times the latent périod, which

is>defined‘és the time interval (days) between inoculation
and firsf’sporu}ation (on“aqy disc in the eiberimént)»visible‘
to the eye. Inﬁervals'of lés§‘than 2# the latent perliod were
shown to miss some infectiéns which showed up at thé 2x
latent period interval,‘while data collection at intervals .
greafer than 2x the latent perioa showed no new infections on
‘previbus1y uninfected discs (Appendix 4).. The interval of 2x
the latent period4was deenmed to be the most efficient, as it
maximized the number of iﬁfections recorded, and minimized
the chance of reinfection of infected discs. The latter
could exaggerate the siée of the infection, thus biasing'the
resulfs so as to increase thé possibility of Type | error
(incorrectly rejecting a true null hypdthesis). The latent
period was generaiiy 14 days, plus or minus cne day.>

| Data were recorded as presénce and absence of infection,
and as the number of mm2 covered by'sporulation. The

confidence level chosen for significance for all statistical

tests was 95%. .

Essentially, all tests were concerned primarily with

" determining sources of Qariability affecting infection of

R. kracteogum discs, and the characterization of variability
fognd. Presence/absence of infection data were judged to be

the best form of data upon which to base conclusions about
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qualitative vertical resistance. Data which recorded the
amount of sporJlation (number of mm2 covered by sporulation)
were considered to be the best measure of horizontal resistance,

or of gquantitative vertical resistance.

3.3 Validation of the leaf disc bioassay.

The first ezperiments were aimed at determining the

possible constraints on the leaf disc technique. These
experiments determined that:

i. Ability to become infected and spore pfoduction did
not vary within the first four most recently opened
leaves on a stem (Appendix 1). |

ii. Spore doses of 200;300 spores/disc provided
consistent infection and spdre productioh.

(Appendiz 2).

iii Leaf discs maintained on filter paper saturated
with a'nutrient solhtioq (Hoagland’sfﬁayowed similar
infection to those maintained on distilled water,
but produced siénificantly more spores (Appendix 3).

iv. Recording data at an interval of 2x the latent
pe}iod enabled the maximum number of infecfions to
be recorded, with minimum risk of bias due to

secondary infection (Appendix 4).



59
Attempts to compare infection and spore production on
leaf discs tc that on intact plants faileé to give results
which would allow meaningful conparison,‘due tovlow
fnoculation efficiency on the intact plants. Low inoculation
efficiéncy on intact plants Es assumed to be dué to diffiéulty

in maintaining suitable environmental conditions for infection.

3.4 Variation between pine individuals as sources for

‘
"Ribes infection. o : ~.

The purpose of this experiment was to test‘the -
possibility that Sbores from different trees might vary in
their ability to infect R. bracteosum, and that R. Qrgégggggm
indiviGUaié might vary in theif ability to become infected by
spores from différent trees. |

Leaf discs wére $e1eéted ffom 18 greenhouse R. bracteosum
plants, and aeciospores were collected from & pine trees. Each
spore collection was made up of spores from ten or more blisters
per tree. The leaf discs were arranged in a complete‘randoﬁized
block design, with six replicates (756 leaf discs, including
controls). o N

This ezperiment showed a high level of infection (92.5%)
on the inoculated discs (Table 3.1). Control discs show;; no -

infection. Neither Freidman’s test nor Logistic Regression

analysis, using the presence/absence of infection results,
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suggested any difference in the ability of R.,bpgg;ggggn
" individuals to becomg‘infected (LR, P ¢ O.IS), or any »
differencé invthe ability of spores from any pine individual
to infect R. bracteosum (LR, P £ 0.55). Nor was there any
significant'interéction (LR, P < 0.91).

The spore production data (# of mm2 of léaf disc surface
covered with spores)rmere sﬁbjected to a 2-way analyéfs of»
Variance, with interaction'(Table 3.2). Significant
differences were shown to exist between Ribes plants (P ¢ ~

0.001) and between spore sources (P ¢ 0.001). The interaction

between the two factors was not significant (P ¢ 0.72).
k]

#

3.5 Variation between individual blisters from one pine tree

as sources for Ribes infection.

The purpose of this éxperiment was_ to determine whether
different blisters are equal in their ability to infect
different R. bracteosum plants, and whether R. bracteosum &
.plants are eqgqual in tEeir abilify to beconme infectea by .
épores from different blisters.  Leaf discs Vére‘taken from
13 R. hngg;ggggmrplants, and inocﬁlated wifh}yeciospofes from
4 blisters on one free. The four blisters appeared to be the
result of at least 2>stem infections. The experiment was
given a complete randomized block design,;with six feplications

(390 discs, including the control).

-
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The infection results were subjected to Friedman’s test
and to Ldgistié'Regresslon analyslé (Tabie 3.3). WItH both
tests the data show significant differences»between blisters
(LR, P £ 0.00i) and betweén Euhgg plants (LR, P £ 0.601). The
,interabiiongbetween the two factorskwag not statisticaliy
significant (LR, P ¢ 0.07) &t the 95% confidence level.

AP £ 0.07 is not significant at. the chosen 95% confidence
level, but it str@ngly implies the existence of an interaction
bétweén Ribes plants and aeciospore sources. Thus the
interaction cannot be said to be significanf, hor can if.be said
tgat if does not exist. The best way to’resolve this éuestion is
to repgat the experimént. 'This was-ﬁot'possiple) due to

-

insufficient inoculum from the—ofiginél~i$olates. Instead, two
‘additional experiments of a'sigilér nature were perférmed.f

| The- first repetition of th; plisférs x glpgg experimenf
involved.aecfospofes from 5 blisters (rebresentiné 5 Cankefs) and
leaf discs from 6 E. bracteosum plants. The experimental design
was a complete randomized block with 10’replicatiohs.
Inoculations were as béfbre; ‘The iafection data is ;hown'in
table 3.4.

The spdrulation data were subjected'té Ziway‘ANOVA, wifh
intéfaction (Table 3.5). As before, the nuli hypothgsis‘fbr -
the main effects must be reje;ted; The probability that the
isolatés are the same is calculated as being 0.02, and the
probability thétgthe Rihﬁi sanpléé are fhe,samé is even lower

(P £ Q.OOl). The null hYp¢thesis for the interaction must
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also be rejected (P ¢ 0.02).

The second experiment tested aeciospores from 10 blistefs on
6 R. kracteosum plants in a complete randomized block design with
5 replications. Inoculations were as before. A\\ﬁ |

The Logistic Regression analysis>of the presence/absence
of infection data_againﬂindicated signifiéant main effeCts.(P
Ii 0.01 for the blisters; P £ 0.001 for the plants) (Table
3.6). The probabilitf of an interaction occurring between
blisters and plants ;as 0.07, the same as it was in the original
blisters x R. bracteposum experiment.

The sporulation data were subjected to. 2-way ANOVA, with
replication (Table 3.7). ‘The main effects were highiy
significant (P ¢ 0.00! for both blisters and plants), as was

the interaction (P { 0.001).

3.6 Variation between R. bracteosum individuals as sources
of inoculum for R. bracteosum.

4

L

The experiﬁents in this section were designed to test
the null hypothesis that (. Iihiﬁﬂli uredospores produced on
different R. bracteosum individuéls are equal in their
ability to infect a range of R. bracteosum plants.

The first ezxperiment used uredospores resulting from
inoculation of Bibii with aecioépores mixed from several

blisters on a single biae tree. Leaf discs from 10 R:

2 -
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prgg;gggﬁl‘plants were {noculated, in a raﬂdpmized»bfcck
" design, with uredospores from 9 plants. Elght of the 9 plants
which supplied uredoépores were included in the~testi these
served as hosts for "self-inoculations. Each disc was inoculated
with 25 - 50 uredospores. i

The infection results wére subjected to Logistic
Regréssion analysis (Table 3.8). This test showed that
" although significant differences existed between the isolates
(P £ 0.05) and between the plants (P £ 0.005), there was no
statistical evidence for an intéraction between the two
factors (P £ 0.95). However, confidengé in these results is
compromised by the overall low levei of infection seen in the
experiment as a whole (55.3%), and the low level of virulence of
the "self-inoculations” in particular (57.5%).

Accordingly, anothér experiment of similar nature was
conducted. Leaf discs from 15 R. bracteosum individuals were
ihoculated with 9 isolates of uredospores. Nine of the 15 Ribes
plants were self-inoculation hoSts..~ Each leaf disc was
~ inoculated with 200 - 300 uredospores. The uredospores had their
origins with 3 pine trees, and the experimental.desigq was that
of a complete randomized block with five replications‘(750
discs).

fhis experiment showed high leﬁelsvof.infection on the
self-inoculations, indicating tha} inoculation had been
effective (Table 3.9). Both Friedman’s Test and Logistié

Regression analysis of the infection results indicated highly



significant differences in infection between isolates (LR, P
£ 0.001) and between plants (LR, P £ 0.001). Logistic
Regression anélysis also indicated a highly significant
interaétion between the two factors (P < 0.001).

The sporhlation area data>wénp subjected to ANOVA, two-
way; with interaction (Table 3.10). The resultihg analygis‘
indicated thag\there were highly significant diffefences
between R. gggégggggm plants (P £ 0.001) and betwéen isolates
(P £ 0.001). There was also a}highly significant interaction
between the two factors (P { 0.001). | v

WOﬁld a random sample of wild R. bracteosum plants,—
without any knownqself-inoculatiqns, show similér results?
To test this, leaf digcs from 15 wild plants were inoculated )
using uredospores produced on discs from 9hof thé‘greenhouse
plants infected in the pfévious experiment. The experimental
design was that of a cénplete randomized block with 5 N
replications, as in the previous experiment.

Logistic Regression analysis of 'the presence/ébsence of
infection fesults indicate the presence of highly significant
differeﬁces be tween pathogen isolates (P £ 0.001), an? between
plants (P ¢ 0.001) (Table 3.11). The interaction be tween
isolates aga plants was also statist&cally significant (P £
0.02).

The amount ofrsporulation results were subjected to‘;ﬂ

way ANOVA, with interaction (Table 3.12). Highly significant

differences were indicated to be present between isolates (P
J.

64
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€ 0.001) and between plants (P £ 0.001), but there was no

significant (P £ 6.55) interaction.

3.7 'Is the presence of a transagonal interaction indicated?

The purpose of the ezperiments described in this section
was to test the hypothesis that stétistica}ly significant
transagonal interactiohs could be ideﬁfifiedﬁin the R. )
hnngﬁggggn'; C. ribicola pathosystgn. Althqughvsubsets of
the data from préviéus experiments can be selected‘to give a

transagonal matrizx, ah increaééd nurber of replications of éacﬁ
interaction is required to determine the significance of an;
particular matrix. Finally, the interaction phenotypes pro@ucing
the matrizx must be repeatablé.

The design ofﬁ:he experiments was similar toithose
preceding them, but the number of plants and isolates tested
was decreased, so thét the number of replications could be
increased.

The first exberiaent involved inoculating leaf discs}
.fron,5 Ribes plants with uredospores from 7 sodrces, with 9 -
replications. The donor plants and the isclate sources were

chosen on the basis of availability, not previous evidence of

interaction.' Three of the inoculations were self-

inoculations.

The presence/absence of infection results (Table 3.13)



,show one conv1noing transagonal matrix ‘The interactions used
A

to nake thls transagonal matrxx are hlghlxghted thh a x. The
'fthree self inoculatxons (hlghlighted with a #) were : , ¢

‘ successful enough to. suggest good inoculatlon efflciency
o]

The 1nabllity of any uredaspore source to infect Rjbes number
;2 is of great interest, as these isolates proved virul on

other R p;gg;g sum Unfortunately, further investigation of

- -

thxs plant was not’ pnss:ble, due to its inadvertent removal by

PR
-

universxty grounds malntenance personnel

Py

The second experrment in thls section was designed to
- test the repeatabxllty of the transagonal matrlx demonstrated
Jpreviously“ ‘Consequently, three of the isolates tested were

’thOSe produced on leaf dxscs infected in the previous

.éxperxment,‘and three of the leaf d1sc donors were the sanme

plants as. tested 1n the prev1ous experlment. Availability of
q . !
su;table leaf tlssue‘onuthe other host plants precludeéd an

exact reproduotion?of the‘prev{ous egperinentr Thus one
previOuslyﬂuntestedkhost.ind{vidual'and two previously
.untested'isolates weré}added to those-whjohkhed preﬁiously
been tested, in‘the.hopebthat:a second;trensagonal matrfxtnight
be seen; The experinental design‘was once again randomized
ublock, nowuwith 12‘rep1ioetes.ﬁ ‘

The reSults of” this experlnent are presented in Table
3.14. The.recxprocal dlfferentlal 1nteractlon 1nvolv1ng Elpgg 1

and 4,:anduisolates d and g -in the prevxous experiment,

was reproduced. The interactions which make up thisntransagonal
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»

matrix are highlighted with a x. No other transagonal matrfx is

visible. o (

3.8 Discussion and Conclusions

Vahdérplank (1984) has presented.guideliﬁeS‘for the
interpfetation of biomefric éﬁalyses of host-parasite systems
The host main gffect (variation bétweeq hosts)rshould be
interpreted in terms of horizonfal resistance. - Any variation in
the parasite madin effect (variatibn between isdlates) shqpid be
inferpreted“as variation in éggfessiveneés. The interaction
between host and parasite Should be interpreted in terms of
vértical resistance in.the host, and Qirulence in the‘parasité.

These guidelines arg,used in this thgsis,‘ﬁith the
exception that the presence of significant interactign is not
regarded as being interpretagle oniy~in these terms.
Interaction between the host and pathogen is stfongly
suggegtivelof specificity, or specific iﬁteraction, but tne
cause may be other than vertical resiétancé. Alternative
causes have aifeady been ouflined (bhapter 2). -

The results obtained from the, 5in§ x Ei§g§ experiment
(section 3.4) indicate that significan£ différénces in
pathogenicity exist betw€en populations of aeciospores produced

on different trees, and in the susceptibility of individual R.

bracteosum plants. This is indicated by the sporulation data;, as

4
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infectioa levels were high‘(92.3%) and effectively uniform. The
absence of any .qualitative interaction between iSolates and-Rihgg
piants indicates thatuif aﬂy specificity is preﬁent in fhis |
pathosystem, it is either ébéent,iq the Samples tested,
nonfunctional at this systems ievel, or is masked by t£évhigh
infection rate of the overall experiment. Vanderplank (léGQ) has
defined hbrizontal resistance as beiné that resistance wgich
occurs in the absénce of any‘specific-iqteraction between host
and pathogen. Thus\the résults of this experiment are
{nterpreted as a demonstratioq of differences in horizontalf
resistance between R. bracteosum indiv;duals, and differences in
aggressivenesé (sensu Vanderplank 1968) between isolates.

The apparent variation in aggressiveness between
'éeciospores produced on different white pine'individualé is
worth furthef consideration. There are several potential
explanations for this variability, aside from variation in
aggressiveness. One is that eéch tree is acting as a'genefic
sieve, only becoming infected by a subset of théJpathogen
population. Some trees may be infected by a larger subset
than others, and so p{odﬁce a wider range of spores virulent
on Eihgg_bushes. Thus differing infection success/disc could
produce an apparent variation in aggressiveness, though the
genetic basis wouid be quite different. Should this be true,
it could imply some linkage of pathogenicity on the pines

with pathgenicity on the Ribes. Another explanation might

be that trees differ in their ability to produce vlabie spores.
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Host nutritional factors, host epiphytes, and hyperparasitism of
'aecigl blisters are but a few of the pdssiblé cauSeérbfmiﬁéeﬂ"'
associated‘differencéé in aeciospore viability.

Vériation ih aggressiveness is the simplest hypothesis,
and so this js the hypothesis favored‘by.the aufhor. |
Regardless;of which hypothesis is most correct, such
variation‘is‘potentially exploitable to reduce the (.
Liglgglg popu{ation. This iﬁ turn could‘reduce disease.
| Section 3.5 deals with the results»of blister x Ribeg
inoculations. These‘inoculations provide consistent evidence
of significant differences betweenkblisters in their ability
to‘infect and spgrulate on R. bracteosum plants. The'
evidence of variability.of infection within the Ribes plahts
sampled is also consistent; This is interéreted as béing
corroboration of the dempnstration of horizontal resisténce
.shown in the results of the previous section.

The interaction between blisters and thii plants is
also a consfStent featﬁre of the experiments detailed in
séctiona3.5, although the probabilities attached to this
interaction vary from P { 0.07 to P £ 0.01. Tﬁis;consistency
forces the author to reject the null hypothesis of.no

interaction between the two variables

:According to Nanderplank (1984}, a{significant

A

. La . . . e
interaction is indicative of vertical res(gtance. As

mentioned at the eginning of this section, such interaction

can result from a situatjon»which does not involve vertical
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resistance; so‘#hile‘vérticai‘resistance may be implied, itk
is not proVenubyzfﬁe presencé of an interactioﬁ.f Certainly
it is indicative,df\specific intéracfions\;ithi the ° |
pathoéystem. |

The presence of an interaction fs §f intefést inréndthe£r
way; for‘ft indicates that the blisters on a - single tree arg)
“producing different pathogen genotypes.. This islindireét
evidence for the egisténce of heferothallism in C. Eihiggli (if
individuél'cankers arise from infection by a single
basidiospore). Thg presence of heterothallism has not been
definitely demonstrated with this rust species.

The-experimedts detailed in section 3.6 add further
Cofroboration to the existence of specifié resigtancé‘in the
vparasific association. of papticular‘interest, the reéults of
this'SectioQ demonstrate that uredospores produced on one plant“

-may not be able to infect another, and that some host individuals

[

are highly resistant to infection. Such evidence of highly
- discontinuous resistance stroﬁgly supports the hypothesis
that vertical resistance is both present and operative in
rust-Ribes associatibh. {

When such wide variability exists, and the éost of
infection being pértial or total defoliation for much of i
seéson, it is reasonable to predict that natural selection for
resistance would occur. Thus the Eiggg popuiation may not be

‘ . A . . _
as susceptible now 3as when the disease was introduced. This

may mean that inoculum production for the pine populations
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méy also be décreasihg;'possibly reduéihg'fheir ievels'of disease
aléo. | | |

The resulfs presented in section 3}6; in which ar
repeafable reciprocal»differential set of interaction bhenotypes
is shown, are perhéps the‘most important of ;his chapter. These
results areAconclusive e&iaence of a genejfor-gene relationship
(as_explained in chapter 2). The presence of a geneffor-gene>
relationshib isﬁthe;definition of vertical resistance. Thus, for
" the first time} vertical resigtance has been demonstrated in a
‘wild pathoé&s%em; |

o lWild pgthdéystems have préviogsly been suspected tb
fﬁyolve'generfqr-géne reiatiénships, but the deqonstration of
"such a relafiénship in a wild pathosystemrproves that
vertical resistance is ﬁot“necessarilyvan aftifact of
domeétication. Thus geqe—fbr—gene relatiopships may be ﬁore
cgmmon than preyiously gxpected.

| - The preseaée of ve#ticaL fesistance in a wilav
pathosystem is of 6onsiderab1e importance tolthe managers of
such pathosystems, -and most of the world’s}forests inVoive wild
pathosystems. The matching of vertical resistance (the so-
called "breakdown" of resistance) in-agricultural
pathosystems has frequéntly been economically devaétating.
Agricultural pathosystems usually inﬁolye annual crops, and
the inveéstment of time associated with'théir producfion isrsmall
compared with that of forest crops. Thus a breékdo&n of vertical

resistance in a forest pathosystem can be expected to be much
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more costly than in an agricultural pathosystém.

The»demonstration of a genePfor-gehe relationship in the
c. lelgﬂlif R. bracteosum pathos{stem is of further interest
for two reasons. The‘first is Ehat the pathogen is newly
introduced, and has beén in contact with the hosts tested for
less than 80 years. Gene-for-gene relationships haveApreviOusly
been considered to require longer periods of coevolution, or the
guiding force ofbartificial selection. The second(reéson isbthat
this‘pafhosystem is part of a heteroecious pathosystem, in which
the other host may also be suspected of having verticél
resistance. If sc; the C. LIL}EQ.E‘.' QP_. pontijcola pathosystem' ‘
would be the first heteroecious pathogen shown to have
ggne-for-gene relationships with both hosts, and it would also be
the first demonstration of a gene-for-gene relationship involving

a gymnosperm host.
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Table 3.1 The number of leaf discs, out of a maximum of slx,
which become infected following lnoculation of leaf

discs from 18 Ribes plants using aeciospores from six

q}fferent trees. ) ‘

ey

Aeciospore isolates

Ribes plants.

A B c D E F
1 6 4 6 5 6 6
2 6 6 6 5 6 6
3 6 6 6 5 6 6
4 5 6 6 6 6 6
5 6 6 6 4 6 6
6 5 4 6 4 6 5
7 4 6 6 6 - 6 6
8 6 4 4 5 5 5
9 6 5 6 6 6 6
10 3 4 6 4 5 3
11 5 6 6 4 6 5
12 6 6 . 6 6 6 6
13 6 6 6 3 6 6
14 | 6 a5 6 6 5
15 6 5 6 6 6 5
6 . 6 6 6 6 6 6
17 | 6 6 6 6 6 6

18 6 5 6 6 6 5



Table 3.1, page 2. Logistic Regressiqn'resuits;

~ Source deviance d.f. - SP
ISOlatés (trees) ' 5’ » 0:15'

-Ribes plants ‘ 17 0.55
I xp ‘ 85 0.91

AV



“‘Table 3.2 Aeciospores from six different trees x 18 Ribes -
bracteosum individualé; summary of mm2 of leaf

disc covered with uredospores.

Isolates - ;‘
Ribes plants
1 2 3 4 5 6
1 20 17 28 25 37 32
o 25 37 33 33 \36 41
3 - 17 13 25 17 . 24 S22
4 s 20 39 46 47 48
5 19 - 24 40 15 43 34
6 13, 14 fvza 8 . T{e 21
7 18 3.0 39 38 46 38
8 18 16 T 1g 22 20 19
9 14 18 43 30 32 35
10 7 - 25 19 14 26 17
11 ' 13 19 . 33 25 34 30
12 16 28 36 31 31 - 33
13 ’“ 27 31 '28 19 - 42 41
14 19 18 22 25 25 27
15 Y 34 48 . 39 53 . 33
16 20 23 33 24 35 29

17 19 18 32 38 29 29

18 22 27 41 46 - 44 35



A

Table 3.2, page 2.  ANOVA results.

"ANOVA table.

Bl

., Source DF Sum-squares

MEAN-

. Isolates 5 499. 1 99,
Plants 17 839.8 49.
Isol x p 85 ,;409.2 4.
Error ~ 540  2885.8 5.

squares
82
40

81

34

[

F-ratio

18.68

9.24

0.90

Prob >F
0.001
0.001

0.72

76



Table 3.3

S

12

13

[

~—

The number of leaf discs, out of a'maxlnum of six,
which became infected following inoculation of leaf
disés from 13 Ribes plants, usingﬁaeciospores frbm

four different blisters from one tree.

Blisters
: B ; c D
2 5 4 2
3 4 4 3 ]
2 2 3 3
0 3 4 1
4 3 6 6
3 4 3 4
0 3 5 2
0 4 3 3
4 6 6 6

)

2 4 6 6 ,
3 3 6 6
3 4 5 }
1 4 5 3

77



Table 3.3, page 2.

Source
Blister
Plant

Blister x plant

78

Results of Logistic Regression

analysis.

12

36

X2

34.2

45.0

49.3

0.001

0.001
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Table 3.4 The number of leaf discs, out of a maximum of 10,
which became infected following inoculation of leaf
discs from six Rjbes plants, using aeciospores from

five blisters on a single tree.

Blisters

Ribes plants

J | A B c D E

1 8 6 6 9 5

2 9 10 10 10 8

3 10 6 9 "9 8

4 | s 10 8 9 10
5 7 8 6 9 N
& 10 9 10 o

L
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Table -3.5 Ae01ospbres from flve bllsters from a 51ngle tree x

e T 51x Elpgg hnﬁgiggﬁgn blants, sumnary of the area of‘

" 'sporulatlon (mmZ) on -éach’ leaf disc
7 . Blisters.
Ribes = = _A B . C ' D E - .
t 25 6.25 17 16.75  13.5
2 44.5 71 52.5  72.5 °  46.5
3 - . 50.75 8.75° 23.25 '44.5 42
a ~ 69.25 . 92.5 61 30  59.25
5 - 17.5 . 10.5 5.5 7.5 17.75
6 - . 44.25 25.5  23.26 51  25.75
Analysis of Vafiance resulté: ‘
Source DF: SumFSquares.'HEAN—Sqﬁares F-rafio Prob > F
Blisters 4 1.06 - 0.265 , 2.97 0.02
Plants ~° 5  10.81 2.16 24.25 0.001
‘Bx P 20  3.22 0.161 1.81  0.62
~ Error 270 24.06 0.089
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Table 3.6 The number of leaf discs, out of a maximunm of’fivg;‘
which became infected after inoculation of leaf discs

from six Rjbes plants with aeciospores. from 10

blisters from a single tree.‘

¢
\

Blister
] , 2 3 4 5 6
a 5 5 3 3 5 4
B 4 5 K 3 4 5
C 5 5 5 2 5 5
D 5 4 2 5 5 5
E 5 5 4 1 4 5
F 4 5 3 3 5 5
G 5 5 4 4 3 5
H 5 5 4 5 5 5

oy

I- 5 0 2 0" 3 5
J 5 5 5 4 4 5

-

v ¢

1y

Logistic regression analysis results:

Blisters v 8 DF P

= 0.0t
Plants ‘ 5 DF P = 0.001.
Blisters x plants 40 DF P = 0.07



Table 3.7

Aeciospores from 10 blisters from a single tree

X Slx Ribes Q:gg;ggﬁgn plants: summary of the area

(nm2) of the leaf discs covered by sporulation.

Blisters

m O O

xr o m

ANOVA results:

Source DF
-Blisters S
Plants L/ ;;ﬁ
%ix P 45
Error 240

Ribes bracteosus

] 2 3 4 5 6
26.75 21.0 9.75 1.5 16.25 26.25
23.25 37.25 6.25 2.7 7.5 - 30.5
47.25 35.0 21.7% 1.0 25.5 25.5
46.25 28.25 8.25 3 oA 14.0  18.5
29.75 23.5 9.75 0.2 6.25 17.25
31.5 43.25 23.5 1.2 28.5 33.5
47.5 35.75 11.0 4.25 16.0 27.75
61.5  36.5 18.25 2.7  20.25 31.25
32.75 0.0 4.0 o:o 9.5  39.25
54.5 57.0 19.75 2.5 10.25 39.25
Sum-Squares MEAN-Squares F-ratio Prob>FR* .
4,001 0.445 7.54 0.001
19.98 9.996 67.79 0.001
5.08 0.113 1.92 0.001
14.15 0.059

82



Table 3.8

Isolates

I ® o m O

The number of leaf dlécs, out of a maximum of five,
which became infected after inoculéfion with
uredospores produced on nine-different R. bkracteosum
plants. Numbers followed by '*"are the results of

self-inoculations.’

5 3 3 4 4 0 3% 5 4 2
3 b 1 2 1 3 2 4 5 4 4%
2 3 2 4 4 3 4 4 2% 2
3% 2 4 3 1 3 4 3 4 3
0 1 4 2 3 1 3 5 4 0
4 3 3% 3 O‘ 2 3 2 3 0
2 1% 3 3 i 4 3 3 4 0
3 1 3 3 0 3 4 5% 5 2



Table 3.8, page 2.
Isolates’
Plants

Isclates x Plants

Regression Analysis results:

9 DF

80 DF

" v o

0.33 -
0.001

0.95

84
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Table 3.9 The nu;ber~of leaf dis€s, out of a maximum of five,
- which béqane infected after inoculation with ufedo—
' spores produced on nine Ribes bracteosuym piants.
Numbers followed by a "x" are tﬁe results of

self—inoculations.

Isolates

Ribes - |

| A B c D E F G H_ b
1 4 1 0 4% 5 3 4 2 5
2 4 0 0 0 1 3 2 2 5
3 2 0 0 2 4 0 4 0 3
4 3 3 2 4 4 5 5 4% 5
5 4 2 0 5 4 5% 2 0 5
6 5% t o~ 2 5 5 4 3 5 2
7 0 0 0 o o 0 1 0 0
8 4 2 4% 5 5 4 4 3 5
9 2 0 2 3 2 2 1 0 3
10 5 1 5 5 5a 4 PO 5
(1 5 0 2 5 3 5 4 2 5 %
12 4 0 0 5 3 5 5% 3 s
13 2 2 2 3 3 5 5 - 1 4
14 ! L { 3 3 0 L1 4

15 4 4x 0] 4 1 3 3 1 4



Table 3.9, page 2.

2

Lugistic Regression results:

Isolate | ~ 8DF P = 0.001
Plant ' 13 DF P = 0.001
Isqlate X Plant 104 DF - P = 0.001

86
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Table 3.10 Nine uredospore lsolates x leaf discs fronm 15 Rlbes
) | bracteosum plants: summary of area (nnZ) of leaf disc

covered by sporulation.

- Isolates

Ribes
A B C D E F G H I
1 30 5 0 9 41 10 25 7 24
2 4 0 0 0 3 3 2 2 5
3 2 0 0 4 5 0 5 0 5
4 8 7 5 20 11 18 28 10 22
5 15 2 0 20 13 22 8 0 8
3 29 4 9 20 25 18 21 23 10
7 0 0 0 0 0 0 2 0 0
8 28 6 9 18 13 10 8 15 32
9 4 0 4 *3 3 3 2 0 4
10 19 s 18 23 24 16. 9. o 18
11 5 0 3 5 8 5 5 5 7
12 3 0 0 12 12 12 28 6 25
13 6 3 3 7 . 5 8 10 { 12
14 1 3 4 9 6 0 3 3 11

15 15 4 0 6 5 9 19 5 8



Table 3.10, page two.

ANOVA results:

Source DF
Isolates 8
Plants 14
I1 xP 112

Errc~ 540

Sum-Sqguares

8.62
18.1
11.5

31.63

1.08 . 18.4
7

1.29 22.1

0.103 1.75

0.059

MEAN-Squares F-ratio Prob)F

0.001
0.001
0.001

88



\

Table 3.11

89

The nunber of leaf discs, out of a maximum of flve,
which became Lnfectéd after inoculation of leaf discs

from 15 Ribes bracteosum plants with uredospores from

nine Rjbes plants, with no self-inoculations.

Isolates‘“

B C D E F G H I

1 1 1 1 1 2 2 1 0
2 2 0 1 4 0 3 1 0
3 2 4 2 3 2 2 2 2
4 3 4 4 2 0 3 1 1
5 3 2 5 2 2 2 3 0
6 2 2 2 3 1 1 2 1
7 0 2 0 1 1 0 0 1
8 2 4 4 2 0 4 1 2
9 1 0 0 0 1 1 0 1
10 0 2 1 5 2 2 2 0
L. BB 0 2 0 0 1 2 0 0
12 2 3 3 4 0 1 3 3
13 1 0 1 3 2 2 1 2
14 3 4 1 2 2 2 2 4
15 ¥ 0 0 0 0 1 0 0 0
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Table B.Il,rpage 2.

Logistic Regression results:

o
Isolates - 8 DF
j@?lants .. 14 DF
Isolates x Plants 112 DF

0.001
0.001

0.02

90
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~ Table 3.12 Sunmary'of-the leaf dlsc area (mm2) covered with

uredospores when inoculated with uredospores produced

on nine RinggAhzﬁgiggggg plants, with no self-

inoculations.

Isolate’s

Ribes
A B c D E F G H 1
i 0 4 20 5 4 ) VA 4 0
2 0 4 28 0 33 7 0 11 0
3 26 | 16 12 19 33 5 22 16 | 0
4 11 3 20 0 22 24 19 19 12
5 0 43 14 | 23 24 24 6 20 2
6 2 12 7 4 8 2 0 5 0
7 1 0 0 3 5 0 2 1 0
8 6 9 22 0 19 21 26 14 4
9 3 0 3 2 2 2 0 3 Q
10 0 21 14 5 11 4 4 1 0
1 0 0 2 1 0 o 2 o 0
12 10 ) 3 Ov 17 3 18 7 ——3
13 3 5 7 6 8 0 0 2 1
14 23 - 20 17 12 26 11 15 22 5

15 0 0 0 1 3 1 2 2
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Table 3.12, page 2.

-

" ANOVA resﬁltsf

Source DF Sum-Squares MEAN~Squares

Isolates 8 3.82 0.477
Plants id 9.81 0.701

‘I xP 112 12.46 - o.t11

Error 540 61.44 0.114

42

F-ratio
4.2
6.16

0.98

Prob>F
0.001
0.001

0.55

92
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Table 3.13  The number of leaf discs, out of a naximunfof nine,
w. which becawe infected when seven uredospofe isolates
were used td.inochlate leaf discs froh five thgg
piants. The numbers followed by a "x" are those
wﬁich can be- used toishowba transagonal interaction.

Those numbers followed by a "#" are the result of

self-inoculations.

Ribeg
Isolates ] | 2 3 4 )
| = .

a 5 o 5 5 5

b 7 0 6 5 7
e 9 0 9 6 8

4 1x 0 9 Tx# 8

e 1 o - s 3 1

£ 7 o 8 8 7

g “é* 0 5 - Ox. T

h 0 0 3 0 5
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Table 3.14 Repetition of the diagonal interaction between

Isolates

Ribes bracteosum individuals and isolates of

- Cronartium ribicola. Ribes 1, 4, and 5 are the

same plants as représentéd by these numbers in

-

Table 3.13. Isolates e, d, and g are the same

isolétes as given this designation in Table

\

3.13. N
1 4 5 21 22 .
11 11 11 10 3
Ox 10%x 11 10 0
9% ox 11 8 0
12 8 5 7 0
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Chapter 4. Inoculation of detached white pine needles

with Cropartium ribicola basidiospores.

4.1 Introduction:

White piné blister rust, caused by Cropartium LLQLQQLQ;
has devastated western white pine (Pipus monticola Dougl.)
populations since its introduction to the west coast of North
America in 1910 (Littlefield 1981). Thus it is ironic that
infection of white pines>under controlled conditions has 7
proven to be difficult (Bingham 19723 Patton 19723 Kinloch
and Dupper 19873). Infection requires }hat a basidiospore contact
a host needle, germinate, enter a stomate, and infect the needle
mesophyll (Qlintoﬁ'and McCormick 1919$. The basidiospores are
Jextreﬁely sensitive to sub-optimal levels of tenperature, light,
and gunidity (Litflefield'1981; Van Arsdel et al. 1956), and this
sensitivity appears to be the cause of the difficulty in
obtaining safisfactory infectién under ccntrolled Conditionsu

The Tﬁdculation technique used previously has involved
suspending Ribes (the alternate host) leaves bearing telia
over the pine piants to be inoculated. The Rjbes leaves and
the pine plénts are then misted with tap water, and‘kept in
darkness for 24 hours at 18 C (65 F)(Bingham 1972). This
inoculation'technique has several limitations (Binghan 19723

Patton 1972; Kinloch and Dupper 1987). First, these

inoculations are usually performed in a greenhouse or



96
shadehouse because of the space requjred by the test piants:
In such locations precise‘enﬁirOnnental conditions are
difficult to maintain. Second, the technique oftéﬁ}fails to
" provide successful infection, even when basidiospore gernination
taﬁ;s place. When infection does occur, it is oftenjﬁén- L
 uniform within an experiment, making comparisons difficul;.
Third, the technique requires large amount§7of inoculunm, which‘is
a serious limitatien for experiments reqﬁiring inoculum from
specrfic isolates. Fourth, it is important fo test mature trees
as these are often suspected of<possessing desirable levels of
resistance. Tests on éuch trées(can only be accommodated by
first obtaining grafts (Patton 1961) or rooted cuttings (Williams
1987). There is need for an inoculation technique which is more
reliable, more precise, aﬁd'nore conveniént. |

//Ehe'developnent of the concentrated basidiospore

su;ﬁension (CBS) technigue provides a greatly improved means
of éelivering inoculum to the infection court. This
method was first developed for inoculation of Pjpus elljottilj
var. elliottij Engelm. and Eingglgggﬂg L. with Qngngnilgn
guercum f. sp. fusiforme (Matthews et al. 1971;»Matthews_§nd

Rowan 1972). Since then it has been adapted for use with

Cropartium guercum f. sp. ngnxglgﬂ§§528tewartgl al. 1985,
and Cronartium ribicola and Pinus monticola (Matthews 1984).
The CBS technique provides a leahs of controlling inocufun
density and of storing basidiospores for short §erioas of

time. It also enables sources of inoculum derived from slingle
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‘uredospores to be used more.easily, because spores from a N
particular source can be used to inoculate a large number of
hosts. ) - | . "

| Leaf disc techniques, pioneered by Clinton and'MéCérnick
(1924), have proven very useful in investigating the response
of‘han? angiosperm plants to their.pathogéns. Experiments
in which leaf-discs serve as ‘the host substrate involve') |
cutting leaf discs ffon'foliage and maidtaig}ng these discs
on saturated filtervpape} in a petri dish. Leaf disc
experiments have the advantages of being vé;; space and time
efficient, and permitting precise environmental control. Ah”
analogous method for conifers would involve the yse of
detéched needles in place of leaf discs.

The author has determined that detached needles of
western white pine naintainedron filter paper satufated with
éistilled waéer in a petri digh at 21 C (70 F) and 12 hours
light/day can remain viable for overma'year, even whén infected
with . ribkicela. This longevity is more‘than sufficlent tb
observe the results of successful infection with C. ribkicola,
as these become clearly visible in abproximately 3-4 months.

The use of detached needles offers further advantages over
the use of entire plants. Each host tree can be tested many
times with only modest space requirenents, and withoutihaving
to clone the individual trees of interest. Many needles fit

inside a petri dish, and many petri dishes fit inside a

controlled environment chamber. This allows large numbers of
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host genotypes to be testga under closely controlled
conditions. Samples taken from trees of many different ages and

environments can be easily accommodated.

4.2 Haterfals ana_netﬁods:

The CBS technique of Matthews et al. (1971) and ﬁatthEWS'
(1984) was used, with minor changes. Telia-bearing leaf
discs (1 cm. dia.) were cut from Ribes bracteosum foliage,
then fastqud, telia down, to fhe inside of petri dish lids
| with a drop of dilute (0.,1%) water agar. The bottom half of
the petri dish was covered@ with 0.1% NaCl (laboratory grade)
in double distilled water. The leaf discs were left
suspended over the NaCl solution, in darkness, for 24 hours.
The NacCl sglution collects the basidiospores as they drop |
from the telia, and inhibits their germination. The
Eii;diospores\retain their viability after 24 hburs ih the
NaC solutién, but longer exposures to the salt solution
reduces viability (M. Hbrton, U.8.0.A. Forest éervice, Priest
River, ldaho, personal communication). Conseguently, the
collecting solution»nnst be changed every 24 hours if viability
is to be maintained. The telia-bearing leaf discs remain viable
for many days, so that basidiospores may be collected many times
'fron each source.

At the end of each 24 hour collection period the NaCl
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solution was passed through a 3 um Hillipore fTH) filter, and

the residue on the filter was washed repeatedly wlith double
distilled water at room temperature. Matthews (1984)

reconmends storage of basidiospores for several days at 0 - 1

C to stimulate germination. As“fefrigeratién with the

necessary control was not available (germination hay be

greatly reduced by temperatures Sélow 0 C, and commences at 1

cy, thisvstep uasronitted.

Washed basidiospores were'iaaediately resuspendéd in double
distilled water. A henocyfoneter was used to estimate spore
density, and the suspension was diluted to 3000 basidiospores/ml.
This suspension was spraied_onfo detached needles whiph héd
previously been placed on‘fiIter papé;>(Whatnan’s (TM)> #3, 13
cm diameter) saturated with double distilled water, in/457cn
diameter plastic disposable petri éishes. Each petri dish
received 2 ml of the spore suspension at each inoculation
(68 spores/¢m2). Control needles were sprayed with double
distilled water only. After inoculation the petri dishes
were placed on trays, and each tray was enclosed in a clear
plastic bag for the duration of the experiment. The trays were
placed in a cdnt?olled environnent chamber mpaintained at 15 C (59
F)> in darkness for 24 hburs after each inoculation. - Each dish
was inoculated con 3 occasions, at 48 hour intervals (total
incculation dose = 204 spores/cm2). After the inoculation period

the growth chamber was kept at 23 C (73 F) and a 12 hour

photoperiod. The filter paper was resaturated with distilled
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water at weekly intervals.
Two experiments wererperfqrned to>test the CBS -
"detached needle technidue. In fhe first experiment,
basidiospores from sixz single uredospore-derived R.
'h;ggjggﬁgn infections were pooled to form one inoculum
' soqfce. This was used to inoculate detached needles .from sizx
18 month-cld seedlings, and six {8 month-old rooted cuttings
from 25 - 28 yeaf old donor‘trées. Each dish contained one »
representative needle from each plant being tested, and each
\qu;h was replicated 10 times (240 needles usea, including
controls).
Whole planf inoculations were also performed using the
same plants that supplied the needles for the experiment
described above. The donor plants were kept in a greenhouse
where they were misted with water pfior to inoculation with

the same spore suspensions as used to inoculate their

ontrol treatment

detached needles. Ngedles selected for the
were covered with thiﬂ plastic wrap to prev nt inoculation

with the basidiospore suspension. To prevent light-caused damagé
to the basidiospores these plants were kept in darkness (under-
black plastic) at 15 - 17 C (59 - 63 F) for 24 hours after each
inoculatibn. After the inoculation period the plaStic was
remnoved, -and temperatures vafied between 11 and 23 C (52 - 73 F) _
during the course of the experiment. The purpose of this

experiment was to serve as a comparison with the detached needle

experiment described previously.
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The second experiment used each of six single urgdospore—*'
derived Ribes lesions as separaté sources of lnoculum, and
these isclates were used to inoculate'detadhéd needles taken
Afrdn seven ten year-old trees. Each dish contained one
replication, and each dish was replicated ten times (980
needles, inclﬁding controls).

Red spots on the needles, frequently associated with
successful infect}on of white pine needles (McDonald and
Hoff 1975; Kinloch and Littlefield 1977) became visible three
months after lnoculation. " The yellow chlorotic spofs which:
are also associated with successful infection became visible
one week later. At fowr months post inoculation ﬁo new
spots became visible, but data from each experiment was
recorded at six months post-lnocuiation té ensure that no
late developing_spotsvve;e missed. Six needle spots were
dissected and examined under a light microscope to verify the
presence of basidiomycete myceliunm. '

Because needles vary in length, the number of spots/needle
is an inaccurate measure of infection. Consequently, dafa'was
recorded as the number of needle spots per unit length of needle,
which was the least length of needle in eath experiment (60 mm in
the seedlings and rootéd cuttings experiment, and 55 mm in the
isolates x needles experinent)ﬂ Data from the seedl\ngs
and rooted cuttings experiment was sﬁbjected to a log (x + 1)
transformation (to better weet the assumption of normality of

data), and a one-way analysis of variance (ANOVA). Data from the
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isolates x needles expefinent were subjected to a log (x + 1)
transformation followed by a two-way ANOVA with interaction. The
data concerning redrinfection spots was analyzed with Friedman’s
test (Zar }974), as it could not be made to comply with fhe

assumptions of ANOVA.

4.3 Results and discussion:

in the seedlings and rooted cuttings experiment, the
greenhouse inoculations of intact plants were unsuccessful,
showing only 7 infections on the 120 needles pre-chosen for
data collection. Needlé spots were much more numerous on the
detachéd needles, and inodulated needles showed significantly
more spots than d4id the control treatment (which showed no
needle spots). The number of spots we?é‘almost equally
distributed between the needles taken from the seedlings (47
spots) and the needles taken from the rooted cuttings (49 spots).
Thus the null hypothesis of no difference in susceptibility
between seedlings and foated cuttings must be accepted. However,
there were very significant differences (P { 0.00) between
individual seedliﬁgs, and between individual rooted cuttings
(Table 4.1). As ﬁhe number of needle spots in this experiment is
too ssmall to allow separate analyses of yellow and red spot;,

all numbers in Table 4.4, and all stated results for this

experiment, refer to yellow and red-needle spots combined
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(total number of successful infectlons)..
| Needles from physiologically older‘frees needles are
generally ﬁéougﬁt to pe less suséeptible than‘yodnger tissué.
Patton (1961) showed that grafts from mature trees were less
Susceptible to infection than were seedlings, and that
susceptibility decreased with increasing age of the graft donor.
The rooted cuttings used in this experiment were from mature
trees (25 vyears old or older), and the cuttings haﬁé ;emained
sufficiently old physiologically for fwo of them to produce male
conés the following spring.- It is possible that the small number
of test plants and the high variatibh among plants obscures
differénces between seedlings and cuttings. Even- -if this is so, -

~

between tree differences appear to be much greater than age
effects. | '

The isolates z trees experiment also showed adequate
infection levels for statistical analysis (Tables 4.2 and 4.3).
‘_As with the cutt}ngs versus seédlings experiment, each of the |
inoculated treatments showed significantly more needle épots
than did the control treatment. The control treatment did
show occasional needle spots, probably due to natural.infection
(froa c. gigiggli on wild Ribes plants) occurring in the
shadehouse, prior to the needles being taken. The analysis
(ANOVA) of successful infections (boih red and yeyldw needle
spots) reveals that there is a highly significant difference

between trees (P £ 0.001), no significant difference between

lsolates (P £ 0.15), and a highly significant interaction between
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-isolates and trees (P LIO.OI).V

Thevhighly signifigant interaction between isolates and pine
trees can be interpretédvas Eéing-indicative of specificﬁ
susceptibility/resistance (Vanderplénk 1984). The signific;nt‘
difference between trees (lowest #spots = 39, highest = 148)
égrees withvthe,fiﬁdings of the seedlings and rooted cuttings
experiment, and shgges;s that tree to tree variation in \
susceptibility is both large and frequeht. The lack of a
significant difference befween isolatés shows that the isolates.
tested are all able to infect a range of host individuals.

Specificity between C. ribicola and its sugar pine host

has been demonstrgted'previouslyA(Kinloéh and Comstock 1981),

A -
X

and has been suggésted’fo occur betweeg'g. giQiggLQ and
western wﬁite pine (McDonald et al. 1984).

McDonald and Hoff ({975) analyzed red and yellow needle
spotrfreéuencies in data fr&ﬁ mass inoculatioﬁs with .
unspecified, massed inoculum, and concluded that the ?ellow spots =
may be caused by a'd}fferent race of rust than are fhe red
spots. In phis experiment, both types of needle spot appear
to have been caused by basididsporeé from single—uredospbre
‘isolates. If_the;different spot colors do reflect d;fferent
races of the pathogen, those isolates which produce'both
types of spots must be heterozygous.for'this character.

Separate analysis of each colour of heedle'spot shows

that their distribution differs significantly-between hosts.

Yellow spots, which are much more numerous than are red

- N
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spots, show slgnlflc;nt dlfférences:between host 1ndlv1dha13'
(b £ 0.001) and a non;signlficant difference (P £ 0.17) between
isolates. The significance of these differences may be §artly
due-to the significant‘interacfion-between-ho;t lgdivlduaIS-and
isolates (P £ 0.012), but variation in the number of yellow
spots/pine (lowest = 35, highest = 142) does appear to be real.
Red spots are also non-randomly’distributed, with 42 spots

of 88 being on 1 of the 7 hosts tested, and no red spots on one

of the pine hosts. Friedman’s test, using the red spot data,

shows highly significant differences (P { 0.001) among host
individuals, and no significant difference among isolates (P ¢
0.93).. Thus there’appearé to be a strong ho$t effect on needle
spot colour, and little or no variation due to the pathogen
isolates testea. The importance of this observation is nof<

Known.

4.4 Conclusions:

How accurately the detached needles reflect the
reactions of needleé which are still attached to the.tree is
not Known, due fo the failure to obtain significant leveis of "
iﬁfection on the intact plants. At presgnt one must either
hypothesize that the differenc2s shown by detached needles
are represeﬁtative of real differences, or that the needles

from different treeg react differently to being detached, and
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that this strongly affects the susceptibility of the detéched
needles. The former is the sinpler-of.the two hypotheses,
and is the one used here; It is suppbrted by the statistical

significance of the results, and by the occurrence of typical

.

ihfection synp§bns.

The-occprrenée\bf'infection~symptoms tYpicgi of C.
rigigglgfﬂaaa the absence of any visible fungal contamination
in the inéculation suspension (examined while estimating
. basiéiospore density with a hemocytometer), makes any
involvément of Sther pathogens unlikely;

In summary, the CBS-detached heedle technique appears to
be capable of detecting sigﬁi;icant variation within theﬁg.
viblcola - E. mgn;igglg_pathggysten, and appears to provide
more reliable infection than previously reported nethods.

The new technique appears to be able tobdo this while using
lower inoculum densities and amounts than were previously
reﬁorted. The results obtained psing this technique indicate
that great variation in susceptibility to (. gipigglg_existsh
in even small samples of western white pine popﬁlations, and
that the fechnique may provide a mearns of rapid screening of
trees suspected of having valuable resistance to needle
infection. By providing reliable infection, the histology of
infection should be easier to examine than it has been in the
past. It may be that thevtechnique will also be of use with

other host species and other host pathosystenms, as detached

needles from Douglas fir (Eﬁgﬂﬁg&gﬂgﬁ penziesii Dougl.) and
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1odgep01e pine (Eingg contorta L.) show similar longevity when
kept in petri dishes.

The “demonstration of specigicity in the C. ribicola - B.
- monticola pathosYsteﬁ has both theoretical and bractical
importance. The theoretical ipportance is that such
specificity may suggést,tﬁe presence of aAgene—for-gene
'relationship; and a gene-for-gene rélationship has yet'been»td be
demonstrated with aAgymnbsperm host. The practical impoffance is
that such specificity must be considered in any white pine
improvement program. Q

The presence of a significant interaction between pine
individuals and pathogen isolates can be ipterpreted as being
indicétive of the presence of vertical resistance
(Vanderpiank.1984). Experimgnfs with sﬁgar pine, in which -
resistance-to C. ribicola was found to be determined by
inheritance of a single gene (Kinioch and Comstock 1981),

-

support this conclusion. Consequently it seems likely

(though not certain) that gymnosperm hosts are capable of

forming gene-for-gene relitionships with at least some of
their parasites. Certainly, the possibility of such a
relationship must be given serious consideration by all

managers of gymnosperm resources.
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Table 4.1. Summary of the heedle spots/qbtained by inoculating

detached needles from six 18 month-old rooted

cuttings and six 18 month-old seedlings of Pjpus
monticola with a suspension of Cropartjum ribicola

basidiospores from six single uredospore derived

Ribes infections.

Rootéd Cuttings

1 2 3 4 2 )

Seedl ings
2 3 4 S 6

Mean # spots = 8.2

S. dev. 3.7

n

ANGVA results. Ho: all sémples from’différen} donors have the

- same number of needle spbts.

Source DF___Sum-Sguares  Mean-Sguare  F-ratio P

Among 11 1.55 -

Within 108 3.19

4.78 0.001

.



Table 4.2.

Treatments

Control

Isoclate

Isolate

Isolate

Isolate

Isolate

Isolate

#1

#2

#3

“#4

#5

#6

109 .

Summary of needle spots on detached needles from

individual western white pines after inoculation with

singlegépore derived isolates of Cropartium ribjcela.

vyellow needle spots.

represent the number of red needle spots.

.

Pines .

1 2 3 4 5 6 7

6 5 2(1) 44> 8 8 2
3(2) 6(6) 22 25¢3) 16 24 17

3 6(6) 9 16(8) 19 15  17(5)
7¢1) 5(1) & 17¢3) 20¢4) 17  16(3)
10¢1) 5¢7) 5  20C13) 13 22 16

N
1 6C1) 7 14(4) 15¢4) 25 18
5 4C1) 8 10(7) 23

23(3) 31

)

‘Numbers outside parentheses represent the number of

Numbers inside parentheses

35¢5)
113¢11)
85(19)
88(12)
9;(21)'
aé<9)

104C11)



Tabie 4.2, cont;.

Sum yellow 35

Sum red 4

Sum r and y 39

37

22

59

59

60"

106

42

148

11

125

- 142

142

109

117

110



Table 4.3 Summary analyslis of varlance results for Indlvidual
western white pines x single uredospore derived

isolates of Cronartium ribicola

3

ANOVA results for red and yellow spots (summed), data given a

log (x + 1) transformation. Control treatment excluded.
Source _DF Sum—Sgdares __Mean-Squares F-ratio =~ P>F
Isolates 5 0.30 0.0601 1.61 0.154
Pines 6 6.63 1.10 29.7 0.001
I. x P. 30 1.98' | 0.066 | 1.77 0.009
Error 378 14.07 0.037 g

ANOVA results for yellow spots, data given a log (x + 1)

transformation. Control treatment excluded.

Source DF Sum-Sguares - _Mean-Squares F-ratio P>F

Isclates 5 0.29 0.058 1.55 0.17

Pines 6 7.03 (.17 31.4 0.001
I. x P. 30 1.92 0.064 1.72 0.012

Error 378 14.11 0.037
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Results of Friedman’s Test, using red spots only:

.37 DF 5 Prob (x > 1.37) = 0.93

il
—

Isolates; t

n
o
o
o

Pines; t = 18.8 DF = 6 Prob (x > 18.8).
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Appendizx 1. Ability of the first four fully expanded R,

bracteosum leaves to become infected with .

ribjcola aeciospores.

Deciospores were used to infect leaf discs takén from the
first foup\fully expanded lééves of three Ribes plants. Ten leaf
discs were taken_ffon each leaf, and each leaf disc was
inoculated with approzimately 100 aeciospores. The inoculation
results are presented in the table below, with leaf number 1

being the youngest leaf, and number four being the oldest leaf.

Ribes
Leaf 1 " 2 3 Sum
1 8 9 7 24
2 7 7 9 23
3 10 9 7 26
4 9 6 9 24

Although there did not éppéar to be any significant
variation in .the ability of aeciospores to infect the leaves
tested, it was decided to standardize future experiments -by using

only the first fully expanded leaf. 1In those cases where the
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first fully exzpanded leaf could not supply all the leaf discs
reguired, the reméining leaf discs would be cut from the next

oldest leaf.
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Appendix 2. ~ The number of g; ribicola spores required to

{
4
LY

‘provide efficient and reliable inoculation of

R. bracteosum leaf discs.

fﬁ;;/leaf discs from each of six Ribes plants were
iﬁoculated with four spore densities; 5-10 spQres, 25-50, 200-
300, and 900—1000?3 All the aeciospores came from ﬁaﬂy blisters
on a single'pine; The number of discs shoéing infection ét 2%

the létent period (14 days) is shown below.

Ribes
Spore # - 1 2 3 4 5 6
5-10 ! 0 0 3 1 1
25-50 "4 1 4 2 . 3 2
200-300 5 5 5 5 - 5 5

900-1000 5 5 5 5 5 5

The results show that the inoculation dose of 200-300

aeciospores delivered consistent and high (100%) infection of the-



o

133
Thé discs\incculated‘with fewer aecliospores

inoculated discs.
were not so consistently infected, and the higher inoculation

dose could give no increase in incculation, and so was less

efficient.-
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Appendix 3. R. bracteosum leaf discs maintained oﬁ filter
paper»saturated with distilled water versus leaf
discs maintained on filtef paper séturated with

Hoagland’s solution.

Leaf discs from five Ri&gg_plgﬁfifgsre each inoculated with
25r50’aeciosp6res from a single tree,:ﬁfih 24 replicates. Twelve
replicafes (60 leaf discs) were placed,onAfilter paper which had
been saturated with distilled water, and twelve replicates wefe
. placed on filter paper'hhich had been saturated with Hoagland’s
solution. Table 1 provides a summary of the iﬂfection results
(number bf diéés infected), énd[Tgble 2 provides a summary‘of the

#mm2 sporulation data.

Table 1. Infection=data.
Leaf discs on Hoagland’s Leaf discs on distilled H20
R ‘ |
Dish 1 23 4 5 1 g 3 4 5
1 2 2 3 2 3 2 3 3 1 2
2 2 1 3 o) 3 1 2 3 1 2
3 2 3 0 2 1 2 3 3 2 1
4 3 3 1 2 3 2 3 3 2 3
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Table 2. Sporulation data.

Leaf. discs on Hoagland’s' Leaf discs on distilled H20

ibe
Dish 1 2 3 4 5 L2 3 4 5
1 8 11 43 2 35 5 11 14 1 8
2 3 2 25 0 15 2 7 13 1 8
3 12 20 0 4 13 311 22 3 9
a 10 13 9 4 15 a4 9 17 2 25

sum = 244 " | sum = 175

From these results it can be seen that while Keeping R.
bracteosum leaf discs on Hoagland’s solution does not affect the
number of disc’s infected, it does appear to increase the amount

of spores procduced per‘infectéd disc.

o
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Appendix 4. When to record the data.

For.sevefal éxperiments, aata‘was‘recorded at seQeral
intervals. For the e%amplé Qsed in this appendix, .the latent
period was 13 days; and the data was recorded at I.7xrthe'1atent
per}od,VZXXthe latent peribd,‘and 2.6 times .the latent period.
’Th? tables below provide summafieé of the ipfection re;ﬁlié of
nine Ribes plants which have -been iabculated with ﬁrédospores
.frdm four different Ribes plants. Nothing has cﬁanged for each

data set except the interval at whidh the data was recprded.

L4 )
‘a. 1.7x latent period.
Ribes
Isolate 1 2 3 4 5 6 17 8 9
1 0 0 2 1 0 1 L 1
2 1 1 2 1 3 2 0 1 0
3 2 3 2 .3 1 1 0 4 1
4 2 0 2 0 2 1 0 0 1

sum 43
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»

b. 2z latent period, and 2.6% latent period.

o
Ribes .

Isolate ) 1 2 3 4 5 6 7 8. 9

1 0 0 2 10 1 1 2 1

2 ‘ 1 1 2 1 3 2. 0 { 0

3 2 3 2 3 2 2 0 4 1

4 3 0 2 0 2 1 0 1

4

Recording data ét the 2x latgnt period interval clearly .
identifies some infections which were missed at the earlier data
-collection;'but at the 2.6x latent period interval no further .
leaf discs had become infecfed. Thus the 2x latent period was
the shortest gefiod atrwhichrdata collection could detect all

infected leaf discs.



