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ABSTRACT

TOLERANCE TO DODINE AND INHERITANCE OF AN ASCOSPORE
ABORTION FACTOR Il VENTURIA INAEQUALIS

By
Keith Sem Yoder

Tolerance to dodine (Cyprex) in Venturia inaequalis, first

reported in New York in 1969, could have serious consequences on the
control of apple scab in Michigan because of similar growing conditions
and considerable dodine usage.

Monoconidial isolates of V. inaequalis, collected in 1969
from dodine-treated and non-treated situations in Michigan, were
compared with New York isolates by growth inhibition zones surrounding
dodine-treated paper assay discs on potato-dextrose agar, germination
of conidia in water solutions of dodine on glass slides, and growth
inhibition by dodine in malt extract broth. Normal isolates were
inhibited by a dodine concentration of approximately 1 ug/ml. The
least sensitive Michigan isolates tolerated twice the inhibitory dodine
concentration of normal isolates and were about one-half as tolerant
as the least sensitive New York isolates. The tolerance levels of
Michigan isolates tested did not correlate with the degree of control
by dodine in orchards from which the isolates were taken.

Isolates with different levels of tolerance were crossed in

vitro and progeny were isolated as ordered tetrads, unordered tetrads,
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or random ascospore progeny. In crosses of the most tolerant isolate
with normal isolates, the presence of tetratype asci having four dis-
tinct levels of tolerance to dodine suggests the additive action of
at least two major independent genes conditioning the level of
tolerance to dodine. This hypothesis is strengthened by the presence
of highly tolerant and highly sensitive recombinant progeny from a
cross of two isolates of the two intermediate tolerance levels in
tetratype asci.

The presence of some progeny slightly more tolerant than
either of two parents of normal sensitivity may suggest a recombina-
tion of several minor genes affecting the level of tolerance to dodine.

In crosses of highly tolerant parents and in a cross of a
normal isolate with one of an intermediate tolerance level, no progeny
were significantly more tolerant than the most tolerant parent, or
more sensitive than the most sensitive parent.

Testing of progeny from crosses of a green color mutant with
isolates representing intermediate and high levels of tolerance indi-
cated that there was no close linkage between the genes for dodine
tolerance and the green color gene of a known V. inaequalis linkage
group.

An inoculation experiment with isolates of high and Tow
sensitivities showed significant differences in control of infection
on trees treated with dodine at 200 ug/ml, but symptoms produced by
the two isolates were not uniform. Later experiments with isolates
producing uniform symptoms showed that the tolerance levels of the
isolates were factors in the control of infection on trees treated with

dodine at 4 ug/ml but not at 10 ug/ml dodine.
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Evidence suggests that inoculum density, temperature, and
nutrient conditions may affect the tolerance levels of isolates. Such
factors could explain the poor correlation of the dodine tolerance
levels of isolates with the degree of control by dodine in situations
where the isolates originated.

Because of its possible effect on inheritance of tolerance
to dodine, an ascospore abortion factor arising from SR4, the most
tolerant isolate, was further investigated. The presence of F] progeny
as tolerant as SR4 but permitting normal development in test crosses
indicated that the factors causing ascospore abortion were not the
same as the genes conditioning higher levels of tolerance to dodine.

The effects of ascospore abortion in progeny of isolate SR4
are similar to some previously reported cases in other fungi. Evidence
supports both genetic and environmental influences in the induction of
ascospore abortion. The strongest evidence supporting a genetic in-
fluence is the recurrence of certain ratios of ascus types of crosses
of SR4 X normal isolates in intercrosses of F.I progeny and test crosses
of F] progeny with normal isolates. The high, variable frequency of
asci having odd numbers of spores is not readily explained genetically

and suggests that cultural conditions may influence ascospore abortion.
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PART I

TOLERANCE TO DODINE IN
VENTURIA INAEQUALIS




INTRODUCTION

With the advent of more highly selective fungicides, fungi-
cide resistance by plant pathogens may occur more frequently (7, 11).

The tolerance of Venturia inaequalis (Cke.) Wint. to dodine

is an example of this problem. Since its introduction in the mid-
1950's this organic fungicide has effectively controlled a narrower
range of target organisms than many of the earlier fungicides. Dodine
has been remarkably effective as a fruit fungicide for the control of

apple scab (V. inaequalis) and cherry leaf spot (Coccomyces hiemalis).

In 1969 Szkolnik and Gilpatrick (35) reported the failure of
dodine to control apple scab in certain areas of New York State while
other standard fungicides gave adequate control. This failure was
attributed to fungal resistance acquired over a ten years' exposure to
dodine. This report stimulated the present work in Michigan where
growing conditions and practices are similar to those of New York State.

The purpose of this study was to determine the dodine toler-

ance levels of a group of natural isolates of Venturia inaequalis, to

test the inheritance of dodine tolerance, and to observe the effects

of the dodine tolerance level on control of the apple scab fungus.



LITERATURE REVIEW

Natural tolerance of V. inaequalis to dodine, first appearing
in 1969 (35), has been the subject in recent reports (12, 36, 37, 38).
This tolerance was shown to be inherited under the control of at least
two genes (29, 30, 40). Ultraviolet-induced resistance to dodine in

Nectria haematococca var. cucurbitae (15) was controlled by four

mutant genes which had an additive effect on the degree of resistance
when combined in progeny (16).

Natural variations have been detected in sensitivity of V.
inaequalis to copper sulfate (25, 32), Paris green (25), captan,
dichlone, glyodin, phenyl mercury acetate, and sulfur (32). An ultra-
violet mutant grew on a medium containing a concentration of antimycin-
A 5000 times greater than that required to inhibit the nonirradiated
strain (19).

Attempts to develop strains of V. inaequalis resistant to
captan (26), thiram, ferbam, ziram or zineb (27) by culturing the
fungus in successively higher rates of the toxicants were unsuccessful.
A wild type isolate developed adaptive tolerance to dodine after con-
tinuous culture on a medium containing dodine, but this tolerance was
lost after brief culture on a dodine-free medium (22). The rate of
spontaneous mutation to dodine tolerance of about one in 106 conidia

was not affected by ultraviolet irradiation (22).



Fungal species differ greatly in sensitivity to dodine (2, 6,

23). In Fusarium solani f. sp. phaseoli a terminal decrease in reten-

tion of ]4C-1abe1]ed dodine was attributed to a modification of the
dodine compound and subsequent release of a less toxic labelled compound
(3). Although a slight terminal decrease in retention was also noted

in V. inaequalis, evidence explaining the loss was lacking.

Studies of the mode of action of dodine have suggested that
it competes for anionic binding sites (5, 33), alters membrane perme-
ability (5, 33), and inactivates certain vital enzyme systems (5).

The inhibitory effects of dodine on natural apple scab de-
velopment include the prevention of scab infection by inhibition of
spore germination (1, 13, 14, 24, 31), prevention of sporulation of
established lesions (1, 14, 24), and a darkening and thickening of the
cell walls in the subcuticular stroma (14).

The maintenance of adequate surface residue is imperative
to apple scab control with dodine (24). Inhibition of spore germina-
tion is dependent upon the amount of dodine available per spore, within
the normal range of 1.7-2.6 X 10'6 ug/conidium (23, 24). Residue dis-
appearance studies have demonstrated a rapid loss of dodine surface
residue during the first week after application, followed by a slower

rate during subsequent weeks (10, 24, 34).



MATERIALS AND METHODS

Isolation from leaves

Scab-infected apple leaves were collected in Michigan from
unsprayed orchards, orchards with a long history of dodine usage,
orchards where scab control with dodine seemed unusually difficult and
from wild crabapples. Samples were also collected from the Poray
Orchard, Sodus, New York, where the tolerance problem was first dis-
covered.

Monoconidial cultures were isolated by rubbing detached
lesions across the surface of Difco potato-dextrose agar (PDA, pH 5.6)
and transferring single germinating conidia to fresh PDA in petri

plates. Stock cultures were maintained at 1-5 C in screw cap tubes.

Inoculum production

Inoculum for various tests was produced on cheesecloth wicks
in 8 oz prescription bottles containing 30 ml 4% Difco malt extract
broth, according to the methods suggested by Williams (39). Spores
were collected by rinsing the nutrient medium from the bottles, adding
30 ml sterile deionized water, shaking the bottles vigorously to loosen
the conidia, and straining the conidia through two layers of cheese-
cloth. Spore suspensions were standardized turbidimetrically by a

modification of Kirkham's method (18). A standard spore suspension



contained about 4-6 X 105 conidia/ml when adjusted to an optical density
at 0.34-0.41 in a colorimeter at 525 mu with distilled water as a

reference.

Testing of isolates

Cultures were tested for dodine tolerance using a disc assay,
spore germination, and growth inhibition in liquid culture. The stand-
ard spore suspension was magnetically stirred into PDA at 42 C at the
rate of 1 ml per 10 ml PDA for the disc assay. Twenty-two ml of the
seeded agar was immediately poured into 9 cm plastic petri dishes and
allowed to solidify. Two hours after the agar hardened a 12.7 mm
assay disc (VWR Scientific, S and S No. 740E) was saturated with 0.163
ml of a 50 or 300 ng/ml dodine concentration and placed on the seeded
agar. The plates were incubated at 19 C for one week before determin-
ing the zone of inhibition using indirect lighting against a light
background. Two or three replicate plates were measured per test with
three or four tests for each isolate.

For spore germination, 0.05 m1 of the desired dodine concen-
tration was pipetted onto ceramic-ringed glass slides and allowed to
dry. An equal volume of the standard spore suspension was pipetted
onto the same area of the slides. In an alternate method dodine was
diluted into suspensions of conidia and the mixture was pipetted onto
the slides. A minimum of 50 spores per 10x field were counted in each
of the three fields of three or four replications after 24 hours incu-

bation at 20 C.



Inhibition of growth of V. inaequalis was determined in 250
ml Erlenmeyer flasks containing 50 ml 4% malt extract broth with several
rates of dodine. The cultures were inoculated with 3 ml of a standard
spore suspension and incubated at 19 C for two weeks. The mycelium was
filtered, oven-dried at 60 C and weighed.

The initial tests were conducted with the Cyprex 65W formu-
lation of dodine. Subsequent tests used an equivalent rate of the
technical grade of dodine (American Cyanamid Co., Princeton, N. J.)
diluted with water from an ethanol stock solution with the appropriate

ethanol controls.

Crossing of isolates and isolation
of ascospores

Isolates were mated in 9 cm plastic petri dishes according
to the methods of Keitt and Langford (17). The medium cdntained 0.5%
malt extract and 2.5% Difco agar amended with apple leaf decoction.
Aqueous spore suspensions of two single-spore isolates were mixed in
the petri dish. The cooling agar was added and swirled to assure a
uniform mixture. The dishes were incubated at 19 C for two weeks and
then transferred to 8 C. After six months the ordered or unordered
ascospore tetrads were isolated with a micromanipulator or by hand with
a glass needle. Random ascospores were isolated from five or six
perithecia crushed in water using sterile techniques. Single discharged
spores were picked up with a small diameter capillary tube. A1l spores

were germinated and cultured on PDA.



Greenhouse studies

Greenhouse inoculations were conducted on 2 year-old McIntosh
apple trees. Actively growing trees were sprayed with Cyprex 65W ap-
plied to the runoff point with a paint sprayer (DeVilbiss Type GD3).
After drying, the trees were spray-inoculated with spore suspensions

5 conidia/ml. Im-

of selected isolates containing approximately 2 X 10
mediately after inoculation the trees were placed in a moist chamber

at 18-23 C for 2-4 days. Three weeks after inoculation the lesions on
the one or two most heavily infected leaves of each shoot were counted

and the data calculated as per cent control.

Statistical analysis

Significance of disc assays was determined by analysis of
variance in a completely randomized design. Spore germination and
greenhouse tests were analyzed in completely randomized or random block
designs after converting percentages to per cent of control and apply-

ing the arcsine transformation as appropriate.



RESULTS

Screening of field isolates

The data in Table 1 are representative of those found in the
disc assay screening of 144 isolates from apple leaves. Cultures were
tested at two rates by soaking the assay discs in dodine concentrations
of 50 ug/ml and 300 ug/ml. Isolate SR4, from the Poray Orchard where
dodine tolerance was first noted, was the most tolerant field isolate
collected. S1, from a dodine-treated commercial orchard, was the most
tolerant Michigan isolate. Although zones ranging from 1 to 3 cm were
noted in the 50 ug/ml test, isolates with average zone diameters of
greater than 2.4 cm were considered to be quite normal.

The most tolerant isolates came from orchards where dodine
was used extensively, but the tolerance level of the isolate was not
a]wayé correlated with the length of dodine usage or with the apparent
degree of control by dodine. S1, the most tolerant Michigan isolate,
came from an orchard with excellent commercial control, while normal
isolates L2, L4 and V2 were from orchards with scab control problems.
Complete data on the survey of field isolates are presented in Appendix
1.

Isolates SR4, S1, and 04, representing three significantly
different levels of tolerance, were chosen to determine their ability
to grow in the presence of dodine. Growth of 04, a normal isolate,

was almost completely inhibited by a dodine concentration of 1 ug/ml
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Table 1. Inhibition of Venturia inaequalis in potato-dextrose agar
by dodine diffusing from paper assay discs.

Inhibition zone diam (cm)?

Isolate Origin 50 ug/ml 300 ug/ml
c2 Unsprayed tree, Michigan 3.05 3.75
L4 Commercial orchard, Michigan 3.03 3.60
V2 Commercial orchard, Michigan 3.00 3.67
B4 Unsprayed tree, Ohio 2.83 3.27
G5 Unsprayed tree, New York 2.73 3.53
04 Abandoned orchard, Michigan 2.68 3.63
CR2 Unsprayed crabapple, Michigan 2.60 3.38
S4 Commercial orchard, Michigan 2.58 3.38
H6 Unsprayed tree, Maryland 2.58 3.05
L2 Commercial orchard, Michigan 2.40 3.30
S1 Commercial orchard, Michigan 2.18 3.18
SR7 Poray Orchard, New York 1.70 2.58
SR4 Poray Orchard, New York 0.83 1.63
LSD .05 0.48 0.34
LSD .01 0.65 0.46

8ean of four tests. Zones were measured after seven days' incubation
at 19 C. Concentration of dodine with which assay disc (12.7 mm diam)
was saturated.

(Table 2). S1, the most tolerant Michigan isolate, grew well at 1
ug/ml but was inhibited at 2 ug/ml. SR4, the most tolerant New York

isolate collected, grew well at 2 ug/ml but was inhibited by 5 ug/ml.



n

Table 2. Growth of mycelia of selected Venturia inaequalis isolates
after 2 wk incubation at 19 C in malt extract broth .

Dry weight (mg) at indicated dodine concn

(ng/m1)a
Isolate Tolerance Leve]b 0 0.2 1.0 2.0 5.0
04 Tow 42.7 40.0 5.8 NG NG
S1 intermediate 37.3 36.4 32.3 NG NG
SR4 high 34.4 34.5 40.0 38.6 NG

3Mean of two replications.

bTolerance levels based on inhibition zone diam in 50 and 300 ug/ml
disc assays:

04 (2.68 and 3.63 cm); S1 (2.18 and 3.18); SR4 (0.83 and 1.63 cm).

NG = no growth.

Crossing of isolates

Initial crosses of the most tolerant isolates with normal
isolates were made to determine if the level of dodine tolerance is
heritable. Test crosses of F] progeny with the most tolerant parent
and with normal isolates, and intercrosses of F] progeny were set up
to test the two-major-gene hypothesis for inheritance of dodine toler-
ance. Finally, two isolates having different levels of tolerance were
crossed with 2295-2, a green color mutant from Dr. D. M. Boone, Dept.
of Plant Pathology, University of Wisconsin to study possible linkage

between genes for tolerance and the green color gene of a known V.

inaequalis linkage group.
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Progress of this study was impeded by an ascospore abortion
factor arising from the most tolerant isolate, SR4. Of the asci pro-
duced by crosses of SR4 with normal isolates, only about 2% had eight
spores. This greatly impaired the isolation of ascospore tetrads and
further evidence was needed regarding this factor before firm con-
clusions about inheritance of dodine tolerance could be drawn. These

studies will comprise a later portion of this dissertation.

Testing of Fy progeny

Progeny of the initial crosses were tested for tolerance by
disc assay and germination of conidia in dodine (Table 3). In both
types of tests differences in results of two members of the same spore
pair were insignificant but differences between members of different
pairs were significant.

In these tetratype asci one pair of spores gave rise to cul-
tures having a tolerance level similar to that of the normal parent
(04), one pair was similar to the more tolerant parent (SR4), and two
pairs had distinct intermediate levels of tolerance. Tetratype asci
characteristic of a two gene interaction (8, 9), were found in crosses
of SR4 with several unrelated normal isolates although the intermediate
levels were not always significantly different. In a survey of these
crosses 12 of 20 asci tested were considered to be tetratypes based
on the presence of one pair of cultures having a level of tolerance
similar to SR4. Usually the tolerance level of the more sensitive
parent was also discernible in one pair of cultures from a tetratype

ascus, although this level depended somewhat on the isolate that was
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Table 3. Inhibition by dodine of germination and growth of conidia
of the ordered monoascosporic cultures of a tetratype ascus
of Venturia inaequalis cross 04 X SR4.

Position  Inhibition zone diam (cm)2 % inhibition

Isolate in ascus 50 ug/ml 300 nug/ml of germinationb
04SR4-1-2 1 1.80 2.75 73.5 ab
04SR4-2-2 2 1.90 2.60 79.4 b
04SR4-3-2 3 1.23 2.33 65.9 a
04SR4-4-2 4 1.13 2.23 63.9 a
04SR4-5-2 5 2.30 3.15 94.7 «cd
04SR4-6-2 6 2.27 3.25 94.0 c
04SR4-7-2 7 2.98 3.62 97.9 de
04SR4-8-2 8 2.70 3.30 98.1 e
04 parent 2.68 3.63 ---€
SR4 parent 0.83 1.63 ---

LSD .05 0.41 0.35

LSD .01 0.56 0.48

8ean of four tests. Inhibition by dodine diffusing from 12.7 mm
diam paper assay disc in potato-dextrose agar after seven days'
incubation at 19 C. Dodine concentration with which paper assay disc
was saturated.

bInhibition in 1 ug/ml dodine in water. Generally 4 ug/ml completely
inhibited germination of the most tolerant isolates. Means followed
by the same letter are not significantly different (P = .05) accord-
ing to Duncan's Multiple Range Test.

Cparent isolates not tested same as offspring.

crossed with SR4. Two of these asci were thought to be nonparental
ditypes having only intermediate levels of tolerance and one was a

parental ditype ascus. Five of the 20 asci did not clearly fit any
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of the above tetrad types due to experimental error. Figure 1 illus-
trates dodine tolerance levels demonstrated by types of asci in the

disc assay at 50 ug/ml.

PARENTAL

<.\ }
1 DITYPE
i Q v
L 4
/

)+
°

DITYPE

TETRATYPE

Figure 1. Inhibition of isolates from ascus tetrads of SR4 X normal
crosses by dodine diffusing through potato-dextrose agar
from paper assay disc.

The two most tolerant isolates, SR4 and SR7 (Table 1), were
crossed to determine whether recombination of these two tolerance
levels would yield proéeny with dodine tolerance levels greater than
SR4. None of the 39 progeny was more tolerant than SR4 (Appendix A2).
Two isolates were slightly more sensitive than SR7, but not as sensi-
tive as normal isolates. Apparently there was no recombination of

major tolerance genes in this cross.
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Crosses of F] progeny

Some progeny of a cross of isolates 04SR4-6-1 and 04SR4-1-2,
representing the two intermediate tolerance levels of tetratype asci,
demonstrated inheritance of the tolerance levels of 04 and SR4 in the
50 ug/ml test (Figure 2). This indicated a recombination of two major
genes conditioning dodine tolerance. Fewer significant deviations
from the tolerance levels of the intermediate parents were seen in the
300 ug/ml test, although eight of the 71 progeny were significantly
mdre tolerant than the more tolerant parent, 04SR4-1-2. A complete

tabulation of the data composing Figure 2 is presented in Appendix A3.

1S 1 T | | T
mm 300 ng/ml
50 ung/ml
.10
>
8]
4
3
& .05
[T
0 |

0 05 10 15 20 2% 30 38 40
INHIBITION ZONE DIAMETER IN CM

Figure 2. Frequency distribution of dodine inhibition zones of 71
progeny of cross 04SR4-1-2 X 04SR4-6-1, isolates represent-
ing the two intermediate tolerance levels in tetratype asci.
Assay discs were saturated with indicated dodine concn.

Four replications measured after 1 wk incubation at 19 C.
LSD .05: 300 ug/ml (0.63 cm); 50 ug/ml (0.47 cm). Zone
diam of parents in 50 and 300 ug/ml tests: 04SR4-1-2 (1.80
and 2.68 cm); 04SR4-6-1 (2.38 and 3.20 cm).
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In a backcross of SR4 with 04SR4-3-2, representing the high-
est dodine tolerance level in a tetratype ascus (Table 3), none of 30
progeny were significantly more sensitive than the more sensitive par-
ent or significantly more tolerant than the more tolerant parent
(Appendix 4).

In a test cross of a normal isolate, C2, with 04SR4-5-2,
intermediate in tolerance in a tetratype ascus (Table 3), none of 31
isolates were more sensitive than C2 to dodine (Appendix A5). Although
seven progeny had slightly smaller zones than 04SR4-5-2 in the 300
ug/ml test, none were significantly more tolerant than this parent at
50 ug/ml.

Fourteen of 32 progeny of cross C2 X 04SR4-7-2 were signifi-
cantly more tolerant at 50 ug/ml than either of their parents (Appen-
dix A6). Seven of the isolates reacted to 300 ug/ml with significantly
smaller zones than either of the parents of these progeny, although not
significantly smaller than 04, normal parent of 04SR4-7-2 (Table 3).

In these three crosses, SR4 X 04SR4-3-2, C2 X 04SR4-5-2,
and C2 X 04SR4-7-2, there was no apparent recombination of major toler-
ance genes. The presence of some progeny slightly more tolerant than
either of the two parents C2 and 04SR4-7-2, but not significantly more
tolerant than 04, may indicate the recombination of minor genes affect-

ing the level of tolerance to dodine.



17

Significance of ascospore abortion
in inheritance of dodine tolerance

The ascospore progenies whose test results are reported
above were all isolated from crosses with a high frequency of asco-
spore abortion. Because the causal nature of this phenomenon is not
known, conclusions regarding frequencies of different levels of toler-
ance in these crosses must be restricted. Linkage of the ascospore
abortion and dodine tolerance factors cannot be excluded on the basis
of present evidence. However, all tolerance levels found in tetratype
asci were also found among progeny isolated from asci with less than
eight spores. Also the discovery of several monoascosporic isolates
similar to SR4 in dodine tolerance but not inducing ascospore abortion
indicates that the two phenomena are not controlled by the same factor
or factors.

Ascospore abortion was not a factor in a later cross of a
normal isolate, S4, with C2SR4 7-4, an F] progeny as tolerant as SR4.
The frequencies of isolates at different tolerance levels in the 50
ug/ml and the 300 ug/ml tests were similar in 40 progeny of this cross
(Appendix A7) and in progeny of 04SR4-1-2 X 04SR4-6-1 (Figure 2).

This is evidence that ascospore abortion probably did not affect the
frequency distribution of dodine tolerance levels in the earlier
crosses.

Non-1inkage of dodine tolerance
genes and green color gene

Isolates representing two significantly different levels of

tolerance were crossed with 2295-2, a green color mutant with normal
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dodine tolerance, to study possible linkage of the genes for dodine
tolerance with the green color gene of an identified V. inaequalis
linkage group (4). Distribution of the tolerance levels of 20 wild
type and 24 green progeny was not significantly different throughout
the tolerance range demonstrated (Appendix A8). The tolerance levels
of 27 progeny of 2295-2 and C2SR4-7-3, an F] progeny similar to SR4
in tolerance, were also distributed throughout the tolerance range of
their parents (Appendix A9). This random distribution of tolerance
levels of green and wild type progeny suggests free recombination and

non-linkage of the genes for dodine tolerance and the green color gene.

Inoculation studies

In an initial inoculation experiment (Table 4) significantly
greater control by 200 ug/ml dodine was achieved on trees inoculated
with normal isolate 04 than on trees inoculated with the most tolerant
isolate, SR4. However, a qualitative difference in symptoms caused by
the two isolates on the unsprayed trees was noted. 04 had normal
heavily-sporulating lesions, but SR4 produced lesions which were more
chlorotic with sporulation somewhat reduced.

Because of the difference in macroscopic symptoms, experi-
ments were repeated with tolerant and normal isolates selected for
uniform symptoms on the unsprayed trees (Table 5). When total lesions
were counted there was no significant difference in per cent control of
the two isolates by the same rate of the fungicide at any rate. How-
ever, there was significantly less suppression of sporulation of the
more tolerant isolate, H6SR4 6-1, by dodine 4 ug/ml than of normal

ijsolate H6.
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Table 4. Control of infection by Venturia inaequalis isolates 04
(normal dodine sensitivity) and SR4 (high dodine tolerance)
on trees treated with dodine (Cyprex 65W).2

Percent Percent shoots

Isolate Dodine(ug/ml) Lesions/leafP control with infection

04 unsprayed 12.9 0.0b 100.0 a
04 200 1.5 88.3 a 37.5 b
04 300 0.2 98.4 a 16.7 bc
04 600 0.0 100.0 a 0.0 cd
SR4 unsprayed 7.7 0.0 b 100.0 a
SR4 200 5.3 31.2 b 72.2 a
SR4 300 0.8 89.6 a 19.4 bc
SR4 600 0.1 98.7 a 8.3 cd

aComplete]y randomized design, three replications.
Trees held in moist chamber four days at 19-22 C.

b

CPercent control = 100 -

Lesions per single most heavily-infected leaf per

Tesions/leaf, unsprayed

lesions/leaf, sprayed X 100

shoot.

Column means followed by the same letter are not significantly
different (P = .05).



20

Table 5. Control of sporulating lesions of Venturia inaequalis
isolates H6 (normal dodine sensitivity) and H6SR4 6-1 (high
dodine tolerance) on trees treated with dodine (Cyprex

65W)a
Percent control of b

Isolate Dodine ug/ml sporulating lesions
H6 4 86.7 ab

H6 10 81.9 bc

H6 200 96.9 a

H6SR4 6-1 ; 4 66.8 c

H6SR4 6-1 10 90.3 ab

H6SR4 6-1 200 86.1 ab

4Randomized block design, averages of three experiments with five
replications each. Trees were held in moist chamber two days at 19-
22 C. Inhibition zone diameters in 50 ug/ml and 300 ug/ml disc
assays: H6 (2.58 and 3.05 cm); H6SR4 6-1 (0.3 and 1.4 cm).

bBased on two most heavily-infected leaves per shoot. Sporulating
lesions determined by macroscopic symptoms. Column means followed

by the same letter are not significantly different (P = .05).
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An experiment was conducted to assess the effect of inoculum
density on apple scab control by dodine. After fungicide treatment
trees were spray-inoculated with suspensions containing 81,000 and
312,000 conidia/ml of normal isolate, 04. At dodine concentrations of
100 ug/ml and 300 ug/ml significantly more shoots were infected on
trees under the heavier inoculum conditions than under the lighter
inoculum conditions (Table 6). Thus a heavy buildup of inoculum caused
by negligent control measures early in the growing season could be an

important factor in control by dodine throughout the entire season.

Table 6. Effect of inoculum density of Venturia inaequalis isolate
04 (normal dodine sensitivity) on apple scab control by
dodine (Cyprex 65W).2

Percent shoots with infection
at indicated inoculum density
Dodine (ug/m1) 81,000 conidia/ml 312,000 conidia/m1  Significance

unsprayed 100.0 100.0 N.S.
100 4.1 86.7 P=.01
200 49.0 75.3 N.S.
300 13.7 57.4 P=.05

aComplete]y randomized design, three replications.

Effect of temperature on germination
of conidia in dodine

Germination tests of conidia of two isolates in dodine at
controlled temperatures of 10 C, 19 C, and 26 C in water and on PDA

showed that temperature had a differential effect on the germination
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of the controls of the two isolates in water, but not on PDA (Table 7).
Although H6SR4 6-1 (highly tolerant) had poorer germination than H6
(normal dodine sensitivity) at all three temperatures, the effect was
most noticeable at 10 C and 19 C.

Temperature also had a differential effect on percent inhi-
bition of germination by dodine on PDA (Figure 3-A). At all tempera-
tures H6SR4 6-1 was less inhibited by dodine than H6. H6 was most
inhibited by dodine at 10 C and least inhibited at 26 C. H6SR4 6-1
was most inhibited at 19 C and least inhibited at 10 C.

Table 7. Per cent germination of conidia of two Venturia inaequalis
isolates on PDA and in water at indicated temperatures.d

10C 19 C 26 C
H6 H6SRE 6-1 H6 H6SR4 6-1 H6 H6SR4 6-1
Water 78 44 72 51 80 68
PDA 81 89 84 82 75 77

3Means of two three-replicate tests.

Dodine inhibition of germination in water (Figure 3-B) was
not greatly affected by temperature except at 10 C, where H6 was much
more inhibited at lower dodine concentrations than H6SR4 6-1.

On PDA and in water H6SR4 6-1 was least inhibited by dodine
at 10 C. These data cannot be interpreted to say that the more toler-
ant isolates generally react to temperature in dodine inhibition in

this manner, but they show that temperature may affect the relative
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Figure 3. Effect of temperature on dodine inhibition of germination

of conidia of two Venturia inaequalis isolates. A) On
PDA. Both isolates tested at 0.3 and 0.6 ug/ml dodine.
B) In water. Isolate H6SR4 6-1 tested at 1.0, 2.0, and
3.0 ug/ml dodine. Isolate H6 tested at 0.5, 1.0, and 2.0

ug/ml.
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tolerance level of an isolate. Lower inhibition by dodine at cooler
temperatures could be a significant factor in apple scab development

during the earlier part of the season.



DISCUSSION

Tolerance levels of isolates

The relative dodine sensitivity levels of field isolates
tested in this study varied somewhat depending on the testing method,

but the most tolerant isolates were inhibited by dodine concentrations

about five times the concentration inhibitory to the most sensitive
isolates. These differences in dodine tolerance levels are comparable
to those noted previously (12, 22, 36, 40). Actual differences be-
tween sensitivity levels reported here and those reported elsewhere
may be due to differences in cultural pH and nutrient conditions or
inoculum density. The relative differences in sensitivity to dodine
are less than those previously reported for phenyl mercury acetate,
similar to those reported for dichlone and sulfur, apd about two times
the natural variation in sensitivity reported for glyodin, captan,
copper sulfate and Paris green (25, 32).

The degree of natural variation in sensitivity to dodine by
V. inaequalis in this study is similar to, or slightly less than, that

expressed by the dodine-resistant mutants in Nectria haematococca var.

cucurbitae developed by Kappas and Georgopoulos (16). The variation in
tolerance in V. inaequalis shown here is about 1000 times less than
that of the antimycin A-resistant ultraviolet mutant developed by

Leben et al (19).

25
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Inheritance of tolerance

The pattern of inheritance of tolerance to dodine found in
this work appears to follow more closely that proposed by Kappas and
Georgopoulos for two Nectria mutants (16) than that suggested by
Polach for V. inaequalis (30). In the system proposed for Nectria,
each of two genes conditioned different levels of tolerance when in-
herited separately, and were additive when inherited together. In the
system suggested by Polach (30) a nontolerant isolate would not grow
at 0.25 ug/ml, one gene would allow growth at 0.25 ug/ml, and a second
gene, effective only when the first is in dominant form, allows growth
at 0.5 ug/ml dodine. In the present study disc assay of asci of
crosses of the most tolerant isolate with normal isolates has shown
four distinct levels of tolerance (Table 3). An explanation for this
phenomenon is the independent action of two separate genes, each con-
ditioning distinct levels of tolerance, having an additive effect
when inherited together (8, 9). This has been confirmed by a cross of
the two intermediate types to yield recombinant progeny more tolerant
or more sensitive than either of the intermediate parents.

The differences in reaction of progenies of crosses in this
work and those of Polach may be the tolerance levels of the parent
isolates. SR4 was the most tolerant of 64 New York isolates in this
screening (Appendix Al), including 48 from the Poray Orchard, 1969-
1971, and 16 from the McQueen Orchard, 1969, another area where the
tolerance problem was found (36). The tolerance level of the more
sensitive parent of a cross also could contribute to a different re-

action by the progeny. One difference in the testing techniques

wnm
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employed in the two studies may be that in the disc assay each isolate
could respond to the dodine concentration gradient to indicate a dis-
tinct level of tolerance not evident when the isolates were screened
at set concentrations.

Further testing must be conducted to assure that recombinant
progeny more tolerant than SR4 cannot arise from crosses of S1 with
isolates having tolerance levels similar to SR4. If the gene condi-

tioning the tolerance level of S1 is the same as one of the genes in

SR4 then there should be no buildup in tolerance from this cross.
However, if three separate genes are involved, then recombinant progeny
should appear with no tolerance genes or with all three tolerance
genes. The reaction of the progeny having three tolerance genes would
depend on whether the action of the third gene is additive or whether
its action is masked by the other two genes. In a cross of S1 with a
highly tolerant progeny of SR4, none of 10 progeny were as tolerant as
SR4, nor did they have the normal level of sensitivity which would

indicate a recombination of tolerance genes.

Mechanisms for tolerance to dodine

The mechanisms for the genes for tolerance to dodine are
unknown. Of the previously suggested general mechanisms (7, 11) either
decreased permeability or detoxification seems to be the most likely
possibility for a mechanism conferring such a comparatively low dif-
ference in sensitivity. This is in contrast to fungicides with more
specific sites of action to which resistant strains have shown a 100

to 1000-fold decrease in sensitivity (7). A re-investigation of the
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retention of ]4C by tolerant and sensitive conidia following exposure
to ]40-1abe]1ed dodine could shed insight on tbe problem of detoxifi-
cation described by Bartz and Mitchell (2, 3). The interaction of
response to dodine with natural variations in response to different
nutrient (20, 28), pH, and temperature conditions (25) may be impor-
tant to an understanding of the problem of tolerance to dodine under

field conditions.

Fungicide tolerance as a factor in
control of apple scab

Inheritance of tolerance to dodine in V. inaequalis has been
clearly demonstrated. However, one must experimenta11y assess the
importance of the degree of fungal sensitivity to dodine as a factor
in apple scab control to place it in proper perspective with other
factors such as weather factors, inoculum density, proper coverage and
timing and rate of dodine application (21). A natural mutation rate
to dodine tolerance as low as 1 in 108 (22) should be high enough to as-
sure a constant population with this level of tolerance in the orchard
if the selection pressure of dodine is the major factor inhibiting
survival of the fungus.

The limited emergence of populations sufficiently tolerant
to have notable economic importance in spite of a relatively high mu-
tation frequency has been attributed to "overkill" in commercial
practice (22). The ability of dodine to prevent sporulation has un-
doubtedly limited the population screened for dodine tolerance in na-

ture. Additional factors limiting the success of strains with high
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levels of dodine tolerance may be reduced pathogenicity or reduced
sporulation. Isolate SR4 sporulated well in culture, but sporulation
was limited on plants in the greenhouse.

The majority of the cases of poor scab control by dodine
investigated in Michigan demand an alternate explanation because iso-
lates collected from heavily-infected orchards have shown a normal
level of tolerance to dodine while the most tolerant Michigan isolates
have come from orchards with good control. Frequently poor control in
mid-season can be attributed to an early buildup of inoculum due to
late timing of an early application, poor coverage due to improper
pruning, or careless spraying. Inoculum density has been shown to be
an important factor in apple scab control by dodine (Table 6). Since
inhibition of spore germination is dependent upon the amount of dodine

available per spore (24), an early season buildup of inoculum means

the rate of application must be increased or the spray interval reduced,

or both, to maintain the level of residue essential to adequate

control.

F|

s m—




PART 1

LITERATURE CITED

’?—‘--....—._..-1"



10.

1.

PART 1
LITERATURE CITED

ALBERT, J. J. and F. H. LEWIS. 1962. Effect of repeated appli-

cations of dodine and of captan on apple scab foliage lesions.

Plant Dis. Reptr. 46:163-167.

BARTZ, J. A. and J. E. MITCHELL. 1970. Comparative interaction
of n-dodecylguanidine acetate with four plant pathogenic
fungi. Phytopathology 60:345-349.

BARTZ, J. A. and J. E. MITCHELL. 1970. Evidence for the meta-
bolic detoxification of n-dodecylguanidine acetate by

ungerminated macroconidia of Fusarium solani f. sp. phaseoli.

Phytopathology 60:350-354.

BOONE, D. M. and G. W. KEITT. 1956. Venturia inaequalis (Cke.)
Wint. VIII. Inheritance of color mutant characters. Am.
J. Botany 43:226-233.

BROWN, IRWIN F. and HUGH D. SISLER. 1960. Mechanisms of fungi-
toxic action of n-dodecylguanidine acetate. Phytopathology
50:830-839.

BYRDE, R. J. W., D. R. CLIFFORD and D. WOODCOCK. 1962. Fungi-
cidal activity and chemical constitution, XI. The activity
of n-alkyl guanidine acetates. Ann. Appl. Biol. 58:457-466.

DEKKER, J. 1972. Resistance, p. 156-174. In R. W. Marsh [ed.].
Systematic Fungicides. John Wiley and Sons, New York.

ESSER, KARL and RUDOLF KUENEN. 1967. Genetics of fungi. Trans.
Erich Steiner. Springer-Verlag Inc. New York. 500 pp.

FINCHAM, J. R. S. and P. R. DAY. 1971. Fungal Genetics. 3rd. ed.

Blackwell Scientific Publications, Oxford. 402 pp.

FREAR, DOWNALD E. H. and ELIZABETH C. SMITH. 1960. Dodecylguan-
idine acetate (dodine) residues on apples. J. Agr. Food
Chem. 8:465-466.

GEORGOPOULOS, S. G. and C. ZARACOVITIS. 1967. Tolerance of

fungi to organic fungicides. Annu. Rev. Phytopathol.
5:109-130.

30



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

31

GILPATRICK, J. D. and D. R. BLOWERS. 1974. Ascospore tolerance
to dodine in relation to orchard control of apple scab.
Phytopathology 64:649-652.

HEUBERGER, J. W. and R. K. JONES. 1962. Apple Scab II. Effect
of serial applications of fungicides on leaf lesions on
previously unsprayed trees. Plant Dis. Reptr. 46:159-162.

JONES, R. K., J. W. HEUBERGER, and J. D. BATES. 1963. Apple
Scab III. Effect of serial applications of fungicides on
leaf lesions on previously unsprayed trees-inhibition of
conidial germination, removal (suppression) of the organism,
and subsequent development of late terminal infection.

Plant Dis. Reptr. 47:420-424.

KAPPAS, A. and S. G. GEORGOPOULOS. 1968. Radiation-induced re-
sistance to dodine in Hypomyces. Experientia 24:181-182.

KAPPAS, A. and S. G. GEORGOPOULOS. 1970. Genetic analysis of
dodine resistance in Nectria haematococca (Syn. Hypomyces
solani). Genetics 66:617-622.

KEITT, G. W. and M. H. LANGFORD. 1941. Venturia inaequalis
(Cke.) Winter. I. A groundwork for genetic studies. Am.
J. Botany 28:805-820.

KIRKHAM, D. S. 1956. A culture technique for Venturia supp.
and a turbidimetric method for the estimation of compara-
tive sporulation. Nature 178:550-551.

LEBEN, C. D., D. M. BOONE and G. W. KEITT. 1955. Venturia
inaequalis IX. Search for mutants resistant to fungicides.
Phytopathology 45:467-472.

LEBEN, CURT and G. W. KEITT. 1948. Venturia inaequalis (Cke.)
Wint. V. The influence of carbon and nitrogen sources and
vitamins on growth in vitro. Am. J. Botany 35:337-343.

LEWIS, F. H. and K. D. HICKEY. 1972. Fungicide usage on decid-
uous fruit trees. Annu. Rev. Phytopathol. 10:399-428.

MACNEILL, B. H. and JANICE SCHOOLEY. 1973. The development of
tolerance to dodine in Venturia inaequalis. Can. J. Bot.
51:379-382.

MILLER, L. P. 1960. Uptake and innate toxicity of dodine
(n-dodecylguanidine acetate) to fungus conidia. Phytopath-
ology 50:646 (Abstr.).




32

MITCHELL, J. E. and J. DUAIN MOORE. 1962. Relation of dodine
residue levels and scab development on apple fruit and
leaves. Phytopathology 52:572-580.

PALMITER, D. H. 1934. Variability in monoconidial cultures of
Venturia inaequalis. Phytopathology 24:22-47.

PARRY, K. E. and R. K. S. WOOD. 1959. The adaptation of fungi
to fungicides: adaptation to captan. Ann. Appl. Biol.
47:1-9.

PARRY, K. E. and R. K. S. WOOD. 1959. The adaptation of fungi
to fungicides: adaptation to thiram, ziram, ferbam, nabam,
and zineb. Ann. Appl. Biol. 47:10-16.

PELLETIER, REAL L. and G. W. KEITT. 1954. Venturia inaequalis
(Cke.) Wint. VI. Amino acids as sources of nitrogen. Am.
J. Botany 41:362-371.

POLACH, F. J. 1972. Reaction of Venturia inaequalis ascospore
progeny to dodine. Phytopathology 62:782-;83 (Abstr.).

POLACH, F. J. 1973. Genetic control of dodine tolerance in
Venturia inaequalis. Phytopathology 63:1189-1190.

POWELL, DWIGHT. 1960. The inhibitory effects of certain fungi-
cide formulations to apple scab conidia. Plant Dis. Reptr.
44:176-179.

ROSS, R. G. and S. A. HAMLIN. 1961. Variation in the sensitivity
of isolates of Venturia inaequalis (Cke.) Wint. to fungicides.
Can. J. Plant Sci. 41:499-502.

SOMERS, E. and R. J. PRING. 1966. Uptake and binding of dodine
acetate by fungal spores. Ann. Appl. Biol. 58:457-466.

STELLAR, W. A., K. KLOTSAS, E. J. KUCHAR, and M. V. NORRIS. 1960.
Colorimetric estimation of dodecylguanidine acetate residues.
J. Agr. Food Chem. 8:460-464.

SZKOLNIK, M. and J. D. GILPATRICK. 1969. Apparent resistance of
Venturia inaequalis to dodine in New York apple orchards.
PTant Dis. Reptr. 53:861-864. :

SZKOLNIK, M. and J. D. GILPATRICK. 1970. Tolerance of the apple
scab fungus to dodine (Cyprex). Proc. New York State Hort.
Soc. 115:246-249.

SZKOLNIK, M. and J. D. GILPATRICK. 1971. Investigations on
apple scab fungus tolerance to the dodine fungicide in
1970. Proc. New York State Hort. Soc. 116:34-37.

.




38.

39.

40.

33

SZKOLNIK, MICHAEL and J. D. GILPATRICK. 1973. Tolerance of
Venturia inaequalis to dodine in relation to the history of
dodine usage in apple orchards. Plant Dis. Reptr. 57:817-
821.

WILLIAMS, E. B. 1969. Personal communication, p. 161. In
John Tuite. Plant Pathological Methods Fungi and Bacteria.
Burgess Publishing Company, Minneapolis.

YODER, K. S. and E. J. KLOS. 1972. Evidence for inheritance of
tolerance to dodine in Venturia inaequalis. Phytopathology
62:799 (Abstr.).




PART II
INHERITANCE OF AN ASCOSPORE ABORTION FACTOR
ARISING FROM VENTURIA INAEQUALIS ISOLATE
SR4, AN ISOLATE HIGHLY TOLERANT

TO DODINE



INTRODUCTION

The intriguing discovery of the induction of ascospore

abortion in Venturia inaequalis by SR4, the isolate most tolerant to

dodine, demanded further investigation. The simultaneous occurrence
of both phenomena in a single isolate suggested a common genetic
cause. Conclusions regarding inheritance of the dodine tolerance
level of this isolate could have been erroneous without further know-
ledge of the relationship between the two factors because aborted
meiotic products could not be examined for dodine tolerance.

Further crossing of isolates and testing of their progeny
revealed that the two factors did not always occur together in the
offspring. Some F] progeny were found to be as tolerant to dodine as
SR4, but produced only normal asci in crosses with other isolates not
inducing abortion. Some progeny were normal with respect to dodine
tolerance, but produced abnormal asci. These two points are conclu-
sive evidence that the two factors do not have a common genetic cause.
From the present data we cannot exclude the possibility that both
factors may be caused by linked genes.

This paper reports observations on the magnitude of ascospore
abortion induced by isolate SR4 and by progeny of this isolate, and
compares the morphological characteristics of this phenomenon with pre-
viously reported cases. The possible basis of the phenomenon and its

effect on the organism's natural survival are discussed.
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LITERATURE REVIEW

The ascospore abortion phenomenon has been recognized in the
literature. Dodge (11) pointed out that in the Ascomycetes one usually
observes gene expression in the organisms' haploid structures, and that
the asci with their fusion nuclei are the only cells of structures in
the entire 1ife cycle in which one could demonstrate simple mendelian

dominance. In an X-rayed line of Neurospora tetrasperma a recessive

lethal factor prevented ascospore delimitation when inherited in the
homozygous condition (9, 10).

Eight-sporedness appeared to be dominant in a cross of a
four-spored N. tetrasperma with an eight-spored N. sitophila because
all the resulting asci had eight spores (8). The first backcross of
F] progeny with the eight-spored parent usually gave asci with eight
spores, but a backcross with the four-spored parent gave asci with
spore numbers ranging from one to eight, mostly three to six (11).

"Aborta", a variant strain of Hypomyces Ipomoeae (7), induced

the formation of only four rather than eight spores when crossed with

normal isolates. This ascospore abortion was apparently due to the

inability of nuclei carrying the aborta factor to delimit spores.
Aberrant ascospore segregations occurred as a result of

translocation in Neurospora crassa (3, 21). Translocations, inversions,

and deletions can be distinguished by the distribution of abnormal
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asci (13, 14). The effects of spindle orientation and dominance modi-
fiers on the development of aberrant asci have been demonstrated in
Neurospora (23, 25, 29).

The "sterile ascus" phenomenon in selfed monoascosporic iso-

lates of Cochliobolus heterostrophus (22) was probably controlled by

more than one factor because certain backcrosses produced perithecia
with varying ratios of sterile to normal asci. If inhibition of
ascospore formation were controlled only by a single dominant or a
single recessive gene, either all sterile asci or all fertile asci
should have resulted. The occurrence of asci containing from one to
eight ascospores was also reported in C. sativus (16).

Asci of Coniochaeta malocotricha containing one to eight

spores were found to arise by abortion or non-maturation or by the
failure of one or more nuclei to be included into the ascospores (26).
The most frequent spore numbers in asci with fewer than eight spores
were four and five.

Development of perithecia, asci and ascospores of Sordaria
fimicola was directly related to biotin content of the growth medium
(2). The frequency of abnormal asci with one to seven ascospores in-
creased as the biotin concentration was decreased.

Venturia inaequalis cultures of a mutant white sector, al-

though producing abundant perithecia in crosses with normal isolates,
induced partial or complete abortion of four of the eight ascospores
in each ascus (30). Aborted spores were one- or two-celled, color-
less and usually misshapen. Aborted spores which were viable always

gave rise to white cultures.
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A number of nitrogen mustard-induced color mutants of V.
inaequalis (5), when crossed with normal isolates, caused partial or
complete abortion of the spores carrying the mutant genes. Two white
mutants gave rise to 3:1 and 1:3 ratios of normal to defective spores
as well as the more common 1:1 ratio when crossed with normal isolates.
Conclusive evidence explaining these aberrant segregations was not
attained.

An investigation of the chromosome number of V. inaequalis
encountered abnormalities among crosses of wild-type cultures (6).
One cross gave rise to two types of perithecia, one type with all
normal asci, and one type with all asci showing abnormal 4:4 segrega-
tions. In one perithecium, a single 4:4 ascus was suggested to have
resulted from crossing-over in an inversion heterozygote. Two other
cytological studies of ascus development in V. inaequalis (1, 17) did

not report such abnormalities.



MATERIALS AND METHODS

Crossing and isolation of progeny

A1l isolates used in this study were part of the isolate
collection for the dodine tolerance study. The techniques for crossing
and isolation have been described in Part I. In addition to the medium
of Keitt and Langford (18), a modified potato-dextrose agar (5) was

also tested.

Ascospore counts

Spores were counted at 430X after placing several perithecia
in water on a microscope slide and applying pressure to the coverslip
to break open the perithecia and expose and spread the asci. In making
the counts, only those spores with mature coloration were considered
normal. Counts were not conducted until spores were fully mature in
all perithecia of a cross. Plates with mature perithecia were main-

tained at 4 C until counted.

Perithecia on leaves

Leaves from several orchards in New York were collected
during the month of May (1969-1971) by Dr. J. D. Gilpatrick, New York
Agricultural Station, Geneva, New York. The leaves were dried and

refrigerated until the perithecia were removed for counting.
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Staining of asci

Preliminary efforts to stain nuclei in asci were only par-
tially successful. Mature spores were quite impermeable to stain and
immature spores did not stain well within the ascus. The pressure
needed to flatten the asci to give good microscopic resolution fre-
quently displaced the contents of the asci.

The most successful stains were iron haematoxylin (19, 20)
and 0.5% toluidine blue dissolved in water. Both stains gave good
differentiation of nuclei in ascogenous hyphae, but were less success-
ful for nuclei inside the asci. The methods of 0'Donnell, Tai and
Beneke were followed for fixation and hydrolysis for iron haematoxylin
staining (24). Length of hydrolysis in 1IN HC1 at 65 C varied from
two 10 minute periods to two 2 hour periods with no appreciable dif-
ference in results.

Toluidine blue dissolved in water stained nuclei as clearly
without hydrolysis as with hydrolysis, but the asci were more inclined
to burst in unhydrolyzed material. Toluidine blue in 70% ethanol
(15) failed to give the desired contrast and 0.5% toluidine blue in

50% propionic acid was unsatatisfactory.



RESULTS

Apparent types of abortion

Several types of ascospore abortion may be influencing the
number of spores per ascus in different crosses. Because immature
asci were difficult to discern from asci which had reached their maxi-
mum development without any spore delimitation, asci without spores
were not included in the counts. To allow complete spore maturation
before counting, perithecia were maintained at a low temperature after
initial maturity was reached. This storage may have allowed some
disintegration of early maturing spores. However, in most cases, asci
containing less than eight spores appeared to be a result of under-
development rather than disintegration of spores.

Figure 4-A illustrates three developmental types of asci
found in these crosses. Ascus 1 appears to be in the process of as-
cospore delimitation and may represent an immature form. Ascus 2
apparently failed to delimit more than four spores. The lack of mature
coloration in the smaller cell of the terminal spore in this ascus may
signify that this cell is inactive and could disintegrate to give rise
to a one-celled spore. Ascus 3 reached its maximum development with-
out delimiting any spores. Empty asci were found in crosses of iso-
lates not inducing ascospore abortion as well as in crosses of isolates

inducing extreme ascospore abortion.
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Figure 4.

Ascospore abortion in progeny of Venturia inaequalis
isolate, SR4. A-F) Normal and aberrant asci. G-J) Abnormal
ascospores. A) 1, maturing ascus; 2, four-spored ascus,

smaller cell of terminal spore is poorly pigmented; 3,
aborted ascus. B) Normal eight-spored ascus.
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Asci containing one to eight spores were found in crosses
of SR4 with normal isolates. In most of these asci reduction of spore
numbers appeared to be due to improper spore cleavage (Figure 4-A,
4-E, and 4-F) or failure of cleaved spores to mature (4-B, 4-C, and
4-D).

Occasionally odd numbers of spores in asci may have resulted
from disintegration of one member of a spore pair (Figure 4-E, three-
spored ascus). In one four-spored ascus a culture of one of the four
spores had a much higher level of tolerance to dodine than the other
three. This indicates that members of three spore pairs were present
in this four-spored ascus, implying that one member of each of two
spore pairs either disintegrated or failed to develop.

Very rarely, highly abnormal ascospores occurred in perithecia
of various crosses. Figure 4-F shows an ascus containing single-celled
spores. It is not apparent if these arose by disintegration of one
cell as suggested by Figure 4-A, or by failure of the spore to undergo
the final mitotic division essential to give two-celled spores, or if
the two cells of a spore separated and rounded as they matured.

An abnormally developing globose ascus (Figure 4-D) con-
tained structures similar in shape to the smaller cells of normal
spores. An immature ascus (normally somewhat globose) is pictured in
Figure 4-E.

Several other highly abnormal, mature-colored spores (Figure
4-G-J) occurred only rarely in crosses of SR4 or its progeny, but they
may represent an unusual modification of factors contributing to the

more common types of ascospore abortion. The three cells of the spore
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in Figure 4-G remained intact when the ascus was broken. The bulboid
protuberance from one cell of the spore in Figure 4-H suggests the
possibility that one cell may undergo an additional mitotic division
to yield a three-celled spore. The misshapen ascospore in Figure 4-J
may be undergoing germination. An unusually large spore (Figure 4-I)
maintained a fairly normal shape although it was nearly two times the
normal size. Another one-celled spore nearly filled an ascus about

half the size of a normal eight-spored ascus.

Frequency of abnormal asci in crosses
of SR4 with normal isolates

Crosses of SR4 with normal isolates (not inducing ascospore
abortion) produced a high frequency of asci containing one, three,
five, or seven spores (Table 8). The ratios of these asci with odd
numbers of spores to asci with even spore numbers varied considerably
with the parental combination. Combined frequencies of adjacent cate-
gories (one- and two-spored asci, three- and four-spored asci, etc.)
were fairly consistent regardless of the parental combination. Since
abortion due to inheritance of lethal genes should occur in pairs of
spores rather than single spores, the variable distribution of asci
with odd spore numbers suggests a non-genetic response to some variable
cultural condition causing the underdevelopment or disintegration of
one member of a spore pair. The higher consistency of frequencies of
asci with odd spore numbers combined with asci having even spore num-
bers shows that usually spores were aborted in pairs rather than singly

and suggests a strong genetic influence in ascospore abortion.
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Table 8. Frequency of ascospore abortion in crosses of SR4 with
normal isolates.

Percent asci with indicated
number of spores per ascus

Tota}
Cross 2 3 4 5 6 7 g asci
SR& XT2 2 (14)2 12 14 (43) 29 25 (42) 17 0 (1) 1 77
SR4 XB4& 1 (11) 10 28 (59) 31 20 (36) 16 1 (4) 3 110
SR XB6 1 (17) 16 17 (52) 35 4 (29) 25 0 (2) 2 114
SR& X H6 5 (27) 22 16 (48) 32 10 (22) 12 0 (3) 3 116
SR& X C2 3 (25 22 22 (49)27 10 (25) 15 0 (1) 1 78
SR& XCR6 O (25) 25 30 (50) 20 13 (25) 13 O (0) 0 56
SR XLl 0 (19) 19 9 (38)20 19 (38) 19 0 (5) 5 21
SR& XL5 3 (12) 9 15 (52) 37 24 (36) 12 0 (0) 0 33
SR& X 04 0 (18) 14 29 (43) 14 14 (43) 29 0 (0) O 7
% of total 2 (19) 17 18 (48) 30 14 (31) 17 0 (2) 2 612

aFigures in parentheses represent totals of two adjacent categories.

Overall, in crosses of SR4 with normal isolates, only two
percent of the asci had eight spores. Asci having one or two spores
ranged from 11 to 28% (19% of total). Asci with three or four spores
ranged from 38 to 59% (48% of total). Those having five or six spores
included 31% of the total with values ranging from 23 to 43%.

Ascospore abortion in crosses
of F] progeny of SR4

To study inheritance of the ascospore abortion factors,
crosses involving F] progeny of SR4 were examined for abortion fre-
quencies (Table 9). In crosses of groups of normal isolates with mem-

bers of the same spore pair, frequencies of ascus types were quite
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consistent in two combined categories, but varied considerably in the
other two. For example, the proportions of asci having three or four
spores and those having seven or eight spores were similar in crosses
of normal isolates with 04SR4-1-2 and 04SR4-2-2 of one spore pair and
with 04SR4-3-2 and 04SR4-4-2 of another spore pair, but in these
crosses there was more variation in the combined frequencies of asci
having one or two spores and those having five or six spores. Crosses
of 04SR4-5-2 with normal isolates and crosses of 04SR4-6-2 with normal
isolates were similar in individual combined frequencies of one- or
two-spored asci and combined frequencies of seven- or eight-spored
asci, but were more variable in the three- or four-spore category and
in the five- or six-spore category. This consistency in two classes
and inconsistency in two other classes was also noted in crosses with
SR4 (Table 9) and in crosses of members of one spore pair with members
of another spore pair (Appendix B1).

If the ascospore abortion is entirely under genetic control
then reactions in crosses of isolates with the genetically identical
members of the same spore pair should be consistent in all categories.
The similarity of combined frequencies in only two of the four com-
bined categories of ascus types suggests that certain reactions were
under more stable control than ones which were more variable.

The frequencies of asci in each numerical category were
similar in crosses of SR4 X normal isolates, 04SR4-3-2 and -4-2 X
normal isolates, 04SR4-1-2 and -2-2 X 04SR4-7-2, and 04SR4-3-2 X
04SR4-6-2. The frequencies of different ascus types in the backcros-

ses 04SR4-3-2 and -4-2 X SR4 were also expressed in crosses of
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04SR4-1-2 and -2-2 with 04SR4-5-2 and -6-2. This similarity of the
frequencies of the ascus types in crosses of SR4 X normal isolates

and the frequencies in test crosses of F] progeny definitely indicates
an inherited tendency to produce aberrant asci. The ratios of ascus
types of 04SR4-1-2 and -2-2 X normal isolates, 04SR4-5-2 and -6-2 X
normal isolates and 04SR4-7-2 X normal isolates did not closely ap-
proximate ratios found in other crosses, but all showed some degree
of ascospore abortion (Table 10).

Several F] progeny of SR4 having dodine tolerance levels
similar to SR4 were testcrossed with normal isolates to determine
whether ascospore abortion was induced in crosses with all isolates
having this level of dodine tolerance. Among this group of isolates
representing nine spore pairs, isolates representing four spore pairs
permitted normal development of at least 95% of the asci in combination
with one or more normal isolates (Appendix B1). Thus the genetic fac-
tors conditioning the dodine tolerance level of SR4 were not responsi-

ble for the ascospore abortion of its progeny.

Ascospore abortion induced by field iso-
lates with normal dodine sensitivity

A clearcut abortion of four spores occurred in crosses of
most non-aborting isolates with three field isolates having normal do-
dine sensitivity. In crosses with other isolates shown to induce as-
cospore abortion, the mean number of spores per ascus was lower than
when either of the isolates was crossed with isolates not inducing

abortion.
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Differences in individual perithecia
of a single cross

In some cases individual perithecia of single cross varied
in their degree of ascospore abortion. In seven of ten perithecia
examined from crosses of three normal isolates with an aborting iso-
late, 91% of 128 asci contained four spores and none contained more
than four spores. In three perithecia, 94% of 49 asci contained eight
spores and none had fewer than six spores.

Individual perithecia in crosses of normal isolates with
N-156, a white color mutant producing light-colored perithecia, also
varied in degree of abortion. In these cases individual perithecia
contained asci having mostly four spores or mostly two spores. Such
differences could not be attributed to the parental origin of the
perithecium because the differences were found in both light-colored

and dark-colored perithecia.

Ascospore abortion in crosses
involving color mutants

A number of Venturia inaequalis color mutants were reported

to induce ascospore abortion (5, 30) when crossed with normal or
abortion-inducing isolates. Crosses of normal isolates with a white
mutant (N-156) and a yellow mutant (N-150) yielded mostly four-spored
asci.

When N-156 and N-150 were crossed with isolates inducing
ascospore abortion, the combination further reduced the mean number of

spores per ascus (Table 11) as had the three dodine-sensitive field
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Table 11. Further reduction of the number of spores per ascus by
crosses of aborting color mutants with aborting F] progeny
of SR4.

Mean spores per ascus in perithecia
of indicated parental combinations

Cross normal 04SR4-1-2 04SR4-3-2
isolates 04SR4-2-2 04SR4-4-2
normal isolates -—- --- 4.0 (281)2 4.3 (998)
N-289° 7.9 (27) 3.5  (175) — -
N-156 3.8 (34) 2.8 (198) 2.8 (58)
N-150 4.2 (85) 3.0 (115) 2.4 (53)

aFigures in parentheses indicate total asci counted.
bN-289 is nearly normal with respect to ascospore abortion.

isolates. Pink color mutant, N-289, and green color mutant, 2295-2,
reacted quite normally in combination with normal and abortion-inducing

jsolates (Table 11 and Appendix B3).

Induction of ascospore abortion by
New York isolates

A11 five Poray Orchard isolates tested were found to induce
some degree of ascospore abortion (Table 12). SC8a crossed with C2
gave a ratio similar to that produced by isolates 04SR4-5-2 and -6-2
when crossed with C2 (Table 10). The degree of abortion produced in
C2 X SC8b was comparable to that occurring in crosses of N-150 X
04SR4-3-2 and -4-2 (Appendix B3). The ascus ratio in cross C2 X SC12c
was similar to that induced by the white color mutant N-156 in crosses
with normal isolates (Appendix B3). SR7 in combination with SR4 re-

sulted in more ascospore abortion than C2 crossed with SR4.
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Table 12. Frequency of ascospore abortion in crosses involving New
York isolates.

Percent asci with indicated
number of spores per ascus

Total
Cross 3 . 3 a 5 6 7 g asci
c2® x sR4 3 (25)b 22 22 (49) 27 10 (25) 15 O (1) 1 78
C2 XSC8a 0 (15) 15 0 (40) 40 0 (6) 6 2(39) 37 176
C2 X SC8 11 (75) 64 4 (25) 21 0 (0) o o0(0) 0o 28
C2 X SCl2c 4 (16) 12 0 (84) 84 0 (0) o o(0) o 80
SR4 X SR7 19 (42) 23 19 (58) 39 0 (0) 0 0(0) 0 26

%Normal isolate.
bFigures in parentheses represent totals of adjacent categories.

Ascospore abortion in natural
perithecia from New York

Examination of a few leaves collected from the Poray Orchard
in 1970 showed that three of ten perithecia contained asci with asco-
spore numbers ranging from four to eight. The development of seven
perithecia had been interrupted at a stage prior to the development
of ascospores. It was difficult to determine whether the ascospore
abortion was a result of the drying or some other factor, but the
effect appeared similar to that occurring in the controlled crosses.

On these leaves there were also perithecia with all normal asci.



DISCUSSION

Because most of these data originated from crosses made to
study inheritance of tolerance to dodine rather than inheritance of
the ascospore abortion factor, certain vital pieces of evidence are
lacking. Despite the preliminary status of the work, some lines of
evidence can be drawn to support hypotheses of both genetic and non-
genetic influences on the ascospore abortion phenomenon. Crucial to
a discussion of the possible causes of this phenomenon is the evalu-
ation of the descriptive and quantitative data supporting these

hypotheses.

Evidence suggesting a genetic influence
on ascospore abortion

Three lines of evidence suggest that the ascospore abortion
occurring in progeny of isolate SR4 is under genetic control: the
recurrence of similar frequencies of abortion in crosses of SR4 and
in test crosses of F] progeny of SR4; the tendency for ascospores
to be aborted as pairs rather than singly; and an additive abortive
effect in crosses combining the abortion-inducing SR4 progeny and the
aborting color mutants.

Several previously demonstrated genetic bases for ascospore
abortion could be active mechanisms in the abortion of SR4 progeny.

Dimock concluded that the aborta factor inactivated or deleted a single
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gene or gene-complex necessary for delimitation (7). Those nuclei
inheriting the aborta factor were unable to delimit spores.

Genetic studies with the color mutants of V. inaequalis
(4, 5, 30) have shown an abortive effect on the spore pairs inheriting
the mutant factor. While mutant genes usually segregated with a 1:1
ratio of normal to aborted spores, 3:1 and 1:3 ratios also occurred.
Thus several patterns of inheritance of a single gene resulted in two,
four, or six spores per ascus.

Several mechanisms of chromosome segmental interchange have
been shown to yield asci containing four or eight spores (13, 14, 21).
Such mechanisms also may prevent the development of any spores. The
frequency of empty asci could help to distinguish the type of inter-
change, but in this and other studies (5) empty asci were quite diffi-
cult to distinguish from immature asci.

Combinations of lethal and modifying genes, segmental inter-
changes, or a lethal gene and a segmental interchange could conceivably
yield asci with spore numbers ranging from zero to eight. Such
mechanisms would cause abortion of spore pairs unless the factors
would be active only under certain marginal cultural conditions. The
ratios of types of abnormal asci could reflect the linkage of genes
or modifying factors or the distance of segmental interchanges from

the centromere.

Evidence suggesting_a non-genetic
influence on ascospore abortion

Although most of the ascospore abortion of SR4 progeny ap-
pears to be under some form of genetic control, some of the effects

reported here are not readily explained by genetic mechanisms.
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The relatively high, variable frequency of asci containing
odd numbers of spores may suggest the activity of some variable non-
genetic factor such as a suboptimal cultural condition which could

prevail over the genetic control of a spore's development. These

asci could result from abortion of a spore after its delimitation, de-
generation of a nucleus, or the cooperation of two or more nuclei in
the delimitation of a single spore.

In crosses of normal isolates the presence of asci which
have reached their most advanced stage of development without delimit-
ing any spores is comparable to effects of suboptimal nutrient conditions
in other fungi. In Sordaria biotin-starved cultures produced this type
of ascus more frequently (2). The nutrient medium affected the degree
of ascospore abortion in Neurospora (10, 12). Thiamine was essential to
ascospore formation in V. inaequalis (28).

In certain crosses some perithecia contained mostly abnormal
asci while other perithecia contained mostly normal asci. Such differ-
ences could reflect local differences in nutrient status of the crossing
medium or a differential rate of development (5, 11).

Further cytological, cultural and genetic studies should re-
solve which effects are caused by genetic or non-genetic factors.
Cytological studies would locate nuclei and determine the developmental
stage at which abortion occurs. Cultural studies should assess the mini-
mal requirements of normal and abortion-inducing isolates on a defined
medium (27, 28) and with natural overwintering. Genetic investigations
could confirm chromosome aberration by testing linkage with genetic

markers.
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Significance of induction of ascospore
abortion by Poray Orchard isolates

The induction of ascospore abortion by all Poray Orchard iso-
lates must have some relationship with the dodine tolerance situation
in this orchard, although the two factors are not caused by the same
genes. Several possible relationships exist.

Possibly mutations for dodine tolerance and for ascospore
abortion were induced simultaneously by some mutagenic factor prior to
1969. Low rates of dodine application would have selected for the dodine-
tolerant strain during its first growing season, allowing a buildup of
the abortion-inducing population as well. It does not seem likely that
the population of the self-limiting, abortion-inducing strains would in-
crease over several growing seasons unless the genes for tolerance and
the ascospore abortion factors are closely linked. Close linkage does
not seem likely because of the number of highly tolerant progeny inducing
very little ascospore abortion. Several of these isolates arose from
partially aborted asci and this selection may have represented a dilution
of abortive factors, but the partially aborted asci composed the greatest
proportion of the asci in these crosses so there is only a slim chance of
close linkage between the abortive factors and the genes for tolerance.

A second possible relationship could be that ascospore abortion
does not occur in nature, but the factors causing abortion may be closely
linked to genes for dodine tolerance. Preliminary evidence from a survey
of leaves from the Poray Orchard suggests a natural occurrence of the
phenomenon, but this abortion could have been caused by drying of the

leaves during ascospore development. It may be significant that the two
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cytological studies of ascus development of V. inaequalis not reporting
ascospore abortion were conducted on perithecia produced in nature (1,
17), while the study reporting ascospore abortion examined perithecia
produced in culture (6). Perhaps this again reflects cultural conditions
which are slightly suboptimal for ascospore production. If ascospore
abortion does not occur in nature in strains such as SR4, then the strain
would not be self-limiting and its frequency in the population would in-
crease readily with the frequency of the tolerant strains under the
selection pressure of dodine.

A final possibility could be that dodine induces minor muta-
tions causing ascospore abortion. If this situation exists, long contin-
ual usage of dodine would stimulate an increase in the abortion-inducing
population while also selecting for dodine-tolerant strains. The factors
causing the two phenomena would not have to be linked genetically and

could easily be separated in vitro in F] progeny.
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APPENDIX A2

Inhibition by dodine of germination and growth of conidia of mono-
ascosporic progeny of Venturia inaequalis cross SR4 X SR7

Inhibition zone diam (cm)® % germinationb

Isolate 50 ug/ml 300 ug/ml 1 ug/ml

Eight-spored asci

SR4SR7-1-1 1.48 2.35 30.2
-2-1 1.35 2.43 37.4
-3-1 2.25 3.13 8.7
-4- 2.05 2.90 12.2
-5-1 1.53 2.40 25.9
-6-1 1.33 2.35 31.4
-7-1 --- --- 14.3
-8-1 1.90 2.73 13.7
-1-2 1.55 2.58 23.1
-2-2 1.50 2.50 23.1
-3-2 1.88 2.88 10.7
-4-2 1.75 2.60 11.7
-5-2 1.70 2.53 22.1
-6-2 1.68 2.55 21.5
-7-2 1.35 2.20 28.2
-8-2 1.33 2.33 28.2

Six-spored asci
-1-1 2.05 3.05 35.0
-2-1 1.83 2.60 33.4
-3-1 1.53 2.38 41.7
-4-1 1.58 2.70 43.
-5-1 1.75 2.80 19.1
-6-1 1.95 2.95 12.5
-1-2 1.38 2.33 38.1
-2-2 1.98 2.85 35.1
-3-2 1.58 2.55 36.2
-4-2 1.58 2.48 36.6
-5-2 1.48 2.55 37.4
-6-2 1.43 2.30 34.6
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Appendix A2. (Cont.)

Inhibition zone diam (cm)® % germinationb
Isolate 50 ug/ml 300 ug/mli 1 ug/ml
Four-spored asci
-1-1 2.03 2.83 30.7
-2-1 1.80 2.80 35.6
-3-1 1.90 2.83 17.2
-4-1 1.53 2.33 20.0
-1-2 1.53 2.48 35.9
-2-2 1.50 2.38 36.5
-3-2 2.10 2.95 17.2
-4-2 1.98 2.78 16.9
Two-spored asci
-1-1 1.45 2.65 32.3
-2-1 1.78 3.00 28.4
-1-2 1.40 2.65 32.1
-2-2 1.45 2.53 36.00
LSD .05 0.40 0.40
LSD .01 0.52 0.52

3Means of four replications. Zones measured after seven days'
incubation at 19 C. Dodine concentrations with which 12.7 mm
assay disc was saturated. Inhibition zone diam in 50 ug/ml
and 300)ug/ml tests: SR4 (0.83 and 1.63 cm); SR7 (1.70 and
2.58 cm).

bPercent of germination of control conidia in water.



APPENDIX A3

Inhibition of random progeny of Venturia inaequalis cross 04SR4-1-2
X 04SR4-6-1 in potato-dextrose agar by dodine diffusing from paper
assay discs.

Inhibition a Inhibition
zone diam (cm) zone diam (cm)
Isolate 50 ug/ml 300 ng/ml Isolate 50 ug/ml 300 pg/ml

-1 0.80 1.95 -40 1.70 2.45
-2 0.97 2.02 -4] 2.15 2.90
-3 1.90 2.52 =42 3.00 3.57
-4 2.10 2.77 -43 2.85 3.30
-5 0.67 1.65 -44 2.60 3.05
-6 2.17 2.65 -45 1.65 2.40
-7 2.55 3.32 -46 2.40 3.22
-8 2.50 3.25 -47 2.30 2.90
-9 2.22 3.00 -48 2.02 2.87
-10 2.70 3.35 -49 2.37 3.02
-1 2.12 2.95 -50 1.30 1.97
-12 2.22 3.15 -51 1.85 2.62
-13 1.70 2.62 -52 1.65 2.40
-14 2.52 3.22 -53 2.18 2.90
-15 2.37 3.07 -54 2.50 3.15
-16 1.57 2.40 -55 2.42 3.12
=17 2.37 3.17 -56 1.25 2.07
-18 2.02 2.77 -57 1.75 2.67
-19 2.37 2.95 -58 1.30 2.30
-20 1.77 2.45 -59 3.07 3.62
=22 1.92 2.82 -60 2.15 2.90
-24 1.97 2.72 -62 1.95 2.95
=25 0.42 1.65 -63 0.87 1.95
-26 2.35 3.15 -64 2.52 3.30
=27 2.17 2.90 -65 2.35 3.15
-28 1.90 2.70 -66 1.85 2.77
-29 2.10 2.77 -67 1.90 2.70
=30 2.70 3.20 -68 1.97 2.77
=31 1.70 2.47 -69 1.82 2.55
-32 0.62 1.77 -70 3.02 3.60
-33 1.70 2.50 -73 1.55 2.67
-34 1.12 1.92 -74 2.30 2.80
-35 2.82 3.52 -75 2.27 3.05
-36 2.47 3.10 -76 1.20 2.10
-37 2.40 3.05
-38 2.27 2.92 LSD .05 0.47 0.63
-39 2.35 3.17 LSD .01 0.62 0.83

4Means of four replications. Zones measured after seven days' incuba-
tion at 19 C. Dodine concentrations with which 12.7 mm assay disc was
saturated. Inhibition zone diam in 50 ug/ml and 300 ug/ml tests:
04SR4-1-2 (1.80 and 2.68 cm), 04SR4-6-1(2.38 and 3.20 cm).
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APPENDIX A4

Inhibition by dodine of germination and growth of conidia of tetrad
progeny of Venturia inaequalis cross SR4 X 04SR4-3-2.

Inhibition zone diam (cm)® % germinationb
Isolate 50 ug/ml 300 ug/ml dodine 1 ug/ml
1-1 .50 1.70 28.1
2-1 .73 1.68 33.8
3-1 .70 1.73 46.5
4-1 .48 1.63 61.6
5-1 1.00 1.88 58.6
6-1 .70 1.75 46.2
7-1 1.20 1.85 53.3
8-1 .63 1.73 66.8
-2-3 1.40 2.13 29.8
3-3 .43 1.43 49.9
4-3 .45 1.63 63.0
-5-3 .90 1.78 73.5
6-3 .70 1.68 74.9
7-3 1.20 1.65 72.2
8-3 .55 1.63 40.5
1-4 1.23 1.98 38.2
2-4 .83 1.65 65.1
3-4 .88 1.75 60.1
4-4 1.15 1.93 44.2
5-4 .63 1.60 60.5
6-4 1.28 2.00 25.3
7-4 .68 1.70 49.4
8-4 .53 1.65 65.9
-1-6 .45 1.63 60.9
-3-6 .75 1.70 69.7
4-6 .60 1.65 63.9
5-6 .93 1.80 61.9
6-6 1.23 2.00 34.3
7-6 .73 1.73 30.3
8-6 .68 1.65 49.6
LSD .05 0.40 0.20
LSD .01 0.53 0.26

3Means of four replications. Zones measured after seven days' incuba-
tion at 19 C. Concentrations of dodine with which paper assay disc
was saturated. Inhibition zone diam in 50 ug/ml and 300 ug/ml tests:
SR4 (0.83 and 1.63 cm); 04SR4-3-2 (1.23 and 2.33 cm).

bPercent of germination of control conidia in water.
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APPENDIX A5

Inhibition by dodine of germination and growth of conidia of tetrad
progeny of Venturia inaequalis cross C2 X 04SR4-5-2.

Inhibition zone diam (cm)® % germination b
Isolate 50 ug/ml 300 ug/ml dodine 1 ug/ml
-1-3 2.32 2.80 13.3
-2-3 2.80 3.20 6.3
-3-3 2.70 3.23 2.4
-4-3 2.80 3.30 9.9
-5-3 2.10 2.63 23.1
-6-3 2.22 2.73 15.7
-7-3 2.42 2.78 10.8
-8-3 2.57 2.70 4.4
-1-14 2.72 3.13 4.0
-2-14 2.72 3.13 2.3
-3-14 2.24 2.85 8.6
-4-14 2.62 2.98 7.8
-5-14 2.38 2.90 7.6
-6-14 2.44 2.88 9.4
-7-14 2.36 2.80 12.5
-8-14 2.28 2.78 23.6
-1-15 2.20 2.75 11.2
-2-15 2.37 2.83 12.3
-3-15 2.75 3.18 1.2
-4-15 2.23 2.73 14.9
-5-15 2.30 2.78 19.4
-6-15 2.63 3.03 3.3
-7-15 2.62 3.05 2.9
-8-15 2.50 2.98 1.8
-1-18 2.25 2.88 19.8
-2-18 2.45 2.98 21.3
-3-18 2.32 2.90 18.0
-4-18 2.32 2.83 13.2
-5-18 2.50 2.95 8.5
-6-18 2.33 2.80 7.0
-7-18 2.85 3.23 10.6
-8-18 2.55 3.10 5.0
LSD .05 0.34 0.34
LSD .01 0.45 0.45

qMeans of four replications. Zones measured after seven days' incuba-
tion at 19 C. Concentrations of dodine with which paper assay disc
was saturated. Inhibition zone diam in 50 ug/ml and 300 upg/ml tests:
C2 (3.05 and 3.75 cm); 04SR4-5-2 (2.30 and 3.15 cm).

bPer‘cent of germination of control conidia in water.
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APPENDIX A6

Inhibition by dodine of germination and growth of conidia of tetrad
progeny of Venturia inaequalis cross C2 X 04SR4-7-2.

Inhibition zone diam (cm)® % germination b
Isolate 50 ug/ml 300 ug/ml dodine 1 pg/ml
-1-2 2.45 3.03 2.5
-2-2 2.63 3.15 3.4
-3-2 2.68 3.05 3.3
-4-2 2.58 3.03 0.9
-5-2 2.50 2.93 4.9
-6-2 2.80 3.33 1.0
-7-2 2.88 3.40 0.1
-8-2 2.43 2.85 0.2
-1-5 3.03 3.40 3.6
-2-5 2.78 3.25 2.9
-3-5 2.85 3.33 7.1
-4-5 2.33 2.85 10.9
-5-5 2.60 2.98 1.2
-6-5 2.55 2.98 4.4
-7-5 2.43 2.90 15.4
-8-5 2.20 2.70 2.0
-1-7 2.40 2.83 15.1
-2-7 2.50 2.90 7.4
-3-7 2.75 3.08 1.6
-4-7 2.45 3.03 1.8
-5-7 2.78 2.93 0.7
-6-7 2.53 3.03 0.3
-7-7 2.45 2.90 4.5
-8-7 2.35 2.85 5.8
-1-11 2.60 3.10 1.6
-2-11 2.40 2.80 3.9
-3-11 2.50 3.03 18.0
-4-11 2.57 3.05 5.8
-5-11 2.55 3.08 11.5
-6-11 2.37 2.80 6.8
-7-1 3.02 3.45 4.8
-8-11 2.83 3.20 8.7
LSD .05 0.44 0.66
LSD .01 0.58 0.87

@eans of four replications. Zones measured after seven days' incuba-
tion at 19 C. Concentrations of dodine with which paper assay disc
was saturated. Inhibition zone diam in 50 ug/ml and 300 ng/ml tests:
C2 (3.05 and 3.75 cm); 04SR4-7-2 (2.98 and 3.63 cm).

bPercent of germination of control conidia in water.
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APPENDIX A7

Inhibition of random progeny of Venturia inaequalis cross
S4 X C2SR4 7-4 in potato-dextrose agar by dodine diffusing
from paper assay discs.

Inhibition zone diam (cm)®

Isolate 50 ug/ml 300 nug/ml
-1 2.3 2.9
-3 1.9 2.5
-5 2.2 2.7
-6 2.3 2.9
-7 2.4 2.9
-8 2.2 2.8
-9 1.2 2.1
-10 1.0 2.0
-1 2.0 2.6
-12 2.4 2.8
-13 2.3 2.7
-15 2.0 2.7
-16 1.6 2.4
-17 1.4 2.3
-18 2.1 2.8
-19 1.5 2.3
=21 2.0 2.7
-27 2.2 2.8
-28 1.9 2.3
-31 1.6 2.4
-32 1.8 2.5
-33 2.0 2.5
-35 1.6 2.1
-37 2.5 2.8
-38 1.4 1.9
-39 1.4 2.0
-40 2.2 2.7
-41 1.3 2.1
-42 1.6 2.1
-44 2.3 2.9
-46 2.1 2.7
-47 2.0 2.6
-50 2.2 2.8
-51 2.1 2.7
-52 1.9 2.7
-54 2.4 2.9
-55 1.1 1.9
-56 1.9 2.6
-57 2.0 2.8
-58 1.8 2.3

an single replication. Zones measured after seven days'
incubation at 19 C. Dodine concentrations with which 12.7
mm assay disc was saturated. Inhibition zone diam in 50
ug/ml and 300 pg/ml tests: S4 (2.58 and 3.58 cm); C2SR4
7-4 (1.10 and 2.15 cm). 73



APPENDIX A8

Inhibition of random progeny of Venturia inaequalis cross S1 X 2295-2
(green color mutant) in potato-dextrose agar by dodine diffusing from
paper assay discs.

Inhibition zone diam (cm)®

Isolate 50 ng/ml 300 ug/ml Color
-1 2.3 3.0 wild type
-2 2.6 3.2 wild type
-3 2.2 2.8 wild type
-4 1.8 2.6 green
-5 1.8 2.5 wild type
-6 1.9 2.8 green
-7 2.6 3.2 green
-8 2.7 3.2 green
-9 2.4 2.9 green
-10 2.5 3.0 green
=11 2.1 2.7 green
-12 2.3 2.9 green
-13 2.1 2.8 wild type
-15 2.0 2.7 green
-16 2.6 3.3 wild type
=17 2.9 3.4 wild type
-18 2.5 3.1 wild type
-20 2.2 2.8 wild type
-24 2.1 2.7 green
-26 1.8 2.6 green
=27 2.0 2.8 wild type
-29 2.1 2.9 green
=31 2.2 2.8 wild type
-32 2.0 2.6 green
-33 2.7 3.2 wild type
-34 2.0 2.6 wild type
-36 1.9 2.5 wild type
=37 2.2 2.7 green
-38 2.0 2.7 green
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Appendix A8. (Cont.)

Inhibition zone diam (cm)®
Isolate 50 ug/ml 300 pg/ml Color
-42 1.8 2.5 green
-43 2.5 2.9 wild type
-44 2.8 3.2 green
-45 2.2 2.8 wild type
-46 2.4 3.0 wild type
-47 2.1 2.8 wild type
-48 2.2 2.7 green
-49 2.2 2.8 wild type
-50 2.5 3.1 wild type
=51 1.9 2.4 green
-52 2.1 2.7 green
-53 2.1 2.7 green
-54 2.0 2.6 green
-55 2.5 3.0 green
-56 2.5 3.1 wild type

3Results of one or two replications. Zones measured after seven days'
incubation at 19 C. Dodine concentrations with which 12.7 mm assay
disc was saturated. Inhibition zone diam in 50 ug/ml and 300 ug/ml
tests: S1 (2.18 and 3.18 cm); 2295-2 (3.00 and 3.57 cm).






APPENDIX A9

Inhibition of random progeny of Venturia inaequalis cross C2SR4-7-3 X
5?95-2 in potato-dextrose agar by dodine diffusing from paper assay
iscs.

Inhibition zone diam (qm)a

Isolate 50 ug/ml 300 ug/ml Color

-1 2.5 3.0 green

-2 2.2 2.8 wild type
-4 2.2 2.5 wild type
-5 2.5 2.9 wild type
-7 1.8 2.3 wild type
-8 2.2 2.6 wild type
-10 2.2 2.7 wild type
-12 2.5 3.0 wild type
-13 2.9 3.5 green

-15 1.3 2.0 wild type
-20 1.6 2.2 wild type
-22 2.1 2.7 green

-24 1.5 2.1 wild type
=27 2.6 3.2 wild type
-28 1.4 2.0 green

-30 2.2 2.7 wild type
=31 1.2 2.0 wild type
-34 1.8 2.6 wild type
-35 2.4 2.9 wild type
-38 2.6 3.1 green

-39 2.1 2.6 wild type
-46 2.4 2.9 wild type
-48 3.1 3.4 wild type
-49 1.8 2.5 green

-53 1.5 2.1 green

-54 2.3 2.8 brown

3Results of one or two replications. Zones measured after seven days'
incubation at 19 C. Dodine concentrations with which 12.7 mm assay
disc was saturated. Inhibition zone diam in 50 ug/ml and 300 ug/ml
tests: C2SR4-7-3 (1.20 and 1.90 cm); 2295-2 (3.00 and 3.57 cm).
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APPENDIX BI1

Frequency of ascospore abortion in crosses of F] progeny of 04 X SR4.

Percent asci with indicated
number of spores per ascus

Cross Total

1 2 3 4 5 6 7 8 asci

04SR4-12 X C4 3 (24)® 21 7 (42) 35 15 (34) 19 0 (0) 0 74
XSl 11 (56) 45 (22) 22 0 (22) 22 0 (0) O 9

XTHT 0 ( 3) 3 13 (46) 33 11 (49) 38 2 (2) 2 63
04SR4-22 X C4 1 (34) 33 30 (45) 15 6 (19) 13 1 (2) 1 90
XS1 0 (33) 33 34 (38) 0 0 (33) 33 0(0)oO 3

XTHl 5 (17) 12 16 (33) 17 19 (50) 31 0 (0) 0 42
04SR4-32 X C4 1 ( 4) 3 8 (44) 36 15 (50) 35 0 (2) 2 124
XD4 0 ( 8) 8 4 (46) 42 10 (44) 34 2 (2) 0 134

XSt o0 (9) 9 12 (60) 48 14 (31) 17 0 (0) 0 58

XS4 0 (23) 23 21 (46) 25 10 (31) 21 0 (0) o 48

XTD1 2 (9) 7 5 (49) 44 4 (39) 35 1 (3) 2 89

XTHL 0 (1) 1 2 (63) 61 8 (36) 28 0 (0) 0 174

XSR4 2 ( 6) 4 17 (44) 27 15 (46) 31 4 (4) 0 48
04SR4-42 X C4 3 (24) 21 11 (50) 39 3 (26) 23 0 (0) 0 74
XD4 0 (28) 28 2 (52) 50 10 (18) 8 0 (2) 2 40

XS1 1 (40) 39 6 (49) 43 (1) 6 o0 (0) o 67

XS4 0 (27) 27 16 (55) 39 (18) 16 0 (0) 0 49

XTD1 2 (15) 13 14 (5) 42 10 (26) 16 0 ( 3) 3 125

XTH1 0 ( 5) 5 6 (69) 63 21 (26) 5 0 (0) 0 19

XSR4 1 (13) 12 5 (33) 28 9 (53) 44 0 (1) 1 102
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Appendix Bl1. (Cont.)

Percent asci with indicated

Cross number of spores per ascus Total

1 2 3 4 5 6 7/ 8 asci

04SR4-52 X C2 0 (10) 10 7 (52) 45 2 (4) 2 8 (34) 26 97
04SR4-62 X C2 0 (12) 12 6 (28) 22 13 (28) 1522 (32) 10 60
04SR4-72 X C2 0 ( 7) 7 2 (38) 32 2 (7) 5 8 (52) 44 108
04SR4-12 X -62 0 ( 3) 3 3 (26) 23 10 (68) 58 0 (3) 3 31
-22 X-52 7 (33) 26 10 (29) 19 21 (38) 17 0 (0) o0 42
-12X-72 4 (30) 26 19 (24) 15 9 (36) 27 0 (0) 0O 53

=22 X -72 2 (1) 9 6 (55) 49 8 (31) 23 2 (3) 1105
-32X-62 6 (18) 12 19 (63) 44 0 (19) 19 0 (0) 0 16

aFigures in parentheses represent totals of adjacent categories.



APPENDIX B2

Frequency of ascospore abortion in crosses of normal isolates with
selected isolates similar to SR4 in dodine tolerance.

Percent asci with indicated

Cross number of spores per ascus Total

1 2 3 4 5 6 7/ 8 asci

C2SR4-35 X D4 O (1)a 1 0 (7)) 7 1 (6) 5 0 (8) 8 92
Xs1 0 (0) 0 0 (0) o o (0) o0 o0 (0)100 11

Xs4 0 (0) 0 0 (2) 2 0 (4) 4 0 (94) 94136

XTHT O il; 1 0 § 1; 1 1 2 7; 6 0 (91) 91 75

XTD1 0 (2 2 0 (23) 23 0O 2 2 0 (73) 73 52

% of total 0 (1) 1 0 (6) 6 1 (5 4 0 (88) 88 366
C2SR4-37 X C4 0 (0) 0 0 (1) 1 0 (3) 3 0 (96) 96 114
Xbp4d 0 (O 0 2 (2) o 0 (3) 3 0 (95 95 40

XSl 0 (2 2 0 2 0; 0 2 10% 8 7 (88) 88 87

XS4 0 (1 1 0 0 0 O 3 3 0 (96) 96 114

ST 0 (0) 0 0 (20) 20 3 (20) 17 3 (60) 57 66

% of total O (1) 1 0 (3) 3 1 (7)) 6 2 (89) 87 410
C2SR4-48 X C4 O 20 0 0 1) 1 0 (4) 4 0 (95) 95 97
XSt 0 (0 0 0 2 2 2 (24) 22 9 (74) 65 46

XS4 0 (0) 0 0 0 0 0 2 2 0 (98) 98 66

XT1 0 (1) 0 0 8) 8 2 (12) 10 1 (79) 78 160

% of total 0 (1) 1 0 (4 4 1 (10) 9 1 (85) 84 369
C2SR4 74 X C4 0 (0) 0 o (1) 1 0o (0) 00O (99) 99 184
XDd O 20; 0 o (11) 11 o 0 0 0 84 44

Xs4 0 (0 0 0 (0) 0 O 0 0 0(100 100 34

XTH1 0 (4) 4 4 (8) 4 0 0) 0 0 (88) 88 26

% of total O (0) 0 0 (3) 3 0 (1) 1 0 (96) 96 288

aFigur‘es in parentheses represent totals of adjacent categories.

79



APPENDIX B3

Frequency of ascospore abortion in crosses involving color mutants.

Percent asci with indicated

Cross number of spores per ascus Total
1 2 3 4 5 6 / 8 asci

N-156 X
04 0 (12)a 12 0 (88) 8 0 (0) 1 1 (0) 0 34
2295-2 0 (10) 10 0 (90) 90 0 (0) 0 O ( 0; 0 41
C2SR4-35 1 (2) 1 0 (95) 95 0 (3) 3 0O é 0) 0 129
C2SR4-37 0 ( 5; 5 1 (95) 94 0 (0) o0 O 0) 0 80
C2SR4-48 0o (0 0 0(100) 100 0 (0) 0 O g 0; 0 42
C2SR4 74 0 (18; 18 0 (78) 78 2 (2) o0 2 2) 0 55
04SR4-12 3 (52) 49 6 (45) 39 o0 (3) 3 0 (0) 0 120
04SR4-22 6 (70) 64 4 (30) 26 0 (0) o0 0 (0) 0 78
04SR4-32 0 250; 50 10 (50) 40 O 2 Og 00 2 0; 0 52
04SR4-42 0 (50) 50 25 (50) 25 O 0 0 0 0) 0 4

N-150 X
04 0 (10) 10 6 (68) 62 5 (20) 15 0 (2) 2 85
C2SR4-35 0 ( 6; 6 6 (88) 8 0 ( 6; 6 0 é 0) 0 17
C2SR4-37 0 (0O 0 1(1000) 99 0 (O 00 0) 0 14
C2SR4 74 0 (58) 58 0 (42) 42 0 0 00 0) 0 12
04SR4-12 10 (43) 33 9 (52) 43 3 5 2 0 0) 0O 58
04SR4-22 2 (49) 47 2 (51) 49 0O 0 00 0) 0 57
04SR4-32 4 (84) 80 o (16) 16 0 (0) o0 O 0) 0 44
04SR4-42 0 (44) 44 11 (56) 45 0 (0) 0 O 0) 0 9

N-289 X
C2SR4-48 0 (0) o 0o (0) o o0 (7) 7 0 (93)93 27
04SR4-12 2 i39; 37 5 §40; 35 4 éZI; 17 0 2 0; 0 101
04SR4-22 3 (41) 38 9 (40) 31 5 (19) 14 0 0) 0 74

2295-2 X
C2SR4-51 0 (10) 10 4 (47) 43 10 (43) 33 0 5 0) 0 219
C2SR4-61 1 (9) 8 8 (43) 35 11 (45) 34 1 3) 2 127
04SR4-62 0 (4) 4 0 (6) 6 0 (0) 0 0 (90)90 53

aFigures in parentheses represent totals of adjacent categories.
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