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INTRODUCT ION

The brilljant studies of Flor (1942, 19ké, 1955, 1956, 1959), to
account for the interaction between ﬂax and flax rust, led him to post-
ulate a gene-for-gene relationship in the flax and flax rust system,

Later Person (1959), by an ingenious theoretical model, showed that a
relationship such as postulated by Flor should cccur as a general rule in
host-parasite systems, And since then this hypothesis has been extended
to a mumber of host-parasite systems (Day, 1960; Person, Samborski, and
Robringer, 1962; Person, 1965, 1966).

Besides an academic interest in understanding the genetic mechanism
in hest-parasite relationships, such study might be useful in breeding for
disease resistant varieties of crop plants, The idea that such studies can
be helpful in breeding for disease resistant varisties, has been expounded
by Flor (1955), and Day (1960). Such studies might help to define the
limits of variability in the pathogenic capacities of a parasitic organism
as well as the differences within a host species; and they are basic to
the intelligent plamning for breeding programmes designed to develop
varieties resistant against obligate or near obligate parasites,

The cultivated sunflower species (Helianthus anmwus L.) is diploid.

In this species crossing and inbreeding can be accomplished with a reason-
ably good seed set,

The rust (Puccinia helianthi Schw,) attacking sur.Slowers is autoe-

cious and heterothallic, The sexual stages necessary for crossing and
inbreeding occur readily in nature, and can often be produced with relative

ease under controlled conditions,

SRCIUUIR VIR OUS P - - . [
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Genetic studies conducted in Canada on rust resistance in sunflower
have so far revealed two major independently inherited genes for
resistance in the Canadian accessions (Putt and Sackston, 1963), With the
ald of -these two factors for resistance four possible physiologic races of
the pathogen have been identified (Sackston, 1962). The number of inter-
acting locl in this host-parasite system is at the moment mach smaller than
those identified in the flax and flax rust system., Part of its attraction
as a subject for this kind of imvestigation is its apparent simplicity.

The sunflower and sunflower rust, possessing all these advantages,
a&: considered ‘bb be another host-parasite system suitable for investigation
of the genetic relationship between a host and a parasite. The genetics of
resistance in sunflower, as mentioned before, has been studied by previous
workers, but no study on genetics of pathogenicity in sunflower rust has yet
been undertaken, The objectives of the present study were to investigate
the nature of inheritance of pathogenicity in sunflower rust and to determine
whether 'i'.his host--parasite system conforms to Flor's gene-for-gene theory.
However, in the course of this investigation it was discovered that the
differential host varieties are heterozygous for rust reaction and that the
genetics of resistance appeared to be more complex than reported by Putt and
Sackston (1963). A study of the genetics of resistance in the differential
host varieties was therefore included in addition to the inheritance of
pathogenicity in the rust.
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PART T

GENETICS OF PATHOGENICITY IN SUNFLOWER RUST

REVIEW OF LITERATURE

Genetic studies with rust fungi were made possible by the discovery
of two notable phenomena., The first of these is the existence of physio-
logic specialization first described by BEriksson and amplified later by
Stakman, Eriksson in 189% (Johnson and Newton, 1946) demonstrated that

isolates of Puccinia graminis from wheat, oats; rye, and some other

grasses, although morphologically similar, were pathogenically different.

He called these pathogenically distinct entities formae speciales,

Stakman and associates (Stalman and Piemeisel, 1917) showed that Eriksson's

formae speciales were not homogenous but ineluded biologic forms varying

in their pathogenicity on different varieties within a single cereal
species, Later, from the evidence accurmlated since 1917, stakman and
others (Stakman and Levine, 1922, 1938; Stakman, Levine and Loegering,
Stakomen, Slhwart and Lieganing,
1ohk, /‘1962) developed a key based on infection types for differentiating
physiologic races of P, graminis, especially P. graminis f.sp. tritici,
This is the foundation of present day rust classification (Johnson and
Newton, 1946),

The second major step which made genetic studies of rust fungi
possible was the discovery by Craigie of the -func‘bion of pyenia (Craigie,
1927) and the existence of heterothallism in certain rust fungi (Craigie,
1928). The first experimental hybridization between races of wheat stem
rust was reported by Waterhouse (1929). He mixed pycnial nectar of races
34 and 43 and obtained two races which were new to the rust population of

Australia, Stakman, Levine and Cotter (1930) confirmed the role of

barberry in the production of new races of wheat stem rust. Newton,
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dJohnson and Brown (1930a) reported selfing of several races of wheat stem
rust, Of the eight races selfed, only one proved to be homozygous for all
pathogenic characters expressed on 12 differential varieties.

Johnson and his associates (Newton, Johnson and Brown, 1930a, 1930b;
Newton and Johnson, 1932; Johnson and Newton, 19%40a, 1940b) have reported
since 1930 the results of extensive studies on selfing and hybridization
of physiologic races of cereal rusts which have contributed to much of our
knowledge of rust genmetics, They demonstrated that the pathogenic

properties of Puccinia graminis are generally inherited in accordance with

Mendelian laws, They presented evidence of dominance, recessivensss, and
independent segregation of pathogenic factors. Avirulence was generally
dominant and virulence recessive, This has been found to be true with rusts
in general (Flor, 1946, 1955, 1956; ILoegering and Powers, 1962; McCain,
1963), However Johnson and Newton (1946) and Johnson (1954) have shown that
in some cases virulence can be dominant over avirulence,

Newton et al. (1930a), Johnson, Newton and Brown (1934), Flor (1942,
1946), Johnson (i954), Vakili (1958), Wilcoxson and Paharia (1958), Flangas
and Dickson (196la) and Samborski (1963) found most rust races were highly
heterozygous for pathogenic factors and upon selfing produced progenies with
different pathogenic properties from the parents. Johnson and Newton (1940a,
1940b) showed that some races of wheat stem rust and oat stem rust contained
both homozygous and heterozygous lines. ewly ool

Johnson and associates (Newton and Johnson, 1927 /\1930b; Johnson
et al, 1934; Johnson and Newbon, 1938, 1940a; Johnson, 1949) studied the
inheritance of spore colour and found that it obeyed Mendelian laws.

Newton et al.(1930b) also reported an association between spore colour and

pathogenicity,



Newton et al.(1930b), Newton and Johnson (1932) and Johnson and
Newton (1946) considered pathogenicity in some cases to be controlled by
cytoplasmic factors. Certain crosses with wheat stem rust races showed
matroclinal inheritance while other races gave strictly Mendelian ratios,
Johnson (1949) found a similar phenomenon in crosses between some oat stem
rust races,

Flor (1942, 1946, 1955, 1956, 1959) working with flax and flax rust
conducted a more detailed investigation, studying the gene%;ics of both host
and pathogen simultaneously, which led him to propose a gene-for-gene
theory., For each gene conditioning resistance in the host there is a
specific and complewentary gene conditioning virulence in the pathogen.
Flor found that resistance in flax was inherited as a dominant character
and virulence in the rust was recessive except in one variety, Williston
Brown, where virulence appears to be dominant. Rust resistance genes in
flax have been shown to occur as multiple alleles at 5 loci and some
resistance genes were found to be linked. Virulence genes in M, lini on
the other hand, were found to be non-allelic and unlinked,

The gene-for-gene theory as postulated by Flor was elaborated by
Person (1949). A theoretical consideration of a gene-for-gene relationship
led Person to conclude that such relationships as proposed by Flor for the

Limm-Melampsora system should occur in host-parasite systems in general.

Person's analysis of Flor's data showed, however, that most of Flor's
"single-gene" differentialg varieties actually possess two or more genes
for resistance and that resistance genes in these varieties need not fall

into allelic or closely linked groups.
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Person's analytical method, developed for ideal systems with one-
for-one relationship, has been shown to be also valid for systems with
two-for-one relationships, that is, where more than one gene (duplicate
or complementary loci) in the host conditionsresistance to a single gene
for virulence in the parasite and vice-versa (Person, 1959). It was
pointed out by Person that lack of knowledge of the genotype,either in the
host or in the pathogen to which segregating progenles are exposed may
impose 2 severe limitation on genetic work., However, properties of gene-
for-gene relationships as revealed in the analysis can overcome these
difficulties, Person discussed the pattern of physiologle races that can
be generated by a system of host genes with 'thé concept of gene~for-gene
relationships and showed by this analysis how the concept may be used
temtatively to dobermine the mumber of genes involved in each differential
host variety and which gene they have in common, Person's analysis of the
published data showed which kind of host-parasite system may be suitable

for demonstrating & gene-for-gene relationship, The Solamum-Phytophthora

system is relatively simple because the mumber of interacting loci is small
and the informetion on the host-parasite is complete., But the Linum-
Melampsora is complex because of the discovery of a large number of races,
the number of interacting loci is relatively large and thg information on
host-parasite interactions is incomplete, This is expected to become more
complex with the detection of undiscovered gemnes which can further resolve
pathogenicity of the fungus.

Besides the Solamm-Phytophthora and Limm-Melampsora systems, gene-

for-gene relationships have been demonstrated or invoked in the explanation
of genstic data arising out of a mumber of other host-parasite systems
(Boone and Keitt, 1957; Moseman, 1959; Person et al, 1962; Person, 1965,
1966).



Mode (1958) discussed the consequences of complementary genetic
systems where random mating occurs in both host and pathogen populations
over a long period of time, the significance of linkage of genes for
resistance in the host, and the reletionship of such systems to the co-
svolution of obligate parasites and their hosts. Through a mathematical
model he suggested a state of dual balanced polymorphism between the host
and pathogen populations was a necessary condition for the co-evolution
of obligate parasites and their hosts,

The existence of gene-for-gene relationships as applied to the

Aitred

resistance of wheat to Pucecinia 5raminis/\has been questioned by Laubscher

(1963) on the grounds that the number of identified resistance genes in
wheat is relatively small in comparison to the number of races isolated,

In addition, resistant plants can be predisposed to susceptibility in the
absence of a pathogen. In his view, a more satisfactory explanation would
be that wheat resistance is conditioned by regulator genes able to s!a%égééé
the biosynthesis of metabolites specifically necessary for particular rust
races, The induction of susceptibility by high temperature may be due

to inactivation of the repressor protein by inductor metabolites formed

in excess by the host under these conditions,
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MATERTALS AND METHODS

Four physiologic races of Puccinia helianthi Schw,, described by

Sackston (1962), were subjected to selfing and crossing studies in this
work. The selfed and hybrid progenies of these races were tested orn thres
differential varieties and three supplemental lines, The three different.-
ial varieties were selected by Seckston (1962) and their genetic constitu-~
tion determined by Putt and Sackston (1963). The varieties are:

(1) 537-388, having no known resistance to rust; (2) Morden Cross 29, <
possessing the resistance factor; Rz, of source 88 and (3) Morden Cross |
69 possessing the resistance factor, Ry, of source 22, The differential
varieties Morden Cross 29 and Morden Cross 69 will be hereafter called
simply by the names Morden 29 and Morden 69 respectivelyy in order to
avoid confusing use of the word "Cross" to describe both host varieties

and rust hybrids,.

T

Differential varieties

537-388 (Universal suscept). The inbred line S37-388, having no

known resistance to this pathogen, was designated by Sackston (1962) as
'universal suscept' for the sunflower and sunflower rust system based on
Person®s (1959) gene-for-gene concept in host-parasite relations.

Morden 29. According to Sackston (1962) and Putt and Sackston {1963),
this variety carries the resistance gene designated Rp, of source 88. Tt
is attacked by races 2 and &4 and;\;'esisbant to races 1 and 3. The seeds of
this variety were first supplied as single-head lines by Dr. Sackston from
the stock railsed at Winnipeg and later by Dr. Putt at Morden, Manitoba.

However, at the start of this work, none of the seedlings raised from any
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of the heads supplied, gave constant results, Thereafter, different lines
of this variety were grown at the Macdonald College farm and selfing
followed by selection was practiced for three years for types with desir-
éble rust reactions. Seeds from selected heads have been employed in this
study. However, the seedlings raised from the selected heads also in some
cases gave aberrant or unusual reactions,

Morden 69 uvr CMOORR. Morden 69 was selected to represent the source

of resistance possessing gene Ry . According to Sackston (1962) and Putt
and Sackston (1963) this variety is attacked by races 3 and 4 and/: ;'esi.stant
to races 1 and 2, As in Morden 29, the seed of this variety was obtained
from individual heads, In routine tests at the beginning of this work it
was found that these heads were heterozygous for rust reactions. Three
other lines, S37-388RR, CM5RR and CM9ORR, which were also supposed to carry
the resistance factor of source 22 (Putt, personal communication) were
tested for possible use as a differential., CMYCRR was selected for use in
this worke A bulk lot of seed of this line was received from Dr. Putt at
Morden. This variety also proved heterozygous for reaction to races 3 and
L, but the majority of the seedlings in early tests gave appropriate
reactions. Lafer it was found that this variety also at times gave erratic
reactions, especially to race 4,

Supplemental lines

M69-W59~11-MC62-13-xy), This line was derived from a segregating
heac of Morden 69 when soun at Macdonald College in 1962, The S derivatives

of this line at first appeared to be susceptible only to race 4, thus
resembling Putt and Sackston's source 41, but when a larger mumber of progeny
were tested this reaction was not consistent and subsequent generations
became increasingly unpredictable. No single head was found to give con-

sistently susceptible progeny.
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ME2-2672-2-r1 (=F» of 537-388 x 150-2-1), Tt is derived from a

cross S37-388 x Wild Annual Sunflower; seeds of the wild sunflower were
collected in Chicago by Dr. Sackston. The characteristic of these plants
is that they are susceptible to race 1 and highly resistant to the other
three races, Crosses were made at Morden by Dr. Putt and the F, seeds
were sent to Dr. Sackston for further studies., In the spring of 1964 when
the progeny seeds were sown in the greenhouse to test the seedling reactions
to the four parental races most of the seeds appeared to have abortive
erbryos and only a few germinated. When planted for seed production,only
two plants had a good seed set and they were heterozygous for rust
reactions, The seeds of these two heads were used as one of the supple-
mental lines. Due to the limited quantity.of seed they were used in only
é few tests and they served as a useful marker in rust crosses,

M62-2685-14-1 (=Fg of S37-388 x 150-6-1-1-1), The history of the

origin of this line is similar to the previous one except that the seedlings
of this source are either highly resistant or immune to all four races. In
this case a rmmber of plants produced good quantities of seeds The seeds
of two heads were used in this investigation and they were phenotypically
homozygous for rust reaction to the parental races, Like the previous one,
this line also served as a very useful marker in detecting successful rust
crosses,

Envirommental conditions

In studies of both host and pathogen genetics the seedlings were
raised in the greenhouse under a l6-hour day length., The additional hours
of light were supplied by artificial light at about 600 to 700 foot-candles.

The temperature in the greenhouse during winter and spring was maintained

[ SR
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at 229 during the day and at 20°%c during the night. However, at times
during a sunny day the temperature went higher than 27°C. Seeds were
grown in L-inch pots with 4 or 5 plamts per pot, 3-inch pots with 2 or 3
plants per pot and 9 oz Dixie paper cups containing 2 or 3 plants per
pot. The larger pots were difficult to accommodate in the space avail-
able, the paper cups did not last long and 3-inch pcts were found to be
most satisfactory. The soil used was a mixture of 3 parts soil to 1 part
sand. Jeedlings were inoculated with uredial inoculur at the age of 16 to
18 days when the first pair of true leaves was fully expanded, using one
of the methods described later. The inoculated plants were maintained over-
night in a moist chamber and removed on the following day and kept for 2
to 3 hours under low light for slow drying of the leaves before being
rlaced either on a greenhouse bench or in a growth cabinet.

Temperature and light conditions in the greenhouse were approximate-
Ly the same as those provided during the pre-inoculatioroa stage of growth,
The controlled environment chambers were maintained atzz.?—gef‘ day temperature
andlg&cgi? night temperature., The light period was 16 hours at an intenaity
of 800 tu 100C foot-candles. Two or three days after inoculation, the
plante were given nuteient solution, made by dissolving 'Instant Vigoro!,
19-28-14, at the rate of 2 level tablespoons per gallon of water, at the
rate of approximately 150 ril, per 4-inch pot, and 100 s?el per paper cup or
per 3-inch pot.

Rust reactions

The rust reactions were generally recorded 13 to 14 days after
inoculation but on some occasions they were recorded as early as 10 days or
as late as 17 days after inoculation, depending upon the speed of rust

development, In the spring maximum development of rust reactions was

e et 210 e 20 A S s e e e e e e 201+ e ettt e e -
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frequently obtained within 10 days from the date of inoculation while in
mid-winter it sometimes took up to 17 days., In the latter case the rust
reactions were recorded twice, once at 13 to 14 days and again at a later
date,

The expression of host-parasite interactions was recorded according

to the gystem of classification proposed by Sackston (1962) as followss-

w4t Very susceptible, producing large, vigorously sporvlating

uredia,

3" Moderately susceptible, produc;ing medium-sized, vigorously

sporulating uredia,

_"2" Moderately resistant, producing small, less strongly

sporulating uredia,

_"l"‘ Very resistant, préducirxg very small, very weakly sporulating

u:fedia.

_?'0" Immune or no uredia produced. The hypersentive flecks which

often occur are designated by 2 semicolon, 0;

However, in this work "O" was used to denote escape or doubtful
infection and the immune reaction was noted by the letter "I", The
presence or absence of chlorosis was indicated by #C" or "N"'respectively.
When the uredia were larger on the lower surface than un the upper surface,
they were denoted by a stroke over the figure, e.g. 3. ; In this work
although Sackston's system of classification was follow’ed,- it could not be
adhered tc closely, since in critical tests the seedling leaves were
inoculated by the "multiple inoculation® method while in Sackston's work
they were inoculated by the "routine® method of inoculation. The size of

the pustules ténded to be smaller in multiple inoculation than those

S e e e e
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produced by routire inoculation. Furthermore, in this work the reaction
types were found to be more variable than noted by Sackston, that is, at
times even the susceptible varieties appeared nearly resistawt and
resistant varieties, susceptible,

In Sackston's work, restriction of uredia to the lower surface of
the lcef was considered as an indication of resistance or of reduced
susceptibility with increasing age of leaves when the plants are grown
under greenhouse conditions. In this study, it was observed that sometimes
during mid-winter in the greenhouse-grown plants the uredia tended to be
restricted to the lower surface, or larger on the lower than on the upper
surface of the leaf, These considerations were taken into account in
classifying the seedlings as suceptible or resistant. When the develop-
ment of rust reaction was poor even on the universal suscept the seedlings
showing 2"'and 37, 37, 3 or 4, whether on the upper or lower surface, were
classified as susceptible. In some cases seedlings with 2 to 2+ were
distinguished by the descriptive terms, such as, imtermediate types
(3= or R=), nearly susceptible or nearly resistant and sc on,

Uredial. inoculation methods

The seedlings were inoculated by one of two methods:

1. Routine or mass inoculatidﬁ method

This 1s a method commonly used by rust workers. The leaves were
first sprayed with a fine mist of water and then they were inoculated by
shaking a heavily rusted pot of plants over the experimental plants. In
this operation care was taken that the inoculum laid on the leaves was of
the right amount and well distributed, the plants were then ino’culbated over-

night in the moist chambers as described before,
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2, Multiple inoculation method

This method was developed in the course of this investigation when

it was found that the varieties were hetgrozygous for rust reaction and
that the routine method of inoculation might not be reliable in determining
the inheritance of pathogenicity of the rust races, Prior to the develop-
ment of this method, various ways were triec¢ to inoculate individual leaves
with a rumber of rust isolates. These included carefully placing small
drons of spore sucpensions on marked areas with a hypodermic syringe:
positioning spores on the 1eave$ with small blocks of water-agar, filter
paper, toilet tissue, scotch tape, ete, and also the patch inoculation
method of Gels, Futrell and Garrett (1958), utilizing pieces of filter paper
soaked in e suspension of rust spores, attached to the leaves with strips i
of cellophane tape. Wone of the methods proved satisfactory; the size and
shape of sunflower leaves made the "patch® technique impractical.

The multiple inoculation method was finally worked out in the
following way:
Small bits ("plugs") of absorbent cotton were soaked in sterile water,
touched to dry rust spores dispersed on a glass slide or to a suspension
of spores in water, then pressed lightly with forceps against the upper
surface of a sunflower leaf. Prior to inoculation, the leaf was marked
off into sectors with India ink, Fach area was labelled with the code
designation of the rust isclates to be placed there. Each leaf was
inoculated with four or five isolates and up to eight isolates have been
placed on leaves about 6 cm long with good results. (Fig. 1).

The cotton plugs may be made very small to facilitate numerous
inoculations on an individual leaf, A certain minimum distance, determined
empirically, must be left between plugs to prevent coalescence of the films

of moisture around each plug.
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To speed up the marking of hundreds of leaves inoculated in one
experiment, a simple device was employed, A plece of sewing threed was
stretched betueen two ends of 2 fork, The fork was made from a plece of
copper wire (No. 14), approximstely 25 c¢m long, by bending at the middle
ang then twisting ohco or twice. The thread was touched to an Bbsorbent
cotton soaked with Irdia irk and then the ink-soaked thread was touched
onto the leaf surface, The midrib sorved to divide the leaf longitudinally.
The rust codes were written on the leaves with a drawing nib or with an
ordinary nib not sharp enough to puncture the lsaf,

The amount of inoculum applied on each plng may be standardized
within rough limits, When dry spores are dusted omto slides or petrd
plates, the density of the spore dsposit cam be regulated, or the spores
can be diluted with tale, Whken spores are suspended in water for
inoculating, the concemtration can be suitably adjusted.

Following inoeulation, the plants wore put in 8 saturated atmosphere
in moist chambers overnight; galvanized metal garbage cans were used
regularly, covered with wet, but not dripping, sheets. of newspeper before
putting the 1ids in place. This device was found to help keep the cotton
plngs wet, On the following day the chambers were opened, and the plants
and cotton plugs allowed to dry slowly in diffuse light before being transe

- ferred to the greenhouse or to the conmtrolled enviromment chembers. The

plugs were usuvally remcved & day or two later. They adhere remarkably
well when wet, and even afber drying many remain on tke leaf surface for
days if not removed (Fig. 2).

To prevent contact between leaves and to keep the plants erect, the
individual plants were supported by narrow strips of paper folded and
stapled around bamboo sticks (Fig. 2). Recording of deta is simplified by
mmbering all pots in an experiment in sequence, snd mmbering the
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individual plamts if there are more than cne per pot. Plant mmbers are
written on the paper bands supporting each plant,

The multipls. incculation mothod was found to work satisfactorily
with stém rast of wheat (Puccinia graminis £, sp. tritici) (Fig. 3), and
may prove useful for multipls inoculations of othsr plants with various
loaf pothogens in ths greonbouse and laboratory. With wheat leaves wot
cotton plugs adhere well to both surfaces (Fig. %) and remain attached for
sometime even after drying out. Wheat lesves can be marked out into small
areas and labslled with Tndia ink with more rapidity then sunflowers.
Wheat and cther cereal seedlings do not reguire the mechanieal support
provided for sunflowers,

Telial production

' Attempts were made to produce germinable telia under greenhouse
conditions and in controlled erviromment chambers. For the production of
telis of pure races, the cultures were purified by single pustule
isolation and subsequent imerease and then they were checked for purity on
the differentials. The methods of the production and germination of telia
and the amount of sporidial infection obtained, will be deseribed in
anocther section,

Methods of selfing and erossing

Two methods were employed in this study:

1. Reciprocal pairing method

This was used for soms of the selfing, and all of the crossing. The
pyerda which were to be used were labslled with india ink, Necter was
taken up with glass rods, camel hair brushes, or wire loops, or capillary
glass tubing as used by various workers. The nectar from two pyenia was
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Fig. 3. Wheat leaf showing result of inoculation
with stem rust at several locations by
the multiple inoculation method.
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transferred reciprocally. The paired pycnial method wes used by Flor
(1942), Vakili (1958), Flax:gas‘ and Dieckson (1961a), Loeogering and Powers
(1962), and Green (1565R, 1966)., Not all of these workers made reciprocal
pairings. '

The proportion of successful Lertilizstions was.very low. This may
have been due either to ehance pairing of pycnia of the same mating type
(sex), or to faulty techmique. Thorefore, a different mothod was adopted
for later selfing studies,

2, Pooled (mixed) moctar method

This is an old method, ueed by Johnson and his associates in the
early 1930°s (Johnson 1954), and has been employed extersively by other
workers (Vakili, 1958; Zimmer, 1961; Samborski, 19633 Green, 1964,
1965b, 1966). The nectar from all available pycnia was taken up in glass
capillary tubes, one for each pycnimm, The nectar from all the tubes was
thoroughly intermized in a watch glass with a few drops of sterile water.
The mixture was then applied to individnel pycmia. The majority of ths
pyendel infections fertilized in this way gave rdse to aecis.

Selfing was dore 7 to 8 days after the date of appearance of the
pyenia, This allowed time to detect ascial development as & result of
accidental fertilization of closely adjacent or compound pycnia. There-
after, when the ascia developed well, the secisl cups of a cluster were
acraped off the leaf with & scalpel and crushed between two clean miero-
sccpe glides to liberate and intermix the aecliospores which were then
inoculated onto S537-388 seedlings,

Occasionslly cther differential varisties were inoculated as well
as S37-388 plants, The incculated seedlings were incubated overnight in
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moist chambers and then; as with uredial inoouwlation, they wers placed

on a greecrhouse bench or in controlled envirconmont chambers. Plamts
inoculated with various cultures were isolated during the incubatiom and
doveleopmsnt of infection in plagtic coverings, The uredial pustules
appearad within 6 to 7 doys. Bofore the pustules boeams looss, a fou
randonly selected uredis vwiore isolated by cutting out small piscss of
leaf supporting single pustules. They were stored temporarily in care-
fully labelled shell vials, Thess single uredisl pustules were increased
for 2 to 3 generations wrtil sufficient inoculum was obtained.

One or two single uredial pustules were inereased from each ascial
infection. It was assumed that a single wredium would arise from a
single aeciospore. Cultures obtained frem both sides of a reciprocal
paired transfer were considered as one progeny unless their pathogenlcity
proved to be different. Whsn selfing was induced by pooled nectar, ome
or two uredial cultures were increased per aecial cluster. When two
uredial cultures were tested from ons aecial infection their bshavicur
was recorded separately.



EXPERIVERTAL RESULTS

Production and germination of telia
Great difficulties were encountered in obtaining germinative telio-

spores. Shortly after the start of this vork in the wimter of 1962-1963,
unsuccessful attempts wore made to germinate tolial material which had
germirated whon collected in 1961 at Wirmmipog, Monitoka.

In subsequent experiments, telia were produced under various
envirommental conditions in the greenmhouse, in the £ield, and in

“controlled environment chambers, and tested for germinstion, Plants

intended for telisl production were inoculated lightly so that the leaves -
would remain alive until telia were mature.

Host varieties used. All thres differentials were used for
producing telia of race 4; S37-388 and Morden 29 were used for race 2
S37-388 andcm 5 ‘S;re usad for race 3; and 5372388 vas used for race 1,
The results were not encouraging in the first two years, so from 1964 onm,
telial production was confined to S37-358 in order to reduce the amourt
of space required for this work,

Age of host plants selscted. In the initial period of this study,
plarts were inoculated at the first-leaf stage. In many of the later
trials, the plants were inoculated at three growth stages: (1) with
first pair of leaves fully expanded, (2) with first pair of leaves fully
expanded and the second pair semi-expanded, (3) with first and second

pair of leaves fully expanded and the third leaf one-fourth to helf expand-

eds In the last few trials, plants of the third category wers used. The
plants inoculated for telial production were generally sown in 6" or
7"-515011 Pats.

P —
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Isolstion of races.  Until the winter of 1963-196k, plants
inoculated with different races were kept isolated with pol;;\'tbylene
covers supported by a woodsn fyrame., As the production of germirative
telia was not satisfactory, it was thought that po]yzthylene covers
might bo unsatisfactery. Comtamination by other races should occur only
through secondary infections, vhen uredospores are released. 4s all
material in o given greenhouse was inoculated at ome date, by the tims
cxperireontal telia were harvested the comtaminamts would still bs in
the uredial stage. Therefore, from the mid-winter of 1963-1964 plams
inoculated with different races were left uncovered in the same rooms.

Seagonal effects. In these trials, owing to the prébsla of
isolation and shortages of greenhouse space, pots wers not arranged
aceording to any experimeontal design., In some trials congducted without
any specific envirommental conditions in mind, the inoculated plants
were kept in greenhouses, or comtrolled environment chambers or where-
ever space was available,

In the winter of 1961-1962 ssveral sets of telia were produced,
Among them the telis produced 4in onms trial ccllected on March 8,
germinated satisfacterily., The seedlings were raised prior to inocula-
ation in an Agronomy Department greenhouse with artificial light
provided from midnight to dawn, Plants inoculated with races 1 and 2
were kept in the same room; plants inooculated with races 3 and 4 were
moved to a greenhouse without artificial light. The temperature in both
rooms was controlled thermostatically between 20°C and 27°C,

In the summer of 1962, telia of races 1, 2 and 3 wers produced on
varietiss S37-368, Morden 29 and Morden 69 respectively in isolated plots

A
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in the field, The plants weve inoculated in the middle of Angusty and
in late Septembsr and early Cctober, when the telia were forming or had
already formsd,the telial samples were collected and tested for germ-
ination. In both tests only race 2 gave some sporidial infection. The
last telia were supposed f.o ba collected aftor exposure to killing frost
in the field, However, this could not be doms with races 1 and 2,
becauss ths f£iold plots were ploughed bofore frosts occurred. The telia
of race 3, although collected after frost, did not germinate. The
telial leaves weres heavily infected with mildew, and were dead and
brittle before frogt.

From ths winter of 1962-1963 ommard a mmber of trials were conduct-
ad on the production of germinative telia, The seedlings were raised in
ths greenhouse undsr the conditions described in Methods and Haterials.

Of telia produced from the winter of 1962-1963 omward. satisfactory
germination was obtained from only three trials which will be discussed
here. In a mumber of other trials a few scattered sporidial infections
were obtained. In some of these cases, it was felt that telia produced
under these conditions might germinate i¢ suitably manipulated, but
repeated experiments were not successful. |

In the first trial in which satisfactory germination was obtained
the plants were imoculated in the second week of October, 1963 and the
infected plants kept for almost two months in greenhouse 4A without
artificial light., Telia from this trial were collected on December 13
and germination tested a week after harvest,

In the second trial the plants were inoculated initially not for
telda production but for the increase of single uredial pustules of races

1, 2, 3 and 4  The plants were inoculated on October 11, 1964 and were
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then placed in controlled enviromment chambers to protect them from cone
tamination., Ths same plants were reinoculated using ths small. amount of
inoculwm produced from the first imoculation., After the uredospores were
coliected on November 10 the plants were placed in greenhouse Wo. #A. 4
fow days after they were placed in the greenhouse, the leaves infocted
from the first and second inoculations died but the newly omerging leaves
which becams infocted through secondary infoctions while the plamts were
in thoe growth cabinets, survived and formed telia. These germinated,
Another set of plants, which was inoculated on Novembsr 10, failed to
producs germinable telia in the same greenhouss, The telia of both sets
of plants were collected on the same day, Those which germinated wers
slightly older than those which did not, bocause ths plants were infacted
befors they were tranaferred to the greenhouse,

The last trial in the series on tellal production was conducted in
the spring of 1965, in ths Agronomy greenhouse, The seedlings were grown E
in greenhouse 1 in 7-inch pots with 12 to 15 seedlings per pot. The :
temperature was controlled between 18°C and 27°C. Day length was 17 hours
with artificial light provided from midnight to dawn. The plants were
inoculated about a month after sowing, when the third pair of leaves had
partly emerged., After inoculation they were divided into three lots and
placed in greenhouses 1, 2, and 3 respectively., In 1, pots were placed on
shelves along the cormsr of the walls facing the south and the west, in 2
on a shelf along the wall facing the south, and in 3, on a central bench.
The temperature in house 1 was kept between 18° and 27°C and day lenmgth
at 17 hours. The temperature in house 2 ranged from 15° to 20°C and day
length was 17 hours, However, the plants were shaded by oat plants which
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were taller than the sunflower plants. In house 3, mo artificial light
was provided and the temperature was maintained betwsen 7° and 10°¢, too
low for sunflowers. New leaves were pale green to ysllow., In house 3

it took 16 to 18 days for uredia to appear compared to 7 to 8 days in the
other two houses. By the time the uredial pustules bocame visible telial
formation was alse evident. The tolial leaves from all three sots of
plarts were collected twlce, on April 5 and on April 11, 33 ard 39 deys
regpectively after inoculation,

The telia collscted fyrom this trial were tested for germination
within 8 week after harvest, The amount of sporidial infectiom was
estimated quantitetively visually.

Telia harvested on April 11 gave more sporidial infection than
those collected oﬁ 4pril 5, Telia produced in houses 1 and 2 germinated
gquite well, but thoss collected from house 1 germinated better than those
from house 2. The telis produced in house 3 (low temperature) gave
relatively few sporidial infections.

Satigfactory telial germination occurred in four trials. Im two
of them, plants were inoculsated about mid-October; in one, on February &,
and in the fourth, on March 3, of different years., Teliospores resulting
from inoculations at other times gave rise tc few or no pycnial infections.

Although the data sre limited, 4t may be that envirommental
conditions in which plants were grown prior to inoculation, or conditions
during uredial and telial formation, determined the germinabiiity of the
teliospores, The fact that telia produced under three differemt sets of
conditions in April, 1965, all gave rise to pycnial infections suggests
that the conditions prior to inoculation may have been the critical ones.

Liang (1966) working with races 1 and 3 obtained good sporidial
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infection in one of her experiments in which the seedlings were grown in
Yhe gresnhouse but wore placed in controlled emnvironment chambers after
inocylation, for uredial and telial production, The telia which germine
ated were collscted approximately three weeks before those which
germinated in wy experiments. She tried to ropeat her experiment in May
but without success. Since in both her experiments the seedlings were
raised in the grosnhouse and the telia were produced in the controlled
envirommsnt chambers, the difference inm results was probably attributable
to a change in the envirommental conditions im the greenhouss. Possibly
during early ’go mld-spring conditions in the gresnhouse were favourable
for the production of host plants on which germinable telia could be
formod,

Bailey (1923), working with sunflower rust, noted that greemhouse-
produced telta collected on November 19, 1920, and stored at room temper-
ature , in an icebox, or outdoors gave good sporidial infection when tested
in the greenhouse on March 5,

An attempt was made to determine if conditions of storage affected
gorminability of ielliospores. Teliospores produced in the greenhouse at
variocus times were tested for germination., Non-germinating telia were
stored for various periods at room temperature, in a cold room at 10°C,
in 2 Ireezer at about ~15°G, ard in some tests in the winter, under snow
out of doors. Samples were tested at imtervals for three to six months.
No germivation was observed in any of the materials at any time,

It was impossible to tell from the results if the telis were dormant
or dead, Tellospores of a lot which germinated well when collected in
April 1965, did not germinate when tested 40 days later. In other experi-

ments, some telia germinated well when collected and also after storage at



roon temperature for a month, whereas others falled to germinate when
tosted after 3 weeks of storage,

With reference to the time of year in relation to the production
of germimative telia the reports of two other findings with difforernt
rusts may be momtioned, Samborski (1963) working with a culture of wheat
lcaf rust, attempted to gormimate teliospores Ly altornate wottings and
dryings withowt prelimirary cold treatment. He noted that the telia
produced in the month of March germinated after fewer wettings and dryings
than those produced in December. Flor (1942) working with flax rust
expsrienced considerable difficulty in germinating teliospores produced
in the groenhouse., He attempted to germinate telia by various treatments,
such as freezing and thawing followed by alternmate wettings and dryings.
He noted that telia dsveloped on greenhouss-grown plants and ripening in
April, gave the best germinmation, Again these two reports suggest that
certain periods of the year, particularly during early to mid-spring, may
provide favourable conditions for the production of germinative telia not
only with sunflower rust but with some other rusts also,

Johnson and his associates (Newton and Johnson, 1932; Johnson et
al., 1934; Johnson, 1954%) who have done extensive work on the inheritance
of pathogenicity in cereal rusts reported that telia produced st low
temperature (about 60°F) in the greenhonse germinated after freezing and
thawlng followsd by alternate wettings and dryings, Howsver, they did not
mention the time of year the telia were produced, so it is not apparent
whether germination was primarily due to the treatments they applied or

due to seasomal effects,
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From the results of this study it appears that at two seasons,
one in the fall (Soptember to November) and the second in early to mid-
spring (March to mid-April), envirommental conditions in the greenhouse
ray be favourable for the production of germinative telia, If this is
fourd to bz true this may explain what happens in nature, In rature tolia
are formad in the early f£all with %the approach of winter and it may be
that this period is favourable for the formation of telia and the onviron-
mertal conditions existing in the spring may be favourable for the
germination of telisa, The function of low winter temperature may be
Just to retain the viability of teliospores by preventing their
germination prematurely.

The basic problem in inheritance studies of pathogenicity in rust
fungl remains the production of germinative telia. Therefore it may be
rewarding to investigate whether there is any correlation between time of
year and the production of germinative telia as suggested in this study.
If it i3 found to be trus, it may be possible to dstermine the environ-
mental conditions by measuring the daily macro- and micro-climates
provailing in this period and then it would be possible to produce germ-
inative telia in the comtrolled enviromment chambers bty reproducing these
conditions,

Differences amonz four races, Race 2 gave more vigorous telial

germination than the other three races, The telia of race 2, collected
in April, 1965 produced so many pycniel infections that most of the pycnia
produced ascia spomtaneously and could not be used for experimental

PArposes.
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Seltﬁ.n& gtudies with &s&olog&e races

In selfing rust races other diffienlties were encountered besides
inducing tellospore germination,

Sunflower rust is aumtoecicus, and uredospore infectioms were
usuelly encountered sirmltansously with sporidial infeetions. Due to the
paucity of telisl germinstion no msthod was devised to kill the uredio-~
spores without affecting the germination of teliospores. In germination
tests teliospores were generally alternately wetted and dried twice. To
reduce the probability of wrediel infection, the alternate soakings and
dryings were continued up to 5 times with some leaves, From the limited
tests made, 4t appeared that repsated éoakinge and dryings drastically cut
both sporidial as well as uredial infections, This may be esmisinsiie by
Bailey's (1923) finding that tellospores floated on the surface of water,
began to germinate within 2 hours. After 12 to 24 hours sporidia were
formed and germinated soon after,

Both sporidial and uredial infections were visible almost simmltan-
eously. Since the primary object of this study was to imvestigate the
inheritance of pathogenicity in rust races, as soon as sporidial infections
were visible the uredisl infections were remw;ed by cauterizing the leaf.
If there were too many uredia on a leaf, fi{ &Lremoved. Only thoscpyenia
which were at least 1 cm or more eway from uredia were used for experimental
purposes. Both surfaces of every leaf were examined twice a day for at
least 4 or 5 days to be sure that all uredial infections were removed.,

The size of the pyecnia varied from normsl (4 to 5 mm diameter) to
tiny (about 1 mm) on all varieties., Some of the smallest pycnia

disappeared within 5 or 6 days after they were formed, A few of the



~32-

"tiny" pyenia were fertilized successfully when pooled nectar was applied
to tkem. The rumber of aecial cups produced by them varied from 2 4o 7
per infeetion compared with 50 to over 100 cups produced from the fertil-
ization of a normal pycnium, However, at the Sy generation the uredial
cultures derived from the abmormally small pyenis were indistinguishable
from those derived from the fertilisation of normal pycnia,

A few normal pycnla produced a reddish brown grammlar substance
resembling a spore~-mass on their ostioles, and the pycnial nocter dried
up within 2 or 3 days. Urder the low power microscope they appeared to be
sterile magses of mimute urediospores. A few S37-388 seedlings were
inoculated with these masses of spores but no visible symptoms of infection
were observed.

Some normal pycnia were not fertilized successfully even when pooled
nectar was applied, These pycnia enlarged greatly and contimed to
produce nectar for almost three weeks. A4 simﬂaf phencmenon was reported
by Johnson and Newton (1938) in wheat stem rust and by Vakili (1958) in
wheat leaf rust and Zimmer (1961) in crown rust of oats. Jobnson and
Newton suggested that genstic factors msy be involved in governing the
formation of aeela, With one race of whest leaf rust, in spite of mass
fertilization, Vakili (1958) found thst among 144 pycnia, 101 prcduced
neither spermatia nor asecia, 24 produced spermatia btut did not produce
aecla and only 19 produced spermatia and asecia, He concluded that spermatisl
and aeclal formation were governed by gemetic factor(s).

Anothexr diffieulty encountered was with infection by aeclospores.
Aeciospores transferred from apparently normal and well developed aecia
sometimes falled to infect seedlings of the variety S37-388, In those



aecial cultures which did infect the host seedlings, the mumber of uredia
produced varied from 2 to over 100, Almost 50 per cent of the aecia gave
very poor infection, producing only a few uredia., Similar difficulties
were encountered by other workers in other rusts (Jobnson and Newton, 1938
Vekili, 1958; 2Zimmer, 19613 GCreen, 19864). Zimmer working with crown rust
of cats, reported that some normsl pycnia produced aecia but the aecio-
spores failed to infect varieties uniformly susceptible, He concluded that
the asciospores of these aecia were oither inviable or incapable of infect-
ing the susceptible veristies, Thess are heterothallic rusts which might
normally be crosg-fertilized. The failure of some aeciospores to infect
the susceptible variety may be due to an injurious effect of self-
fertilization as found in some cross-fertilizing species, Alternatively,
it msy be that S37-388 has some recessive factors for resistance which are
inoperative egainst the parental races, but when the corresponding genes in
the fungus were brought to homozygosity by selfing, the aeclospores possess-
ing the homozygous genctypes failed to attack the variety.

Inheritance of ﬂhognicitx in the selfed progeny of

four rust races on thé sunflower differentials

The results on inheritance of pathogenicity in rust races will be
rresented with the progenies obtained from the winter of 1962-1963 omward.
In the winter of 1961-1962 some S; and F3 progenies were obtained, At that
time the peculiér behaviour of the rust races and of the differential
varieties were not recognized; soms of ths cultures were thought to arise
from contaminants, therefore all were discarded.

The pathogenleclity of the Fj hybrid cultures was evaluated against
that of the four parentel races by inoculating them using the miltiple
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iroculation method. The pathogenicity of those Sy cultures which were
obtained before 1965 was determined in the same way as that of the Fy
cultures. The pathogenicity of those S cultures obtained in 1965 was,
for want of time, determined by mass inoculation. The number of seedlings
incenleted with selfed cultures varied from 5 to 10 and with Fy hybrids
from 3 to 15, When tests were performed by mltiple inoculation, the
pathogenicity of 'Ehe progery was dotermined from the seedlings which gave
appropriate reacticns to the paremt races. However, if the parenmt race
was avirulemt but its progemy were virulent, or vice-versa, the reactions
on these seedlings were taken into consideration in dstermining the path-
ogenicity of the progeny.

The mumber of S; progeny obtained in different experiments and
their ipathogenicity are shoun in Tables 1 to 4, A visual examination of
the results shows that the ratios of dominant to recessive classes varied
widely from experiment to experiment. There may be several reasons for
this: -

1, Pycnia were few in practically all experimenmts, Although they were
fertilized successfully by using pooled nectar, there might be serious
sampling errors because the populations were so small,

2o Difficulties were encountered in classifying some of the progenies
as virulert or avirulent. Some cultures gave intermediate reactions. It
was impossible to classify them by progeny tests because of difficulties
in inducing telia to germinate.

3. Some date indicated the possibility of non-Mendelian inheritance

of virulence in some cases.

Because of these difficulties, the data were not analywed statist-

ically. The use of X2 tests would be questionable in any case because in



TABLE 1, REACTION OF SUNFLOWER DIFFERENTIAL VARIETIES TO S; UREDIOSPORE CULTURES OF RACE 1

Pycnia  Single  Uredial Varieties &/
Telial Method of produced pustule inoculation
designation selfing on culture method. Morden 29 CMQURR M62-2672-2-r1 M62-2685-14-1 g
number, . !
22 v av & v AV |
2/ 2;_/
63(1) Reciprocal $37-388 - multiple = o ) - - - -
64(1) Pooled mnectar o 1 " 17 115 3 3 12 - -
2 " 12 2 12 2 2 10 - - "'d
1
65(2) " " 1 routine 15 2 17 0 - - - -
2 U 1 0 13 1 - - w0
Total S37-388 60 5 59 6 5 22 31 0
65(2) Pooled nectar CM9CRR 1 routine 5 0 05 - - Y
' 2 " 2 o0 02 - - 1 1
Total CMOCRR ? 0o 0 7 - - 5 2

1/ Parent race 1 is virulemt on S37-388, M62-2672-2-rl, and avirulent on others. Results are based on
reactions of 5 to 10 seedlings in each case.

2/ A, avirulent; V, virulent.

3/ One culture showlng reciprocal differences in pathogenicity was not included in the table,
E/ T.v» cultures were virulent on more than 50% of the seedlings, and were classed as virulent.

P .



TABLE 2, REACTION OF SUNFLOWER DIFFERENTIAL VARIETIES TO Sy TUREDIOSPCRE CULTURES OF RACE 2

Pycnia Single  Uredial Varietiest
Telial Msthod of produced pustule inoculation
designation selfing on culture method. Morden 29 CMQORR  M62-2672-2-r1 M62-2685-14-T
number.

2 v oA v oA v A v

63(1) Reciprocal 537-388 multiple 0 3 3 0 - - - -
64(1)  Pooled nectar " 1 " 3 28 28/ X 2 3 31 0
2 i 1 1 ¥ & s 2 13 0

65(2) " " 1 routine L 31 26-2*/ 92/ - - 33 2

Total 537-388 8 ™ 69 13 35 5 77 2

-9~




TABLE 2 = continued

Pyonia Single  Uredial Varietiost/
Telial Method of produced pustule inoculation
designation selfing on culture method. Morden 29 CMO9CRR M62-2672-2-r1 M62-2685-14.T
mmber,
2/
A Vv A v A v A v
65(1):- Reciprocal Morden 29 multiple 0 3 3 0 - - - -
65(2) Pooled nectar @ 1 routine 2 s & 2 . - 10 0
» Total Morden 29 2 11 1 2 - - 10 0

1/ Parent race 2 is virulent on S37-388, and Morden 29, and avirulemt on others., Results are based on
reactions of 5 to 10 seedlings in each case,

A, avirnlent; V, virulent,

One culture was avirulent on more than 50f of the seedlings and was classed as avirulent.
Four cultures were avirulent on more than 50% of the seedlings and were classed as avirulent,
Three cultures were avirulent on more than 50% of the ssedlings and were classed as avirulent.

One culture was virulent on more than 50% of the seedlings and was classed as virulent,

SN Y

Three cultures were virulent on more than 50% of the seedlings and were classed as virulent,

=)=



TARIE 3. REACTION OF SUNFLOWER DIFFERENTIAL VARIETIES TO Sy UREDIOSPORE CULTURES OF RACE 3

‘ Lingle
Pycnia pustule Uredlal Varioties
Telial Method of produced culture inoculation
designation selfing on number. method. Morden 29 CMOCRR M62-2672=2-r1 M62-2685-14-T
g v A v A A') A v
63(1) Reciprocal $37-388 mltiple 3 0 0 3 - - - -
64(1) Pooled nectar " 1 " 27 1 2 26&/ 19 0 19 0
2 o 26 0 2'2/ 24 18 0 18 0
65(2) " n 1 vomine 2 1 ¥ 2 - . 3 0
z 2 n 2 0 0 2 - - 2 0
Total $37-388 60 2 5 57 37 0 L2 0
1/

&R

Parent race 3 is virulent on S37-388, and CM9(RR and avirulent on others. Results are based on reactlons
of 5 to 10 seedlings in each case. :

A, avirnlent; V, virulent,
One culture was avirulent on more than 50% of the seedlings, and was classed as avirulent.

One culture was virulent on more than 50% of the seedlings, and was classed as virulent,

-g¢-
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TARLE 4, REACTION OF SUNFLOWER DIFFERENTIAL VARIETIES TO S; UREDIOSPORE CULTURES OF RACE 4

Single
' Pycnla pustule Uredlal
Telial HMethod of produced culture inoculation M69-W59-11-

designation selfing on mutbert, method., . Morden 29 CMGURR MC62-13-rlf M62-2672-2-r]1 M62-2685-14-T

A/ vV A v AV A v A v

63(1) Reciprocal  S37-388 multiple 0 i 0 1 - - - - - -

64(1) Pooled nectar ® 1 " 0 6 1 5 1 5 6 0 3 0

2 " 1 5 0 6 2 b 6 0 6 0

65(1) " " 1 " 0 6 o &1 2 1 ) 0 1

2 " 1 L 2 3 1 2 0 1 1 1

65(2) " n 1 romane o 13¥1 wm - - - - n L
2 " 1 13 2 12 - - - - 12 22/

Total S37-388 3 4 7 42 5 13 13 1 36 8

3/
&/

=/

Parent race 4 is virulent on 537-388, Morden 29, CMYCRR and M69-W59-11MC62-13-r4 and avirulent on M62-2672-2-rl,
and M62-2685-14-T, Results are based on reactions of 5 to 10 seedliings in each case,

A, avirulent; V, virulent.
One culture was virulent on more than 50% of the seedlings, and was classified as virulent.
Four cultures were virulent on more than 50% of the seedlings, and were clagsified as virulent.

One cultwre was virulent on more than 50% of the seedlings, and was classified as virulent,

-65.
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most experiments the expected mumber of individuals in the recessive class
wonld be less than 5 (Smith 1954, p.62%, Srb et al,1965, p.57).

The pathogenicity data of S progemy show that all four races are
heterozygous on varisties Morden 29 and CMSORR, and races 1, 2 and L are
also heterogygous on line M52-2672-2-r1 and M62-2685-14-I, Race 3 did .
not yield any sogregamts on M62-2072-14-I, Howover, the mumber of
aecial clusters imvestigated and the mmber of progeny cultures tested per
clnster in each expsriment are not sufficient to comclude that race 3 is
homozygous for virulence on this lins,

Some Sy progenies were virulent on some seedlings and avirulent on
other sesdlings of a lire, while the paremt races on the same seedlings
gave consistent reactioms. This was observed most frequently on CMSCRR
(Tables 1, 2, 3) but also ocourred on Morden 29 (Table 1), These cultures
were arbitrarily classified as virulenmt or avirulenmt, according to the
reaction on the majority of the seedlings. It was realized that if more
seedlings had boen tested, the classification of the cultures might have
been different,

Thess "aberrant® reactions cannot be attributed to mixtures of
genotypes in the rust, because all the seedlings concerned were inoculated
with spores from the same source at the same time, The mumber of spores
applied to individual leaves is in the thousands, The probability of
only one pathogen genotype of a mixture being applied to a given leaf is
therefore practically nil, The variation in reaction mst therefore be
attributed to differences in host genotypes not discernible with the
parent races,

In one experiment three 53 cultures of race 1 jrere obtained by
reciprocal transfer of spermatia (Table 1), Cultures from one of these
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pairings exhibited reciprocal differences on Morden 29 and CMSORR., The
culture from ons side was avirulemt like race 1 and that from the other
side virulemt like race 4, It is possible that the culture which
behaved like race 4 might have origimated from conmtamination or that
the pathogenicity of thess cultures may bes governsd by non-chromosomal
factors, Vakili (1958) working with leaf rust of wheat found that in
a few instances Sy progeny secured by rociprocal fertilization displayed
maternal inberitance. Similerly Green (1965b) working with ocat stem
rust race 6A found that some of the cultures obtained by reciproeal
transfer of mectar showed reciprocal differences on variety Sevnothrees
cultures from ons side were avirulent and those from the other side
were virulent,
Hybridization studies

Crosses were made botween four parental races in different
experimerts and some Fy hybrids were obtained from crosses made between
pycnia on S37-388. The pathogenicity of most of these hybrid cultures
was tested twice or thrice on differemtials and the results are shown
in Tables 5 to 9 and Appendix Tables I to XIT. All of the Fy hybrids
were tested on 537-388, CMOCRR and Morden 29, but not all hytrids were
tested on the supplemental lines, M69-W59-11-MC62-13-rk, M52-2672-2-r1,
and M62-2685-UT. ‘
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TABLE 5. PATHOGENICITY ON VARIETY CM9CRR OF F; UREDIAL

- . CULIWRES DERIVED FRGM CROSSES BETWEEN PARENTAL
RACES 1N ALL POSSIBLE COMB]I\IATIONSy
~ Number of
Cross Crosses Pathogenicity of Fi hybrids
Race 1 x Race 2
Reciprocal 5 Avirulent
1 Virulent
One-sided
race 2 maternal 2 Aviralent
Race 1 x Race 3
Reciprocal 1 Virulent
1 Virulent on some seedlings and
resembled maternal parent on others,
_ 1 Varlable, or virulent on some and
(( ) avirulent on others
Race 1 x Race &
Reciprocal 2 Avirulent
1 Virulent on scme and avirmlent on
others
1 Variable or virulent on some,
avirulent on scme and reciprocal
differences on a few others (race 1
side virulent and race &4 side
avirulent)
One-sided
race 1 maternal 1 Virulent
" 1 Virulent on some and avirulent on
others
race 4 maternal 1 Virulent

=y
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Namber of

Cross Ccrosses Pathogenicity of Fl hybrids
Boee 2 X Race 3
Reciprocal 3 Virulent
1 Virulent on some and avirulent on some
others
2 Virulent on some and resembled
maternal pavent on others
1 Tirulent on soms, avirulent on some
and displayed reciprocal differences
on a few others (race 3 side avirulent
and race 2 side virulent)
One-sided
race 2 maternal 1 Virulent on some and avirulent on
others
B Race 2 x Race 4
)
(- ! Reciprocal 1 Virulent
1 Avirulent
2 Varilable or virulent on some and
avirulent on others
One-sided
race 2 maternal 1 Virulent
Race 3 x Race 4
Reciprocal 2 Virulent
2 Variable on virulent on some and

avirulent on others

_:g/ The variety is susceptible to races 3 and 4, and resistant to races

1 and 20
each case,

Results are based on reactions of 10 to 15 seedlings in




¢ ‘.,9

-

-l

TABLE 6. PATHOGENICITY ON VARIETY MORDEN 29 OF Fy UREDIAL

CULTURES DERIVED FR(M CHOSSES BETWEEN PARENT

RACES IN AIL POSSIELE COMBINATIONS

Pathogenicity of Fy hybrids

Number of
Cross crosses
Race 1 x Race 2
Reciprocal 6
One-sided
race 2 maternal 2
Race 1 x Race 3
Reciprocal 3
Race 1 x Race 4
Reciprocal 3
1
One-slded
race 1 maternal 2
race 4 maternal 1
Race 2 x Race 3
Reciproeal 6
1
One-sided
race 2 maternal 1
Race 2 x Race 4
Reciprocal L

One-slded
race 2 maternsl 1

Race 3 x Race &

Reciprocal 4

Resembled maternal parent

Resembled maternal parert

Avirulent like parent races

Resembled maternal parent
Avirulent like parent race 1

Resembled maternal parent

Resembled maternal parent

Resembled maternal parent
Virulent like parent race 2

Resembled maternal parent

Virulent like parent races

Virulent like parent races

Resembled maternal parent

1/ The varisty Morden 29 is susceptible to races 2 and U4 and resistant
to races 1 and 3. Results based on reactions of 10 to 15 seedlings

in each case.
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TABLE 7. PATHOGENICITY ON IINE M69-W59-11-MC62-13-rit OF

< 'F; WREDIAL CULTURES DERIVED FRQGM CROSSES
EETWEEN PARENT RACES IN ALL POSSIELE COI‘EBINATIONS!’/
Number of
Cross crosses Pathogenicity of Fy hybrids
Race 1 X Race 2
Reciprocal 5 Resembled maternal parent
1 Avirulent
Race 1 x Race 3 |
Reciprocal 3 Avirulent
Race 1 x Race 4
Reciprocal : 2 Resembled maternal parent on some
and avirulent on others
- 1 Regembled maternal parent on some
{_,\}' and virulent on others
1 Avirulent
Race 2 x Race 3
Reciprocal 3 Resembled maternal parent
1 Resembled maternal parent on scme
and avirulent on others
1 Virulent
Race 2 x Raco 4
Reciprocal 2 Virulent on some and avirulent on
others
1l Avirulent
1 Virulent
Race 3 x Race 4
—~ Reciprocal L Resembled maternal parent
./

1/ Most of .he seedlings on this line are resistant to races 1 and 3 and
susceptible to races 2 and & or to race 4 only. Results based on
reactions of 5 to 8 seedliings in each case.

o RO UNLANOTY SPUL__SRRRL SRR
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TABLE 8. PATHOGENICITY ON LINE M62-2672-2-rl1 OF F, UREDIAL

CULTURES DERIVED FROM CROSSES EETWEEN PARENTAL
, POSSIBLE 1
RACES IN ALL ,CQMBINATION

Number of
Cross crosses Pathogenicity of Fy hybrids
Race 1 x Race 2
Reciprocal -3 Avirulent
Race 1 x Race 3
Reciprocal 3 Avirualent
Race 1 x Race 4
Reciprocal 2 Virulent of avirulent but the
reactions were similar to parent
race 1
2 Virulent ofx seedlings susceptible as
well as resistant to race 1
Race 2 x R#ce 3
Reciprocal 5 Avirulent
Race 3 x Race 4
Reclprocal 2 Avirulent
2 Avirulent on some and reciprocal

differences on others

1/ Most of the seedlings of this line are susceptible to race 1 and
highly resistant to the other three races. Some are also resistant
to race 1. Results are based on the reactions of 3 to 8 seedlings
in each case,
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TABLE 9, PATHOGENICITY ON LINE M62-2685-14~-I OF F, UREDIAL
CULTURES DERIVED FR(QM CROSSES BEETWEEN PARENT RACES

1/

IN ALL POSSIELE COMBINATIONS™

Number of
Cross crosses Pathogenicity of Fl hybtrlds

Race 1 x Race 2

Reciprocal 5 Avirulent
Race 1 x Race 3

Reciprocal 3 Avirulent
Race 1 x Race 4

Reciprocal L Avirulent
Race 2 x Race 3

Reciprocal 5 Avirulemt
Race 2 x Race 4

Reciprocal L Avirulent
Race 3 x Race 4

Reciprocal 2 Avirulent

2 Virulent

1/ The seedlings are highly resistant to all U parental races, Results
are based on reactions of 6 to 10 seedlings in each case.
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Inheritance of pathogenicity to variety CMOGRR in uredial i
cultures of F, hybrids of erosses in all possible

combinations of races 1, 2, 3, and &

Race 1 x Race 2

Hybrids were obtained from 6 reciprocal and 2 ons-sided crosses,
(Table 5). Of the 6 reciprocal crosses, the hybrids in 5 crosses were
avirulent and in one cross virulent, In the two one-sided crosses the
hybrids (race 2 maternal) were avirulent.
Race 1 x Race 3
Hybrids were obtained from three reciprocal crosses (Table 5,
Appendix Tables II, VIII)., Of these, the hybrids in one cross were
virulent; 4in another cross the hybrids were virulemt on some seedlings
and resembled maternal parents on other seedlings, In the third eross,
in the first test made by the mass inoculation msthod, the F; from race
1 side was avirulent and that from race 3 side was virulent on some I
seedlings and avirulent on other seedlings. In the second test |
(inoculated by the maltiple method) the Fy's from both sides were
avirglent, 1In all cases the parent races gave the appropriate reactions
on the same seedlings. |
Race 1 x Race 4

Of the 4 crosses, the receiprocal F; hybrids in two crosses were
avirulent and in two other crossss the F;'s were virulent on some ssed-
lings and avirulent on others (Table 5, Appendix Tables ITI, IX), The
Fi1's from one of these crosses were tested twice. Bach time there were
recgiprocal reactions on one of the seedlings: the culture from race 1
side was virulenﬁ and that from race 4 side avirulent,
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The F, cultures of two of the three ons-sided crosses, (one from
the race 1 side and one from racs 4) wore avirulent, In the other one-
sided cross, the Fy, from the race 1 side, was virulent on some seedlings
and avirulent on other seedlings.

Rage 2 x Réscej

Fl hybrids were obtainsd from ? reciprocal crosses and ons one-

times, The Fp hybrids of three reciprocal crosses were virulent like
race 3. The F;'s of the four other crosses were variable or virulent on
some seedlings and avirulenmt on others. In one of these re.ciprocal
crosses, the pathogenicity of the Fy°s resembled the maternal parents.
In another cross, the F;'s exhibited dissimilar reactions on some seedlingsi
the F; from the race 3 side was avirulent and that from the race 2 side
virulent,

The F; from the one-sided cross (race 2 maternal) was virulent on
soms seedlings and avirulent on cthers,

Race 2 x Race 4

Four reciprocal crosses were successful. The F; of one cross was
virulent, and in another cross avirulent (Pable 5, Appendix Tables V, XI).
In the two other crosses, the F; was variable or virulent on some seedlings
and avirulent on others. The Fy cbtained from ons one-sided cross {race 2
maternal) was virulent,

Race 3 x Race U

Of 4 reciprocal crosses, the F;'s in two were virulent and in two
others were variable or virulent on some seedlings and avirulent on
others (Table 5, Appendix Tables VI, XII).
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Inheritance of pathogenicity to variety Morden 29

Ain uredial cultures of Fy hybrids of crosses in

ail Eoésible combinations of races 1; '23 3. and 4

Data on the virulence of all possible combinations of four races

of Fy hybrids on variety Morden 29 are swmmarized in Table 6 and
Appesndix Tables I to XIT, In most crossss the oy hybrids behaved like
the maternal parent race.

The hybrids from ons of four reciprocal erosses, betwsen races
1 and 4 were similar and avirulent like the parent. The hybrids of one
of geven reclprocal crosses bstween races 2 and 3 were similar and

virulent like the parent race 2,

Inheritance of pathogenicity to ME9-W50-1l-Me62-13-rlt
in uredial eultures of Fl hybrids of crosses in all
possible combinations of races 1, 2, 3and &

The host line MS59-W59-11-MC62-13-ri is highly heterozygous for

reaction to races 2 and 4, but fairly consistent to races 1 and 3. Seed-
lings of this line were always inoculated by the mmltiple method. The
seedling reactions of this line to hybrid cultures were also highly
variable. The data for pathogenicity of the Fq hybrids are shown in
Table 7 and Appendix Tables I to XIT. The hybrids in the majority of the

crosses resembled the maternal parent races.

A
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Inheritance of pathogenicity o 1ine M62-2672-2-rl

in uredial cultures of 'Fl m&.ds of crogses in all
possible combinations of races 1, 2, 3 and &

The host line M52-2672-2-rl .is heterozygous for reactions to
all four races. The distinguishing characteristic of this line is that
some seedlings are susceptible to race 1 bud immne or highly resistant
to ths other three races. The seedlinggd reaction to race 1 varies from
completely resistant to comyletely susceptible; in some cases it is
difficult to docide whother the seedlings should be considered
resistant or susceptibls., The reaction to the other three races is
quite distinct, either highly susceptible or highly resistant, and
inherited as a unit, i.e., @ither resistant or susceptible to all three
races. In this study we are concerned with the phthogenicity of Fy
hybrids on the seedlings which are susceptible to race 1 but resistant
to the other three races.

In crosses between races 1 and 2, the Fy hybrids from three
reciprocal crosses were avirulemt like race 2 (Table 8 and Appendix
Tables I to XII). Similarly in crosses bstween races 1 and 3 the Fy
hybrids of thres reciprocal crosses were avirulenmt like race 3, In
reciprocal crosses between races 1 and 4, the Fy hybrids were virulent
on some scedlings and avirulent on some other seedlings but the reactlons
were similar to race 13 Fy hybrids in two other crosses, unlike either
parent, were virulent on ssedlings susceptible as well as on seedlings
resistant to race 1. In crosses between races 2 and 3 the hybrids were
avirulent 1like the parent races. In two crosses between races 3 and 4
the hybrlds were avirulent like the parent races, The hybrids in two




other crosses wore avirulemt on soms seedlings and displayed reciprocal
differences on other seedlings. In ons of these crosses the Fp culture
from the race 3 side was virulenmt and that from the race 4 side
avirulent. In ancther cross the culture frem race 4 was moderately
virvulent on one seedling and that from the race 3 sids was avirulent,

Inheritance of pathogenicity to line M62-2685-14-I

in uredial cultures of F, hybrids of crosses in all

possible combinations of races 1, 2, 3 end &

The host line M62-2685-14-I is immme or highly resistant to all
races, In all crosses except those between races 3 and 4 ths Fy hybrids
wore avirulent like the parent races (Table 9 and Appendix Tables I to
XII). In crosses between races 3 and 4, the Fy hybrids in two crosses
were avirulent like the parent races; those in two other crosses, unlike
either parent, were virulent,
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DISCUSSION

In any studies on selfing and crossing an autoecious rust, com-
taminztion of cultures with other races is an obvious danger. Every
effort was made to avoid contamination or mixture of uredial cultures
used in this work by appropriate isolation of inoculated plants. When
uredial cultures wore woll established in isolation on plants intended
for the production of telia, however, it was felt that the probability
of producing telia of'a "comw" race was so slight that the telia
of various races were produced in the same greenhouse when necessarye.

By the time that the experimental telia were “harvested”, any contamine-
ant infections which might have occurred would probably still be in the
wredial stage.

A second possible source of error is the "diploidization® of
pyenia by adjacerd: uredial infections (Brown, 1932). Any pycnia with
uredial cultures closer than 1 cm were discarded, as were also any
“spontaneously® fertilized pyenia, Any uredia which developed were cut
away, usually st the "flscking” stage. It was therefore felt that the
probability of aberrant results arising from this type of “contamination® was
also extremely remote,

Some of my first reciprocal crosses made in 1961-1962 ylelded
progenies which behaved like the maternal parent in some cases, or did
not resemble either paremt in other cases, As earlier work had
indicated simplse, non-zllelic dominant factors controlling resistance in
the host (Putt and Sackston, 1963), and had inferred similar
uncomplicated control of pathogenicity in the rust (Sackston, 1962), these
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f’aberrantf’ results wore attributed to contamination and rust progenies
were discarded.

Similar results were obteined in later experiments when special
precautions at every stage made it possible to exclude contamination ag
an explanation,

Reciprccg} differences or distorted ratios in the progeny can be
attributed to non-chromosomal factors, or to chromosomal factors such as
maternal influence, preferential segregation during gamstogenesis, geme
conversion, paramstation, aneuploidy, and mitotic recombination (Jinks,
19643 Wﬂliams. 196%; Srb et al., 1965). To exclude these phenomsna
with reasonable certainty the F; hybrids should be studied beyond the
F, generation. The difficulties encowitered in inducing telial germinze
tion, emmmerated earlier, made such studies of later generations
impossible.

The F; hybrid progenies of reciprocal crosses bétween rust races
bohaved like the maternal parent on the differenmtial variety Morden 29,
On CMOORR, howsver, most of the reciprocal hybrids behaved like one of
the parents, indicating chromosomal comtrol of pathogenicity. The
discussion on the possible mechanism of chromosomal inheritance of path-
ogenicity will therefore be confined to the results on CHSORR,

The F7 hybrids bgtween pairs of races were obtained at different
times. For this discussion, because of the limited progeny size in each
experiment, it will be assumed that the data can be treated as if all

the F; hybtrids of crosses between any two races were obtelned in one
experiment.

,4
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Cultures were classified as virulemt or avirulent on the basis
of reactions of limited mumbers of seedlings., The variety CMOORR
appeared to be heterozygous to scme of the Fy hybrid races, If more
seedlings could have been included in each test, it is possible that
more of the F, cultures would have been shown to be virulemt on some
seedlings and avirnlent on others,

Discussion of the apparent nature of inheritance of pathogenicity
will be based on the assumption that pathogen genes conditioning -
virulence or avirulence to a host variety, correspond to host genes
conditioning susceptibility or resistance to a race of the pathogen.
This assumption will be examined critically in a later section of this
thesis.

In crosses bestween races 1 and 2, both avirulemt on CMOCRR, the
hybrids of one out of a total of 8 crosses tested were virulenmt (Table 5).
Although a progeny size comprising hybrids of 8 crosses is not enough to
drawv a definite conclusion, a segregaticn within this size of progeny
would be expected if the avirulence of both the races is governed by the
same factor and both are heterogygous, i.e., if both races possess the
same genotype on CMSCRR.

In crosses between races 1 and 3, (Table 5), the Fy hybrids of
one cross were virulent, In another cross, the Fy progeny was variable,
or was virulent on some seedlings and avirulent on cthers. The Fy
cultures of a third cross were virulent on some seedlings, but resembled
the maternal parent on cthers. The hybrids of the last two crosses did
not behave like either parent nor like intermediates between the parents.
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A progeny comprising bybrids of only three crosses is not large
encugh to determine whether avirulence of race 1 or virulence of racs 3
is dominant. Since the S progeny of both races segregated, however,
the genes governing pathogenicity of the two races on CMYCRR camnot be
allslic, If they were alleles, the race with the recessive character
should not have segregated in the 51 progeny.

However, soms clus in this problem can be obtained if wo consider
the bshaviowr of host variety CMOORR. This variety eppears to be homo-
gygous resistant to race 1. It may be considered heterozygous for
susceptibility to race 3 because occasional seedlings are resistant to
race 3. Now the fact that seedlings susceptible to race 3 are resistant
to race 1, and that seedlings resistemt to race 3 are also resistant to
race 1 suggests that susceptibility of this variety to race 3 may be
governed by two genes, onebgjepisbatic to the other., For example, if
the genotype of the parent plant from which the variety originated was
ApapBpBy with Ay conditioning susceptibility to race 3, By conditioning
resistance to both races 1 and 3, and with Ay, spistatic to By; then, the
géno&ypes of the population of CMYCRR could be Ay-BpBy, and ahahBhBh. with
the host parasite interaction represented as follows: ‘

Host Race 1 Race 3
8p8pBptp ApepPePp
Ap-BpBp Resistamt Susceptible
ahahBhBh Resistant Resistant
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The phenomenon of seedlings being resistant to race 1 regardless
of their susceptibility or resistance to race 3 can however be emplained
in other terms bosides epistasis. This question will be discussed
further under host genetics.

Assuming a gene-for-gens relationship between a host variety and
a pathogen strain it may be that the virulence of race 3 is dominant over
the avirulence of race 1 and that the gens, Ap. conditioning virulence of
race 3 is epistatic to tho dominant gens Bp, ‘conditioning avirulence to
both race 1 and race 3., If enough crosses were made between races 1 and

3, we would expect two or four kinds F, genotypes, as follows:

Apapo ~(virulent) and apapo =(avirulent),
or ) '

ApapB, -(virnlent), Apapbpbp(virulent) ’

apapo -‘avirulent)l and apapbpbp‘viruienb?

depending upon whether the genotype of race 3 1is A.papoBp or apobp.
and assuming the genotype of race 1 to be apagBoby (since race 1 is
heterozygous). The distribution of the crosses producing virulemt and
avirulent hybrids wouald be expected to be 13l or 5:3, depending upon
whether the genotype of race 3 is ApapoBpor Apapobp.

In this context, again by assuming a gene-for-gens relationship,
we may say something about the possible genoctypes of the plants composing
the variety CMSCRR in relation to their reactions to races 1 and 3.

Since the variety 1s heterozygous to race 3, if the susceptibility of the
variety to race 3 is governed by two gemes Ay (susceptibility) and

By, (resistance), and A, is epistatic to By, then it should include
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genotyplcally two or four kinds of plamts as followss

BBy ol e BBy .

or

& B , A3 by b, ahahBh- and ahahbhbh
depending upon whether the genotype of the original paremt plamt from
which the variety was derived was An2pBpBn (susceptible) or
ApapBpby, (susceptible), ' ‘ '

Selfed derivatives possessing the genotypes, An8hBh= » Apaptybn
and apapbyby, should be susceptible to race 3 and those possessing the
genotype aneyBu~ should be resistant. Derivatives with the genotypes
&y,3,Bp- and ape, By~ should be resistent to race 1 and those possessing
the genotypes Apapbhbnand apapbpbh should be susceptible,

Seedlings resistant to raes 3 are occasionally encountered but
seedlings susceptible to race 1 are rarely found, It may be that the
seedlings which genotypically ought to be susceptible to race 1 awve the
ones which exhibited differemces or varieble reactions to the reciprocal
Fy hybrids of cross race 1 x race 3, That is, resistance of these ssed-
lings may be governsd by non-muclear factors.

Seedlings of QICRR are rarely susceptible to race 1 or race 2,
On two or three occasions a considerable mmber of seedlings gave
susceptible or near susceptible reacticns to races 1 and 2 in routine
mags inoculations. The rust collected from these plamts gave appropriate
reactions in subsequent tests. It may be that the resistance of these
plants was conferred by non-chromosomal factors and that under certain
envircnmental conditions this resistance broke down, leaving the seedlings

vulnerable to the attack of races 1 and 2,
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There is a weekpess in the hypothesis that the susceptibllity
to race 3 may be governed by two non-sllelic genes, one of which is
epistatic to the other, Under this hypothesis the resistance of ths
seedlings conditioned by the hypostatic dominant gens should be
horitable, No selfing studies were made on CMOCRR., As described later
in the section on hogt gonetics, studies were conducted with selfed
progeny of the differemtial line Morden 69, carrying the same resistance
factor as that of SR (Dr, E.D. Putt, personal commnicstion), No
conclusive evidence was obtained whether the resistance of seedlings to
race 3 is heritable or is an artefact of enviromment.

Studies on the pathogenicity of Fl progenies of crosses bstween
races 1 and 2 suggested that these races had the same genotype as deter-
mined on CM9ORR, The results of studies on host gemetics, reported in
a later section, show that the resistance of the host lins Mordem 69 to
races 1 and 2 is inherited as a unit except in one So line, The genstic
relationship between races 2 and 3 should therefore be similar to the
relationship between races 1 and 3.

The data available for such a ccmparison are limited; only three
successful reciprocal crosses were mads between races 1 and 3, end seven
between races 2 and 3, The reaction patterns of Fy progenies of race 1
X race 3 were observed also in the Fl of race 2 X race 3., Probably
because there were more 2% progenies of the cross between races 2 and 3,
an additional reaction pattern was observed im this cross: the cultures
were virulent on some seedlings, avirulent on some, and gave reciprocal
reactions on others (Table 5).
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The relationships of racs 4 with the other three races are not
clear., The pathogenicity of race ¥ on CMSORR is variable. In reciprocal
crosses botween races 1 and 4, the hybrids in two crosses were avirulent
like race 13 the hybrids in two other crosses, unlike either parent,
vore virulent on some plamts and avirulemt on scme other plamts, or
variable. Tho hybrids im one of the last named crosses exhibited
rociprocal differences on & fow plants. In erosses between races 2 and
4 the hybrids in one cross were virulemt like race 4, in one cross
avirulent like race 2, and in two other crosses, unlike either paremt,
virulent on some seedlings and avirulemt on others, or variables, In
crosses between races 3 and 4, hybrids of two crosses were virulent like
the paremt races but in two other crosses, unlike either parent, the
hybrids were eithker variable, or virulent on some seedlings and avirulemt
on cthers (Table 5).

The hybrids of most reciprocal ecrosses between rust races bshaved
like the maternal parenmt on variety Mordem 29, In & few crosses the
pathogenicity of the hybrids resembled one or other of the parents.
Farthermore, the parent races have also shown segregation in their
respective Sj progenies. More or less similar results were obtained by
Green (1965b) on variety Sevnothree in crosses between some cat stem rust
races. Green found that in erosses between ocat stem rust races the Fy
hybrids resembled the maternal races except with those involving races
6A and 13A with other races. In crosses between race 6A or race 13A
with %other races", the Fl hybrids from the "other races® side ressmbled

maternal parents, while those from race 6A or race 13A side segregated.
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In crosses bstween races 6A and 13A segregation was obtained from both
sides of the crosses. Both these races also showed segregation in
their respective Sy progenies.

Cytoplasmic inheritance has been reported in some races of both
wheat and oat stem rusts (Jobnson and Newbon, 19%53; Johnson, 1S49; |
Green, 19652, 1965b). Theoir studies were facilitated by the use of ure-
diospore colour as markers, ard also by pathogenieity on a relatively
large numbsr of differemtisl varieties. Unfortunately, no morphological
characters, such as differences in urediospore colour, were availsble
for use as markers in the studies on sunflower rust, and only two
differential host varieties were available during most of this work.

In the last few morths of this investigation, two additional host
lines became available, A few viable sseds of derivatives from crosses
with wild annval sunflowers collected im Chicago, provided by Dr. Putt,
wore sown in the field at Macdonald College in 1964, Selections
M62-2672-2-r1 and M62-2685-1r-1 proved useful in distinguishing Fy hybrid
progenies of crosses between races which on the standard differentials
had been desoribed as "selfs® or contamination respectively,

The naturse of inheritance of pathégenicity in rust can only be
dstermined from the behaviour of the rust on its host. Variability of
rust reaction may be attributable to genstic make up of the rust, or of
the host. Genstics of the sunflower host will be discussed in a later
section. A brief discusslon of possible sources of variability in the
host is necessary here, however, to explain the behaviour of the rust.

Rust resistance in Canadian sunflower varieties was derived from

natural crosses between cultivated Heliantlius anmms and wild annual
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sunflowers occurring near Remmer, Texas (Putt and Sackston, 1957; Putt,
1964), The resistance factors in Morden 69 (and CMYORR) and Morden 29
were reported to be single, dominant, non-allslic factors, designated
R; and Ry respectively (Putt and Sackston, 1963).

Seedlings of the differemtial varisties show great variability
in vigor, growth habit, size and shape of leaves and seeds, and the
decurrence of various leaf abnormalities as well as variability in
reaction to various rust races. This variability is unpredictable and
appears to be influenced by environmental changes which are difficult to
control in the greenhouse,

The differential wvarleties originated from selectlons made in
1952 to 1954 (Putt and Sackston, 1957), and have been selfed repeatedly
since then, The morphology and growth habit of these linss should be
uniform after repeated selfing if these characters were governéd by
simple Mendelian factors.

The variability observed in selfed progenies of the sunflower
differential varieties might be explained on the basis of chromosomal
factors, non-chromosomal factors, or the inmteraction of both, Deter=-
mination of the factors responsible would require extensive, intricate,
and long-contiming genetic studies well beyond the limits of this
investigation, My work was intended to be a study of the genstics of the
rust pathogen, using ava.ﬂabie host materials which were thought to have
woll defined genetic patterns. Many of the irregularities arose late in
the work, when time did not permit starting again to try to breed
differentials with clearly determined genotypes.



Putt and Holser (1966) found, in studies on male sterility in a
mmber of sunflower lines, that meiosis was apparently normal in all
cases, including the lines related to the differentials used in my work,
TIf their results can be extrapolated, then perhaps chromosomal
aberrations or abnormal chromosomal bshaviour may not be responsible for
the variable behaviour of the differsmtials.

According to Caspari (1948) reciprocal differences are observed
espocially in specles crosses. They have also been found in crosses
botween inbred strains, and between local or geographlc biotypes or
varieties of the same species, The higher frequency of reciprocal
differences in species hybrids is attributed to greater sensitivity of
the hybrid genome. Cytoplasmic inheritance in crosses between specles
and varieties has been studied intensively in Epilobium, the willow
herb (Bhan, 1964; Jinks, 19645 Williams, 1964; Whitehouse, 1965).

Various workers have reported that characters controlled by

" cytoplasmic factors or by the interaction of muclear and cytoplasmic

factors, such as pigmentation in Habrobracon, and male sterility and
other characters in corn, sugar beet, and Epilobium, are particularly
sensitive to envirommental inflnence (Caspari, 1943; Hogaboam, 1957;
Bhan, 1964; Williams, 1964; Duvick, 1965). The possibility that cyto-
plasmic factors, or a combination of miclear and cytoplasmic factors,
are responsible for ths variabllity of ths suhﬂower rust differentials,
mst not be excluded. The fact that rust resistance resulted from
relatively “wide" crosses between cultiveted and wild species of
Helianthus may increase the probability of non-chromosomal inhsritance

of various characters,
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If non-nuclear factors are invelved in inheritancs of rust
resistance and other characters in sunflowers, then on the basis of
complementary genstic mechanisms postulated for host plants and their
obligate parasites, non-nuclear factors may also be imvolved in the
inheritance of rust pathogenicity. The suggestion that non-mclear
factors are responsible for the reciprocal diffsrences and irregular
patterns of behaviptn' of selfed and hybrid rust progenies may therofore
bs supported by evidence even though not experimentally documented, for
non-miclear inheritance in the host and may strengthen the argument for
this explanation of host genstics.
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PART II

GENETICS OF RUST RESISTANCE IN SUNFLOWERS

Rust resistance in the two differenmtisl varieties, Morden 69, 2
golection of resistance source 22, and Morden 29, a selection of
resistance source 88, has been reported to be comtrolled by two
dominant non-allelic genes, Ry and Ry respectively (Putt and
Sackston, 1363). However, at the start of the present study on the
genetics of pethogenicity in rust races it was found that the
differential varleties are heterozygous ‘for rugt reaction, Sune
flower vaﬂeties supposedly possessing one of Putt and Sackston®s
genes for resistance, either Ry or Ry, exhibited an array of
reaction types suggesting that more than one gens was probably
involved,

This study was proposed to investigate the mode of inheritance
in the self-derivatives of sources 22 and 88 in the belief that the
picture was actuvally more complex than Putt and Sackston reported it
to be.
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REVIEW OF LITERATURE

The rediscovery of Mendel®s laws of inheritence in 1900 providsd
the foundation necessary for analysing the differences in dlsease
reactions between varieties of crop plamts. Biffen in 1905 was the first
to apély Mendel®s laws to the inheritamce of disease resistance
(Biffen, 1905, 1912), He roported that resistance to yellow rust
(Puccinia glumarum) was governed by a single recessive gene im crosses
between certain susceptible varieties and the resistant variety Rivet.
Similar investigations conducted by Armstrong (1922) confirmsd
Biffen's work, Armstrong concluded thet susceptibility and immmity
behave as unit characters, dspending primarily upon definite factors
vhich are inherited according to the Mendelian laws of inheritance.

Following Biffen, numerous studies have been made on inheritance
of resistancs to disease., With respect to the development of rust
resistant varieties of crop plants, considerable progress has been made
in recent years and much information bas accumilated regarding the

nature of inheritance of rust reaction.

Studies on st resistance in sunflowers

The history of sunflower ard sunflower rust, ard the historical
development of rust resistant varieties of sunflowers have been reviewed
by Putt and Sackston (1957), Putt (1963, 1964) and Sackston (1962, 1964).

The cultivated sunflower is & diploid species. Tts wild
ancsstors originated in south eentral North America, but 11:8 development
&s an economic crop occurred in Russia and eastern Europe (Putt and
Sacksten 1957). Sunflower rust, an emautoecious species, was first
described in 1822 from specimens collected from southeastern United

States, Rust has bsen a major limiting factor in sunflower production

throughout the sunflower growing areas of the world {(Putt and Sackston 1957).
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The first source of resistance to sunflower rust in Canada was
discovered in 1949 from a single plant of the progeny of a natural cross,
Sunrise x Wild Anmual from Tezas. This souree of resistance was termed
source 88. The second source of resistance, designated source 22, was
discovered in 1950 and it also was obtained from Texzas Wild Armmusl from
a single plant in the progeny of the nsturel cross, California Oilseed =
Wild Anmmal. Source 22 is the main source of resistance im the
Canadian breeding programme and it is also being used in breeding for
resistance in Peru and Argentine (Putt, 1963, 196%). Several other
resistance sources have boen reported since, (Putt, 1963, 196k
Sackston, 1962, 1964%; Sackston and Jabbar Mish, 1963). In Argentina,
bybrids of the cultivated sunflower with the armal wild forms

Hellanthus cucumerifolius and H. argophyllus and in Russia, the wild
sunflover from Texas and the hybrids of the cultivated forms with the
peremnial species designated as H, divericatus, H. scaberrimus,

H. strumosus and H. tuberosus have provided useful resistance in breeding
programmes (Putt, 1963).

Fhysiologie specialization in sunflower rust was first investigated
by Bailey (1923) and by Brown (1936). Sackston (1962) described 4
physlologic race groups of rust from the specimens collected from various
parts of the world on cultivated H, ammus. The four physiologic races
identified were based on three sources of resistance as summarized below:

Differentials — p}zz_s_ioloj_;% races
Universal suscept (S37-388) S s s S
Source 88 R S R S
Source 22 R R S S
Source 41 R R R S

R, resistant; 3, susceptible
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Putt and Rojas (1955) studied the inheritance of resistance of
source 22 in the field. In crosses with suscoptible varisties as
female and source 22 as mele, Putt and Rojas reported that the
resigtance of scurce 22 in the field is controlled by a single
dominant gene., Putt and Sackston (1963) investigated the mode of
inheritence of resistance of source 22 and source 88 and reported that

rosistance in each of those two sources is governed by a single

dominant nom-allelic gens, designated as Ry and Ry respectively.

o i e T
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MATERTIALS AND METHCDS

The sunflower lines studied were Morden 69, carrying resistance
factor Ry, and Morden 29, carrying resistance factor Ry {(Putt and
Sackston, 1963). The inheriteance of resistance was studied systematically
only in solfed progenies of Morden 69, Some lines of Morden 29 were
increased by selfing for up to three generations, The irheritance of
reosistance in these lines, was inferred frem the results of various
inoculation experiments, All inoculatioms were made with the four races
of rust described earlier.

The seedlings for all experiments were started in the greenhouse.
In the early part of this work, incculated plants were kept in the green-
house. In later experiments they were transferred to growth cabinets
after inoculation,

Seeds from 12 individual plants of Morden 69 selfed at Wimnipeg in
1959 were used to grow differentials for my rust studies, One lot of
seed was used up in routine rust idemtifications., Seedlings of the
remaining 11 lines were inoculated with four rust races by the multiple
method, After the rust reaction was recorded, (Table 10) the rusted
leaves were remcved and the ssedlings were labelled and transplanted to
the field, To prevemt the spread of rust the plsnts in the £ield were
sprayed pericdically with a suspension of the fungicide Parzatey in
water (1.5 : 1000).

To prevent cross pollination the flowering heads were covered with
bags just prior to the opening of the flowers. In 1962 paper bags were
1/ 2inc ethylens bisditbiocarbépate
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TAHLE 10, SEEDLING REACTIONS TO RACES 1, AND 2 OF Sy FPROGENIES
T T R e O
- Line and mmber Ratio Number 2
number dats tesgted R}/ sy 0 s X P
weo-wso-7 a2/ 1 32
30 May 1962
ME9-W59-8  GH, 31 ? 3:1 28,50 9,50 0,877 0,30 = 0,50
30 May 1962 1333 30,87 7.13 0,003 0,90 = 0,95
GH, 92 27 3:1 89.25 29.75 0,339 0,50 = 0,70
.2 June 1963 1333 96,68 22,32 1.198 0020 = 0,30
Total 123 34 3:1 117,75 39025 0,936 0030 = 0,50
1313 127.56 29.4% 0,896 0.30 = 0,50
M69-W59-9  GH, 36 6 3:1 31.50 10,50 2,572 0,10 = 0,20
2 Jund 1963 13:3 34,12 7,88 0,554 0,30 = 0.50
M69-W59-10 GH, 27 8 331 26,25 8,75 0,085 0,70 - 0.80
30 May 1963 13 :3 28,44 6.56 0,389 0,50 = 0,70
ag, 21 33 3:1 11550 38,50 1,060 0630 = 0,50
1 June 1963 1333 12511 28,89 0,718 0,30 = 0050
Total ws M 3:1 11,75 .25 1,103 0,20 = 0,30
13:3 153.57 35.43 1,078 0,20 = 0,30

~69~
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TABLE 10 = contimmed
Rrvironment —Observed ~ Expeoted
rtfx‘nhbl:r date tosted —"""mmr, Ratdo puber X2 P
R S ' R S

M69-W59-11  GH, 29 0
30 May 1962
g.June 1963 = °
Total 50

M69-W59-15 G, 1 b 3:1 11.25 3.75  0.023 0,80 = 0,90
30 May 1962 1313 12.19 2,81 0,632 030 = 0,50
ac,?/ 4 7 311 23.25 775 0,097 0:70 - 0,80
7 June 1964 1333 2519 5,81 0,300 0.50 = 0,70
Total 35 1 331 34.50 11,50 0,030 0,80 = 0,90

13 : 3 37.37 8,63 0,801 030 = 0,50

¥69-W59-38  GH, 19 10 331 21,75 7.25 1,388 0.20 - 0.30
30 May 1962 1333 23.56 5.4l 4,705 0.02 = 0,05
o, 38 15 3:1 39.75 13.25 0,308 0.50 = 0,70
1 June 1963 1333 13,06 9.9 3,171 0,05 - 0,10
Total 57 2% 3:1 61,50 20,50 1,317 0,20 - 0,30

B 13:3 66.62 15,38  7.L406 < 0.01

-0t~
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TAELE 10 - contimed _
“Environment Observed ~ Expected
ml;mi?;r datea:gsted ;m_g_ng;_s_ Ratio ""R‘M"’"é""" X P
M69-W59-40 GH, 30 May 1962 34 0
GH, 24 June 1963 11 ° 0
Total b5 0
M69-W59-52  GH, 3k 3 3:1 27,75 9.25  5.630 0,01 - 0,02
- 30 May 1962 13:3 30,06 6.9 2,753 0,05 = 0,10
GH, 9 3 331 9.00 3.00 0,000 1,00
24 June 1963 13 : 3 9.75 2,25 0,308 0,50 = 0.70
Total ‘ 43 6 331 36,75 12,25 b, 257 0,02 = 0,05
13:3 39.81 9.19 1.363 0,20 ~ 0,30
M69-W59-54  GH, 23 2 381 18.75 6.25 - 3.853 0,02 = 0,05
30 May 1962 13:3 20,31 I, 69 1,899 0,10 = 0,20
GH, 2 7 3:1 23,25 775 00168 0,50 = 0,70
24 June 1963 13:3 25.19 5,81 00207 0,50 = 0,70
ac, | 58 10 3s:1 51,00 17,00 3,781 0,05 = 0,10
7 June 1964 o 13:3 5525 12,75 0.856 0,30 = 0.50
Total 105 19 331 93,00 31,00 6,193 0,0L - 0,02
13:3 100,75 23.25 0,956 0030 = 0,50

~-
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TABLE 10 - conmtinued
Environment “Observed Expected
Line - and number Number 2
mmber date tested Ratio — o X P
R s R S
M69-W59-77 GH, 19 5 3:1 18,00 6,00 0.223 0,50 = 0,70
30 May 1962 1333 19,50 '4,50 0,079 0,70 = 0,80
cH, 19 é 331 18,75 6025 0,031 0.80 = 0,90
24 June 1963 B3:3 20.31 k.69 1,310 0,20 = 0,30
ac, k7 p 1 331 45,75 15.25 0,136 0,70 = 0,80
4 Juns 1964 333 49,50 11,50 0,669 0:30 = 0,50
Total 85 25 331 82,50 27.50 0,303 0,50 = 0,70
' 13:3 89.37 20,63 1,240 0,20 = 0,30

1/ R, resistant; S, susceptible

2/  a@H, greenhouse;

GC, growth cabinot

~aL-
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used, but :'m‘ 1963 and 1964, cotton bags of the kind described by Putt (1954)
were useds

The heads, after ripening, wore cut, wrapped individually in separate
pieces of muslin cloth, and dried, After drying they were threshed
individually and the seeds wore cleaned with a small grain cleansr.

The seed-set was vory satisfactory in 1962, but was poor in 1963 and
not very satisfactory in 196%, In 1963 the plants were sprayed prior to
transplanting with nickel chloride mixed with the fungicide Parzate in an
offort to eradicate incipienmt rust infections. Presumsbly as a result of
this spray, the apical leaves were almost killed and the plamts were stunted.
In 1964, the rust reaction of the seedlings was tested in the growth
cabinets, - Flower buds appeared only 10 to 15 days after the seedlings were
transplanted inmto the £ield and tho flowers opered much earlier than in.
previous years. Presumably the light and temperature conditions in the
growth cabinsts induced the abnormally early flowering.

- |
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EXPERIMENTAL RESULTS

The work which I started in 1961 was meant to bs a study of the
jnheritance of pathogeniecity in four physiologic races of sunflower rust
on the differential varieties Morden 69 and Morden 29, Information on
the genstics of resistance of these two differential varisties to rust
was published by Putt and Sackston (1963) and Sackston (1962),

Tt is a prerequisite for studies of this nature that the
differential varieties should be homozygous, This was assumed to be the

case with the above mertioned varietieso However, in the ecourse of

routine rust work both differential varieties appeared to be hsterozygous,

Tt was therefore necessary to attempt to obtain homozygous lines, For
this purpose, seedlings of the differential varieties were inocculated
with the four physiologic races using the multiple method and their rust
reactions were determined. This work was dons in the spring of 1962
under greenhouse conditions, The resistant seedlings were then trans-
planted to the field for selfing.

The seedlings of the progeny lines produced in 1962 were subsequently
tested in the spring of 1963 under greenhouse corditions, | It was intended
to keep only lines with desirable rust reactions., However, in these tests
some unexpected types of rust reaction were observed. Morden 69 is
supposed to be resistant to races 1 and 2 and susceptible to races 3 and
4, Some seedlings in the selfed progenies showed the expected Morden 69
reactions (Fig. 5), some were susceptible to all four. races (Fig. 6);
some seedlings were found to be resistant to all four races; some were
found to be resistant to races 1, 2 and 3, and susceptible to

race 4 (Fig. 7), some were resistant to races 1, 2 and 4, and susceptible



Fig, 5.

Leaves of Morden 69 derivative seedling

showing resistamt reactions to rust
races 1 and 2 and susceptible reactions

to races 3 and 4,
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Fig. 6. Leaves of Morden 69 derivative seedling
showing susceptible reactions to rust

races 1, 2, 3, and 4,



Fig. 7.

Leaves of Morden 69 derivative seedling

showing resistant reactions to rust
races 1, 2, and 3 and susceptible

reaction to race 4.
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to race 3; and a fow were found to be susceptible to races 1, 2, and &
and resistant to race 3 (Fig. 8,) From these results it was apparent

that the genetics of rust resistance was more complex than reported by

Putt and Sackston (1963) and Sackston (1962).

Seed production of plants selfed in the £ield in 1962,after deter-
mining their seedling rust reactior in the greenhouse ,was satisfactory.
It was therefore possibls to produce 32 lines from the 31 plants whose
seedling reactions had been dstermined in the greenhouse. Data obtained
by testing S, progenies could be incorporated in the amalysis of the Sl
data by the method described by Smith (1937) (see also Mather, pp. 84=86,
1957), to determine if segregating characters showed incomplete manifest-
ation.

Limjtations of time and facilities made it impossible to embark on
a large scale programme for studying genetics of host resistance. It was
therefore necessary to cenfine work on the genstics of rust resistance in
Morden 69 to a limited study of its sslfed progeny. With this objective
seedlings of some selected 5 families were tested in late May and early

.June, 1963, for reaction to the four rust races by the mltiple method and

they were then transplanted to the f£ield for selfing,

The progeny limss produced in 1962 were tested in the winter of 1963-
1964+ under greenhouse conditions. The results were found to be inconsistent.
‘fhe seedlings of a2 mumber of resistant parents gave susceptible reactions,
Since the seedling ;;;ctién of the parent plants was determined in the
greenhouse in late May and June, it was thought that the resistant reactions
observed at that time might be attributed to excessively high temperatures
which might have interfered with normal rust development, To avoid this

difficulty in 196k, seedlings from selected lines started in the greenhouse

e



showing resistant reactions to rust

Ieaves of Morden 69 derivative ssedling

8.

Fig.

race 3 and susceptible reactions to

» 2, and b,

races 1
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were inoculated by the miltiple method in late May and Juns and were then
transferred to controllsd conditions in growth cabinets for rust
reactions to develop, They were then transplanted to the f£ield for solf-

ing,

The progeny lines produced in 1964 were tested in the winter of
19641965, The seedlings were started in the greonhouse; after
inoculation by the mltiple method they were transferred to growth
cabinsts. Due to poor ssad germination the mamber of seedlings tested por
S, line varied from 3 to 20, A total of 110 S, iines derived from S
plants resistent to races 1 and 2 were tested: 59 lines wore uniformly
resistant, and 51 segregated to races 1 and 2, On the basis of the 3 3 1
ratios observed in the S (Table 10), the ratios of resistant to segregat-
ing S, progenies should have been 1 : 2,

Bocause the progeny sizes tested of many of the sz 1lines were too
small to detect segregation even for a single factor hypothesis (Hangon,
1959), it is not legitimate to conclude that there was an excess of
resistant lines and a deficlency of segregating lines.

In those experiments in which mamerous progenies segregated, the
ratio of reosistant to segregating progenles tended to be 1 s 2, The ratilo
of resistant to susceptible plants in the segregating progenies tended to
be 3 :+ 1, In the other experiments the resistant reactions might have
been a phenotypic response to environmentsl conditions, as the control
plants appeared less susceptible than expected. _

Simllar lack of agreement betwegn S; and S, data was observed in
late May and June of 1963. The observed ratios in all S; families were
in good agreement with & 3 : 1 ratio (Table 10). The ratio of resistant

et e
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to susceptible plants observed among the 32 lines derived from the S1 line
M69-W59-54, varied from 3 : 1 through 2 : 1, to almost 1 : 3 (Table 11).
One hundred and forty-six seedlings of the 52 line M69-W59~-11-MC62-
13, derived from the S M69-W59-11, were tested. The observed ratios
showed a good fit to 15 3 1 or 61 3 3 for race 1, and 3 : 1 for race 2
(Table 12), The S, linss and selected S

3 4
of 1964 and in the winter of 1964-1965 respectively., As in the progeny

lines were tested in the spring

tests of the other S:L families, the results were found to be inconsistent,
In some experiments the progeny lines showed normal segregation while in
others the seedlings of all or most lines tested appeared resistant. A
few lines resistant to races 1, 2 and 3, but susceptible to 4, derived
from the S3 and Sn generations, were employed as a supplemental differen-
tial under the code mumber M69-W59-11-MC62-13-rd to test the pathogenicity
of the Fy hybrid rust progenies (Table 7).

Selfed progenies of Morden 69 were inoculated with races 3 and &4 as
well as races 1 and 2, They were expected to be susceptible to races 3
and 4, Some seedlings however gave resistant reactions. The proportion
of such resistant seedlings in any progeny varied from test to test (Table
13). The 82 progenles derived from resistant S, seedlings were tested in
the winter of 1963-1964 in the greenhouse and in 1964-1965 in growth
cabinets, Most of the S, progenies tested in 1963-1964 were completely
susceptible to races 3 and 4, Of the five tested in 1964-1965, two were
susceptible to moderately susceptible; and four segregated (Table 13),

In the S, line M69-W59-11-MC62-13, the observed ratio showed a fair

approximation to 3 : 1 for race 3 and 7 : 9 or 1 : 1 to race 4 (Table 12).



TAELE 11 - SEEDLING REACTIONS TO RACES 1, AND 2 OF S, PROGENIES

DERIVED FROM M69-W59-11 AND M69-W59-54

“Environment Observed Expected
Line and munber Number 2
mmber date tested 1/ 1/ Ratio X P
R= S= R S
§2 lines of M69-W59-11%
M69-159-11- am, 2/
MC62-1 11 May 1963 18 0
-2 " 12 3 3:1 11,25 3,75 0,200 0,50 = 0,70
1333 12,19 2,81 0,016 0,80 = 0,90
CH,
2 June 1963 70 23 331 70,00 23,00 0,000 1,00
“Total 82 26 3 : 1 81,00 27,00 0,049 0,80 = 0,90
133 87.75 20,25 2,010 0,10 = 0,20
=6 GH,
11 May 1963 11 0
GH,
2 June 1963 37 1
Total 48 1
-7 GH,
11 May 1963 113 0
-9 o 13 0
-10 " 16 0
=12 " 1 0

~13 see Table 12




TABLE 11 - continued

" Environment Observed Expected
Line and number 2
number date tested —— Ratio Numbar X P
R S R S
S, _lines of M69-W59-541
ME9=W59m 5 GH,
MC62-125 11 May 1963 17 h
GH, 30 19 331 36.75 12,25 4,959 0,02 = 0,05
5 June 1963
231 32,67 16.33 0,655 0,30 = 0,50
937 27,56 21,4 0.4l 0,30 = 0,50
Total 14 20 3:1 50,25 16.75 0,841 0,30/ = 0,50
=141 GH, 12 2h l1:2 12,00 24,00 0,000 1.00
5 June 1963 1:3 9,00 27.00 1,333 0,20 = 0,30
-142  CcH, 12 5 331 12,75 L,25 0,176 0,50 = 0,70
8 June 1963 13 : 3 13,81 3,19 1,264 0,20 = 0,30
=143 o 7 0
<144 " 9 ”

1/ R, resistant; S, susceptible

2/ GH, greenhouse




SEEDLING REACTIONS TO RACES 1, 2, 3, AND 4 OF 53 PROGENIES

TABLE 12
DERIVED FROM M69-W59-11-M<362=13-1-/
Observed ~ Expected
Race fmer. Ratio Tumber X2 P
2 & R s
Race 1 138 8 15: 1 136,87 9,13 0,149 0,50 = 0,70
6L: 3 139,16 684 0.150 0,50 = 0.70
Race 2 105 L1 331 109.50 36,50 0,740 0,30 = 0,50
13:3 118,62  27.38 8,339 < 0,01
Race 3 108 38 3:1 109,50  36.5 0,185 0,50 = 0,70
13:3 118,62 27,38 50070 0,02 = 0,05
Race b 72 7k 7:9 65.87 82,13 1,840 0,10 = 0,20
1:1 73.00 73,00 026 0,80 = 0,90

1/ Tested in late May 1963 under greenhouse conditions

2/ R, resistant;

S, susceptible

.{B -
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TABLE 13 SEEDLING REACTIONS TO RACES 3, AND 4 OF
Sy AND Sy FROGENIES DERIVED FROM MCORDEN 69
Observed number
Environment and Race 3 Raco 4
Line rumber date tested .| / SE / R 5
Sy liness

M69-W59~- 7 GH,‘%/ 30 May 1962 0 33 Y 33
-8 GH, 30 May 1962 0 38 0 38

GH, 2 June 1963 0 116 13 106

Total 0 154 13 b

-9 GH, 2 June 1963 0 36 1 35

=10 GH, 30 May 1962 0 35 0 35

CH, 1 June 1963 1 153 6 147

Total 1 188 6 182

=11 GH, 30 May 1962 0 22 0 22

GH, 24 June 1963 4 17 b 17

Total 2 31 L 29

=15 GH, 30 May 1962 2 13 2 13

ac,2 7 June 196 2 29 2 29

Total L 41 L L3}

-38 GH, 30 May 1962 1 28 i 25

GH, 1 June 1963 2 51 18 35

Total 3 79 22 60

~40 GH, 30 May 1962 1 33 3 31

GH, 24 Jun3 1963 0 11 2 9

Total 1 Ly 5 40

-52 GH, 30 May 1962 0 37 0 37

GH, 24 June 1963 0 12 0 A2

Total 0 49 0 149
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Obgerved mmber

Environment and Race 3 Race &4
Line mrter date tested
R S R S
S, lires:
ME9-155-5% GH, 3G May 1962 1 2 1 poa)
GH, 2% June 1963 5 26 8 23
GC, 7 Juns 1964 2 66 33 35
Total 8 116 42 82
-77 GH, 30 Moy 1962 1 23 2 22
&E, 24 Jure 1963 2 23 18
GC, &4 June 1964 3 58 4 57
. 3/ Total 6 104 13 o7
§E linegs=
MEC=355-15-2C65-0  GC, 19 Feb 1964 0 13 0 13
H69—§3’59—51+-286€;-12 GC, 25 Feb 1965 0 9 0 9
-41 GC, 5 Mar 1965 2 9 b 7
MEG-H55-77-1T6=50 GC, 6 Mar 1964 2 10 11 1
_6’_; n tr 2 9 7 L
-7 = " 3 9 8 L

i/ &, resistant; S, susceptible
g/ &, greenhcuse; GC, growth cabinet

3/ Progeny from S; plants resistant to races 3 and 4
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The selfed derivatives of Morden 29 were also tested for reaction
to four races, specifically to select lines with desirable rust reactions
for use as differentials., They were generally resistant to races 1 and
3, but their reactions to races 2 and & were very variable, In scme tests
the seedlings of a given progeny line gave the normal susceptible
reactions. In other tests their reactions varied from moderately suscept-
ible to moderately resistant., Some of these lines were employed in testing
the pathogenicity of F; hybrid rusts (Table 6).

The results of experiments with the various progeny lines derived
from Morden 69 were studied in the spring of 1965, The seedling rust
reactions of lines varied from test to test even in controlled environment
cabinsts, Because it appeared difficult or impogsible to obtain useful
information about the genetics of rust resistance of our differential

varietles by this type of testing, the work was discontinued.
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DISCUSSION

Rust reactions in selfed progenies of Morden 69, and also of the
less intensively studied variety Morden 29, varied from experiment to
experiment, As some experiments were conducted in mid-winter and some
in spring, some under greenhouse conditions and some in controlled
environmert cabinets, the inconsistencies in results were atributed to
variations in envirommental conditions from experiment to experiment, or
rossibly to some unidentified seasonal factor.

Temperature sensitivity is well documented in the cereal rusts,
Some varieties of wheat are resistant to specific races of stem rust at
relatively low temperatures, 20°C or lower, but susceptible at high
temperatures, about 30°C (Mohamed, 1960). Tt has also bsen found that
a temperature sensitive variety grown at high temperature prior to
inoculation may be susceptible even though maintained after inoculation
at a lower temperature, at which it would norm2lly give a resistant
reaction (Mohamed, 1960).,

The effect of varying light and temperature regimes on the
reaction of sunflowers to rust was investigated at Macdonald College by
Liang,(1966) She observed very little effect on reaction type of the
universal suscept, S37-388, and of CMIORR (resistant to races 1 and 2,
susceptible to races 3 and 4) maintained at 150, 200, 25°, and 29°C
after inoculation with races 1 and 3« She also found very little effect
of light intensities of 500, 1200, 2000, and 2800 foot candles

respectively on rust reaction,
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Liang's results, and the variation in rust reacticn types from one
experiment to another in my work, even when the plants were grown in
controlled environment cabinsts after inceulation, indicate that some
factbr other than envirommental differences after inoculation was
respensible for the variability in my materisl. There is & possibility
that great variations in light intensity from time to time in the gheone
houses vhere the plants were grown prior to imoculation might have
affected their responses., This has not been investigated,

The reported effect of high temperature on the rust reaction of
temperature sensitive wheat varisties is to overcome the resistance
observed }at lower temperatures (Mohamed, 1960). The devistion from
expected behaviour in my material is the occurrence of resistant
reactions in seedlings I bad expected to be susceptible., Tt is possible
that short exposures to temperatures or light intensities which do not
prevent rust development on most sunflower seedlings, may have such an
inhibitory effect on certain host genotypeé. There is no experimental
evidence to support this hypothesis,

Putt and Sackston (1963) apparently did not encounter as mmch
variability in reaction of the differential varieties as I obsexved.
Their inoculations were made by the routine method, so they ney have
missed some of the aberrant reactions which could be recognized only by
using the multiple method of inoculation,

- They did, however, report variations in segregation ratios in two
experiments, with Cross 67 and Cross 69 (lines deriving rust resistance
from the same source as the line T designate Morden 69), An excess of
susceptible seedlings in Cross 69 in one test was balanced by an excess
of resistant individuals in another, giving totels which showed a good
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fit to a 3 ; 1 ratio. An excess of susceptible seedlings of Cross 67 in
one experiment gave totals with a poor £it to 3 : 1. My re-analysis of
their data for Cross 67 gave a good f£it 40 2 ¢ 1 (x2 = 1,339, P = 0,20
to 0.30).

The ratios of seedlings resistant or susceptible to races 1 and 2
in selfed progenies of Morden 69 in ny experiments in most cases showed
good fit to both 3 ¢ 1 and 13 3 3, but some fitted only oms or the other
ratlo. The progeny sizes were too small to make a critical distinction

between the two ratics in the S The results in 82 progenies were too

10
erratic 1o permit distinction between the two ratios, It is therefore
impossible to conclude from my data whether resistance to thess two

races 1s governed by two non-alleldc genes, one of which is epistatic to
the other, or bty a single dominant gens. ,

Morden 69 should be uniformly susceptible to races 3 and 4,
Seedlings resistant to races 3 and & were cbserved in populations tested
by the mltiple method prior to transplanting and selfing in the field,
Selfed progenies from these resistant plants were susceptible when tested
in 1965 (Table 13). This reversion from resistance to susceptibility may
be explained by incomplete penetrance of a gene governing susceptibility,
This might be explained also if rust reactions were governed by an inter-
action between chromosomal and nonchromosomel factors, This might also
explain the variability of ratios observed for reaction to races 1 and 2
by Putt and Sackston as well as by nme,

Putt and Sackébon (1963) concluded that resistance to races 1 and
2 in lines related to my Morden €9, was centrolled by a single dominant
factor. The Fp progeny sizes they tested were too small to diseriminate

between the ratios 3 : 1 and 13 : 3, (requiring 800 to 900 seedlings per:
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family), 3 : 1 and 9 : 7 (95 seedlings), end 3 3 1 and 15 : 1 (50 seed-
lings), (Mather, 1957; Hanson, 1959). In addition, they used the X2
test for goodness-of-fit between observed and expected ratiocs. This test
is not appropriste when the smallest expected class contains less than
five individuals, vhich was the case in many of their F, femiliest/ (Smith
1954, p.624, Srb et al. 1965, p.57). In my experiments (Tables 10 and 1)
the rumbor of progeny in a fow tests was inadequate for a valid Xz and
these date should perhaps be ignored. However, in the majority of cases
the population size was adequate.

It is unfortunate that the difficulty of obtaining good seed sets

in crossing and selfing experiments with sunflowers severely restricted

the mumber of seedlings per family which they could test. My selfing
studies were limited by the same difficulty. Because most of their
genstic studies were secondary to the cbjective of producing rust
resistant sunflower varieties, Putt and Sackston (1963) did not test
enough I-‘3 progenies from susceptible F, plants to permit concluding
whother susceptibility was conditioned by & single homozygous recessive
gene, or if it was comtrolled by two non-allelic genes, one epistatic
to the other,

In most of my studies I utilized CMYORR, deriving its rust resist-
ance from the same source as Morden 69, instead of Morden 69 because seed
supplies were much larger. The data are not conclusive, but suggest
that resistance in CMSCRR to races 1, 2, and 3 may be cohtrolled by one
dominant gene, and thst susceptibility to race 3 is controlled by 2

dominant gene epistatic to the one for resistance,

~.J=/ Family size was calculated from their Table 2 by dividing number of
seedlings by the rmumber of progenies in each case.

- i
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Selfing studies with race 3 indicated that it was heterozygous, and
that virulence on GOCER was dominant.

Selfed progenies of race 3 segregated for virulence on seedlings of
CM9(RR, which were uniformly resistant to races 1 and 2 and susceptible
%o parent race 3, Similar solfing studies with races 1 and 2 indiceted
that they were both heterozygous, and that the virulence of both on
CMOCRR was recessive, Selfed progenies of races 1 and 2 segrogated for
virulence on seedlings of CMO(RR which were uniformly resistamt to parent
races 1 and 2, and susecptible to race 3,

If the gene for gene hypothesis holds for sunflowers and sunflower
rust, a dominant gene for virulence in race 3 should be related to a
dominant gems for susceptibility in CMHCRR., Similarly, recessive genss
for virulence in races 1 and 2 should be related to a receésive gene for
susceptibility in the host.

Occasional seedlings in populations of CMICRR were observed to be
resistant to race 3, as well as to races 1 and 2, One explanation of
their occurrence, which cannot be ruled ocut completely, is that accidental
outerossing introduced resistance to race 3, This seems to have been the
case in the S, proge~y of Morden €9 which gave a good fit to 2 15 : 1
ratio for reaction to race 1, and 3 : 1 to races 2 and 3 respectively
(Table 12), The behaviour of the Sy line from which it came, and of lits
53 and Sy, derivatives, indicated that it also possessed the factor for
resistance of Morden 29, Another explanation is that the pogtulated
dominant epistatic gene governing suseceptibility to race 3 was not homo-
gygous in the population., Occasional plants might be expected which are
homozygous recessive for the epistatic gene, permitting expression of the
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hypostatic gens corntrolling resistance to all three races,

It must bo emphasized at this point that there is no evidence in
the publications of Putt and Sackston for the occurrence in their
material of a single gene conditioning resistance to raess 1, 2, and 3.
However, neither do they record the occurrence of seedlings resistant to
race 3 in populations of Morden 69 or GMIORR.

Crosses among races 1, 2, and 3 showed apparent maternal imherit-
ance of virulence on a few seedlings of CMOORR., On the assumption of a
complementary relationship between pathogen genes and host genes, this
indicates that rust reaction may be comtrolled by an interaction of
chromosomal and extrachromosomal factors. Such an interaction would
provide an additional explanation £or the occurrence of occasional seed-
lings with unexpected reactions, such as Morden 69 or CMOCRR resistant to
race 3,

Lines of Morden 29,selfed for use as differentials,appeared homo-
zygous for resistance to races 1 and 3, but heterozygous for susceptibility
to races 2 and 4, The Fy hybrids of most reciprocal crosses between rust
races behaved like the maternal parent (Table 6). On the assumption of
a complementary relationship between host and pathogen genes this might
indicate that rust reaction in the host is governed by nonchromosomal
factors. Proof of maternsl inheritance in the rust would reguire repeated
backerossing to the male parent. This &t was impossible for me to do
because of difficulties in inducing teliospcre germination. Proof of non-
chromosomal inheritance in the host would require crossing studies outside
the possibilities of this investigation.



Putt and Sackston (1963) reported that rust reaction in "source
88%, the source of resistance in Mordem 29, was governed by a single
dominant factor conforring resistance to races 1 and 3. Susceptibility
to races 2 and % was reported to be recessive (Putt and Sackston 1963,
Sackston 1962).

The discrepancy between their conclusions and mine might be
explained if the reaction of this varlety to races 1 and 3 was governed
by the interaction of & dominant nuclear gene and cytoplasmie factors.
¥y starting material may have besn heterozygous for the dominant muclear
gene, and I may inadvertently have selected for selfing plants with the
recessive allele of the resistance gens, with resistance governed only by
cytoplasmic factors.

Seed is still available of many of the lines of Morden 29 produced
by selfing at Macdonald College., If the Fy hybrid rust cultures which
behaved like the maternal parent in reciprocal crosses, should resemble
only one of the parents on these untested host lines, it would indieate
Mendelian inheritance of virulence in the rust. It would therefore
presumably also indicate that rust veaction in the host is governed by
naclear genss, This would substantiate my suggestion that both muclear
and cytoplasmic factors govern rust reaction in this varlety, and my
explanation of the discrepancy between my results and those of Putt and
Sackston,

Hoes and Putt (1962) reported the identification of 9 races of rust
based on the reactions of 14 sunflower lines, Their tests were made in

February and April, with different reactions on the two dates. These

workers also appear to have encountered the extreme variability of rust
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reaction which has so complicated my work., Wheother their differences
can be asttribated to seasonal variations in environment, or any of the

other explanations I have proposed, has not been determinasd,




PART ITI

CRITICAL EVALUATION OF GENETIC STUDIES OF

PATHOGENICITY IN RUST FUNGI AND OF RESISTANCE

TN THEIR HOSTS

INTRCDUCT ION

Flor (1942, 1946, 1947, 1955, 1956, 1959), working with flax and
flax rust, conducted extensive studies on the genetics of host-pathogen
interactions and postulated a gene-for-gene relationship in the flax-
flax rust system, Later Person (1959) by a theoretical model showed
that the relatipnship postulated by Flor should occur as a general rule
in host-parasite systems. This stimilated the pursuit of similar
studies in other host-parasite systems, and a large number of such
studies have now been reported., Howsver, an examination of the data on
gonetics of host-parasite relationships in rust fungi reveals that some
of the studies, including those of Flor, are inadequate with respect to
both the genetic tests carried out and the interpretation cf the data

presented. This paper presents a critical evaluation of these studles.
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GENETIC STUDIES OF PATHOGENICIIY IN FLAX RUST
(MEZLAMPSCRA LINI) AND OF RESISTANCE
I FLAX (LINOM USTTATISSIMM)

Flor®s studies on g

Selfing studies

Working with races 1, 6, 22 and 2% of M. lini, Flor (1542, iok6,
1960a) determined that pathogenicity was homozygous and proceeded to
make crosses between races and studied inheritance in the Fy and Fp
progeny. His investigations ranged from inheritance of pathogenicity
(1946, 1955, 1956, 1959) and induced mutation rates (1958, 1960b) to
somatic mutation (1960a, 1964). The mumber of Sy progeny Flor used in
these studies is shown below, condensed from his data (Flor 1946, 1960a).

Races
1l é 22 2
Noe NOa NOo oe
1946 - 9 9 5
1960 26 - i3 -
Total 26 9 13 15

The mmbef of progeny tested by Flor is too small to detect
segregation with certainty even for a single factor (Mather, 1957;
Hanson, 1959). This being the case Flo.r's justification in claiming
races to be homozygous seems doubtful, If the 26 Sy cultures from race
1 were obtained in a single experiment they would be sufficient, but
Flor does not say if this is so., Flor obtained a total of 13 cultures
from race 22 in two experiments and claimed homozygosity of the race,
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These 13 cultures are not enough to detect a single factor segregation,

bLs the cultures were obtaired in two experiments, the gametic

populations in each of the experiments were inadequate. The different

kinds of gametes in the popmlation could be disproportionate_ly

represented becavse of sampling errors. The results thus obtained

could be spurious and could reswlt in a misleading conclusion,
Hybridization studies

Using crosses between races 22 x 24, 6 x 22 »(Hybrid 4), and
6 x 22 (Hybrid D) Flor (1546, 1955, 1959) postulated a 3 : 1 sogregation
of pathogenicity on a mmber of differential varieties. My recalcula-
tions of Flor®s data confirm the 3:1 ratio in some cases. In some of
the differential varieties, however, the data fit a 13:3 ratio as well,
or in some cases better, than a 3:1 ratio, These selected data are
given in Tables 14, 15, and 16,

The F, progeny from the cross race 22 x race 2% which was tesbed.
on Akmolinsk, Abyssinian and Ieona showed pathogenicity to be inherited
as a unit, By Flor's analysis (1946, 1959) segregation in these
varieties gave a poor fit to & 3:1 ratio., My calculation shows a good
fit to a 13:3 ratio (Table 1%4) suggesting that pathogenicity may be
governed by two dominant non-allelic genes with the avirulent gene
epistatic to the virulent gene,

On Williston Goldsn ard Williston Brown the parent races of the
cross race 22 x race 24 were virulemt, In the F, progeny, 17 of the
133 cultures were avirulent, The observed ratio in Flor's analysis
showed a poor fit to both a 3:1 and a 1531 ratio, My re-analysis of

the data shows that the observed ratio is in good agreement with a 13:3

\’f\




TABLE 14, PATHOGENICITY OF F, CULTURES OF RACE 22 X RACE 24
ON SOME FLAX DIFFERENTIAL VARIETIES. RECALCULATION OF
___HoH., FIOR'S DATA (FLOR, 1S46)

No. of F2
iy R
lont  lont .
Williston Golden ) 116 17 F.,yB s 1 10,59 <. 0,01
Williston Brown ; F,1581 9.69 < 0,01
13 :3 3611 0,05 - 0,10
Akmolinsk )
Abyssinian ; 23 110 F, 1313 1421 0,02 = 0.05
Leona 3 | 3313 0,19 0,50 = 0,70
Ottawa 7708 32 101 F, 183 0,06 0.70 - 0.80
3:13 246 0,10 - 0,20
~ Bombay 280 105 F, 133 107 0.30 = 0.50
3113 046 0,30 - 0,50
Bollsy Golden 6 127 F, 1:15 0.69 0.30 = 0.50
| 3:61 0,02 0.80 - 0,90
Ttalia Roma 9 1% F, 1:15 0,06 0,70 - 0,80
19 1k 1:3 8 £_ 0,01
1:15 W66 <L 0,00
3:13 174 0,10 - 0.20
Morye 3 130 F, 1363 041 0,50 -~ 0,70
10 123 1:15 0,365 0.50 = 0,70
3361 239 0,10 - 0,20
1: 63 30.68 < 0,01

1/ Ratios marked "F" were calculated by Flor, All cther ratios were
recalculated from dsta in Flor's Tables 1 and 2,
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TABIE 15. PATHOGENICITY OF F2 CULTURES OF PACE 6 X RACE 22
(HYBRID A) ON SOME FLAX DIFFERENTIAL VARIETIES.
RECALCULATION OF H.,H, FIOR'S DATA (FLOR, 1946),
No. ﬁz B
__cultures Theoretical 2
Varisty Viru- Avirue ratio X P
leont lemnt
3
Pale Blue Crimped 15 59 > 133 0,88 0.30 = 0,50
3 H 13 0011 Oe?o - 0080
Kerwa 15 59 F, 1l: 3 0,88 0030 = 0,50
3 3 13 011 0,70 = 0080
Abyssinian 17 57 F, 133 0,16 0.50 = 0,70
3 2 13 0087 0030 - 0050
Ieona 17 57 F, 1:3 0016 0.50 = 0,70
v 3 ¢ 13 0487 0030 - 0.50
Ottawa 770B 10 64 F, 1:3 5,21 0.02 = 0.05
3313 L33 0,20 - 0.30
Newland 17 57 Fo 1:3 0.16 0,50 = 0,70
3:13 0.87 . 0,30 = 0,50
Ttalia Roma 18 56 F, 1:3 0,02 0,80 = 0,90
3:13 1.51 0:20 = 0,30

1/ Ratios marked "F" were calculsted by Flor, ALl other ratios were
recalculated from deta in Flor®s Table 4,

™
}
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TABLE 16, PATHOGENICITY OF F, CULTURES OF RACE 6 X RACE 22
(HYBRID D) ON SOME FLAX DIFFERENTTAL ~VARIETIES,
RECALCULATION OF " H.H. FIOR'S DATA (FIOR, 1955).

NOe of Fz
cultures Theorctical 2
Variety Viru- Aviru- - vratio X P
lont lent
1
Ottawa 770B v 60 F?/ 133 7.56 < 0,01

Fo 158215 2,02 0,10 = 0,20

3:13 3,03 0,05 ~ 0,01

Dakota 15 52 F, 1:3 0.2% 0,50 = 0,70
33213 0058 0,30 - 0,50

Abyssinian, Koto, leona)
Ward, Wells ) W 53 F, 1:3 0,60 0,30 = 0.50

3313 0,20 0,50 = 0.70

Bowman, Clay, Grant, )
Mimnesota sel, ) 17 50 F,

£ 3 0,01 0,90 = 0,95
H 13 1092 0.10 - 0.20
Polk 17 50 F, 133 0,01 0,90 = 0,95
Birio 17 50 F. H 3 0,01 0.90 - 0095
£ 13 1,92 0,10 = 0,20

Towner 16 51 F, 1:3 0.0% 0,80 - 0,90

1
3
1
33113 1.92 0,10 = 0,20
1l
3
1
3:13 1.16 0,20 - 0.30

Argentine sel., Cortland,)
Lino 6899 M,A. ) 15 52 PF, 1:3 0.2 Qo50 - 0,70

3 H 13 0058 0.30 - 0050

1/ Ratlos marked "F" were calculated by Flor. All other ratios were
recalculated from data in Flor®s Table 1,

)i
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ratio suggesting that pathogenicity on Williston Golden and Williston
Brown may be governed by two dominant genes, with the virulence gens
epistatic to the avirulence gene.

Flor (1946, 1955, 1959) studied the inheritance of pathogenicity
on Ottawa 770B in crosses of race 22 x race 24, race 6 x race 22
(Hybrid 4), and race 6 x race 22 (Hybrid D). By Flor®s analysis, the
observed Fp ratio in the cross race 22 x race 24 showed good fit to a
331 ratic but those in the other two crosses a poor £it to the same
ratio, In the cross race 6 x race 22 (Hybrid D) the observed ratio
approached 15:1. A re-analysis of Flor's data shows that the observed
ratios in all three crosses are in good agreement with a 13:3 ratio
(Tables 14, 15, 16) suggesting that pathogenicity in Cttawa 770B may be
governed by two non-allelic dominant genes with the evirulence gene
epilstatic to the virulence gene,

Flor (1546, 1959) postulated that pathogenicity on Italia Roma

and Morye is governsd by two and three gemes respectively., An exam-
inaticn of Flor’s data reveals that his classification of the F,

progeny on these two varieties was inconsistent. Flor (1942, 1946, 19h7,
1954) in 211 his studies considered moderately virulent cultures as
virulent and moderately susceptible plants as susceptible and he himself
stated that “a difference between an immne and a resistant or between

a moderately susceptible and a susceptible host reaction is considered
insuffieient to differentiate races" (1946, p.341). However, in class-
ifying the Fp progeny in the cross race 22 x race 24 he placed the
moderately virulent cultures on Italia Roma and Morye in the avirulent

group and those on Buda in the virulemt group (compare Flor's table 1

and 2, 1946), The reason seems to be that if the moderately virulent
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cultures on Italia Roma are placed in the virulent group, the observed
ratio fits neither a 3:1 nor a 15:1 ratio (my calculations show that it
fits a 13:3 ratio) and the situation would be like that on Williston
Golden and Williston Brown where Flor was unable to find an expected ratio,

With Morye, if the moderately virulent cultures are placed in the virulent

would be contrary to his a priori expectation that rust reaction in Morye

O

is controlled by three genes.

Flor's studies on genetics of rust resistance in flax

In evaluating Flor's data on the gensties of rust resistance in flax
a few selected examples will be described where Flor's interpretation
appears to be inadequate.

Complementary genes

In the cross Viectory C x Bombay, Flor analyzing the observed ratio
for the four test races (races 4, U1, 148 and 227) combined for a 9:3:3:1
ratio obtained a highly significant X2 but drew no conclusion (Flor, 1951).
From the high Xz value in Flor's analysis I suspected that either the
segregation ratio was disturbed or the genes controlling the reactions to
races 148 and 41 were linked. In this case the appropriate test for link-
age 1ls to calculate Xz. setting out the data in a 2 x 2 table (Mather,

1957) as follows:

Race 148
R S Total
R 56 L2 98
Race 41-
s 16 14 30
Total 72 56 128

The X.z value obtained in this way (0.025 for 1 d.f.) is very small

suggesting that the genes comtrolling reactions to races 148 and

41 are inherited independently. I then analyzed Flor's data to

-
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determine the expected ratios for individual races, The observed ratio
for race 148 in my analysis showed a pemhet fit to a 937 ratio but pcor
fit to a 3:1 ratio (Table 17). The population size was sufficient to
differentiate between a 937 and a 3:1 ratio (Mather, 1957) and these
figures suggest that resistance in Bombay to race 148 is governed by a
palr of complementary genss,

The observed ratio for race 41 shows a good f£it to a 331 ratio.
Assuming a 9:7 ratio for race 148 and a 3:1 ratio for race 41, the
observed ratio for races 4 and 227 (the reactions to these two were
inberited as a unit) fits well to a 57:7 ratio suggesting that resist-
ance in the cross Victory C x Bombay to races 4 and 227 is governed by
three dominant genes of which two are complementary. Assuming a 937
ratio for race 148, a 3:1 for race 41 and a 5737 ratio for races & and
227, the expected ratio for all test races combined would be 27321:9:7
and the observed data for all test races combined agree with this |
hypothesis (Table 17).

Flor studied the inheritance of resistance in the cross Rio x
Bombay to races 16, 41, and 19 (Flor, 1947). Analyzing the observed
ratios for all these races combined he obteined an expected ratio of
bh:16:3:120 but the x‘2 was highly significant (Table 17), From this he
did not draw any conclusion except to say that in the cross Rio x
Bombay, in whick four rust-conditioning genes are involved, an
unsufficlent number of plants was studied for a significant statistical
test and that the deviation of the observed from the theoretical ratio
suggests the Bombay factor for immmity to race 19 to bs linked with

one of the three Rio factors for immunity or resistance to race 16

(Flor, 1947).
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FLAX TO TEST RACES OF RUST.

REACTIONS OF Fp PROGENIES OF DIFFERENTTAL VARIETIES OF

RECALCULATION

OF H.H. FIOR'S DATA FOR SEVERAL SELECTED CROSSES

" Parental
Reactions

F, progeny reactions

"
X P

Victory C x Bombay (Flor, 1951, p.529)

Vi. Bo.
Races & and 227 R B R R R s
Race 148 S R R S8 R S
Raco 41 R s R _R S S
Observed — 56 L2 16 1%
Bxpected
#9:333:1 72 2+ 2 8
271213917 b2 18 W
Races 4 and 227 R S
Observed 14 14
Expected
15:1 120 8
5737 ns 1
Race 148
Observed 72 56
Expected
3:1 96 32
9:7 72 56
Race 41
Observed 98 30
Expeeted
3:1 96 32

H.222 £ 0,01
0,296 0,95 = 0.98

4.300 0'02 - 0005
0.000 1,00

24,000 £ 0,01

0,000 1.00

04267 0450 = 0,70

T

ih

e e e
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TABLE 17 - continued

Parental
Reactions F, progeny reactions X P

Rio x Bombay (Flor, 1947, P25%)

Ri.Bo.
Race 16 Iz I I T I s
Race 41 I s I I RtosS- S S
Race 19 S I I S I I s
Observed 101 77 n 3 0
m;?zﬁggmlzo B2 k8 9 3 0 25,165 < 0.01
135:105359:7 101,00 78,75 6,75 50,25 O k4,966 0,10 = 0,20
@ Race 4 I, R to s
S-
Observed 8 3
E?af? o 189 3 0,000 1,00
249:7 186,75 5.25 1.23F 0,20 - 0,30
Race 19 I S
Observed 115 77
E;ﬁmd p1121 48 23.361 L 0.01
937 108 84 1,037 0,30 = 0,50
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TAELE 17 = contimued
Parental 2
Reactions F, progeny reactions X P
Toalia Roma x Bombay (Flor, 1947, p.254)
It.Bo.
Race 6 Iz I I I RteS- S
Raco 24 IS RtoIl I S S-toS S
Race 105 S I I S I S S
Observed 28 12 1 6 1
Expected
Fo45:12:323:1 39 9 2 2 1 10,558 0,02 - 0.05
Fe11:3:1:1:0 33 9 3 3 0 6,226 0,10 = 0,20
( Race 105 I s
Observed 29 19
Brpected
3s1 36 12 5.444 0,01 - 0,02
987 27 21 0,338 0.50 = 0,70

1/  Ratios marked "F were calculated by Flor, All other ratios were

recalculated from date in Flor®s tables.
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Flor did not present any expected ratios for the individual races.
I calculated these from his data and found the observed ratio for race 19
fits well to a 937 ratio but shows a poor fit to a 3:1 ratio with a
population size sufficient to differentiate between a 9:7 and a 3:1 ratio
(Table 17). This suggests that resistance in Bombay to race 19 is
goverred by a pair of complementary genes,
For race 41, I cannot imagine any expected ratio which can be
combined with the 9:7 ratio for race 19 which will agree with Flor's data
fof both races combined. An explanation may be that the reaction to race
41 of the plants in the third group (ses Table 17) varied from resistant
to moderately susceptible making it difficult to classify them as
Presistant® or “susceptible"’. However, if they are placed in the
resistant group the observed ratio for this race fits a 249:7 which can
be combined with a 9:7 ratio for race 19 to yleld a 135:105:9:7 ratio
for both races which agrees with Flor's combined data (Table 17). i
In the cress Ttalia Roma x Bombay Flor (1947) analyzed the
observed ratio for all test races combined for two expected ratios,
namely for a 45:12:33:3:1 (three factors) and a 11:3:1:1:0 (two factors)
ratio. The observed ratio gave a poor f£it to the former but a
satisfactory fit to the latter (Table 17). Therefore, he considered the
mumber of Fp plants insufficient for a statistically significant
analysis and drew no conclusion from them.
Flor tested the Fp plants of this cross against three races 6,
24 and 105 but did not present any expected ratios for individual races.
I have calculated the expected ratio only for race 105 because the
reactlion to this is the only one which is clear, According to my calcu-
lation the observed ratio for race 105 shows a poor fit to a 3:1 ratio
but £its a 9:7 ratio (Table 17).
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According to Haneon (1959) 50 F, plants are required to test a
3:1 ratio when a 1333 ratié can be ruled out. Flor tested 48 plants
from this cross. Since there were too many sﬁscept.tble plants to fit
even a 3:1 ratioc, a 13:3 ratio msed not be considered.

Of the 48 plants tested 19 were susceptible. These date fit well
to a 9:7 ratio (X5, 0.338; P, 0,50 to 0,70) making it reasonable to
conclude that resistance in Bombay to race 105 is governed by a pair of
complementary genes.

T have described Flor's data from three erosses involving Bombay
as resistant parent with three different susceptible paremts. The
results of all three crosses suggest that complementary genes are
involved in controlling resistance in Bombay to some M. 1ini races.

Flor )describing the results of the cross Victory C x Bombay’ stated that
"in the Vietory C x Bombay progeny there were too many plants susceptible
to race 148, the race attacking the Newland gene, This departure from
the theoretical ratio has occasionally been encountered in hybrids of
varieties having rust-conditioning genes in the Bombey linkage

group « o o of (Flor, 1951, p.528), This statement gives added support
to the hypothesis that resistance in Bombay to some races 1s determined
by complementary genes because with the suggested 9:7 ratio more
susceptible plar;ts would be expected than with a 3:1 ratilo.

Epistasis

Flor's analysis of the Fy data for all test races, from the cross
Victory D x Bison for a 9:3:3:1 ratio showed a significant X% value (Flor,
1951). f‘rom the results of this cross and from those of the crosses

involving Victory D with Ottawa 770B, Newland and Bombay Flor concluded
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that resistance in Vietory D is controlled by two dominant genss, How=-
ever, my calculation of Flor®’s data (Table 18) from the cross Victory D
x Bison shows that resistance in Victory D may be controlled by three
dominant genes, two of which are epistatic to a third, as showm in
Fig. 9 based on three agsumptionss

(1) The resistance to race 210 is controlled by three dominant
genes A, B and C; with A and B for resistance epistatic to C for
susceptibility,

(2) The resistance to race 227 is controlled by two dominant
genes A and C; wlth A for resistance epistatic to C for susceptibility.

Gene B is considered to play no role in controlling the reaction to this
race,

(3) The resistance to race 52 is controlled by a single dominant
gene B, Genes A and C are considered to play no role in controlling
reaction to this race, fx

According to Flor's hypothesis, the expected ratios for the test
races 210, 227 and 52 should be 15:1, 3:1 and 3:1 respectively, In my
analysis the observed ratio for race 227 fails to f£it a 331 ratio but
fits 13:3, with a population of 176 (Table 18), This suggests that A
resistance in this case is determined by two dominamt genes, one ’
controlling resistance being epistatic to another controlling '
susceptibility,

The observed ratio for race 210 fits both a 15:1 (according to
Flor's expectation) and a 6133 (my own analysis). Assuming a 13:3 ratio
for race 227 the expected ratio for race 210 should be 61:3 which would ‘3
suggest resistance in Victory D to race 210 to be governed by three |
dominant genes, wibk two of which are epistatic to a third.



o~ TABLE 18, REACTICNS OF F, PROGENIES OF DIFFERENTTAL VARIETIES OF
~ FLAX TO TEST RACES OF RUST. RECALCULATION OF
 H.H, FLOR’S DATA FCOR SEVERAL SELFCIED CROSSES
Pavental 2
Reactions ¥, progeny reactions X 4
Victory D x Bison (Flor, 1951, 292302
Vi. Bi.
Race 210 R S R R R S
Race 227 R S R S R S
Race 52 R_S R R s s
Observed 115 20 34 7
Expected
F%/933:3:1 99 33 33 11 9,191 0,02 « 0,05
(s 39:9:13:3 107 25 36 8 1.8% 0,50 - 0,70
\' Race 210 R S
Observed 169
Expected
15:1 165 11 1,555 0,20 = 0,30
6153 168 8 00131 0,70 - 0.80
Race 227
Cbserved 9 27
Erxpected
3:1 132 by 8,757 < 0,01
1313 3 33 1.343 0,20 - 0,30
Race 52
Observed 135 41
Expected
. 311 B2 W 0.273  0.50 - 0,70
13:3 3 33 2,388 0,10 = 0,20
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TAELE 18 - contimmed
Parental 2
Reactions Fz progeny ryeactions X P
Victory B x Bombay (moz;,- 1951, p.529)
Vi. Bo.
Race 1 R R R R R S
Race 73 R S R S S S
Race 41 R_S R R 5 s
Obsexrved 165 26 12 0
Expected
F,12:3:1:0 152 38 13 0 4,978 0,05 - 0,10
52:9:3 165 28,5 9.5 O 0.877 0,50 - 0,70
( ) Race 73 R S
Observed 165 38
E;lgcted 152 51 426 0,02 - 0,05
13:3 165 38 0.000 1.00
Race 41
Observed 191 12
m:fé’f:ft e 190 13 0,088 0,70 = 0,80
6113 193 10 0,421 0,50 = 0,70

()

s



TABIE 18 - continued
Parertal 2
Reactions F2 progeny reactions X P
Leona x Ottawa 770B {Flor, 1947, p.247)
1e. Ot
Race 24 R I I R I S
Race 68 R S R R S S
Race 52 S I I S I S
Observed 13 38 27 6
m%?gg:gsl 104 34 3k 12 5,487 0,10 = 0,20
(} 392131933 nz 37 26 9 1,074 0,70 - 0.80
Race 24 IR S
Observed 178 6
ml?::‘ed | 72,5 11.5 2,805 0,05 = 0,10
61:3 175 9 1,051 0,30 = 0.50
Race 68
Observed 51 33
i 138 U6 4,889 0,02 - 0.05
13:3 9.5 3.5 0,080 0,70 = 0,80
Racs 52
Observed o 44
Expected
C} 3:1 138 46 0.116 0,70 - 0.80
13:3 49,5 34,5 3.220 0,05 - 0,10
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TABLE 18 - conmtimued
Parental 2 \
Reactlons ¥, progeny reactions X P i
LoPoBo Puo '
Race 2 I I I I I S ?
Race 41 I s I I s s I
Race 19 S I I S I S |
Obgerved . 114 48 30 0
Expected
F,2:131:0 96 k8 k8 0 10,125 < 0.01
9142330 108 48 36 0 1.231 0,50 - 0,70
(» ) Race 41 I S
Cbserved 162 30
Expected _
311 Wy 48 9,000 £ 0,01
13:3 156 36 1.231 0,20 = 0.30
Race 19
Observed L b8
Expected |
3:1 Wl 48 0,000 1.00
13:3 156 36 8,923 0,02 - 0,05

O
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TABLE 18 - continued

Parental 2
Reactions F2 progeny reactlons X P
Kenya x Ottawa 770B (Flor, 1947, p.247)
Keo Oto
Race 7 R I I I I S
Race 68 R S R R S s
Racs 79 S I I S I S
Observed 35 13 16 0
Expected
F,2:1:1:0 32 16 16 0.8 0,50 = 0.70
933:430 32 12 16 0,111 0,90 = 0,95
Race 68 R S
Observed 48 16
Expected
321 48 16 0,000 m 1,00
Race 79 I S
Observed 51 »:L‘B
Expected
3s1 h8 16 0,751 0.30 - 0.50
13:3 52 12 0,102 0,70 - 0.80
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TABIE 18 - continued

Parental 2
Roactions F, progeny reactions X P
Victory A x Newland SI-'lor, 192}, 302582
Vi. New.
Race & R R R R R S
Race 227 S R R S R S
Race 148 R S R R S S
Observed 66 29 33 0
Expected :
. F,2:1:1:0 (2 32 32 0 0375 0,80 - 0,90
(‘ | 9:334:0 72 25 32 0 1573 0,30 = 0.50
Race 227 R S
Observed 99 29
Expected
331 96 32 0,375 0,50 = 0.70
1313 108 2 1281 0.20 - 0,30
Race 41
Observed 95 33
Btg:ihed 96 32 ' 0.041 0,80 = 0.90

&
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< TAELE 18 - contimued
Parental 2
Reactions F2 progeny reactions X P
Williston Brown x Newland (Flor, 1947, p.250)
WeBo Neo
Rece 7 R I I I . R S
Race 47 R S R S S
-Race 16 S I I I S S
Observed 83 38 38 0
Expscted
F,2:1:130 79 4o 4o 0 0,308 0,80 = 0,50
9233450 89 ) 30 0 2,637 0.20 = 0.30
Race 47 R S
(' b Observed 121 38
qux)icted 119 ko 0,134 0,70 - 0.80
13:3 129 30 2,629 0,10 - 0,20
Race 16 I S
Observed 121 38
Expected
351 119 ko 0.13% G.70 - 0,80
13:3 129 30 2,629 0,10 - 0,20

1/ Ratios marked "F® were calculated by Flor. All other ratios were

rectleulated from data in Flor's tables.

e
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Race 210
(61:3)

Race 227
(13:3)

Race 52
(3:1)_

Expected ratio
for all test
races combined
Race 210
Race 227
Race 52
{bserved mumber

Expocted number

Xz value, 1.834;

Fig. 9.

calculated from Flor's data for reactions of pirogeny
of cross Victory D x Bison to flax rust races 210,

A_
B

Ca

\

39

R
R
R

115
107

/

A=~
B

cc

R

R

227, and 52,

A= aa A~
bb B- bb
C= C- ce
9 9 3
R R R
R S R
i
)
9 13
R R
S R
R s
20 34
25 36

P(3 defe)y 0650 = 0.70.
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Scheme showing genotypes which would fit ratios
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The observed ratio for race 52 showed a better fit to a 3:1 ratlo

than to a 13:3 ratio, Assuming a 3:1 ratio for race 52, a 1333 ratio
for race 227 and a 61:3 for race 210, the expected ratio for all races
combined would be 39:9:13:3 which is in agreement with the data (Table
18).

In the cross Victory B x Bombay the observed ratio was analyzed
bj Flor for a 12:3:1:0 and agreed with expectation (Flor, 1951). The
results of this cross and from those of a few others involving Victory

B with other varieties led Flor to conclude that resistance in Victory B

is conditioned by two dominant genes. According to Flor®s hypothssls
the expected ratios for races 73 and 41 would be 3:1 and 15:1 respect-
ively. With respect to race 73, the observed ratlo in my calculation
showed a poor £it to a 3:1, fitting instead a 13:3 ratio with a
population of 203 plants suggesting that resistance in Victory B to
race 73 1s determined by two dominant genes, cne of which is epistatic
to the other (Table 18).

With race 41, the observed ratlo agrees with both a 15:1 and a

61:3 ratio, Assuming 2 13:3 ratio for race 73, the observed ratio for

race 41 should be 61:3 which would indicate that resistance in Victory B

to race 41 is controlled by three dominant genes, two of which are

eplstatic to a third, If race 73 ylelds a 13:3 ratic and race 41 a 61:3

then the expected ratio for both test races combined should be a 52:9:3
which is in agreement with the data (Table 18)., The genotypic schems

for a 5219:3 expscted ratio is suggested in Fig. 10 based on the follow-

ing assumptions:




O

A~ A~ A= as A= aa
B- B- bb B- bb B-
G- ce C- C- ce ce
7 9 9 9 3 3
Race 41
(61:3) R R R R R R
Race 73 '
(13:3) R R R .S R R
|
Expected ratio /
for both test 52 9
races combined
Race 41 R
Race 73 S
Observed number 165 26
Expected number 165 28,5
X2 value, 0.877; P (2 dof.), 0050 = 0.70
Fig. 10. Scheme showing genotypes which would fit ratios

caleulated from Flor's data for reactions of

progeny of cross Victory B x Bombay to flax rust

races 41 and 73,
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bb
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(1) The resistance to race 41 is controlled by three dominant
genes A, B and C; with A and B for resistance epistatic to C for
susceptibility,

(2) The resistance to race 73 is controlled by two dominant

genes A and C; with A for resistance epistatic to C for susceptibility.

Ge‘ne B is considered to play no role in controlling the reaction to

this race,

In the cross Leona x Ottawa 770B Flor (1947) postulated that
resistance is controlied by two dominant genes. However, according
to my calculation resistance in this cross to race 68 is determined by
two dominant genes, ons epistatic to the other, and resistance to race
24 by three dominant genes, two epistatic to the third (Table 18).

In the cross Tammes Pale Blue x Punjab, Flor (1$47) tested his
observed ratio from the combined data for races 41 and 19 for 2:1:1:0
which would indicate allelic genes. He concluded in spite of a highly
significant X2 (Table 18) that resistance in Tamuss Pale Blue was
allelic to that in Punjab and Bombay (see Flor's Table 7, 19%47).

On this basis, ccnsidering races 41 and 19 separately, the
expected ratic for each should be 3:1. The observed ratio for race 41
gives a poor fit (P < 0.01) to a 3:1 ratio but a good f£it to a 13:3
ratio suggesting that resistance in Tammes Pale Blue to race 41 is in
fact similar to that described in the other crosses above, being
determined by two dominant genes, one for resistance epistatic to a
second for susceptibility,

The data for race 19 fit a 3:1 ratio and the combined data for

both races fit a 9:l433 ratio (Table 18), The genotypic scheme for
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a 9:4:3 ratio is suggested :Ln Fig. 11, based on the assumption that |
dominant gene B imparts resistance to race 19 but susceptibility to race ‘
k1, Gens B is hypostatic to dominant gene A which is resistant to
race 41 but plays no part in controlling reaction to race 19

Allelic concept

Flor (147, 1951, 1956, 1959) reportéd that rust resistance in
flax is controlled by 25 genes occurring at 5 loei, 1 at the K, 11 at
the L, 6 at the M, 3 at the N, and &4 at the P locus,
Flor's assumption that genes for rust resistance were allelic is
based on the occurrence of ratios such as 130, 231:1:0 and 3:1:0 rather
than 15:1, 9:333:1 and 12:3:1 respectively which ¢ *cur when genes are
independent and non-allelic, The ratios 1l:0 and 3:1 indicate alleles
by definition (Sinnot et al., 1958, lee et al., 1963). The ratio
2:1:1:0 may not necessarily indicate the presence of allelic genes. \
With a pair of allelic genes and complete dominance the phenotype f
of the heterozygote resembles the homozygote possessing the dominant
egllele, When dominance is incomplete the heterozygote is intermediate
between the two homozygotes and when dominance is absent the heterozygote
is exactly midway between two homozygotes (Sinnot et al., 1958).
However, there is another class of alleles known as co-dominant
alleles. The M and N blood antigens of man are examples of co-dominant
alleles. The genes involved are represented IA, IB and 1, IA and IB
are each dominant to 1 but neither is dominant to the other., In the
heterozygote each produces its antigenes regardless of its partner (Hutt,
1964; Srb et al,, 1965).

Flor's designation of genes as alleles bacause of F, data fitting

a 2:1:1:0 ratio can be questioned. In the crogs Ottawa 770B X JW.S.



A=Be- A-bb 28Be aabb
9 3 3 1
Race 41
(1323) R R S R
Race 19
(G:1) R s 0 R s
, : ////
l - -
Expected ratio for both L -
test races combined 9 Z«" 3
Race 41 R R s
Race 19 R S R
Observed mmber 114 48 30
Expected number 108 48 36

X% valne, 1.231; P (2 duf.), 0.50 = 0,70

Fig. 11. Scheme showing genctypes which would f£it ratios
calenlated from Flor's data for reactions of
progeny of eross Tammes Pale Blue x Punjab to
flax rust races 41 and 19,
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(Flor, 1947) the observed ratic showed a good fit to a 231:1:0 and the

genes in Ottawa 770B and J.W.S. were designated as alleles at the L

locus. On the basis of this hypothesis the genotype of the eross

Ottawa 770B X J.WeS., the observed and expected ratios for individmal

and both test races combined are shown in Table 19, |
In this cross one homozygote 1L (Ottawa 770B) is immne to race

7 and completely suseceptible to race 22, the other homozygote LZLZ

(JoWeS.) is immmne to race 22 and completely susceptible to race 7, but

the heterozygote I.‘L2 is immme to both races. That is, the heterozygote

neither resembles one of the homozygotes nor behaves like an intermsdiate

between the two homozygotes. The alleles L and Lz', therefore, do not

belong to the general class where one allele is dominant over the other

or the heterozygotes are intermediate between homozygotes because of the

incomplete dominance of either allele., The possibility that the genes

L and Lz are co-dominant glleles can be evaluated on the basis of the 1

segregation ratic of the cross Ottawa 770B x J.W.S., to test races 7 and

22,
Ottawa 770B is resistant and J.W.S. susceptible to race 7. The

F2 ratio showed a2 good fit to a 3:1 ratio indicating that Ottawe 770B

possesses the dominant allele for resistance and J.W.S. the recessive

allele for susceptibility to race 7. This recessive allele in J.W.S.

carnot be the I.“2 gene because L2 is a dominant gene. let us represent

the gene for susceptibility in J.W.S. by 1 as the recessive allele for

the dominant gene L in Ottawa 770B for resistance., The genotype of

JeWeS. thus becomes 11, According to Flor's designation the variety

JW.S. possesses the 1212 pair of alleles., According to Flor's data on

reaction to racs 7 (Tabie 19) it must also possess the 11 pair of



TABILE 19. REACTIONS CF

-125-

F. TFROGENY OF CROSS OITAWA 770B X J.W.S.

— 2
N - TQ TES?T RACES 7 AND 22. RECAICULATION OF H.H. FLOR®S
DATA
 Parental 2
Reactions F, progeny reactions X P
Ottawa J.WoS.
770B
22 2
L LL 21.‘5..2 1L, 1L L
Race 7 T S I I S S
Race 22 S I I S I S
Observed 95 = 45 48 0
Expocted
1/
F: 2313120 94 1&7 47 0 00117 0090 - 0.95
Ottawa
( ‘) WOB J eWoSo
) Race 7 T s I s
Observed 140 48
Expacted
3:1 1 Ly 0,028 0,80 = 0,90
JeWe.Se Ottawa
7708
Race 22 I s
Observed 143 ks
Expected -
351 W 47 0,113 0.70 = 0.80

1/ The ratio marked "F" was calculated by Flor. The other two ratios were

recalculated from data in Flor's Table 3 (Flor, 1947).

L
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2lleles which is not possible as the variety is homozygous and the crop
is diploid. Tt follows that J.W.S. cannot possess the L° gene as an
allele to L gene in Ottawa 770B.
Segregation of the F, of the cross Ottawa 770B x J.W.S. for
reaction to race 22 is shown in Table 19, If the dominant gene for
resistance in J.W.S, is represented by L then by definition Ottawa 7708
mast possess the recessive allele 1212 and not IL or 11,
Flor used two or more tes’tr races to test an Fz family and on the
basis of fitting the observed ségregat:lon a 2:1:1:0 ratio he designated
the genes for resistance in the parent varieties as alleles. Genes in
different varieties can be designated as alleles only on the basis of
reaction to one race and not to two or more races, By definition allelic
genes can affect only one character causing different degrees of
expression (Hutt, 1964). Flor (1965, p.#16) established his multiple
allelic series on the baéis of the observed segrégation fitting a » i
2:1:1:0 ratio, According to my interpretation, as with the L and Lz .
genes in Ottawa 770B and J.W.S. respectively (Table 19) all are situated
at different loci,
Among the crosses where the F, data were shown by Flor to be in
agreement with a 231:13:0 ratio, according to my calculaticn the observed
ratios in some of them (e.g., in crosses Kenya x Ottawa 770B, Victory A
x Newland and Williston Brown x Newland) also fit well a 9:3:4 ratio
indicating epistasis (Table 18). As will be shown later, this is also [

the situvation with a number of £rosses in Kerr's study. In these

instances without appropriate genetic tests it would be impossible to

say which of the two ratios is the correct one,
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In one cross, Tammes Pale Blue X Punjab (Table 18) the observed
segregation did not agree at all with a 2:1:1:0 ratio yet Flor
designated the Tammes Pale Blue factor as an allele of the Punjab and
Bombay factor (see Flor's Table 7, 1947). However, this designation
was not retained in his later publications (Flor, 1954, 1955) because
apparently a 231:10 ratio could never be obtained from crosses between
Tammes Pale Blue and Punjaeb or Bombay.

Kerr®s studies on genstics of rust resistance in flax

Kerr (1960), working with Australian flax rust races, published
extensive data on inheritance of rust resistance in flax varieties. 4n
examination of his data reveals that like Flor, he apparently overloocked

the possibility that rust resistance in some flax varieties may be governed

by epistatic genes,

In the cross Argentine 462 (260) x Ottawa 770B (F, progeny) Kerr
was unable to find an expected ratio for the two test races (races 2 and
7) combined and he drew no conclusion. My calculation of Kerr®s data
suggests that resistance in this cross may be governed by three dominant
genes, with two genes for resistance epistatie to a third gene for
susceptibility (Tabie 20), |

In this cross Kerr analyzed the cbserved retios for races 2 and 7
for a 15:1 and a 3:1 ratio respecti:ve]&. The X2 value for a 15:1 ratio
for race 2 was nearly significant with a population of 305 and that for
a 331 ratio for race 7 highly significant with a population of 230.
According to my calculation, the observed ratic for race 7 shows a very
good fit to a 13:3 ratio and that for race 2 a perfect fit to a 6113
ratio. With this assumption, the expected ratio for both races combined

should be 52:9:3 (see Fig, 10) which is in agreement with the data

(Table 20).
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TABLE 20, REACTIONS OF F, PROGENIES OF DIFFERENTIAL VARIETIES OF
FLAX TO TEST RACES OF RUST, RECALCULATION OF H.B. KERRS
DATA FROM SEVERAL SELECTED CROSSES

Parental ' 2
Reactions F, progeny reactions . X P

Argerine 462 (260) x Ottewa 770B, Fo (Kerr, 1960, p.289)

Are Oto
Race 6 I 1 I I I
Race 2 I I I I S
Race 7 I S I S S
Observed 192 28 10
Expected
K%/No ratio given
52193 187 32 1 0.725 0,50 = 0,70
Race 2 I s
Observed 25k 11
ety e 19 2 6,05 - 010
6113 294 11 0.000 1.00
Race 7
Obgerved 192 38
! Expected
K, 311 (172.5  57.5) - 0.01 - 0,001
13:3 187 43 0,715 0.30 = 0.5C
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Reactions

Fp progeny reactions

Raco 1 I S I ]
Race 2 I I S S
Observed 101 17 32 5
?&pgcted -2./
» 983:3:1 & 29 29 10)
39:9:13:3 95 22 31 7
Race 1 | I S
Observed 133 22
Expected
Ky 3:1 (136,25 38.75)
13:1 126 29
Race 2
Observed 118 37
Expected
K, 311 (116.25

38.75)

2,079

0,01 approx.
0050 - 0070

Below 0,05
Oe 10 - 0.20

0,70 - 0.80

e
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TABLE 20 - contimed

Parental 2
Reactions Fy progeny reactlions X P
Newland, x Punjab and reciprocal, Fp (Kerr, 1960, p.302)
Ne. Pu.
Race 1 I s I S I
Racse 2 I I I I S
Observed 256 1n 517
?;pizfggl (245 18 18) - 0.10 = 0,20
58:3:3 255 13 13 0.389 0.50 = 0,70
5733:b 250 13 18 1,341  0.50 = 0,70
Race 1 I S
Observed 270 1
Expected
K, 1531 (263 18) - 0,10 - 0.20
6133 268 13 0,323 050 = 0,70
Race 2
Observed 267 p U3
Expected
K, 1551 (263 18) - 0,30 = 0,50
6133 268 13 0,081 0,70 - 0,80
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TABIE 20 - continued
Parental 2

Reactions Fo progeny reactions X P
Abyssinian x Ottawa 770B and reciprocal, F2 (Kerr, 1960, p.282) '
4b. Oto ’ l
Racel I I I I I
Race 2 I I I I s
Race 6 S I I S I )
Observed 163 10 9
Expected
Kolslsl (160 12 11) - 050 = 0,70 :
573433 62 1 9 0,097 0.95 = 0,98
. Race 2 I s
‘Observed 173 9
BExpected ;f
K, 15:1 (71 11) - 0.30 = 0,50 |
6123 173 9 0,000 1,00
Race 6 ‘
Observed 172 10 :
K, 15:1 (171 1) - 050 = 0,70

O
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o TABLE 20 - contlimued
g
Parental 2
Reactions F, progeny reactions b4 P
Abyssinian x Punjab, Fp (Kerr, 1960, p.282)
Ab. Pu.
Race 1 I s I s T
Race 6 s I I I S
Race 2 I T I I I
Observed 38 12 i
Expected
K, 2:1:1 (32 16 16) - 0,30 = 0.50
9s3:h - 36 12 16 0,361 0,80 - 0.90
Racs 1 I S
({: Observed 52 12
Expected ,
K, 3:1 (u8 16) - 0.20 = 0,30
13:3 52 12 0.000 1.00
Race 2
Observed 50 14
Expscted
K, 32 1 (48 16) - 0.50 = 0,70

1/ Ratios marked YK" were calculated by Kerr. All other ratlos were
recalculated from data in Kerr®s tables.

2/ Expected rmmbers were calculated personally, not given by Kerr.
3/ 22 values not given by Kerr.
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In the cross Bison (293) x Punjab and Punjab x Bison (2u48) (F",2
progeny) Kerr (1960) analyzing the observed ratio for two test races 1
and 2 combined for fit to 9:3:3:1 obtained a significant X° value
(Table 20). He did not make any comment on this cross but from the
results of a few other crosses involving Bison with other varieties he
concluded that resistance in Bison to race 1 is controlled by a gene
allelic to one of the Ottawa 770B genes. In the cross Bison (293) x
Punjab and Punjab x Bison, according to Kerr®s hypothesis the expected
ratios for each of races 1 and 2 should be 3:1. In my analysis the
observed ratio for race 1 fails to £it a 3311 ratio (Xz, 9.6533 P < 0,01)
but fits & 13:3 with 2 population of 155. The observed ratio for race 2
fits a 3:1 ratio. Assuming a 13:3 ratio for race 1 and a 3:1 ratio for
race 2 the expected ratio for both test races combined should be
39:9:13:3 which is in agreement with the data (Table 20),

Kerr, following Flor, postulated & 2:1:1 or a 1l4:l:l ratic for i
the observed segrega‘l}ions of a rumber of crosses, (A l4%:1:1 ratio,
according to Flor and Kerr, is produced by the segr_ege.tion of three
dominant genes of which two are allelic and one non-allelic). A re-
analysis of Kerr's data show that almost all the observed 2:1:1 and
14:1:1 ratios are also in good agreement with some other ratios which

are produced by epistatic genes (Table 20).
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DISCUSSION

The review of Flor's data presented suggests that the inheritance
of rust resistance in his flax differentials may be more complex than
reported (Flor 1947, 1951). According to my analysis, the data suggest
that rust resistance in some variseties to some races may be governed by
complementary genes and in some by epistatic genes, These possibilities
were apparemtly overlooked by Flor.

In some crosses between flax varieties Flor was unable to find
expected ratios for all test races combined although according to my
calculations the segregation ratios in these crosses are in good agree-
ment ’w_.’cbh some ratios which might be expected for complementary or
epistatic genes. In some other crosses, although Flor's postulated
ratlos agreed with the observed segregation ratios for all test races
combined, according to my calculaticn the chserved ratios for individual
test races do not agree with what should be the expected ratios for
individual test races according to Flor'®s hypothesis., An explanation
may be that Flor apperently determined the expected ratio for a cross
for reaction to all test races combined, empirically, without taking into
consideration the expected ratios for individual test races. Perhaps
for this reason Flor Gid not point cut that his data indicated the
possibllity of rust resistance in some flax varieties being governed by
complementary genes, Flor was unable to find an expected ratio for the
observed segregation in the rust cross race 22 x race 24 on the varieties
Williston Golden and Williston Brown. He apparently did not consider that
resistance in some host varieties and pathogenicity of rust raees on

some host varleties may be governed by epistatic genes,

=\
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Ratios indicating epistasis can be easily dstected by F3 progeny
tests especially from the progeny of recessive F2 individuals. Although
Flor did not presernt F3 data on inheritance of rust resistance in flax
varieties he didsay that his hypotheses were supported by the Fj
progeny tests (Flor, 1951). Either he may not have tested enough F3
progeny to detect recessive genes for resistance or, if he found
resistant plants in the progeny of susceptible Fp individuals, he may
have ignored them, considering that they were the result of outcrossing.

According to my analysis, Flor’s and Kerr®s data suggest that rust
resistance in some flax varieties and pathogenicity in some flax rust
races can be governed by epistatic or complementary genes. Thls may not
necessarily be correct. The deviation of observed from the expected
ratios in these cases might be due to chance alone, without invalidating
their hypotheses. The point is that in genetic experiments it is
necessary to differentiate between limiting ratios and neither Flor nor
Kerr mentioned this.

Mayo (1956) and Person (1959) examined Flor®s data on host and

~pathogen genstics but did not mention the poimts which I have emphasized

in this review. Person (1959) analyzing the gene-for-gene relationship
in the flax and flax rust system by a theoretical model found that most
of Flor's'single gene" differential varieties possess two or more genes
for resistance and that the resistance genes in these varieties need
not fall into allelic or closely linked groups. According to my
analysis, Flor's data suggest more or less the same thing except that
the genes designated by Flor as multiple alleles could be either closely
linked in repulsion or epistatic.
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GENETIC STUDIES OF PATHOGENICITY IN OTHER ROUST FUNGI

Green
Green (1964) studied the inheritance of colour and pathqgenicity
in the Sy uredial progeny of race 15B-1L(Can.) and a hybrid (wvhite x

normal) race 11 of Puccinia graminis Pers. A greyish-browm mitant was

recossive to normal coloured (Wild) type. With respect to pathogenicity
on varisties Arnautka and Mindum virulence was dominant among both the
normal and greyish-brown S; cultures of race 15B-1L; in the selfed
progeny of race 1l virulence was dominant among normal coloured
cultures but recessive in greyish-brown ones. Green explained this
“apparent reversal of dominance". in race 11 by suggesting linkage
between the loci for colour and’virulenceg

On the varieties Vernal and Iee, the parent race 15B-1L was
virulent. All the Sy progeny with greylish-brown spores were also
virulent but most of the normal coloured type were avirulemt. The
observed ratio of avirulent to virulent cultures among normal coloured
progeny approximated 15:1 indicating two recessive genes for virulente.
This was, however, unacceptable to Green because mormal colour is
dominant over greyish-brown and the paremt race 15B-1L is virulent on
Vernal and Lee., Green explained this result as with the result in
Arnautka and Mindum by linkage betwsen virulence and colour locl.

If we. ignore the uredial colour and simply study the inheritance
of pathogenicity of race 15B-1L on varisties Vernal and Lee we should
get a reasonable ratio, Unless virulence is governed by three or
more complementary genes, we would expect more virulent cﬁltures than

avirulent ones.

e e i s
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In my opinion, Green®s results were affected by sampling errors.
Green selfed:%ycnial population by applying pooled (mixed) nectar. As
w111 be discussed later, with this method of selfing errors can oeccur
at three points, namely, (1) the mumber of pycnia providing the nectar,
(2) the mumber of aecial clusters to be imvestigated, (3) the rumber of
progeny cultures established from each aecial cluster. Green did not
mention whether this factor was taken into consideration.

According to Green race 11 is heterozygous for virulence on
Arnautka, and its selfed progeny should segregate in a ratio of 3
virulent to 1 avirulent, Half of the aecial clusters should be
segregating and half non-segregating., Green, however, obtained only
one segregating out of 23 aecial clusters investigated,

Similarly on Marquis-Sr9a only three out of 23 aecial clusters
segregated for pathdgenicity. Green felt that apparently the pooled
nectar method of selfing was ineffective and commented that ¥ the

reasons for the unexpected results were not clear, but apparently

there was an obstruction to multiple fertilization, or the samples from

each aecial infection (up to 10 cultures) were too small." )
The segregation ratio suggested by Green on Arnautka, 3 virulent:
1 avirulent, should be differentiated from the three limiting ratios
13:3, 9:7, and 15:1, To distinguish between single factor and
duplicate factor ratios (3:1 and 15:1 in the diploid stage, but 1:1 and
3311 respectively vin the hz-poLoid' stage), at least 54 pycnia must be used
in mixing the ne::‘i:a.rl to ensure proportionate representation of the
gametes. Green did not specify the mumber of pycnia from which he

obtained nectar. Similarly, to distinguish between 1l:1 and 3:1 ratios

for segregating and non-segregating aecial clusters, at least 5k clusters

1/ Calculated by using Mather"s formula (Mather, 1957)
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should be sampled. As Green sampled only 23 clusters, the segregation
ratios he obtained may be attributable to sampling too sma2ll a
population, Similarly, the populations he sampled were too small to
distinguish 3:1 from 9:7 and 13:3 ratios.

Green (1966) conducted selfing studies on four cultures of wheat
stem rust race 1l and one culture of race‘ 10 and determined the
inheritance of pathogenicity on the differentials Arnautke, Mindum,
Marquis-Sr9a and Marquis-Srll. The data were presented to show a gene=-
for-gene relationship between wheat and wheat stem rust.

An examination of Green's data reveals, however, that the total
mmber of S, progeny testéd from each culture varied between 20 and 52
and these S; progeny were obtained over 9 years. The S, progeny of
each cul’;ure were obtained in several experiments and ths gametic
population in each experiment was therefore not large enough to
eliminate sampling errors,

Tn criticizing Green's results the point has been made that
without large mumbers of progeny reliable data carmot be obtained.
This does not mean that his conclusions are wrong, indeed a gene-for-
gene syétem seems to provide one of the more plausible explanations of
the genetic control of pathogenicity and resistance.

Green (1965a, 1965b) studied the inheritance of pathogenicity
in several races of oat stem rust on variety Sevnothree. In crosses
between certain races the Fy hybrids resembled the maternal parent
except in crosses involving races 6A and 13A where the Fy progeny
sogregated., Segregation was apparent in reciprocal crosses between

races 6A and 13A and also when either was used as the maternal parent.
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When 6A and 13A were the paternal parenmts, the pathogenicity of the Fy
hybrids invariably resembled the maternal parent regardless with which
other race they were crossed, From this Green (1965a, 1965b) suggested
cytoplasmic inheritance of pathogenicity except in races 6A and 13A
where the pathogenicity was considered to be governsd by the inter-
action of chromosomal and non-chromosomal factorse

Selfing of race 6A produced segregating progeny. The observed
S1 ratio of this race was explained by postulating a theorstical ratio
of 10 virulert : 6 avirulent, which was interpreted as meaning that
pathogenicity of race .6A is controlled by two genes and maternal cyto-
plasm, Green postulated a dominant gene (VE) for virulence and a
dominant gene (D) acting with the maternal cytoplasm to make the
recessive gene (V) for avirulence dominant when both D and Vg occur
in the momokaryotie infection.

Gresn demonstrated his hypothesis of a 10 virulent : 6 avirulent ;
ratio by a checkerboard (Fig. 12). In Fig. 12 sixteen theoretical
crosses were proposed by reciprocal transference of spermatia between
pycnia in randomly selected pairs. A ratic of 8 pairs of wirulent
cultures from both sides : 4 pairs of aﬁ.tulent from both sides s 4
pairs producing virulent from one side and avirulent from the other
side would be expected, That is, a 2:1:1 ratioc.

In support of this hypothesls Green presented the following data:

(1) In oné experiment 37 Sy progeny of which 24 were virulent
and 13 avirulent were obtained by transferring nectar from one pycnium
to another. According to Green this observed ratio approximated a 10:6

expected ratio,
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V. V.d vD va
ED E B E
1 2 3 L
T . D
VED VE'\ EDD VEVEDd VEVEDD VEVE d
5 6 7 8
V. dd
VEd VEVEDd vaEdd EvEDd V’EvE
9 10 11 12
'VED VEvEDD ' VEvEDd vaEDD vaEDd
vEd 13 14 15 16
VEVEDd VEvEdd ?EVEDd vaEdd

Fig, 12, Diagram from Green (1965b, Fig. 1) illustrating
the derivation of a 10 virulent : 6 avirulent ratio, Vg is a
dominant gene for virulentes D is a dominant gene which, acting
with the maternal cytoplasm, makes the recessive gene Vg (for aviru-
lence) dominant when both D and Vg occur in the same monokaryotic
infection, Reciprocal S; progeny in cell Nos. 1, 2, 4, 5, 6, 8, 13,
and 14 are virulent from both sides, those in cell Nos. 11, 12, 15,
and 16 are avirulent from both sides, and those in cell Nos. 3, 7,

9, and 10 are virulent from one side and avirulent from the other.
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(2) In ancther experiment reciprocal progeny were obtalned from
15 crosses of which 6 pairs produced virulent cultures from both sides,
3 pairs avirulent cultures from both sides and 6 pairs virulent from
oné side and avirulemt from the other side. The observed ratio was
shown to agree with a 2:1:1 expected ratio.

(3) In the third experiment pycnia were selfed by mass nectar,
After the development of aecia the cultures were established from 13
aecial clusters of which 9 produced only virulent cultures, 5 only
avirulent cultures and 4 both virulent and avirulent cultures. The
observed ratio also was shown to £it a 2:1:1 ratio.

() 1In the fourth experiment a second culture of race 6A was
selfed by transferring nectar from one pycnium to another., A total of
32 cultures were obtained of which 23 were dvirulent and 10/virulent,
approximating a 2: 1l:1 ratio.

Green explained the observed segregation by a Mendellan ratio.

The fact that the reciprocal Fl hybrids involving race 6A with other

races, and the reciprocal S, progeny of race 64 differed in pathogenicity

is suggestive of non-Mendelien inheritance. However, Green's data may

not be sufficient to determine the kind of inheritance involved, There

are well-documented cases where one side of the crosses shows segregation,

Mendelian or non-Mendelian and the other side no segregation (e.g. the
male sterility in flax or the 002 sensitivity character in a strain of

Drosophila melanogaster respectively) or one side shows Mendelian

Q
segregaticn and the other side non-Mendelian segregation (e.g. the :}{]ap
character in Zea mays) (Caspari, 1948; Jinks, 1964; Whitehouse, 1965).

th
The lines of invegtigation to be followed in ; situation encountered by

g e e e em e n wreeian ¢
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Green have been prescribed or reviewed by various workers such as
Caspari (1548), Bhan (1964), Jinks (196k4), Srb et al. (1965) and
Whitehouse (1965).

Green's genetic model explaining a 10 virulent : 6 avirulent

el o

expected ratio, in my opinion, is not genetically sound., On the basis
of this hypothesis the character concerned should be comtrolled not by
the genotype of the fertilization product but by the genotype of the
female gamste and the maternal cytoplasm. In Fig. 12 although the
cultures in cell Nos, 4, 7, 10 and 13 would possess the same genotype,
thoss in cell Nos. 4 and 13 should be virulent from both sides and those
in cell Nos, 7 and 10 virulent from one side and avirulent from the
other, Of the two dominant genes, Vp and D, the gene V; exercises its
control when present in either the male or female gamete, acting as a
simple Mendelian dominant, while D interacts with the maternal cyto-
plasm to render the recessive gene vy for avirulence dominant over its
normal dominant allele (VE) for virulence, In other words virulence

is normally dominant over avirulence, but when gene D is present in the

maternal gamete avirulence is dominant, It is of interest that Green

cited only literature dealing with inheritance of resistance and of

pathogenicity. He gave no indication that he had considered other
explanations for his observations based on concepts in other fields of
genetics, ‘
Johnson

Johnson's (1949) studies of pathogenicity in crosses between oat
stem rust races 7 and 1l on oat varieties White Tartar and Richland led

him to conclude that avirulence in each variety was governed by a
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different pair of complementary genes. According to Green (1965b) how-
ever, pathogenicity on these varieties is controlled by single genes.
Green also cited the work of some other workers which suggested that

rust resistance in thess varieties is governed by single genes,

If resistance is governed by a single gene then on the basis of
a gene-for=-gene relationship pathogenicity also should be governed by a
single gene, Johnson tested 85 F, cultures from one F1 of which 34
were virulent on White Tartar and 32 on Richland, To differentiate be-
tween a 3:1 and a 9:7 ratio 95 individuals are required, of which 32 or
fewer (ry = 31,8) recessive will decide in favour of a 3:1 ratio while
33 or more will indicate a 9:7 ratio (Bailey, 1961). In Johnson's
experiment there were enough recessive individuals (3% recessives) on
White Tartg.r to conclude that pathogenicity on this varisty 1s governed
by a pair of complementary genes. On Richland, with a population of 85
the observed ratio showed a poor fit (X2 = 7,25) to a 3:1 ratio but
good fit (}I2 = 1,29) to a 9:7 ratio, It is thus reasonable to conclude I
that pathogenicity on Richland is also governed by a pair of complementary
genes.

If resistance is determined by a single gene (host genetics were
not under consideration in Johnson's investigations) then assuming the
existence of a gene-for-gene system monogenic control of pathogenicity
as suggested by Green seems to be likely. If this is so then Johnson's
ratios mast be considered erroneocus and attributed to sampling error.

Johnson selfed the Fy cultures by applying mass nectar but he did
not mention whether he had taken into consideration the minimum progeny

slze required at the three criticel stages mentioned above. The progeny

}/ r 1s the mumber of recessives occurring in a family of slze n which
will leave both 3:1 and 9:7 hypotheses equally likely (Mather, 1957).
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ratios obtained by Johnson may have been spurious and caused by inadequate
sample size,
The possibility that Johnson's results were affected by sampling

error is strengthened by his data on inheritance of uredlospore colour

which were obtained from the same population as those on the inheritance
cf pathogenicity on White Tartar and Richland. Johnson obtained two sets
of F2 data and one set of F3 data on urediospore colour, The first
comprised 85 Fy cultures which were the same as those studied for
inheritance of pathogenicity. The second included 270 F2 uredial
cultures which originated from the counts of red and orange uredia on

oét seedlisigs inoculated by mass collections of the F2 aeciospores. In
both sets of data, although the population sizes were adequate to test
for a 3:1 ratioc, the observed ratios showed poor fits to 2 3:1 ratio (see
Table 2 of Johnson, 1949)., The third set of data comprising 68 aecia was
obtained from selfing one F, culture and it showed good agreement with a
3:1 ratio.

Loegering and Powers, and Williams et al.

Losgering and Powers (1962) studied the inheritance of pathogenicity
in a cross between wheat stem rust races 111 (culture 111-554) and 36
(culture 36-55A) on several differentials. This discussion will be
confined to the inheritance of pathogenicity on two varieties Marquis
and Reliance, Race 111 is avirulent on these varieties and race 36
virulent. Results from tests of 108 F2 culturss led Loegering and Powers
to conclude the avirulence of race 11l on varieties Marquls and Reliance
to be eontrolled by two (12:3:1 ratio) and three (48:12:3:1 ratio)

dominant independent genes respectively,
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Loegering and Powers made crosses between races 1li and 36 but did
not mention the homozygosity of the parent races. In a previous study
Wileoxson and Paharia (1958) showed a culture of race 111 to be heter-
ozygous for pathogenicity on the same test varieties. Loegering and
Powers® culture could be different and homozygous but such an assumption
would not be legitimate unless it was shown experimentally. This being
a cross-fertilizing species there is every possibility that a culture,
especially an avirulent one, would be heterozygous.

According to Loegering and Powers the 108 Fz cultures were obtained
"over a period of several months", i.e, in several experiments. The
g'ametic. population in each experiment was therefore inadequate to avoid
sampling errors. As stated before in reference to Green’s (1966) study,
although Loegering and Powers' conclusion may be right, theoretically
it would be inappropriate to draw any conclusion based on tests with small
samples,

Furthermore, a progeny size of 108 Fz cultures is not enough to
test a three-factor hypothesis because it requires &35 F, to differentiate

between a two- and a three-factor hypothesis.y Loegering and Powers

~analyzed the data for a three-factor hypothesls by using the Xz test for

goodness-of-£it, The use of this test here is questionable because the
theoretical frequency in the smaller class was less than 5 (Smith, 1954,
p.624; Srb et al., 1965, p.57).

Williams, Gough, and Rondon (1966) reinvestigated the inheritance
of pathogenicity in the cross race 111 (111-554) x race 36 (36-55A)

using the same F, cultures as studied by Loegering and Powers (1962).

l./ Calculated by using the formula given by Mather (1957)
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Thelr study was initiated because of an apparent disagreement between
the results reported by Loegering and Powers on inheritance of aviru- |
lence of culture 1ll-55A on Marqﬁis and Reliance and those reported by
Rondon et al., and Berg et al, (see Williams et al., 1966) on inheritance
of resistance in Marquis and Reliance to culture 111-5S2 of the same
race, Loegering and Powers (1962), on the basis of the inheritance of
pathogenicity in culture 111-55A and assuming a gene-for-gene relation-
ship in wheat and wheat stem rust, postulated that resistance in
Marquis and Reliance should be governed by two and three dominant genes
respectively, However, in later studies Rondon et al. and Berg et al.
(see Williams et al,, 1966) found that Marquis and Rellance both

possess three dominant genes for resistance to culture 111-552.

Williams et al., (1966) tested 103 of the 108 Fg cultures studied
by Loegering and Powers (1962)., These cultures were tested on Marquis |
and Reliance and on six monogenic lines., Three of the six monogenic ' i
lines, Mq-A; Mq-B, and Mg-C, each carrying a different gene for '
resistanes to culture 111-SS2, were derived from Marquis and three,

RI-A, RI-B, and RI-C, each cérzying a different gene for resistance to
the same culture, from Reliance., From this study Williams et al.
reported that their results were in agreement with the findings of
Loegering and Powers., They also stated that the disagreement between
the results of Loegering and Powers on the inheritance of avirulence in
culture 111-55A on Marquis and those of Rondon et al, and Berg et al. on
the inheritance of resistance in Marquis to culture 111=552 could be
explained by the fact that, of the three genes conditioning resistance
in Marquis to culture 111-552, one was not effective against culture

111-55A,
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Williams et al. reported that with respect to culture 111-554

the mumber of dominant genes for avirulence on Marquls and Reliance did
not correspond with that on the monogenic lines, supposedly carrying
the sams genes for resistance as in Marquis and Rellance., On Marquis
and Reliance the avirulence of culture 111-55A is controlled by two and
three dominant genes respsctively but on the monogenic lines Mg-C and
RI-C the avirulence was conditioned by a single recessive gene and the
locus involved was designated Arl-3, That is, 'the gene for avirulence
at the Arl-3 locus behaved like a dominant gene in tests with Marquis
and Reliance but recessive in tests with the monogenic lines Mg-C and
RI-C. Williams et al, explained these results by saying that since
both Marquls and Reliance possess additional genes for resistance, the
genotype of the host appeared to affect the dominance at the Arl-3 locus.

In my opinion, since avirulence on Mg-C add RI-C was conditioned
by a recessive gene, a recessive gene should also be present in the
genotype of Marquis and Reliance. The discrepancy of these results may
be explained by the fact that intermediate infection types in some F,
cultures were é.pparent]y misclassified by both Loegering and Powers,
and Williams et al. This is evident from a comparison of the pathogen-
icity data of Loegering and Powers and Williams et al, For example, on
Marquis, with a population of' 108 F2 cultures Loegering and Powers found
7 virulent cultures whereas with 103 of the same 108 cultures Willlams
et al, reported 11 virulent cultures. On Reliance Loegering and Powers
found two virulent cultures whereas Williams et al, found one virulent

- culture, This misclassification may invalidate the ratios 12:3:1 and

48:12:3:1 postulated on Marquis and Reliance respectively by Loegering
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and Powers and Williams et al, If the cultures had been correctly class-
ified the ratios on Marquis and Reliance might have been 13:3 and 6133
respectively indicating avirulence on Marquis and Reliance to be
conditioned by two avirulence genes, one dominant and one recessive, and
by three avirulence genes, two dominant and one recessive respectively.

Since avirulence on the monogenic lines Mg-C and RI-C was recessive,
assuming a complementary interaction of host and pathogen genes the
resistance in the monogenic lines should be controlled by recessive genes
for resistance. If this is so, the discrepancy in the results could be
explained by assuming that either the recessive genes for resistance in
Marquis and Reliance were not effective against culture 111-5S2, or that
the studies of Rondon et al, and Berg et al, failed to detect the
presence of recessive genes for resistance,

Luig and Watson

Luig and Watson (1961) conducted investigations on the inheritance

of pathogenicity by selfing strain 21 Anz, 2 of Puccinla graminis var,

tritiei, A total of 285 S, cultures were tested on 23 differentials,
A1l but one culture were virulent on three varieties and all were
avirulent on two. On the remaining varieties the progeny segregated,
From this study Luig and Watson concluded that on some differentials
virulence seemed to be inherited in a Mendelian fashion but on others
the mode of inheritance was difficult to explain., They suggested that
their results indicated a gene-for-gene relationship on some varieties
but not on others.

Iulg and Watson grouped the 285 Sy cultures into 37 strains based

on pathogenicity on 23 differentials and used these 37 strains as 37 S;

P

ety
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progeny to caleulate genetlc ratios, They did not Jjustify this method
of analysis, which may be invalid. In genetic analysis one must use
actual mumbers of progeny and not the mumber of strains, The mumber of

progeny obtained in any experiment is a definite figure, not subject to

| manipulation, The number of strains can be increased or decreased by

merely adding or subtracting some varieties from a set of differentials.
Their whole population of 285 cultmres might just as easily have been
grouped into two strains if they had used one differential, four strains
on two differentials, etc., mmbers obviously inadequate for working
out ratics,

Tt is possible that had they used the actual number of Sy progeny
they might have obtained different ratios. They selfed the pycnial
population by applying mass nectar but did not mentlion the sample sizes
they used at the three critical stages of this method of selfing.

Their results therefore could also have been affected by sampling errors.
Samborski
Samborski (1963) investigated the inheritance of pathogenicity in

a culture of Puccinia recondita f. sp. tritici on variety Transfer.

This culture, 46-60, originated from a single uredial pustule classed
as infection type 1t on Transfer. The pycenia were selfed by applying
mass nectar, Samborski's results obtained from tests of the 59

cultures are shown below:

Culture No. of cultures Infection types
+
Parent, ¥6-60 1
51 progeny 25 0;
" 51 1" to 1"
o 25 L

74

72



N

The parent and two of the Sy cultures, one avirulent (infection
type O3 on Transfer) and one virulent (infection type & on Transfer)

were tested further on Aegilops umbellulata, the source of resistance

in Transfer, and other varieties carrying the resistance of Transfer.
From these studies Samborski concluded that the parent culture was
heterozygous for pathogenicity with virulence incompletely dominant,
and that it-originated by spontaneous mutation. He designated the
genotypes of the parent and the two S; cultures tested on various

lines carrying the resistance of Transfer as follows:

Parent, 46-60 Pp
Virulent, 46-60-20 PP
Avirulent, 46-60-2 PP

Samborski's interpretation seems to be contrary to his results
and to the concept of a spontansous mutation, According to the system
of classifying host-parasite interactions in rust fungi established
by Stakman et al. (1944, 1962) for wheat stem rust and Johnston and ...
Levine (1955) for wheat leaf rust the 102 Sj cultures on Transfer
should have been classified as follows: 76 cultures avirulent (25
cultures infection type O; and 51 infection type 1~ to 1*) and 25
cultures virulent (infection type 4). This would approximate a ratio
of 3 avirulent to 1 virulent indicating avirulence to be coﬁbrolled by
a single dominant gene. On this bagls the genotypes of virulent,
46-60~20, and avirulent, 46-60-2, would be the opposite to that
assigned by Samborski, i.e. the virulent, 46-60-20, and the avirulent,
L6-60-2 cultures should be labelled as pp and PP respectively. This

interpretation would then also agree with the concept that spontaneous
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matations, as a rule, are recessive (Mintzing, 1961).

Flangas and Dickson

Flangas and Dickson (196la, 1961b) conducted a genetic analysis
of pathogenicity and antigen specificity of four heterozygous uredial
clones of Puccinia sorghi on six maize lines. This discussion is
concerned only with the inheritance of pathogenicity in P, sorghi.
Flangas and Dickson tested a total of 285 subcultures derived from
three generations of inbreeding of{our original clones and 92 hybrids
derived from crosses between lines of selected pathogenic types of
sibling and non-sibling pedigree. From this study they concluded that
both the selfed and the hybrid progeny showed a range of pathogenicity
indicating an indeterminate nature of inheritance with a contimous ‘
potential for variation and commented as follows (Flangas and Dickson,
1961b, p.254):

"The data on inheritance of pathogenicity . . . in the
dicaryon of P, sorghi indicate a complex genic mechanism not resoluble
by the application of simple Mendelian concepts alones « » « The
use of the genstic linkage map of the pathogenic genotype is impractical
in thess dicaryotic, obligate parasites; therefore, immunochemical and
biochemical methods must be developed to explore the magnitude,
structure, and function of the pathogenic locus in P, sorghi and the Rp
locus in the host."

According to Flangas and Dickson, their results camnot be inter-
preted in simple Mendslian terms and they looked for an explanstion from
the work on blochemical mutants where a complex genetic mechanism has
been postulated., That concept, as far as the genetic analysis is
concerned, 1ls based on the size of a segregating population that can be
analyzed for detection of recombinants, With certain microorganisms
selective techniques are avallable which permit the screening of many

millions of offspring with ease (Sager and Ryan, 1961). According to
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Pontecorvo and Roper (1956) with some of these techniques it is feasible
. 8
to analyze the rumber of products of meiosis in the order of 10 in one
experiment., Similar studies are not practicable with highei- organisms
because of the difficulty of handling the population size required
(Nelson, 1959). Flangas and Dickson's data show that the average
number of progeny tested per mother culture in each generation of self-
ing varied from 5 to 49 in the first, 5 to 16 in the second and 8 to 9
in the third (see column C's of Table 21)., Such population sizes are
not sufficient to test even a single-factor hypothesis, let alone a
more complex genetic system,

Flangas and Dickson’s results seem to be explainable by a simple
and well-documented genetic concept which they appear to have over-
looked, From the description of their results (see Flangas and Dickson,
1961a) the gene controlling pathogenicity in the clones of P. sorghi
seems to show incomplete penetrance. The nature of gene penetrance and
expressivity has been described by Srb and Owen (1955, p.303) as follows:

YA characteristic that seems to depend fairly regularly on a
simple dominant gene, so that it is transmitted from one individual to
another, generation after generation, may occasionally "skip" a genera-
tion, and be transmitted by an individual who carries the gene but does
not evidence it phenotypically. Or, phenotypic expression may be so
variable, from one individual to another, as not to look like a single
characteristic at all, , . . Probably variations in penetrance and
expressivity result from modifying genes, varying from ons group and
from one individual to another, and from fluctuations in the external
and internal enviromment., Tt is usually difficult to identify these
sources of variation concretely in any particular instance."

The description given by Flangas and Dickson (1961a) of the
changes in pathogenicity of the selfed and hybrid progeny of P, sorghi
seems to agree with the description of Srb and Owen of a character con-

trolled by a gene which has reduced penetrance,
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TABIE 21, NUMBER OF SELFED CULTURES TESTED TN THREE

SUCCESSIVE GENERATTIONS

Original  First | Second Third
culture - generation generation generation
A B O© A B c B C
o b B 5 W 9 b 35 9
222! 2 27 1 1 1 4 31 8
3-32‘3"/ 5 15 3 k8 16 - - -
l&---1'1.',"/ - 5. 5 1 5 5 2 16 8

l/ ’ 2._/. 2/ ’ _lg/ , Condensed from tables 3, &4, 5, 6 respectivély.
Flangas and Dickson, 196la,
4, mmber of mother cultures selfed,
B, total mmber of selfed progeny tested in a generation.
C, average mumber of selfed progeny tested in a generat:‘i_on from each
mother culture, The numbers were obtained by dividing the
numbers shown in Column B by the corresponding ones showm in

Column A,
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PART IV,
MBETHODS OF SELFING Fq CULTURES AND

INTERPRETING GENETIC DATA IN RUST FUNGI

INTRODUCTION

Progress in genstic studies of pathogenicity in rust fungi is
hampered by two main problems. The first is the uncertain and erratic
germination of teliospores, so that the sexual stage nseded for self=-
ing and crossing often cammot be obtained. Ths second main problem
concerns differences in procedures of selfing employed by varicus
workers,

Essentially, two methods of selfing have been employed which
have already been mentioned under methods and materials in Part I
(Rust genstics). One may be termed the reciprocal or pairing method:
Spermatia from one pycnium are transferred to another. Union of male
and female gamstes will take place prav_ided they are of opposite
mating type. This method was used by Flor (1942, 1946, 1955, 1956)
and subsequently by several other workers.

The sscond, or pooled nectar method, involves bulking spermatia
from several pyecnia and applying the aggregate to the pycnia from
which it was collected. The progeny cultures are established either
from randemly selected individual aecial cups or randomly selected
individual uredial pustules arising from inoculation with the magss
aeciospores of a cluster. In the latter it is assumed that a single
uredium arises from the increase of a single aeciospore. This method

was followed by Johnson and his associates (Newton and Johnson, 1932;
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Johnson, 1954), and several other workers, including Vakili (1958) ,
Iuig and Watson (1961), Zimmer (1961), Samborski (1963) and Green (1964,
1965b, 1966). Vakili employed only one progeny culture per aecial
cluster represented by a single uredial pustuls. Samborski obtained
five single pustule uredial cultures per aecial cluster. Green (1964)
established "up to 10" progeny cultures per aecial cluster. From this
it appears that there is no uniformity in the number of cultures taken
from each cluster.

It is reasonable to expect that differences in procedures of
selfing and crossing, and the effects of sampling error introduced by
the use of small samples will affect the results and may give rise to
misleading conclusions. This has been emphasized by Dr. Clayton
Person (Personal Commmmnication). The m; effectiveness of the
palring and pooled nectar methods may be examined for poimts at which
sampling error may occur,

The problem will be discussed and illustrated by some simple
genetical situations, assuming that no linkage exists between mating
type and the genes for pathogenicity.

Reciprocal or pairing msthod

The reciprocal or pairing method of:selfing is comparable to that
used in higher plants except that the union of tue gamstes (pycnia) is
arranged through experimental manipulation. It is therefore necessary
to include a population large enough to ensure a representative sample
of gametes and to produce an adequate rumber of Fo cultures to permit
differentiation between critical ratios. The progeny size can be

considsred only in terms of the rmber of successful pairings. Because
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there are two mating types, theoretically 50% of the matmgjwm be
unsuccessful, and some may fail due to various cther reasons, such as
faulty menipulation techniques. If the number of gamestes 1s large
enough to ignore the effects of sampling error, then the formmlae and
the procedures for calculating various family sizes given by Mather
(1957) for two-class segregation ratios. (seec also Hanson, 1959 and
Bailey, 1961) and by Seyffert (1962) for two or more than two-class
segrogation ratios may be used,

The question of g@metic mumbers and sampling error canmot be
directly answered. In a given genetical situation, over a range of
gamete numbers, the probability distributions for the progeny geno-
types could bs calculated, Comparisons among distributions might
then indicate the point at which sampling error, introduced by the
finite number of gametes, could be effectively ignored. At this |
point normal statistical procedures which assume an infinitely large f
number of male gametes, could be applied. |

1et us assume for the moment that sampling error due to small
gamete mamber may be ignored. Values to distinguish between a few
simple two-class segregation ratios, as calculated by Mather's (1957)
formula, are given in Table 22, Some values for two-class segrega-
tion ratios can be found in Hanson's paper (1959).

The pooled nectar method

Genetic ratios can be caleulated in two ways: (1) By establish-
ing a certain number of progeny cultures from each of a number of
aecial clusters and adding them together. This would give an F, ratlo.

(41) By determining the proporticns of segregating and non-segregating
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TABLE 22. MINIMOM FAMILY SIZE REQUIRED TO DIFFERENTIATE
EETWEEN TWO LIMITING SEGREGATION RATIOS.
Ratios to bs differentisted
Probability
3:1/13:3 3:1/9s7 3:1/15:1 15:1/63:1
05 470 67 35 165
025 667 95 50 235
.02 949 133 71 330
.01 1152 163 86 405
Ratios to b& differentiated
Probability : :
1:1/3:1 3:1/7:1 7:1/15:1
.05 38 101 226
025 54 144 323
.02 76 203 455
.01 106 248 558
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aecial clusters and the proportions of segregations within individual
clusters. The ratio obtained would be comparable to backeross data
in genetic studies with higher plants. The first will be termed "“the
determination of F, ratios from the pooled nectar msthod® and the
second "the dstermination of "backeross® ratios from the pooled nectar
method, »

Determination of Fp ratios from the pooled nectar method

As wentioned before, the data obtained by this method would be
comparable to Fp data obtained with the reciprocal method. However,
unlike the reciprocal method where sampling error can occur only at
one point, with the pooled nectar method sampling error can occur at
several points, namely, (i) the mumber of pycnia to be utilized in inter-
mixing the nectar, (ii) if the pocled nectar is not thoroughly inter-
mixed, (iii) the number of aecial clusters to be investigated, (iv) the |
selection of the basic unit constituting a progeny culture: a single f
aeclial cup (or a single aeclospore per aecial cup); or a randomly
selected single uredial pustule (or a single urediospore per uretiium)
representing a single randomly select@d aeciospore (derived from the
inoculation of plants with mass aeciospores of a cluster).

For the above reasons, when a genstic hypothesis is to be tested
by F, data obtained from the pooled nectar method and when the sample
sizes per aecial cluster are limited, it may be necessary to obtain
several F, ratios from the same aecial cluster population (by drawing
several samples per aecial cluster and treating each sample as belong-
ing to a separate F, family) and to measure the consistency of the Fy

ratios by the heterogenicity X2, If the heterogenicity X° is significant
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‘then the whole experiment and its techmique is suspect (Mather, 1957).
Alternatively, assuming that the protoaecial nuclei (female gametes)
have been fertilized by a large sample of spermatia (male gamstes)
randomly, a large mumber of cultures may be taken from each member of
aﬁ adequate aecial cluster population and they may be added together to
determins an F, ratio. This may involve bhandling an impractically large
mmber of cultures.

Dotermination of "backeross® ratios from the pooled nectar msthod

The basis of determining a "backeross® ratio from segregation
ratios between and within clusters is shown diagramatically in Fig. 13
for four F, ratios, 3:1, 13:3, 9:7 and 15:1. The expected ratlos of
segregating to non-segregating clusters i.e. the expected backcross
ratios corresponding to the F, ratios 3:1, 13:3, 9:7 and 15:1 are 11,
1:1, 3:1 and 1:3. Thus three of the four Fp ratios, 3:1, 9:7, 15:1, can

be easily distinguished, The F, ratios 3:1 and 13:3 can be differentiated

by the fact that when a 3:1 ratio occurs expected segregation within a

cluster would be 1:1l. With a 13:3 F, ratio, half the segregating clusters

would yield a 1:1 ratio and half a 3:1 (haploid) ratio. If one
segregating cluster can be shown to yield a 3:1 (haploid) ratio, this
imvediately separates a 13:3 F, ratio from a 3:1 Fp ratio.

The mumber of aeclal clusters to be investigated may be caleulated
by using Mather's formula as before, provided that the aecial clusters
developed from a representative sample of pyenia and the protoaecial
mclel (female gametes) were fertilized by a large mamber of spermatia.

Values to distinguish between a few simple critical ratios are shown in
Table 22,
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F Recipient
rafio ____Dyenia

Genotypes of bulkec
spermatia

Propor- Geno-  Genotypes Of aeciospores

Proportion Proportion of

of segregation
segregation within
between aecial

tion type aecial clusters clusters
B2 a
1/2 A—-l/ AA Az 1/2 Non-seg'? Non-sege
7 1/2 a Aa aa 1/2 Seg.é/ 1 avif‘/s 1 vi'?l
AB?J Ab aB _ab
1/4 ABE/ ABB AABb AaBB AaBb  1/4 Non-seg. Non-sege.
1/h Ab AABb AAbb AaBb Aabb  1/4 Non-sege Non-sege.
13:3 1/4 aB AaBB  AaBb aaBB aaBb  1/4 Seg. 1avi. ¢ 1vi.
1/4 ab AaBb Aabb aaBb aabb  1/4 Seg. 3 avi. ¢ 1 vi,
Ale Ab  aB ab
1/4 ABQ/ AABE AABb A=BB AaBb  1/4 Non-seg. Non-seg.
] 1/4 Ab AABb  AAbb AaBb A2bb 1[4 Seg. 1avi. : 1vi.
927 1/4 aB  AaBB AaBb aaBB aaBb  1/4 Seg. 1 avi. : 1 vis.
1/ ab A2Bb Asbb asBb aabb 1[4 Seg. 1 avi, : 3 vi,

Fig. 13 - contirued on page 161
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Genotypes of bulked “Proportion Proportion of
Recipient spermatia of segregation
F cenia segregation within
ratio Propor- Geno- Genotypes of aeclospores between aecial
tion type aecial clusters clusters
if
AB™ / Ab aB ab
!
1/4 AABB AABb AaBB AaBb  1/4 Non-seg. Non-seg.
1/ Ab AABb  AAbb AaBb Aabb  1/4 Non-seg. Non=-seg.
15:1
/4 aB AaBB  AaBb aaBB aaBb  1/4 Non-zeg. Non-seg.
1/4 ab AaBb Aabb aaBb aabb  1/4 Seg. 3 avi, : 1vi,

l[ A, a dominant gene for avirulence.

3/ A and B, dominant genes for avirulence and virulence respectively;
A epistatic to B.

3/ A and B, a pair of complementary genes for avirulence,

4/ A and B, duplicate genes for avirulence, ,

5/ Non-seg., non—éegregating; Seg., segregating.

6/ avi., avirulert; vi., virulent.

Fig, 13. Theoretical aexpectation of
gsegregation between and within
asclal clusters.
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To determine the mumber of progeny cultures to be established per
aecial cluster in order to detect segregation or to determine segrega-
tion ratios within individual aecial clusters, it is necessary first to
consider what should constitute a basic unit of a progeny culture - a
randomly selected aecial cup or a randomly selected aeciospore from the
aecial cluster, [Various workers used either one or both units (Johnson,
19543 Green, 1964)., With the latter msthod, a randomly selected
uredial pustule arising from inoculation with mass aeciospores of a
cluster was gensrally considered a basic unit on the assumption that a
single uredium originates from a single asciospore (Murphy, 1935; Broun
and Johnson, 1949; Vakili, 1958; Zimmer, 1961; Zimmer, Schafer, and
Patterson, 1965; and elsewhere}'. Each aecial cup contains numerous
aeclospores presumably identical and supposedly originating from a
common parent (Zimmer, 1961; Zimmer et al,, 1965), There is a possib-
ility that sampling error may be greater if randomly selected aeciospores 1 :
rather than aecial cups are used as the basic unit of a progeny culture.
As a refined technique, a progeny culture may be established from a
single asclospore per aecial cup. If a randomly selected aecial cup (or
an aeclospore per aecial cup) can be considered as the basic unit, then,
assuming the union of male and female gamstes to be random, Table 3 of
Mather (1957) or Table 1 of Hanson (1959) may be used to determine
minimm progeny size required to detect segregation within individuwal
clusters. The sample size required to determine segregation ratios with-
in individual clusters would be the same as that emumerated earlier for

the determination of segregation ratios between clusters.
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Detection of segregation within individual clusters would involve
handling a large rmmber of cultures. However, it may be possible to
reduce the work considerably if a somewhat different procedure were
adopted. This would include selecting asecial cups and establishing mono-
aecial cup cultures from a cluster, and using massed asciospores of the
remaining cups in the cluster to inoculate differemtial varieties, (If
the quantity of mass aeciospores is not sufficient to inoculate all
differential varieties probably the first generation uredial culture
derived from the inoculation of plants with mass aeciospores could be
used). From the pathogenicity of the mass culture it would be possible
to determine whether a cluster is segregating or non-segregating by the
relative frequency of avirulent and virulsat pustules on a resistant host.
In this way it may be possible to determine segregation ratios between
clusters and permit a distinction betwsen most of the critical ratios,
for example, the F, ratios 3:1, 15:1, 9:7 (seé Fig. 13). Further iﬁ
studies may be carried out with the cultures established from individual
ascial cups.

To distinguish between a 3:1 and a 13:3 F, ratio we need to deter-
mine the proportional segregations within individual clﬁsters (Fig. 13).
For this we nsed to sample 6 to 7 segregating clusters to ensure
inclusion of at least one segregating cluster which would yield a 331}
(haploid) ratio (see Fig. 13 and then Hanson's Table 1, 1959). A rough
estimation of segregation ratios within individual clusters may also be
obtained simply by counting the proportions of resistant and susceptible

infectlion types on an appropriate resistant host,.
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DISCUSSION

Two methods of selfing in rugt fungl have been described, of which
one, i.e.q the reciprocal method,would give a straight forward Fy ratio.
The other, i.e. the pooled nectar method,would yield an F, or a Yback-
cross® ratio depending on whether a ratio is determined from pooled
progeny of an aecial cluster population or from segregation between and
within clusters.

If a genctic hypothesis is to be tested simply fzjom an F, ratio it
may be advisable to employ the reciprocal msthod of selfing rather than
the pooled nectar method. With the reciprocal method sampling error can
occur only at one point, i.e., the mumber of pycnia included in the
experiment. A mumber of pycnia sufficient to permit the establishment
of an adequate mumber of F, cultures, would allow the reciprocal method
to be safely used. Flor employed this method and his data show that in
most cases the observed ratio approximated to a ratio which would be
expected on theoretical grounds,

Fz ratios calculated from the pooled nectar method of selfing may
not be reliable because, as emumerated earlier, sampling error can oceur
at several peints, This may be avoided by drawing a large mumber of
cultures from each cluster of an aecial cluster population which may be
impracticable from the point of view of time and labour. Johnson,(1949),
Lulg and Watson (1961) and Green (1964) determined F, ratios using the
pooled nectar method of selfing. This may be the main reason for their
questionable results,

If a genstic hypothesis is to be tested with reasonable accuracy

it may be preferable to calculate ratio by the "backeross" method rather
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than by the reciprocal method. Because the reciprocal method would give

only F, data, F, individuals are often difficult to classify precisely

becauge éf intermediate infection types. (This problem was pointed out

earlier when discussing the results of Loegering and Powers (1962) and

those of Williams et al, (1966) who tested the pathogenicity of the same

F, cultures). In such cases it becomss necessary to identify the geno-

types of the Fo's by growing F3 families, Due to the difficulty of

inducing telial germination in some rusts, such tests may be difficult :

or impossible., In these cases the use of the "backcross" method may be 4

extremely useful, because this method not only yields a "backcross®

ratio (from the proportion of segregation bstween ascial clusters) but

serves the purpose of a progeny test (from the segregation within

individual clusters). It generally requires a large F2 population to

differentiate between some critical ratios, such as a 3:1 and a 13:3 Fy

but this may be done more economically by using the “backeross® method.
If a pycnial population can be fertilized by a sufficient rmmber

of spermatia it may be permissible to ignore the effects of sampling

error for male gametes, and the "backeross" method would be satisfactory.

The over-all mumber of cultures required for a test may be within the

limits of feasibility if the procedure outlined above can be followed.



PART V

DISCUSSION ON THE GENE-FOR-GENE HYPCTHESIS

IN HOST-PARASITE SYSTEMS

Since the gene-for-gens hypothesis was proposed by Flor (1955)
and elaborated by Person (1959) it has bécome the subject of a
continuing but stimilating debate., Tt is reasonable to assume, as
suggested by Flor (1955), that such obligate parasites as rust, and
powdery mildew and the nearly obligate smut fungi have evolved in
association with their hosts. The host-parasite system is an integrated
uuitt; the phenotypic expression of both host and parasite results
from the same biochemical reaction and they are measured by the same
criterion, i.e. by infection type. In this situatlon it seems that a
gene-for-gene system would not only provide one of the more plausible
explanations but it should be a necesgsary condition for the genetlc

R ==

control of resistance and of pathogenicity.

Laubscher (1963) questioned the validity of extending the gene-
for-gene hypothesis to wheat and wheat stem rust. His arguments were
based on the following points: (1) According to the gene-for-gene
theory there should be as many genes for resistance in the wheat plant
as there are genes for pathogenicity in the rust fungus. However, the
mumber of identified genes for stem rust resistance is relatively small
compared to the rumber of physiologic races known, (2) Since a
resistant plant can be predisposed to become susceptible, this "under-
mines the theory's basic tenet of a 'complementarity of fit' as an

essential to successful parasitism." He suggested that a more
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satisfac'ﬁcry genetic theory would be that resistance genes may be
regarded as regulator genes which repress the biosynthesis of some
metabilites essemtial to particular biotypes of the parasite. Ths
induction of susceptibility by high temperature previous to infection
may be due to the inactivation of repressor protein by the inductor
metabolites which are formed in excess in the host during exposure to
high temperatures,
' The gens-for-gene hypothesis is based on classical genetic tests
and it seems that it should remain so unless it can bs shown that such
tosts are no longer valid. The .concepb of regulaior genes has been
developed from work on bacteria. According to Fincham and Day (1965)
1f it is true for bacteria it may also be of some relevance for other
organisms but there is very little evidence as yet for its
applicability to fungi,

The fact that resistant plants can be predisposed to become
susceptible in the absence of a pathogen does not necessarily contra- ]
dict the gene-for-gene theory. The phenotype of an organism 1s the |
consequence of an interaction between the genotype and environment,
both of which are absolutely necessary (Simmot et al,, 1958). For
example, in sun red Zea mays, which has the necessary genotype for
anthocyanin pigment, the pigment is formed only in those parts of the
plants which are exposed to sunlight (Whitehouse, 1965), Furthermore,
the phenotype of an organism at a given moment is not only determined
by the environment that prevails at that particular moment but also by
the whole succession of environments which the organism has experienced
during its lifetime (Simmot et al., 1958).
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The genetic data presented on sunflower and sunflower rust are in-
sufficient to make any comment on the existance of a gene~for-gene
relationship in this host-parasite system. However, in some instances,
the results have been explained by invoking this relationship assuming
that if it is true with other host-parasite systems it should be true
with this system also. On Morden 29 the F; hybrids of most reciprocal
crosses resembled thé raternal paremt but due to the difficulty of
inducing telial germination it was not posaible to prove by appropriate
further crosses that these differences in the pathogenicity of the Fl
hybrid were due to cytoplasmic factors. With the host some circumstan-
tial evidence has been presented to show that the reaction in Morden 29
to the parent races may possibly be governed by cytoplasmic factors,
Such studies are easier to conduct with the host than with the rust. If
the reaction in Morden 29 to the parent races is found to be governed
by the cytoplasmic factors in studies on host genetics, and if telial
germination can be improved, it may be possible to investigate the non-
Mendelian aspect of the complementary relationship between host and
parasite.

Questions about some details in the gene-for-gene concept,

Person (1965, 1966) indicated that genes for resistance in the
host may be allelic or linked but that genes for virulence in the path-
ogen appear in general to be non-allelic and unlinked. This concept,
like the gene-for-gene concept itself, is based largely on Flor's work.
Flor (1955, 1956) reported that genes for resistance in flax occur as
miltiple alleles at five loci and some are linked but that genss for
virulence in flax rust appear to be non-allelic and unlinked, Moseman

and co-workers (Moseman, 1966) reported similar findings with barley
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and barley powdery mildew, Erysipbe graminis hordei. However, I have not

examined their data critically and therefore cannot comment on them.

As indicated earlier in this thesis, I believe that soms of the
host genes which Flor called alleles may be situated at different loci
and closely linked in repulsion, Tt is also possible that some may be
epistatic to others rather than allelic.

Flor used two appropriate races of rust to test the reactions of
Fp host families, If the observed segregation fitted a 2:1:1:C ratio
the resistance genes in the parent host varicties were assumed to be
allelic, I believe that proof of non-allelism in the pathogen would
require crossing of the two test races, and testing the rust progeny on
the two parent varieties used in crosses to domonstrate allelism in the
host. Non-allelism in the pathogen could be assumed if segregation in
the F, rust cultures did not fit a 2:1:1:0 ratio. I have not seen any

such evidence in Flor's work.

L —— e e e e =

Since all genes in an allelic serles occupy the same locus, they
should show the same linkage relations with other genes on the chromo-
some (Hutt, 1964)., A corollary of this, in my opinion, should be that
if one of the genes in an allelic series acts against a specific locus
of a pathogen then all other genes in the series should also act against
the same locus in the pathogen. According to Person (1959, 1966) a gene-
for-gene correlation is in fact a locus to locus relationship. If the
resistance genes in flax are alleles and if there is a gene-for-gene
relationship in the flax and flax rust system, then in my opinion the
pathogenicity genes in the pathogen should also be allelic. Although

Mode and Person both accepted Flor's statements on allelism, neither

indicated if Flor's use of the term fits the classical definition of
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allelism. Any disagreement about the validity of the allelism in the
host and non-allelism in the rust observed by Flor may have a semantic
rather than genetic basis.

Mode (1958) used Flor's findings to develop a mathematical model
showing that there may exist dual systems of balanced polymorphism, ons
in the host population, the other in the pathogen population, and that
these might have provided the mechanism for co-evolution of obligate
parasites and their hosts. Person (1966) developed this concept further,
He considered the interdependence of an R (resistance) gene in the host
and the relatéd V. (virulence) gene in the pathogen, When an R gene
enters a host population initially it has a high selective value
because the frequency of the related V gene in the parasite is rare.
The V gene however has a correspondingly high selective value., A4s its
frequency in the parasite increases, the selective value of the R gene
in the host population is reduced progressively, approaching zero when
the V gene 1s present in all parasitic individuals. The R gene now
becomes useless and is no longer kept at a high freguency through
selection in the host population, As its frequency declines, the value
of the related V gene 1s also reduced. Based on this idea, Person
postulated a self-regulating system to explain the mechanisms of inter-
actions between related genes in the host and parasite which would lead
to the maintenance of balanced polymorphisms in the two interacting
populations,

The underlying principle of the concept of balanced polymorphism
is the superiority of the heterozygote over both homozygotes so that a

population will always be composed of both heterozygous and homozygous
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individuals (Sinnot et al., 1958). The question is, does balanced poly-
morphism exist in the self-fertilizing species such as wheat, barley,
and flax? Mode assumed that these crops have evolved from open-
pollinated encestors and therefore it is possible that the genetic
structure of these species has evolved for the most part under a system
of random mating. Person (1966) pointed out that in most inbreeding
systems a certain amount of outcrossing does oceur which, although low,
introduces the possibility of maintaining an R gene polymorphism,

The next question is if there is any evidence that when a resist-
ance gene 1is introduced in a self-pollinated crop it can spread in the
population through superior fitness of the heterozygote. I cammot find
any data to support this, but the data from some cther sources indicate
that there may be evidence to the contrary.

| In one study Suneson (1949) grew a mixture of four similarly
adapted barley varieties for 16 years and found that two of the {
componsnt va_rieties became practically extinct. When grown in a pure
stand one of these varisties had a significantly better yield and leaf
disease record than the others, while the variety which dominated the
miﬁ;nre had the poorest leaf disease record and a mean yield below the
average for the population. In another study Suneson and Stevens (1953)
studled six composite crosses of barley for 6 to 24 generations. From
this they commented that the common conception that disease-susceptible
plants are readily eliminated from mixtures through operation of the
principle of survival of the fittest was not confirmed by these experi-

ments.” If this is so, then Persorfs and Mode's hypotheses of the



()

-172-

existence of a self-regulating mechanism and balanced polymorphisms
in f.he interacting populations of host and pathogen may not
approximate what actually occurs in the field,

An important assumption basic to their hypotheses is that
the resistance genss in the host are allelic and the genes for
pathogenicity in the parasite are non-allelic. I believe that at
least some of the host resistance genes Flor says are allelic
could be closely linked in repulsion., It could be argued that
genes closely linked in repulsion may simulate a single locus
éysbem. T believe also that Flor has not proved conclusively that
virulence genes in the rust are not allelic.

The discussion above is not intended as a refutation of the
hypothéses of Mode and Person. It is meant to emphasize that,
although considerable work has been done on the genetics of host
resistance, there have been too féw critical genetic studles on
the inheritance of virulence in the pathogen. The mechanical
difficulties I have encountered in my own studies, such as
inability to induce germination of rust teliospores, are typical
of the difficulties which plague other investigators. These will
have to be overcome if the inheritance of pathogenicity is to have

a sound genetic basis.
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Allelism and linkage between some genes seem to be universal
phenomena. They have been found in higher organisms, in bacteria, and
even in obligately parasitic bacterial viruses (Whitehouse, 1965).

Thus, even though Flor and Moseman may be correct in concluding that
there 1s no allelism or linkage between pathogenicity genes in flax
rust and in barley powdery wmildew, will genetic studies with other path-
ogens eventually prove that these cases are exceptions rather than

indicating a general rule?
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STMMARY
An investigation was made into the inheritance of pathogenicity

in sunflower rust, Pucciniza helianthi, and resistance in sunflowers,

Helianthus amnuus. During the course of this study a new method of

inoculating with urediospores, the maltiple inoculation method, was
developed which enables several rust isolates to be inoculated onto a
single leaf. This makes it possible to compare reactions of *unknown"
isolates with the four test races on a single host genotype, thus over-
coming the variability inherent in the host and making studies on the
genetics of host-parasite relationships more precise than was possible
with the routine method of inoculation., The technique was also found
to work satisfactorily with stem rust of wheat and it may prove useful
for a wide variety of plants and leaf pathogens in the greenhouse and
laboratory.

Attempts were made to produce germinative telia under greenhouse
conditions and in controlled enviromment chambers, A number of trials
were conducted between the winter of 1961-1962 and the spring of 1965.
Of these, only four trials gave satisfactory telial germination. The
results were not conclusive but indicated that under greenhouse
conditions the time of year when plants are grown and inoculated may be
critical. Two seasons, one in the fall (September to November) and
the second In mid-spring (March to mid-April), seemed most favourable
for the production of germinative telia in the greenhouse.

Selfing and crossing studies conducted with the four Canadian
physiologic races of sunflower rust, 1, 2, 3, and 4, indicated all to

be heterozjrgous on differential varieties CMIORR and Morden 29.
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Races 1, 2, and 4 also appeared heterozygous on the supplemental lines
M62=2672+2-7 and M62-26358-14-1.

The sl data were not analyzed statistically because of the high
degree of sampling error attributable to the utilization of inadequate
nombers of pycnia in the fertilizations. For ebher reasons, other than
sample size, tests to distinguish Mendelian ratios were considered
inappropriate in this instance.

Genetic control of pathogenicity appeared to have a somewhat
different basils according to the host variety used. On CM9CRR most
reciprocal crosses indicated chromosomal control but a few hybrids
derived frem races 1, 2 and 3 showed maternal inheritance on a small
number of plants. From this it may be assumed that inheritance of
pathogenicity is influenced by an interaction of chromosomal and non-
chromosomal factors. On Morden 29 ~vidence of extra-chromosomal
influence was stronger and the products of wmost reciprocal matings f
behaved like the maternal parent. The lack of telial germination made
it impossible to make the appropriate genetic studies required to
provide conclusive evidence of the kind of inheritance involved.

The Fy data were inconclusive but the inference was drawn that
on CMICRR avirulence of races 1 and 2 may be governed bly a single
dominant gene, Tt was inferred that virulence of race 3 is governed
by two non-allelic dominant genes, one epistatic to the other. There
is, however, a weakness in the hypothesis of control by two non-allelic
dominant genes through an epistatic-hypostatic relation, which is

discussed under host geneties.



176~

The inheritance of resistance in the selfed progeny of Morden 69,
and to a lesser extent in the selfed progeny of Morden 29, was studied
as an adjunct to investigation on the inheritance of pathogenicity.

Reactions of the selfed progeny of Morden 69 varied from experi-
ment to experiment and this was attributed to sensitivity to environ-
mental inflnence,

The ratios of resistant : susceptible seedlings with regard to
races 1 and 2 in the selfed progeny of Morden 69 showed a good fit to
both 3:1 and 13:3 ratios in most experiments but in some would fit only
one or the other. The progeny sizes tested were inadequate for a
critical distinction to be made between the two ratios. The results
were also too erratic for much significance to be attached to them. It
was impossible to assess satisfactorlly whether resistance to these
two races is controlled by two non-allelic genes, one epistatic to the
other, or by a single dominant gene. §

On the basis of earlier experiments Morden 69 should be susceptible I
to races 3 and 4, but some seedlings gave resistant reactions to these
races. The proportions of these resistant seedlings varied from test to
test. Tests of the S, progeny derived from Sy resistant seedlings were
inconclusive. Progeny of some resistant 87 plants gave susceptible
reactions while others segregated, Two possible explanaticns were
advanced to explain these results. The gene governing susceptibility
may have reduced penetrance, or the reaction may be governed by an inter-
action between chromosomal and non-chromosomal factors.

Selfed derivatives of Morden 29 were tested for reaction to the

four races. They were generally resistant to races 1 and 3 but their
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reactions to races 2 and 4 were variable. Circumstantial evidénce
suggests that this variability may be attributable to non-chromosomal
factors governing reaction in the host. Lines showing uniform rust
reactions were selected for use as differemtials,

The literature on genetic studies of host-parasite relationships
in rust infections has been critically evaiuated. Some of the genetic
tests used appear to me to be inappropriate for the interpretations
based on them, and in some other cases the data appear to have been
misinterpreted,

Flor tested the pathogenicity of Sy progeny of several flax rust
races to determine homozygosity, then used them in crosses to study
the inheritance of pathogenicity. The nmumber of progeny tested per
race was in most cases inadequate to detect segregation even for a
single factor hypothesis., His assumption that the parent races were
homozygous is therefore open to question.

In crosses between several flax rust races Flor postulated path-
ogenicity on a number of varieties to be under monogenic control. A
reanalysis of his data suggested that pathogenicity on some varieties
may be governed by two dominant genes through an epistatic-hypostatic
relationshilp,

In the cross race 22 x race 24 Flor postulated that pathogenicity
on Italia Roma and Morye is governed by two and three dominant aviru-
lence genes respectively. My calculation of Flor's data shows that
pathogenicity on Italia Roma may be controlled by one dominant
avirulence gene and one dominant virulence gene, with avirulence
epistatic to virulence. On Morye there appear to be two dominant aviru-

lence genes.,

=177~
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Flor was unable to find plausible expected ratios for the observed
segregation in the cross race 22 x race 24 on varieties Akmolinsk,
Abyssinian, Leona, Williston Golden and Williston Brown. A reanalysis
of his data suggested that pathogenicity on these varieties may also be
governed by two dominant genes through epistatic-hypostatic relation-
ships, |

Reanalysis of Flor®s data on the inheritance of rust resistance
in flax varieties suggested that resistance may be more complex than he
reported. According to Flor, rust resistance in Bombay is governed by
a single gene. According to my analysis of the data,resistance in
Bombay to some races may be governed by complementary geries.

Resistance in several flax varieties is reported by Flor to be
controlled by single or duplicate genes. My reanalysis of hls data
suggests that these varieties may possess moré resistance genes, some of
which may be epigtatic.

Flor's use of the term allelism may not conform with the classical
definition. Flor assumed two resistance genes to be allelic if the
observed F, segregation fitted a 2:1:1:0 ratio. On this basis he placed
various resistance genes in an allelic series, In my view they appear
to be situated at different loci and may be closely lihked in repulsion,

Kerr, following Flor, postulated a mumber of allelic genes by
fitting observed segregations to a 2:1:1:0 or a 14:1:1:0 ratio, Accord-
ing to my analysis, the resistance in these varieties could also be
controlled by several genes through an epistatic-hypostatic relationship

which cannot be differentiated without appropriate tests.

B
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Using the pooled nectar method of selfing Green studied the
inheritance of colour and pathogenicity in Sy uredial progeny of races
11 and 15B-1L (Can.) of Puccinia graminis.

In his study, the normal uredial colour was dominant over greyish-
brown. The parent races 15B-1L and 11 were virulent on varieties
Arnautka and Mindum, In the Sy progeny of race 15B-1L virulence was
dominant among both the nornial and greyish-brown progenies; in the 53
progeny of race 11 virulence was dominant among the normal coloured
cultures tut recessive in greyish-brown ones. The %apparent reversal
of dominance® in race 11l was explained by linkage between the loci for
colour and virulence,

On varieties Vernal and lee, the parent race 15B-1L was virulent,
A1l the 5, progeny with greyish-brown spores were virulent but most of
the normal coloured types were avirulent, The segregation ratio of
avirulent to virulent cultures among the normal coloured progeny
indicated two recessive genes for virulence. Green rejected this on
theoretical grounds, and explained his results on the basis of linkage
between loci for colowr and virulence,

Green's data indicate that the number of aeci2l clusters sampled
was Inadequate to test even a single factor hypothesis. He did not
report the rmumber of pycnia from which he collected nectar for mixing.
His results may be attributable to sampling error because of inadequate
population sizes, rather than to linkage between colour and virulence
loci.

In another study Green selfed progeny from four cultures of wheat
stem rust race 1l and one culture of race 10 on several wheat dlfferen-

tials. The total rumber of cultures tested varied between 20 and 52 and
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and were obtained over 9 years, i.e. in several experiments. These
results were presented to show a gene-for-gene relationship between wheat
and wheat stem rust.

Since the S, progeny were obtained in distinct experiments the
gametic population in each was subject to sampliﬁg error. Although Green's
conclusions are probably correct, I believe that he bases them on
inadequate data.

In 1965 Green conducted crossing and selfing studies of several
oat stem rust races on variety Sevncthrée, employing race 6A and a rmmber
of other races. Segregation was apparent when race 6A was used as the
maternal parent. When race 6A was the paternal parent, the pathogenicity
of the Fl hybrids resembled the maternal parent. Segregation was also
obtained in the selfed proger& of race 6A.

Green explained the virulence of race 6A by postulating it to be
controlled by a2 dominant gene for virulencex and a2 dominant gene that
acts with the maternal cytoplasm to make the recessive gene for
avirulence dominant when both occur in the same monokaryoctic infection.

In my opinion Green's tests were not approprlate to determine
whether inheritance of virulence was Mendelian or not. I believe also
that the model proposed by Green is not genetically sound.

In crosses between oat stem rust races 7 and 1l Johnson concluded
that avirulence on each of two oat varieties, White Tartar and Richland,
is governed by complementary genes. Green in a later study reported
pathogenicity on each of the two varieties to be controlled by single
genes, Green cited the work of other workers which also suggested rust

resistance in these two varieties to be governed by single genes.
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If resistance is comtrolled by a single gene, then assuming the
existence of a gene-for-gens relationship, monogenic control of patho-
genicity as suggested by Green seems to be more plausibie than by
complementary genes., Johnson obtained the data using the pooled nectar
method of selfing. As he made no mention of the rmmbers of pycnia he
used, the mumber of aecial clusters he sampled, and the mmber of
cultures established from each aecial cluster, his ratics may have been
spurious because of inadequate sample size. |

In a cross between wheat stem rust race 111 (culture 111-55A) and
36 (culture 36-55A) Loegering and Powers concluded on the basis of
segregation ratios that the avirulence of race 111 on varieties Marquis
(12:3:1¢1) and Reliance (48:12:3:1) is governed by two and three dominant
genes respectively. On tﬁe basis of gene-for-gene relationships, they
postulated two and three dominant genes for resistance in Marquis and
Reliance respectively. A hat

Loegering and Powers obtalned Fp progeny in the course of several
experiments. In my opinion the gametic population in each experiment
was theoretically not sufficient to avoid sampling error. Although their
conclusions may be correct, they are not justified on theoretical grounds.

Williams et al. tésted the pathogenicity of 103 of the 108 F,
cultures studied by Loegering and Powers on Marquis, Reliance, and on
single gene lines supposedly carrying the same resistance genes as Marquis
and Reliance. Théir results on Marquis and Reliance agreed with those
of Loegering and Powers. On two monogenic lines, however, they found
that avirulence of race 111 was controlled not by a dominant gene but by
a single recessive gene. They explained these results by the effect on

dominance at a given locus in the rust, of the additional resistance genes
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present in Marquis and Reliance.

In my opinion, since avirulence on the single gene lines derived

from Marquis and Reliance is conditioned by a recessive gene, the same
recessive gene should also be presenmt in Marguis and Reliance. The
discrepancy in results of the two groups of workers might well be
attributed to the way each of them classified intermediate infection
types induced by some F, cultures., Differences in classification of
just a few cultures, indicated in their data, could lead to quite
different ratios and different interpretations.

Iulg and Watson tested 285 cultures derived from selfing of Strain

21 Anz, 2 of Puccinia graminis var, tritici on 23 wheat differentials.

They grc;uped the whole population into 37 strains, These 37 strains
were used as 37 S; progeny to calculate genetic ratlos. From this study
they concluded that virulence on some differenmtials seemed to follow
Mendelian heredity but on others the mode of inheritance was difficult
to explain., They also stated that their results indicated a gene-for-
gene relationship on some varieties but not on others.

As the mumber of strains they obtained was determined by the
muber of differentials employed, it was an artificial population and
should not have been used to calculate Mendelian ratios. They obtained
the progenies by the pooled nectar method of selfing. As they did not
mention the numbers of pyecnia, aecial clusters, or mamber of culturés
they obtained from each cluster, their results might have been affected

by sampling error if the numbers involved were inadequate.
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Samborski investigated the nature of the inheritance of pathogen-
icity in the Sy progeny of a culture of wheat leaf rust on the varisty
Transfer.

He concluded that the paremt culture was heterozygous for
pathogenicity with virulence being incompletely dominant as the result
of a spontaneous mutation. According to my analysls, his data indicate
that the virulence was recessive. Thus it is much more likely to have
arisen by spontaneous matation than if it were dominant,

Flangas and Dickson tested the pathogenicity of 285 subcultures
derived from three generations of inbreeding of Hur heterozygous clones
of Puccinia sorghi. They also tested 92 hybrid cultures derived from
crosses between lines of selected pathogenic types of sibling and non-
sibling pedigree on six maize lines. They concluded that their results
could not be explained in simple Mendelian terms. They looked for
explanations from the work on biochemical genetics of microorganisms,
where complex genetic mechanisms, based on tests with many millions of
offspring, have been postulated.

The data presented by Flangas and Dickson, however, show that the
population sizes they used are not sufficlient to test even a single
factor hypothesis, let alone more complex genetic systems. From the
results described by Flangas and Dickson it appears that the genes
controlling pathogenicity in the clones of P. sorghi may have reduced
penetrance.

Workers have employed two methods of selfing (the reciprocal and

the pooled nectar method) in rust fungi and postulated genetic hypotheses

by caleculating F, ratios. These two methods have not been standardized

and the results obtained may be unreliable.
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With the pooled nectar method, sampling errors may occur if the
mumber of pycnia used for pooling the nectar is inadequate; if the
nectar is not thoroughly mixed; if the rumber of aecial clusters
sampled is too smally and if insufficient cultures are derived from
each cluster. F, ratios calculated for progenles derived by this .
method may be spurious, as it is rarely convenient to handle the sample
sizes theoretically required.

The reciprocal bmethod of pairing may give rise to errors if the
mumber of pycnia used in an experiment is insufficient. As there is
only one point at which sampling error is likely to occur, this method
is preferable to the pooled nectar method for deiiving genetic hypo-
theses from Fy data., Because of the difficulty of working with F3,
most rust workers base their conclusions on Fz;

I have described a method of caleculating genetic ratios when the

. pooled nectar method is used, based on the theoretical expectation of

segregation between and within aecial clusters. This method should
give results comparable to the backcross method. It should also permit
differentiation between such eritical ratios as 3:1 and 13:3, and
should serve the purpose of a progeny test. It may therefore be
preferable to test genetic hypotheses by this method, rdther than on the
basis of F, data.

A gene-for-gene system seems to provide a rational explanation of
the genetic contfol of resistance and of pathogenicity.

The genstic data presented in this thesls on sunflowers and sun-
flower rust are not sufficient to prove the existence of a gene-for-

gene relationship in this host-parasite system.
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Mode and Person have both proposed models to explain the self=-
regulating mechanisms and balanced polymorphisms in interlocking
populations of host and pathogen in crops,most of which are self-
pollinating, Although the kind of balance they postulate may occur
in nature between wild plants and their pathogens, it may be less
probable in cultivated crops such as cereals and flax., Experimental
data provided by Suneson for mixed populations of barley varieties
differing in reaction to leaf pathogens,do not seem to support their
hypotheses,

One of the assumptions common to Mode’s and Person's models is
that virulence genes in the pathogen are not allelic., This may be the
case, but I belisve that Flor's work has not ruled out altogether
allelism of virulence in flax rust. Allelism seems to be almost a.
universal phenomenon, found in obligately parasitie bacterial viruses
as well as in higher organisms. When the mechanical difficulties that
interfere with genetic studies on parasitic fungi are overcime, I

believe that allelism may also be demonstrated for virulence genes,
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CLAIM OF ORTGINAL WORK AND

CONTRIBUTIONS TO KNOWLEDGE

1. I have developed a method for making mltiple inoculations with
rust on individual leaves, This method makes possible much greater
precision in working with variable host genotypes and in identifying
unknown races or genotypes in the pathogen, than was available with
previous methods,

2, I have made an investigation inmto the inheritance of pathogen-
icity of the four Canadian sunflower rust races. My data suggest
that pathogenicity of the races used may possibly be controlled by
non-chromosomal or an imteraction between chromosomal and non-
chromobsomal factors. An implication of these results is that resist-
ance in sunflower differentials to rust may be more complex than
reported by previous workers,

3. I have presented a critical review of the published work on
genetic studies on pathogenicity in rust fungi and resistance in
their hosts. I have pointed out that the results obtained in some of
these studies may not be based on sound genstic tests and that in
some other studies the interpretatior of the genetic data presented
is open to question,

L, I have pointed out that the two methods of selfing F, rust
hybrids used by various workers have not been standardized. The data
obtained by these two methods may be different and this may lead to

misleading conclusions. I have examined the two methods critically
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with regard to the stages at which sampling errors can occur and have
suggested how to choose the more reliable method under various
circumstances.,

5 I have suggested an improved method of caleculating genetic
ratios for inheritance studies with rust fungi, I believe it will be
more useful than the methods of analysis now in use and will permit

more critical testing of genetic hypotheses.
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Explanatory note for Appendix Tables I to VI

Morden 29 is susceptible to races 2 and 4, and resistant to races
1l and 3. Results are based on reactions of 10 to 15 seedlings in
each case,

CMSORR 1s susceptible to races 3 and 4, and resistant to
races 1 and 2, Results are based on reactions of 10 to 15 seedlings
in each case,

M69-W59-11~-MC62-13-r4 - Most of the seedlings of this line are
resistant to races 1 and 3, and susceptible to races 2 and 4 or to
race & only. Results are based on reactions of 5 to 8 seedlings in
each case,

M62-2672-2-r]l - Most of the seedlings of this line are susceptible
to race 1 and highly resistant to the other three races. Some are
8lso resistant to race 1, Results are based on reactions of 3 to 8
seedlings in each case.

M62-2685-14-T is highly resistant to all four parental races.

Results are based on reactions of 6 to 10 seedlings in each case,
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APPENDIX TABLE I, PATHOGENICITY ON DIFFERENTIAL VARIETIES
OF F, UREDIAL CULTTURES DERIVED FRGM CROSSES

BETWEEN RACES 1 AND 2,

Varistiest
Cross No. Race x Race Morden OCMOCRR M69-W59-11- M62-2672- M62-2685-
9 077 29 MCé2-13-rlt 2-rl 14-‘I
Reciprocal Cross
Cr63-104 2x1 xf/ A A A
0B 1x2 A A A A A
Cré3-114A 2x1 v A A, A=, V= - A
0 11y
-11B 1x2 A A K, 4, - A
Cré3-144 2x1 v A A, &A=, V\= - A
! ORI
-14B 1x2 A A A, A, A - A
Cré5=-20 L x2 A A A, A A A
-M-l A “
7 71
=2B=1 2x1 v A Ar V A A
Cr65-20
=3A-1 lx2 A A A, A A A
| 3 T ¢
=3B-1 2x1 v A A, V A A
Cré5-2-14 1x2 £ V- - - -
=2~1B 2x1l A'2 V- - - -
One-sided Cross
Cr65-20
«1B=-1 2x1 v A v A A
Cr65-20
«l}Bal 2x1 v A A A A

1/ See note on page A-1
2/ A, avirulent;VVirulemt; -, not tested on the line

/\D Reactions of reciprocal F, cultures on the same seedlings
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APPENDIX TABLE IT. PATHOGENICITY ON DIFFERENTIAL VARIETIES

OFF]_UREDIALCUIEURESDERIVEDFROM
CROSSES BETWEEN RACES 1 AND 3

Varie'bies-]-‘-/
Morden
Cross No, Race x Race 29 CMOORR  M69-W59-11- MB2-2672- M62-2685-
Q OZ , MC62-13-x4 2-rl RLISS
Reciprocal Cross
2/ v:|./
Cré3-bA 3x1 Vi v, V= 4, A=, V= A
T3
4B 1lx 3 A Vo A A’ A=, V= A A
Cré5-33-
14-3 1x3 A v A-, A= A
-1B-1 3x1 A v A-, A=
Cré5-33 .
~54=-1 1x3 A A A, A= A, A- A
-5B-1 3 x 1l A A, v A A, A= A

;/ See note on page A-l
2/ A, aviradent; V, virulent;

/\D Reactions of reciprocal F; cultures on the same seedlings

s S —. ¢
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APPENDIX TABLE IIT.

Al

PATHOGENICITY ON DIFFERENTIAL VARIETIES OF

§, UREDIAL CULTURES DERIVED FROM CROSSES
EETWEEN RACES 1 AND &
Varietiesl/
Morden
Cross No, Race x Race 29 CMOORR  M69-W59-11-  M62-2672- M62-2685=
Q Of; MC62-13-xh 2-rl T
Recigrocal Cross
§
Cré3-14 bx1 v& i A, A=, V- likeracel A
0 T T
-1B 1xh A A A )(, }E- like race 1 A
Cré3-24 hx1 Vv V, 4, V=,4 V=, V= like race 3 A
RO
-2B 1x4 L ¥, V-,V=,4 V=, &= like race 1 A
Cré65-25
“7A-1 b x1 V-, A Fy v, V- A
78-3 i 1T
753 ixhs A Ves A A v, V- A
Cré5-25
~104-1 b x1 v A A, V=,V \' A
1 T T 1
~10B-1 1x4 A A- A, A, A v A
One sided Cross
Cré5-25
-6B-1 1xb A v A, A- A A
Cré5-25
-8B-1 1xh4 A 4, V- A A, V- A
Cré5-25
~9A-1 hbx1 v v v v A
1/ See note on page A-l
2/ A, avirulemt; V, virulent;

T, Reactions of reciprocal Fy cultures on the same seedlings
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APPENDIX TABLE 1IV. PATHOGENICITY ON DIFFERENTIAL VARIETIES OF

Fl UREDIAL CULTURES DERIVED FRQM CROSSES

EETHEEN RACES 2 AND 3

1
Varieties™
Morden
Cross No. Race % Race 29 CMOCRR ¥69-W59~-11- Mb2-2672 M62-2685-
Q & MC62-13-rk  -2-rl W1
Reeiprocal Cross
Cré3-154 3x2 %2/ ¥, V- % A A
-15B 2x3 v v, V- v A A
Cré3-16A 3x2 A 4, Y\ /]A>, .?\ A A
/b /\/
-16B 2x3 ¥ %, j( V=, X A A
Cr63-17A 3x2 A v, V= - - -
. ! T 7
-17B 2x3 v Vv, A - - -
Cré63-18A 3x2 A 4, V, A - - -
/] P2\ /,\
"18B .2 X 3 % .{' ‘\f/, v - - -
Cré5-b-14 2x3 % X, A= V= /.!]t A
4-1B 3x2 v v, v$ V= X A
Cré5-24-
LAl 3x2 A v A A A
? 0
~4B=1 2x3 v v V.. A A
Cré5-24
=58=1 3x2 A Vv A A A
7 ¢
=5B=1 2x3 v v v A A
Ons-sided Cross
Bré5-24
-1B-1 2x3 v A, V A, V

o — ot A e e

[ NP S

1/ See note on page A-1
2/ A, avirulent; V, virulemt; -, not tested on the line

/\‘} Reactions of reciprocal F; cultures on the same seedlings

o TS
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APPENDIX TABLE V. PATHOGENICITY ON DIFFERENTTAL VARTETIES OF
Fl UREDTAL CULTURES DERIVED FROM CROSSES
BETWEEN RACES 2 AND &4

Varistiost/
Morden
Cross No. Race x Race 29 CMICER  M69-W59-11- M62-2672 M62-2685
= MC62-13-xlt =2~rl =14-T
O =
* O
Reciprocal Cross
- Cré5-22 2/ .
-1A=1 2x b4 A vV, A A-, V A A
T et
-1B-1 hx2 v 4 K A,V A A
Cré5-22
-2A=1 2x b v A, A- A, V A A
T ¢
-ZB-l u’ X 2 V A. A- A. = A
Cré65-22
-34-1 2x 4 v A, V A A A
-3B-1 L x 2 v A, V A A A
Cré5-25
. =24-1 L x 2 v v v A A
-2B=1 2x 4 v v v A A
One-sided Cross
Cré5-25

-1B-1 2x 4 A v A A A

l/ See note on page A-1
_2_/ 4, avirulent; V, virulent

@ Reactions of reciprocal F; cultures on the same seedlings

— e
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APPENDIX TABIE VI, PATHOGENICITY ON DIFFERENTTAL VARIETIES OF
Fy UREDIAL CULTURES DERIVED FROM CROSSES

BETWEEN RACES 3 AND &4

1/
Varietlies—
Morden
Cross No. Race x Race 29 CMOORR  M69-W59-11- MA2-2672 M62-2685-
o g MC62-13-rl -2-rl 4.1
Reciprocal Cross
Cré5-26 :
-24=-1 3x4 Agl A, V ;‘L\. )( A v
) J
-2B-1 b x3 % &, V OV, V-,V A v
Cré5-26
-34-2 3xh A v A A v
{ 3
=3B=2 Lx3 v v v A v
Cré5-26
-54-2 3x 4 % v -:]; ﬁ, i A
-5B-2 Lx3 v v ’ A
Cr65-26-."
-6A-2 3xh4 A V, 4 A, A 4, A A
N\ <N N <» Ny
) ) )
"6B"2 Ll' X 3 V V, .A V, V= A. V’—'—' A

_1./ See note on page A-l
2/ A, avirulemt; YV, virulent

.
J/ .Reactions of reciprocal Fy cultures on the same seedlings
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APPENDIX

TAELE VII. REACTION TYPES OF DIFFERENTIAL VARIETIES TO Fy UREDIAL

CULTIRES DERIVED FROM CROSSES BEIWEEN RACES 1 AND 2,

Method of "
inoculation, No. of Parent races Fy (Q x &)
environment, Varieties seed-

and date lings 1 2 3 L Cr63-10A Cré63-10B

tested (2xY) (@Ex2)
w,Y sz 3% s, 3, 4 3, b4 3.4 3,4 3,4
cH, M29-63-830
(Morden 29) 8/8 O: 3, 4 0;, ON,1 3, 4 3, 4 O, 1N
5 Mar, 1964
CM9ORR 7/7 0; 03 3, b 3, & 03 O3
MI, 537-388 L /i 3=, 3 3=y 3 3=, 3 3=, 3 3=, 3 3=, 3
GC 17, M29-63-868
(Morden 29)  2/3 03, ON 3- 03, ON 3- 2+, 3_ ON,03, 1
13 Dec. 1965
1/3 oN 3-, 3 03 2+, 3- 3 1-N
CMOORR by 03 0; 3- 3= O3 03
M69-El4-22L
(M9-W59-11- 1/2 1, 2 0;, 1 ON, 1 3-, 3 IN *H
MC62-13-11)
1/2 0; 0; 1-N 24, 3= 1-N 03
M62-64-557
(M62-2672- 3/3 3 0; 0; 0; 0; 0;
ry)
M62-64-664
(M62-2685- 8/8 I I I I I I

14-T)

8=V
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APPENDIX TAELE VII - contimmed

Method of

6-¥

inoculation, No. of Parent races F, (@ x&)
environment, Varieties seed=- '
and date lings 1 2 3 b Cr63-10A Cr63-11B Cr63-14A Cr63-14B
tested _ (2x 1) (1x2) (2 x1) (1x2)
MT, $37-388 3/3 3,4 3, 4 3, 4 3,4 3,4 3, 4 3, 4 3, 4
’ M29-63-830
5 Mar, 1964 (Morden 29)  L/7 ON 3, 4 ON 3, 4 3, b ON 3- ON, IN
3/7 ON 3, 4 ON 3, 4 3, 4 ON ? ON, 1N
CM9QRE 6/6 03 0; 3, 4 3, b 0; 03 0; 0;
GCFE{'; 537-388 3/3 3-,3 3=s 3 3= 3 3=, 3 3= 3 3=, 3 3=3 3 3=, 3
| Me0-63-868 14 0; 3 0 3 3 oN 3 0;
13 Dec, 1965 (Morden 29)
1/4 Os 3 0; 3- 3 oW, 1 3-, 3 ON, 1N
four 3-
/b 0; 3 0 3 3 w, 2 3 ON, 0;
: five 3=
1/4 03 3=, 3 03 2N, 2+ 3 03, 1, 2 3- O3, 1N
CM9ORR 1/7 03 0; 3 3 03 0; ON,03,1 2+, 3-
5/7 o 0; 3 3 0; 0; 0; 0; ,0N,1,2+
1/7 03 03 3 3 0; 0; 03 0;

Yo




APPENDIX TABLE -VII - continued
Method of Parent races Fy (‘2 x &1
incculation, No, of
environment, Varietles seed-
and date lings 1 2 3 L Cr63-11A Cré3-11B Cr63-14A Cré3-14B
tested (2x1) (1 x 2 (2x1) (1 x 2)
MI, M69-64-221 1/5 ON oN, 1 1-N 24, 3- 2N, 2 03, 1-N 1-N, two 2+  1-N
GC 17  (M69-W59-11- ,
MC62-13-ry)  1/5 03 1, 2, 2+ 1-N, 1 3- 2, 2+ 03 1, 2 03, 1,
13 Dee. 1965 two 3=
1/5 03 2N, 2+ OoN 3=y 3 0;, 2 0; 1, 2+  ON, 2+,
three 3-
1/5 0; 03, 1-N oN 28, 3- 1, 2 03 1, 2 ON, three
(2 or 2+)
1/5 0s 2 1-N, 1 3 1, 2, 2+ 0; 1, 2 0;, three
2, one 3-
M69-6l-241
(ME9-W59-11-  1/2 03 ON, 1-N 03 24, 3- 2 03, 1 0; 2N
MC62-13-ry)
1/2 03 03, 2 iN 3- 2, 2+ 0;, 1 2- 1N
M62-6l-664
(Mb2-2685- 6/6 I I I I I I I I

W-I)

or-v




APPENDIX TABIE VII - continued
Method of Parent races FL (€< {
inoculation, No. of '
environment, Varietles seed- 1l 2 3 L  Cré5-20 Ce65-20 Cr65-20 Cr65-20
and date lings =24-1 -2B-1 -34-1 -3B-1
tested 1Lx2) (2x1) (1x2) (2x1)
Glcué S37-388 332/ 3,4 3/33,4 3/33, 4% 3/33,84 3/33, 4 3/33,4 3/33,4 3/33,4
' CMICRR Lt o3 3/3 o5 4/43, 4 3/33,4 6/6 05 5/5 03 6/6 03 5[5 0;
3 Sept., 1965 M29-64-410
(Morden 29) 5/5 1,2 5/53-3 5/5 03 3/33,3+ 5/5 Ljlk 3-,3 Lfu 5/5 3=13
. 03.1,2 0;01’2
ME2-64-631 >
(M62-2685.- I I I T I I I I B
W-1)
Grézté S37-388 3/3  3-,3 3-,3  3-,3 3,3 3,3 3-,3 3-,3 3-, 3
’ M29-63-868 1/3 ON 3-,3 03, ON 2+N, 3- ON, 2- 3 1=N 2%, 3-
11 Nov. 1965 (Morden 29)
1/3 ON 2+, 3= oN 2+, 3= ON, 1+ 24N 1-N 3=
1/3 ON 2+, 3= ON 2+, 3- ON 2%, 3= ON 24, 3=
| CMOORR 2/5 03 03 3=, 3 3=, 3 0; 03 0; 03
‘1 2/5 03 0s 2+ 03, 1-,1 O 0; 0; 0;
‘ 1/5 0; 03 3=, 3 2+ 0; 0; 0; 0:
M62-64-557 .
; (M62-2672-2 5/5 2+, 3~ 03 0; 03 0 0g 03 03
-r1)
|




- ~
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APPENDIX TABLE VII - contimed
Method of ) , .
inoculation, No., of Parent races P (P x &) _
enviromment, Varieties seed- 1 2 3 L Cr65-20 Cr65-20 Cr65-20 Cré5-20
and date lings ~2A-1 =2B-1 =34~ -3B-1
tested (1x2) (2x1) (1x2) (2x 1)
MI, M69-6k-224 1/6 0 ON N 24, 3- ON ON ON ON
GC 2, (MB9-W59-11
-MC62-13-ry) 1/6 0; ON ON 2N, ON ON ON
11 Nov. 1965 24, 3=1 ON
2/6 ON 2N ON 2+, 3= ON ON ON ON g
2/6 ™ 3- oN 3-, 3 ON 3=, 3 1-N 3
M62-64-664 :
(M62-2685- 6/6 I I I I I I I I
14-T)

y MI, mltiple inoculafion; RI, routine inoculation; GH, greenhouse;

3/ Numerator indicates the numbsr of seedlings showing particular reaction types, and denominator gives

the number of seedlings tested,

GC, growth cabinet.



APPENDIX TABLE VITI, REACTION TYPES OF DIFFERENTIAL VARIETIES TO F; UREDIAL

CULTURES DERIVED FROM CROSSES BETWEEN FRACES 1 AND 3

&

Method of Parent races ¥ (@ « &
inoculation, Ne, of
environment, Varieties seed- 1 2 3 L Cr63-4A Cr63-4B
and date lings G=x1 (1x3)
tested
1/ 2/
Icg. S37-388 3/3" 3,4 3, 4 3, 4 3, & 3, 4 3, 4
’ CM9CHR 3f7 o 03 3,6 3,4 3,4 031
5 Mar, 1964
Lf? 0; 03 3, b 3, b 3, b 3, 4
M29-63-830
(Morden 29) 8/8 ON, 1 3, 4 0;,0N,1 3, 4 0z, 1N 03, 1N
MI, $37-388 Lk 3-, 3 3=2 3 3-,3 3-,3 3-5 3 3=, 3
Gc 17, :
M29-63-868
13 Dec. 1965 (Morden 29) 2/3 0;,0N,1- 3= 03, ON 3- ON, 1-  ON, 1-
1/3 ON 3=, 3 0 2+, 3= 1-N 1-N
CM9CRR 3/4 03 03 3- 3- 3- 3-
1/4 0; 0; 3- 3- 03, 2N,
i, 2, 2+ 2+,3= ¢
M6h-6lim22ls ,
(M69-W59-11 /2 1, 2 03, 1 ON, 1 3-, 3 1, 2 1.
MC62-13-r4)
1/2 03 0; 1-N 24, 3= 2N 1N

€=V

L
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APPENDIX TAELE VIII - continued

Hi=v

Method of Parent races Fp (§ x @)
inoculation, No. of ‘
environment, Varieties seed- 1l 2 3 L Cré3=lA Cré3-UB
and date lings 3 x1) (1 x3)
tegted
MI, M69-64-241 1/2 1, 2 03, 1 2 2+, 3=7 2+, 3=7 2+
GC 17, (M69-W59-11~
MC62~13-xL) 1/2 03 2+ 2, 2+ 3= 1, 2, 2+ 2, 2+
13 Dec., 1965
M62-64-557
(M62-2672-2 3/3 3 03 03 O3 03 0;
r1)
M62-64-664
(M62-2685- 8/8 I I I I I I
14-T)
, Cr65-33 Cré65-33 Cr65-33 Cr65-33
1 2 3 L -14-3 -1B-1 5A=1 «5B=1
(1=x3) 3=x1) (L x3) 3x1)
Gréxé S37-388 3/3 3,4 3/3 3,4 3/3 3.4 3/3 3,43/3 3,4 3/3 3,4 3/3 3,4 3/3 3.4
! M29-6k-417 5/5 6/6 6/6 6/6
25 Sept, 1965 (Morden 29) 1N,1,2 3-,3 03 ,1-,1 /3,4 5/51,2 5/2;,1 515 Lz 5 f,;, 1
CMCRR w03  5/5 03  5/53,4 6/6 5/5 6/6 6/6 0; 2/5 3
391" 3.3+ 3,3+ 2/5 03'
scattered
e ' G
- T I I I I
THEA I I I

ST

e . . . L .. it Lo . . . . /A

i
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APPENDIX TABLE VIIT - continued
Method of Parent races B (Q x &7 )
inoculation No, of
environment: Varieties seed- 1 2 3 L Cr65-33 Cr65-33 Cré5-33 Cré5-33
and date lings -14-3 -1B-1 -5A-1 -5B-1
tested (1x3) (3 x1) (1x3) (3x1)
MI, 537-388 3/3 2ty 3= 24, 3- 24+, 3= 24, 3- 24, 3- 2, 3- 24, 3= 2+, 3=
GC 13,
M29-63-868
27 Jan 1966 (Morden 29) 1/3 ON 24+ ON 2+ 1-N ON ON ON
1/3 oN 2+, 3= ON 24, 3= 1=N, few ON ON ON
2 or 2+
1/3 1-N 24, 3- 1-N 24+, 3= 1N, few ON, 1-N 1-N ON, few 2
lor2
CM9CRR 2/5 03 03 2+, 3- 2+, 3- 2+, 3- 24, 3- 0; 0;
2/5 0; 03, few 2 24, 3= 2+, 3- 2+, 3- 2+, 3- 03 0;
1/5 0; 03 2ty 3= 2+, 3- 2 3=, 3 03 0;
M62-64-557
(Mb2-2672-2  1]2 1-N 03 03 0; 0; 0; 1-N 1-N
-r1)
1/2 1-N 03 0; 0; ON ON 1, 2, 2+ 1-N, 2
M69-63-562
(M69-W59-11- 1/3 0; 03 1-N, 1 2+, 3- 2N, 2+ 1N, 2- 0; 03
MC62-13-11,)
1/3 0; 0; N, 2 2+, 3- 1N, 2 N, 1 0; 03
1/3 0; 2%, 3= 1 24, 3= 2N, 2 1-§ 2N, 2, 2+ 03
y MI, multiple inoculation; RI, routine inoculation; GH, greenhouse; GC, growth cabinet
?’;/ Numerator indicates the mumber of seedlings showing particular reaction types, and densminator gives the rumber

of seedlings tested

N/ SR LA,
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APPENDIX TARLE IX. REACTION TYPES OF DIFFERENTIAL VARIETIES TO Fy UREDIAL ;
CULTURES DERIVED FROM CROSSES BETWEEN RACES 1 AND & ;
Method of Parent races PO x &
inoculation, No., of {
environment, Varieties seed- 1 2 3 L Cr63-1A Cr63-1B Cré3-24 Cré3-2B I
and date lings (& x1) (Lxh) (4 x 1) (1xh)
tested
1
1w/ s37-388  3/3% s.n 34 30 3, b 3, b4 3, b 3, b 3, b
&
M29-63-830 '
5 Mar. 1964 (Morden 29) 8/8 0;, ON 3, 4 03, ON 3, b 3, 4 03 3, b 03, 1 I
CMICER 1/7 03 0; 3uih 3, b 03 03 five 3 2,3 %
) i
1/7 0; 0; 3, 4 3,4 0; 03 3, b 24,3
1/7 03 03 3, 4 3, b 03 03 03 3, b
bf7 0; 03 3, 4 3, 4 03 0; 03 03
GCM?:} 537-388 Lfy 3, 34+ 35 3+ 3, 3+ 3, 3+ 3s 3+ 3, 3+ 3 3+ 3, 3+
' M20-63-868 2/t 03, ON 3=, 3 O3, ON 3= 3~ 03, 1 3 ON, 2
13 Dec 1965 (Morden 29)
2/4  0;, ON,1 3 ON 2ty 3- 3 o 3 ON, 2
CMICRR 2/7 0; 03 3- 3- 03, L, 2 03,1, 2 2+, 3- 3-
1/7 03 0; 2+, 3= 3, 3+ 0; 0; 1+, 2 2+,3- 7
1/7 03 03 3-, 3 3 0; 03 2, 2+ 1 2 ;
1/7 0; 03 3- 2+, 3- 03 03 03, ON, 2 1,2
1/7 0; 03 2+ 2 o 03 0; 0;
1/7 03 03 3-, 3 2+ 03 0; 2+ 03, 1, 2




APPENDIX TAHBLE IX - contimmed

Method of Parent races F(Q M
inoculation, No. of
environment, Varieties seed- 1 2 3 L Cré3-14 Cr63-1B Cr63-2A Cré3-2B
and date lings (& x 1), (T x &) (3 x1) Q=xh)
tested
MI, , Crbl-224 1/3  oN;, O; 2N, 2 1, 2 2+, 3- 03 03 24 2, 2+
GC, 17, (M69-W59-11-
MC62-13-1y) 1/3 ON 1+N ON 24, 3= 2N, 2+ ON, 1 24, 3-1 1, 2
13 Dec 1965
1/3 1-N 3- oN 2+, 3 24y 3- 2N 24, 3-% 1, 2, 2
M62-64-557 .
(62--267z-§ 1/4 ON, 3- 0; 03 03 ON, 2+ 3=- 3= ON, 2+,3-
-1
1/k ON, 3 0; 0; 03 ON, 1, 2+, 3- 3-, 3 2N, 3
three 3~
1/4 ON, 3- 03 0 0; 2+, three 2+, 2+, 3- ON, 3
Three 3- three 3-
/4 ON, 3 03 0; 03 ON, ON, O3  ON, 2+, 3- ON, 2+, 3-%
Z-I-, 3"‘?
Mb2=64-664
(Mb2-2685- 8/8 I I I I I I I I
14-T)

T
I

W



APPENDIX TABLE IX - continued
Method of Parent races Fp ( Q_ x &)
inoculstion, No, of Cr65-25 Cré5-25 Cr65-25 Cré5-25
environment, Varieties seed- 1 2 3 L -8B-1 -9A-1 -10A-1 ~10B-1
and date lings (1xu) (& x 1) d x1) (1x4)
tested (No reciprocal)(No reciprocal)
RI, 537-388 338 3,4 3/3 3,8 3/3 3.4 33 3,4 33 3.4 33 3,4 33 3,4 3/3 3.4
GC 6, M29-64=410
(Morden 29) 4 1,2 5/5 5,3 5/5 0; 3/3 3,3+ 5/5 O3 5/5 2+,3- 4% 3-,3 3/3 03,21,
15 Sept 1965 2, few 2+
3/5 0; 3/% 0;
CMOCRR 3/3 03 2/z2 o; 4/v 3,4 3/3 3-,3 2[5 2¢,3- 5[5 3,4 /4 03, 5/5 03, 2, .
- 2+
M62-64-631 ’ ::"'o
(M62-2685- 5[5 I I I I I I I I
14.T)
Gcmlré S37-388 2/2 2+, 3- 24, 3- 2+, 3= 2+, 3~ 2+, 3- 2+, 3= 2+, 3- 2%, 3-
' 129-63-868 b/h  0;, ON 2+, 3= ON, O3 24, 3= ON 245 3= , 3=
27 Jan 1966 / 3 3 +, 3 2+, 3 o
CM9CRR Error - plants discarded
M69-64-211 1/2 03 0;, 2 2 2+ 03, 1 24 2, 2+ 0;
(M69-W59-11-
MC62-13-ry) 1/2 03 2+ 1 2+ N, 2 2+ 2+ 2 or 2+
M69-63-562 1/3 03 1-N 1-N 2+ 1-N§ . .
(M69-W59-11- 2+ 03, few 2 0;
MC62-13-14) 1/3 1-N 2+, 3- oN 3= 1N 3= 3- 1-N
1/3 1N, 2 2+, 3- ON - - - - -
M62-6k-557 ' 3 3 1-N 3 3 1-N
(M62-2672-)2 1/3 1-N ON, 1-N 0; 03 1-N 3- 3- 3
-rl
1/3 1-M,2, 2+  0©; 03 ON  2¢,5-7 24,322 3 or 3+ 3 or 3+
1/3 1-N ON, 1-N 03 0; 1-N 3= 3=
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APPENDIX TABIE IX - contimaed
Method of Parent races Fq (C; x O’/V)
: inoculation, No, of Cré5-25 Cré65-25 Cr65-25
’ enviromment, Varieties seed- 1 2 3 L ~-6B-1 ~7A-1 ~7B=3
: and date lings (1=xh) & x 1) (Lx4)
tested (No reciprocal)
ngé 537-388 5/5 3,% 5/5 3,4 5/5 3,4 5/5 3,4 5/5 3, % 5/5 3,4 5/5 3,4
" M29-6i-B10 |
15 Sept 1965(Morden 29) Ly 1,2 5/5 3-,3 5/5 03 3/3 3,3+5/5 0; 5/5 1, 2~ 5/5 1N, 2N
. 24 few 3~
CMOCRR 3/3 0 2/f2 0; 4 3,4 3/3 3-,3 5[5 3- 2[5 0; 3/5 0
2[5 0; at 1/5 0; ab
very tips tips
few 3~ and few 2+, 3-
3
M62~64-631 1/5 3-, 3 1/5 2+, 3~
(M62-2685-
14-1) I I I T I T I
Glc?iz, 537-388 Lfy 24+, 3= 24+, 3- 24+, 3- 2+, 3- 24, 3- 24, 3= 2+, 3-
: " M29-63-868 , |
(Morden 29) 3/3 0;, 1= 24y 3= ON, O; 24, 3= oN, O oN, 1 ON, 1N
{ 27 Jan 1966
CMICRR 1/3 03 O3 2+, 3- 2+, 3- 3- 03,1-, two 2+ 1, three
2+
1/3 0; 03 3w 3= 2+ 2+ or 3- 24, 3=
1/3 03 0; 3- 3- 3 0s, 1, 2 0s, 1

61-v
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APPENDIX TABLE IX - continued
Method of | Parent races FL(Q « 3D
inoculation, No, of Cré5-25 Cr65-25 Cr65-25
enviromment, Varieties seed- 1 2 3 L -6B-1 «7A=1 «7B=3
and date lings (LxU) (4 x 1) (Lx4)
tested (No reciprocal}
MI, Cr69-64-211 1/4 03 1-N 1-N 2+, 3~ One 2 1-N 2N
Gc 13, (M69-W59-11-
MC62-13-ry)  1/u 03 2+ 1-N 2+, 3= 1-N 1N 1-N
27 Jan 1966
1/4 03 N, 2- 1 24, 3= 1-N 1-N 1-N
1/4 03 0; 2N, 2 24+, 3= 2N, 2 1-N, 1 1-N, 1
M62-64-557 1/3 OoN, 1- 0; 03 0; 03 3= 3=
(M62-2672-2
-rq) 1/3 1-N, 2+ ON ON ON ON 24, 3= 2+, 3-
1/3 oN, 1- 0; 03 ON oN 2%, 3- 2
M62-6-664
(M62-26§5-) 7[7? I, 0; I, 0 I, 0; I, O; I, O3 I, O; I, 0;
T

}/ MI, multiple inoculation; RI, routine inoculation; GH, greenhouse;

GC,y growth cabinet

2/ Mumerator indicates the mumber of seedlings showing particular reaction types, and denominator gives the

munber of seedlings tested

og-v
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APPENDIX TABLE X, REACTION TYPES OF DIFFERENTTAL VARIETIES TO F, UREDIAL
CULTURES DERIVED FROM CROSSES BETWEEN RACES 2 AND 3

Method of Parent races F (Q A 50
inoculation, No, of A
enviromment, Varieties seed- 1 2 3 L Cré3-15A Cr63-15B Cr63-16A Cr63-16B
and date lings (3 x 2) (2 x 3) (3 x2) (2 x3)
tested '
v, s37-388 312 3,0 3,4 3,4 3,4 3,4 3, b 3, & 3, &
GH
M29-63-830 3/7 ON 3, 4 ON 3, 4 OoN 3, 4 0; 3
(Morden 29) -
5 Mar 1964 Lf7 ON 3, 4 ON 3, 4 ON 3, 4 very poor infection é
CMSCRR 6/7 0; 0; 3, 4 3, 4 3, b 3, 4 0;, 1 03, 1
1/7 0; ¢H 3, b 3s 4 3 3 : 3 'H
Gcmi% 537-388 3/3 3,3 3=, 3 3-, 3 3-,3 3-,3 3-5 3 3=, 3 3-, 3
" M29-63-868
13 Dec 1965 (Morden 29) 1/4 oN 2+, 3- 0; 3 ON 3 0; 3
1/4 ON 3 0;, ON 3 03, ON 3 ON 3
1/4 oN 3- 0; 2+, 3- 0 3= 03 2+, 3=

1/4 0; 3 ON 2, 2+ 0: 3 oN 3~
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APPENDIX TABLE X - contirued
Method of '
inoculation, No, of Parent. races : 1 (Q x &Y
enviromment, Varieties seed- 1 2 3 L Cr63-15A Cr63-15B = Cré3-16A Cr63-16E
and date 1ings 3 x2) (2 x3) 3 x 2 (2 x3)
tested
MI, CMOCRR 1/5 oF 0; 3- 3 3 24, 3= % 2 1, 2
Gec 17, .
: 1/5 03 0; 3- 3= 2+, 3= 1% 3- ? 03, 1-
13 Dec 1965
1/5 03 0; 2+, 3- 1 24, 3=  B¥, 3+ ON; 2+ 0; o}
1/5 0s 0; 3 3= 2 3= 2, 3- 03, 1 2 .
. . (]
1/5 03 2, 2+ 3 2+, 3- 3- 24, 3- 2 1, 2 N
M69-64-241 1/2 03 O3, 1, 1+ 1 2, 2+ 1 24, 3= ON 2+
(M69-W59~11- .
MC62-13-ry;) 1/2 03 1-N, 1- ON,0; 2, 2+ 03, 2 2ty 3- OoN 1
M62-64-557 '
(M62-2672-2 3/3 oN, 3 0z 03 03 0; 0; 0; 03
-r1)
M62-64=66
(M62-2685- 8/8 I I I I I I I I

14-T)




e

APPENDIX TABIE X - continued
Msthod of Parent races F, (O =1)
inoculation, No, of 1 Fx J
environment, Varisties seed- 1 2 3 ) Cr63=-174 Cr63-17B Cr63-18A Cr63-18B
and date lings - (3x2) (2 x3) Bx2) - (2x3)
tested
rcg. $37-388 3/3 3,4 3, b 3, & 3, 3,4 3, 4 3, b 3, &
M29-63-830 5/8 oN 3 0;, ON 3, 4 0;, ON 3 ON 3
5 Mar 1964 (Morden 29) :
3/8 ON 3 ON 3,04 ecewe-- very poor infection - - = = =
CM9CRR 1/6 O3 -0 3, b 3, 4 3, 4 3 3 3
1/6 0; 03 3, 4 3,4 3,4 3, 4 O3, 1 3~
1/6 0; 0; 3, 4 3, 4 3, &4 2, 3- 1 2+, 3-
1/6 03 03 3, b 3, 4 3 3 03 03, 1
2/é 0; 0; 3, 4 3, b 2, 2+ 03, 1 0;, 1 03, 1, 2

cz-v
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~ APPENDIX TAMLE X - continued

Method of Parent races F(Q . &)
inoculation, No, of :
environment, Varieties seed- 1 2 3 L Cré5-24 Cr65-24 Cré65-24 Cré5-24
and date lings . Y.} ~4B-1 =54-1 ~5B=1
tested (3 x 2) (2 x3) (3 x2) (2 x 3)
G}élé S37-388 505 3.4 5/5 3.4 5/5 3.4 5/5 3,45/5 3,4 5/5 3.4 5[5 3% 5[5 3.4
" M2o-@lB10
(Morden 29) “Wh 1,2 5/5 3-,3 5/5 03 3/33,3+5/5 0: 5/5 3=,3 5/5 0; 5[5 2+,3-
15 Sept 1965
CMOCRR 3/3 0; 2/2 o0; 4/3 3,4 3/33-,35/5 3 5/5 3-,3 5/5 3 5/5 3-,3
GIC;II'-’IB 537-388 3/3 2+, 3- 2+, 3 2+, 3- 2+, 3= 24, 3- 24, 3- 2+, 3- 2+, 3-
M29-63-868
27 Jan 1966 (Morden 29) 3/3 o3, 1- 2+, 3- ON, 1- 2+, 3- ON, 1- 24, 3- ON, 03 24, 3-
CMOCRR 1/6 03 03 3 3, 3+ 3+ 3 3 3
| 1/6 0; 0, 2 24, 3= 2+, 3- 24, 3= 3=, 3 3 3
1/6 0; 03, 1 3=, 3 2+, 3= 24, 3 24, 3- 2+, 3- 2+, 3-
2/6 03 03 24, 3= 24+, 3= 2+, 3= 2+, 3= 24, 3- 2+, 3=
1/6 03 0; 2+ 2+ 2+ 2+ 2+ 2+
(%69—6#—211 /
9-W59-11~ /4 03 0; 1-N,1 2 i, 2 24, 3- - -
MC62-13-11;) ’ + ’ *+s 3 1-N, 1 2+, 3
/4 03 2 ON, 2 2+, 3-  1-N,2 24, 3= 1-N 2+, 3-
1/4 1-N 2+, 3- oN 2%, 3= 1-N 24, 3- ON 3-, 3
1/u 2N,2 3- ON 24, 3= 1-N 24, 3- oN 3-, 3

12=¥
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APPENDIX TABLE X - continued
Method of Parent races Fl (D & 07)
g inoculation, , No, of A
enviromment, Varieties seed- 1 2 3 4 Cré5-24 Cré5-24 Cré65-2k4 Cré5-24
dand date lings ~lA-1 -4B.1 =541 -5B-1
: tested 3x2 (2=x3) 3 x2) (2 x3)
ﬁ MI,  M62-64-557
GC 1%, (Mez-zszj 1/2 2N, 2+ 03 03 0; 03 03 1-N 1-N
27 Jan 1966 ) 1/2 1N, 2- 03 0; 0; 0; O; O3 03
M62-6l4-664
(M62-2685- 8/8 T I I I I I I I
T 1eT) :
? Cré5-4 Cr65-4
1 2 3 L -1A-2 -1B-1
(2 x 3) (3 x 2)
‘ GCM:]!E'; 537-388 ""/14’ 3, 34 3, 3+ 3, 34+ 3, 3+ 3y 3+ 3, 3+
l ’ CMOORR 1/6 0; 03 3- 05, few 2 3- 3-
) 28 Feb 1966
ﬁ 1/6 O3 O3 3 03, 2 2ty 3= 3
‘E 1/6 03 H 3, 3+ 03, few 03, 1, 2, 245 3=, 3
(2, 2+) 2+
| 1/6 03 0; 3 3- 03, 1, 2, 3-
2+
1/6 0; 0; 3,3+ 1, 2, few - 03, 1, 2% 24, 3=
(3~ or 3)
1/6 0; o 03, ON 03 ON, O3 1

ge-y
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APPENDIX TABIE X - continued

Method of o
inoculation, No. of Parent races k1 (9 x &N
environment, Varieties seed- 1 2 3 4 Cré5- Crés-4
and date ' lings -14-2 «1B=1
tested (2 x 3) (3 x 2)
MI, M29-63-868 3/3 OoN 3, 3+ ON 3- 2+, 3- 2+, 3-
GC 17, (Morden 29)
28 Feb 1966 M69-63-562 1 2,
(MC62-13-ry,) 1/2 0; 0 0; ON, O3 few 2+ O3, 1
12 o; 0; 03, ON 03 ON, 03 1
M69-64-211
(M69-W59~11-  1/3 ON ON oN 2 2, 2+ 2+
MC62-13~-1y,) _
1/3 O: ON 1-N oN, 1+ 2, 2+ 2+
1/3 0; 0; 03, few2 03,1 1+, 2 2
M62-64-555 , _
- (M62-2672-2 1/1 3 0; 03 0; 03, five 3- 03
—rl)
M62-64-557 1/3 3 0; 0; 0; 0; 0;
(M62-2672-2
-r1) 1/3 3- 0; 0; 0; 0;, three 3- 03, ON
/3 2+, 3- 03 03 0;  ON, few 2+ o
Mb62-6l-664 ' ’ !
(Mb2-2685- vdki I I I I I I
14-T) :

92=y

;/ MI, multiple inoculation; RI, routine inoculation; GH, greenhouse; GC, growth cabinet

E/ Numerator indicates the number of seedlings showing particular reaction types, and denominator gives the mmber of
seedlings tested,
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APPENDIZX TABIE XI REACTION TYPES OF DIFFERENTIAL VARIETIES TO Fl UREDIAL
CULTURES DERIVED FROM CROSSES BRETWEEN RACES 2 AND 4
Method of"
inoculation, No. of Parent races P (@« &)
enviromment, Varieties seed- 1 2 3 L Cr65-22 Cr65-22 Cr65-~22 Cré5-22
and date’ 1lings -14-1 ~1B-1 -24-1 =2ZB=1
tested (2 x &) & x 2) (2 x 4 (4 x 2)
2
ngéy 537+388 5/5-/3. L 505 3,4 5[5 3,4 5[5 3,4 5/5 3,4 5/5 3,4 5[5 3,4 5[5 3,4
[ ]
M29-6L4-410 b 1,2 5/5 32,3 5/5 0; 3/33,3+ 5/5 3.4 5/5 2+,3-,3 5/5 3,3+ L/b 2+,3-
(Morden 29)
15 Sept 1965
CMOCRR 3/3 o; 2/2 0; 4[4 3,4 3/33-,3 3/53-.3 2[5 3,4 3/6 03,2 2[5 0;
1/5 0;, 2f5 03, at 2/6 0;, 3/5 0;,
24,3- tips at tips at tips
(2+,3-) 3 3
. , 1/5 03  1f5 05,2+ 1/6 2+
2
G%Ié 537-388 3/ 3+, 3- 2+, 3- 2+, 3- 2+, 3= 2+, 3- 2+, 3- 24, 3= 2+, 3-
]
}29-63-868 /3 1N 2+, 3- 0; 2+, 3- 2+, 3- 2+, 3- 3- 2N, 2+
(Morden 29)
11 Nov 1965 1/3 1-N 24, 3- 0; 2+, 3- 2+, 3- 24, 3=- 2+, 3- 24, 3-
| 1/3 05, ON 2+, 3= 03 24N, 2+ ON, 2+ 2+, 3= 24N, 24 24N, 2+
CMSCRR /4 1-N 1-N 3 24, 3- 2+, 3- 24, 3= 2N, 2 2N, 2
3/4 0; 03 3- 2+, 3- 03, 1N 0;, 1, O3, 1, 03, 1,
few 2 feowr 2 few 2 few 2

L=y
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APPENDIX TABLE XI - continued
Msthod of
inoculation, No, of Parent races 1@ &
ewvironment, Varieties seed- 1l 2 3 L Cré5-22 Cr65-22 Cr65-22 Cré5-22

and date lings -1A-1 ~1B-1 ~24=1 -2B-1

tested (2x4) 4 % 2) (2 x 4) & x 2)
; "~ 2N, 2o+
: MI, M69-64-224 1/2 ON ON, few 2  ON few 3-1 2 2 1N ik}
: ac 2, (M69=159~11- _
MC62-13-1y,) 1/2 1-N 3-, 3 1-N 2+, 3= 24, 3-7 3-, 3 3~ 3 2N, 2+
¢ 11 Nov 1965 _ 7
M62-6l-557 )
§ (M62-2672-2 6/6 2N, 2+,3- 03 03 0; 0; 0; - 03 03
-r1) :
Mb2-64-664
(M62-2685- 6/6 I I I I I I I I
W-T)
1 2 3 L Cré5-22 Cré5-22
-3A-1 -3B-1
(2 x4) 4 x 2)
GCRg. S37-388 5/5 3.4 5[5 3,4 5/5 3.4 5/5 3,4 5/5 3,4 5/5 3.4
M29-64-410
(Morden 29) bt 1,2 5/5 3,3 5/5 03 3/33.,3+ 6/6 3-,3 5/5 3,4
¢ 15 Sept 1965
CMOORR 3/3 03 2/2 0; /s 3.4 3/33-,3 2/ 0; 24 3-
, /4 0;,1,2 1/4 03, at
' /4 03, base 2+,3-
i M62-64-631 at tip 3
i (M62-2685-
i 14-1) I I I I T I

82~V
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APPENDIX TARIE XI - continued ,

" Tethod of _
inoculation, No. of Parent races (Y &)
enviromment, Varieties seed- 1 2 3 L Cr65-22 Cr65-22
and date lings : -3A-1 -3B-1
tested (2x W) (4 x 2)
MI, S37-388 3/3 3+ 3+ 3+ 3+ 3+ 3+
, GC 2,
M29~63-868 1/3 ON 24, 3= ON 24, 3= 2+, 3- t
(Morden 29) .
11 Nov 1965 1/3 oN, 2 24, 3- oN 24y 3- 7 24, 3- %, 3-
1/3 oN ? ON 1, 2+ 2%, 3- 2+, 3=
CMOCRR 416 03 03 3- 3- 03, 1,2 2+ 0;, 1, 2, 2+
1/6 03 03 24, 3~ 2+, 3- 03, 1, 2+ 0:, 1, 2
1/6 03 05 P 2 1-N, 1 1-N, 1
M69-6k-224 1/3 0; ON ON 24, 3- ON ON
(M69-W59-11-
MC62-13-ry) 2/3 03 oN oN 2+ ON ON, 1
M62-64-557
(M62-2672-2-r1) 5/5 2+, 3- 03 03 03 0s 03
M62-6l4-664
(M62-2685-14-T) 8/8 I I I I I I
MI, M29-63-868 '1/3 TInoculation 3, 4 ON 3- 3= 3~
GC 17, (Morden 29) failed
7 Mar 1966 2/3 @ 2+, 3- ON 2, 3- 24, 3- 24 3-

62-Y
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APPENDIX TABLE XI - cortinued
HMethod of
inoculation, No. of Parent races ] (Q x &V
enviromment, Varieties seed- 1 2 3 b Cr65-22 Cré5-22
and date lings -34-1 -3B-1
tested {2 x &) U x 2)
MI, CMSCRR 1/6 Inoculation O0;, few 3, 4 L 3 2%y 3~
Gc 17, failed 2
7 Mar 1966 1/6 " 0; 3 3=y 3 2+, 3=2 3=
1/6 " 0; 3- 3= 3- 24y 3=
1/6 " O3, 1, 1+ 3- 3- 2+ 2+
1/6 “ O; 3, L 03, 2+, 3= 03, 1, 2 0;
1/6 L 0; 3 2 or 2+ O3, 1, 2 0;
Cré5-25 Cré5-25
1 2 3 L -24-1 -2B-1
4 x 2) (2 x &)
GCRé’ S37-388 5/5 3,4 5/5 3,4 5/5 3,4 5/5 3,4 5[5 3,4 5[5 3,4
’ 12129-6&-410 y
Morden 29) L/ 1,2 5/53-,3 5/5 O; 3/3 3, 3+ 5/5 2+, 3- . -
15 Sept 1965 / / / / 5/5 3-, 3
CMOCRR 3/3 o0; 2/2 oy s/b 34 3/33-,3 5/53-,3 3/3 3+
M62-64=631
(M62-2685-14-T) I I I I I I
- - i gt i
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APPENDIX TABLE XTI - continued
Method of .
inoculation, No. of Parent races P ('3!2 N 6/' )
environment, Varieties seed~ 1 2 3 L Cré5=25 Cr65-25
and date lings -2A-1 -2B-1
tested (& x 2) (2 xb)
MI, 537-3868 L4 2+, 3- 2+, 3- 2+, 3- 24y 3= 24, 3- 2+, 3-
GC 2,
M29-63-868
(Morden 29) 3/3 ON 3-, 3 ON, O 24, 3= 2+, 3= 3=y 3
11 Nov 1965 ,
CMOCRR 1/3 (of 03 24, 3= 24, 3-1 2+, 3= 24, 3-
1/3 0; 03 2+, 3- 2+ 2 24y 3=
1/3 ) 0; 2+, 3- ? 24, 3= 24, 3=
M6~ Glim2l] / H ’ | 3 ' 3
(M69-W59~11- 1/6 ON 1-N N 3=~ 2+, 3- 3
MC62-13-1,)
1/6 ON ON 3 3 3 3
L/6 ON ON, Io 24, 3= 7 2¢; 3=3 2+, 3= 1% 24, 3-
1 M62-6U4=557
(M62-2672- 3/3 3-, 3 03 0; H 03 03
(} 2-!‘1)
M62-6l4-664
(M62-2685-14-T) 7/7 I T T I T T

€Y




¢ w} (‘A\Q ‘f 3

APPENDIX TABLE XI - continmed

Method of

. inoculation, No. of Paremt races ' L lQ x g
enviromment, Varieties seed- 1 2 3 L Cré5-25 Cr65=25
I_ and date lings : _ -24-1 ~2B-1
tested L x 2) (2 x &)
MI,  Cr29-63-868 4/%  TInoculation 3- oN 2+, 3- 2+, 3- 24y 3=
: ac 17, failed

| 7 Mar 1966 QUIGRR 3/6 " 0; 3, 4 3,4 3,4 3, b
| } , .
| 1/6 0 o 3, 4 03, 1, 2 3 3

|

| 1/6 W 0; 3w 2+, 3- 3- 24, 3- %
i

! 1/6 ,'.' 0,‘ 2+, 3- 0;: 1: 2 24, 3- o 3=-

y MI, nmultiple incculation; RI, roukine inoculation; GH, greenhouse; GC. growth cabinet,

2/ Tumsrator indicates the number of seedlings showing particular reaction types, and denominator gives the rumber of
{ seedlings tested,

4%
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APPENDIX TABLE XII REACTION TYPES OF DIFFERENTIAL VARIETIES TO Fl UREDIAL

CULTURES DERIVED FROM CROSSES BETWEEN RACES 3 AND 4

Method of Parent races F, (O, 2D
inoculation, No, of 12F R0
enviroment, Varieties seed= 1 2 3 L Cr65-26 Cré5~26 -

and date lings =2A-1 ~-2B-1

tested 3 x k) (& x 3)
1/ 2/
. Gcl%’- S37-388 5/5 3, 4% 5/5 3,4 5/5 3,4 5[5 3,4 5[5 3, & 5/5 3, 4
’ M29-6l-417
25 Sept 1965 (Morden 29) 5/5 W, 1, 6/6 3-,3 6/6 0;, 6/6 3-3 6/6 03, 1, 6/6 3+
2, few 2+ 1-, 1 1+
- 2/5 3~ or 3
CMOCRR Lt 03 5/5 035 5/53,4 6/6 3,4 3/5 03, 24, /4% 3, 4
scattered
3=-or3
M62-64-631 ,
(M62-2685-14-T) 5/5 1 6/6 0; 6/6 T 8/8. I 727 3+ 6/6 3.
2/ , .
Gléﬂé S37-388 bfu= 2+, 3- 2, 3- 2+, 3- 2+, 3- 2+, 3- 2+, 3-
" mRo-63-868 ;
(Morden 29) 3/3 ON 3-, 3 ON, 0; 24, 3- 03, ON 2+, 3=, 3
11 Nov 1965
CMICORR 1/3 0; 0; 24, 3- 2, 3- 7 2, 2 0;, 1
1/3 0; 03 2+, 3- 2+ 1, 2 03, 1
1/3 o 03 2+, 3- ? 2 1N, 1
M69-Gh=224 .
(M69-W59-11- 1/2 1 3 03 3 OoN 3
MC62-13~1y,)
1/2 OoN ON 1- 2+, 3-7 oN 2N, 24+

€e-v
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APPENDIX TABLE XII - contimued
Method of
inozuil;tion, No. of Parent races F1 (2 x 30
enviromment, Varieties  seed- 1 2 3 3 Cré5-26 Cr65-26
and date lings =24-1 -2B-1
tested : (3 x4 (& x 3)
MI, M69-64-241 1/6 ON 1-N 1N 3- oN 2N, 2+
ac 2, (M69-W59-11- : _
MC62-13-1y,) 1/6 ON ON 3 3 3 3
11 Nov 1965
L/6 ON ON, 1- 2+, 3= 2+, 3- oN 24, 3- 7
M62-64-557 .
(M62-2672-2-r1) 3/3  3-, 3 0; 0; 03 03 03
M62-64-664
(M62-2685-14-T) 7/7 I I I I 3=0 34 3+ 3=, 3, 3+
MI, M29-63-868 Inoculation
GC 17, (Morden 29) Lfy  failed 3= ON 2+, 3~ ON 24, 3=
7 Mar 1966  CMSCRR 3/6 " 03 3, 4 3, 4 3, 4 3, 4
’ 1/6 " 0; 3, 4 03,1,2 1,2, 2+ 05, 1,2
1/6 " 0; 3- 24, 3- 03, 1 24, 3-1
1/6 0 03 24y 3= 03, 1, 2 03 03, 1

HE-¥
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APPENDIX TABLE XITI - continued
Method of _
inoZulztign, _ No, of Parent races F1 ( (Q x & )
enviromment, Varieties seed- 1 2 3 L Cr65-26 Cré5-26 Cré5-26 Cré5-26
and date lings ~3A-2 -3B-2 ~5A=2 -5B-2
tested (3 x &) (% x 3) 3=k (4 x 3)
Gcmé:. 537-388 5/5 3.4 5/5 3.4 5/5 3,4 5/5 3,4 5/5 3,4 5/5 3.4 5[5 3.4 3.4
- ’ M29-6lalt17 5/5 1N,2, 6/6 3-,3 6/6 0;, 6/63-,3 5/5 0; 5/53,3+ 6/60;, 1 5/53-,3
25 Sept 1965 few 2+ 1-,1
CMICRR e 03 5/5 035 5/53,4 6/6 3.4 5[5 3,3+ 6/6 3,4 5/5 3 5[5 3
M62-64-631 ' |
(M62-2685-14-I) 5/5 I 6/6 03 €/6 T 8/8 I 6/6 3+ 6/6 3+ 5/5 I 6/6 I
GCMg. 537-388 3/3 3- 3- 3~ 3- 3- 3- 3- 3-
' 129-63-868 /4 1N, 1 3 ON 2+, 3= 03, ON 245 3- ON 24, 3=
11 Nov 1965 /4 ? 3- ON 2+, 3- 03, 1, 2 24, 3-7 ? 24, 3-
i/k oN 3 ON 24N oN 2+, 3= ON, O 24, 37
1/4 ON 24, 3-7 oN 2+, 3-1 03 T ON, 0 2+, 3-1
CMOCRR 15  o; 05 3 2+, 3- 3 3 3- 3
3/5 03 03 2+, 3- 24, 3- 24, 3- 2+, 3- 2y 3- 24, 3-
1/5 Oz 03 24ty 3- 2 2%y 3= ’ 2
1"}229- 2ol / s 3 ' + 3 2, 2+ 2 2, 24
(M69-W59-11- 1/3 1-N 0 oN 24, 3-
MC62-13-11;) ! ; *+s 3 ? 3 oN 3
1/3 0; o oN 24+ ON 24y 3= oN o
1/3 oN 24, 3= ON 3- 2, 2+ 2+, 3= N 3-, 3

qe-y
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APPENDIX TABLE XIT - continued

€)

Yethod of
inoculation, No. of Parent races Py ( Q x &)
environmernt, Varieties sead- 1 2 3 L Cré5-26 Cr65-26 Cr65-26 Cré5-26
and date ) lings ’ =342 -3B-2 -5A=2 -5B-2
tested 3x4 (& x 3) G4 (4 x3)
MT, M69-64-241
ac 2, (M69-W59-11-  2/2 ON 1, 2 1, 2 2+, 3=? 1, 2 2+, 3- N 24, 3-
MC62-13-1,) ‘
11 Nov 1965
M62-6l-557
(M62-2672-2- 2[5 3 0; 03 03 03 0; 03 03
rl) ff
1/5 3+ ON, 03 ON, 0;  ON, O3 ON, O3 03 2+, 3-7 03 w
1/5 3 03 0; 2N 2N, 2+ oN, 2 2+, 3= 03
1/5 1-N 03 0; 03 03 03 24y 3= H
M62- 64664 /8 I I I I 3 3 I I :
(M62-2685-14 ;
-I) 3/8 I I 1 I 2+, 3- 2, 3- T T |
|
u/8 I I I I 2, 2+ 2, 2+ I I
I, M29-63-868 ‘
GC 17, (Morden 29) 3/3 Inoculation 3-, 3 ON 24, 3=, oN 3 ON 3-, 3
failed 3

7 Mar 1966

i
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APPENDIX TABLE XII - contimued
Method of _ R ;
inoculation, No. of ! Parent races Fy ( Q X 6‘)
enviromment, Varieties seed- 1 2 3 L Cr65-26 Cré5-26 Cr65-26 Cr65-26
and date lings =34-2 ~3B=2 “54-2 ~5B=2
tested Gx) (h=x3) OGx4 (Hx3)
MI, CMOCRR 4/8 Tnoculation  O; 3, b 3, 4 3, 4 3, 4 3, 4 3. 4
Gc 17, failed .
7 Mar 1966 1/8 " 0; 3- 2+ 3, 3+ 3 - 3- 3
1/8 " 0; 3- 3- w, 2 3- 3- 3
three 3- 'S
’ 3
1/8 " O: 3= 2, 2+ 24+, 3= 2+, 3~7 24, 3-2 3-
1/8 n 03 3 2 2, 2+, 3- 2+, 3- 2 2+
Cr65-26  Cr65-26
1 2 3 N ~6A-2 -6B-2 ;
3 x4 ¢ x 3)
J1, 537-388 5/5 3% 5[5 3,4 5/5 3,4 5/5 3,4 5[5 3,4 5/5 3,4
? i
MRo..64-117 - . . .
A (Clorden 20) 5/g ea;sz 6/6 3-,3 6/3_ ,Oi' 6/6 3=,3 5/5 0; -5/5 3
25 Sept 1965 2[5 3+ 2[5 3
CMICRR Ly o3 5/5 03 5/5 3.4 6/6 3,4 2[5 03,1, 3/5 o0;,
2,2+ at  at tips
tips 3- 24, 3~
M62-64-631 1/5 03,1
(M62-2685-14-T) I I I I I I

SR
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APPENDIX TAEIE XII - continued
Method of Parent races Fr (O 1)
snoculstion, No. of 1t FExo
enviromment, .Varieties seed= 1 2 3 L Cr65-26 Cré5-26
and date lings -64-2 ~6B=2
tested Gxh ( x 3)
Gcmzr. 537-388 3/3 3- 3- 3- 3- 3- 3-
’ M29-63-868 2/  ON, 1-N 3 ON 2, 2+ ON 3
(Morden 29)
11 Nov 1965 2/h ON 2+, 3- ON 2, 2+ o 2+, 3=
CMORR 1/3 0s 03 3= 3- 1- 0;, 2
2/3 03 03 3- 2, 2+ 03,1,2 1, 2
M69-6h-22l L/6 ON ON on 24 ON 24
(M69-159-11-
MC62-13-r1,) 1/6 1-N 3 oN 3 ON 3
1/6 ON 3 oN 24, 3-1 ON 3=~
M69-64-241 1/2 ON 03 1-N 2+ OoN 2+
(M62-W59-11~ g .
MC62-13-11) 1/2 0; 0: 2N 2+ oN 2
M62-64=557 1/2 3 0:, 1, 2 0: ON, 2 m ON, 2 oN, 1
(M62-2672-2-
/2 2+, 3- 0; 03 03 o, 1 24+
M62-64-664
(M62-2685-14-T) 6/6 I I I I I I

ge-v
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APPENDIX TAELE XII - continued

Method of ,
inoculation, No. of Parent races Fp (Q . 1)
enviromment, Varieties seed- 1 2 3 L Cré65-26 Cr65-26

and date lings . : =6A~2 -6B~2

tosted (3 x &) (4 x 3)
MI, M29-63-868 3/3 No 3, 3+ ON 3=, 3 3, 4 3, 4
GC 17, infection )
7 Har 1966 CHMOURR 3/6 " 0#. few 1 3, 34,4 3, 3+, 4 3, & 3, b4
3/6 W 3,3+ 03, 1, 2, 03, 1 0;, 1
24

6£-v

MI, multiple inoculation; RI, routine inoculation; GH, greenhousej GC, growth cabinet,

R &

Numerator indicates the nmumber of seedlings showing particular reaction types, and denominator gives the number

of seedlings tested.
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