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BREEDING FOR SMUT RESISTANCE IN
ARIZONA-GROWN WHEAT

BY W. E. BRYAN

Bunt, or stinking smut of wheat, is caused by the fungi, Tilletia
tritici and T. levis, the microscopic spores of which adhere to the
wheat seed. At the time of germination or soon after, the spores
also send out a growth which enters the wheat plant. This fungus
grows the entire length of the wheat stem and converts the seed
content into a mass of black spores (5). Such excellent methods
for the control of this disease—for example, the copper carbonate
dust and formaldehyde treatments—have been worked out by
plant pathologists that the problem of control has been regarded
as solved. However, the amount of smut which occurs from year
to year in Arizona-grown wheat indicates that these methods of
control are not always used by the grower. In 1933 the writer sent
out letters of inquiry to nine of the leading flour mills of Arizona
concerning the amount of smutty wheat ordinarily received each
year. All the nine mills reported the presence of smut in part of
the wheat grown locally and milled by them. One mill owner
estimated that at least 50 per cent of the local wheat handled by
him during the previous five-year period was smutty. Kiesselbach
and Anderson (6), discussing the presence of smut in Nebraska
wheat, state that "statistics compiled by the United States Depart-
ment of Agriculture indicate that 28 percent of the cars of wheat
received at Omaha during a seven year period, 1923-1929, graded
'smutty.'" Brown (5), discussing the importance of resistant
varieties in reducing the amount of smut in Arizona wheat, states
that "there is some indication that work on breeding and selection
for smut resistance should prove valuable in Arizona." Tisdale et
al. (2) after testing certain varieties of each of the four classes of
American common wheats for at least two years state that as a
class the white wheats, such as are commonly grown in Arizona,
are more susceptible to smut than any other varieties.

Wheat in the irrigated valleys of southern Arizona is planted
over a wide distribution of dates within a given planting season.
In the Salt River Valley, according to C. J. Wood,1 formerly Super-
intendent of the Arizona Agricultural Experiment Station Farm
near Mesa, wheat is planted from October till March but mostly in
November and December. It has been shown that soil tempera-
tures around 50 degrees F. are more favorable fdr smut infection
than higher temperatures (4). Wheat planted very early or very
late would germinate at comparatively high temperatures and
1 Letter dated November 4,1935.
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would therefore show a light infection, even though the varieties
were susceptible and the seed infected with spores. Susceptible
varieties planted with infected seed during the cooler weather of
December and January would germinate under conditions of tem-
perature favoring the entrance of the smut disease organism into
the young plant. The presence of little or no smut in wheat
planted during the warm part of the season may lead the grower
to believe that seed treatment is unnecessary. Consequently in
following seasons seed treatment may not be given until an in-
fected crop is grown. Furthermore, since an adequate wheat seed
supply of the better varieties is not always available in the state, it
is occasionally necessary to import wheat seed into the state. This
imported wheat frequently contains spores of smut which are cap-
able of attacking the wheat to a greater extent than the smut al-
ready found in Arizona. The work reported in this bulletin has
been carried out with a view to establishing a high yielding, smut
resistant variety of wheat so that with provision for an adequate
seed supply it will not be necessary to import wheat seed of un-
adopted varieties into the state.

PREVIOUS WORK WITH BUNT RESISTANCE IN WHEAT

Games (1) studied the inheritance of bunt resistance and sus-
ceptibility in eight wheat crosses, five of which were grown in
sufficient numbers to warrant an analysis of the results. The re-
sistant group included Turkey, Marquis, Florence, and Alaska with
respective percentages of infection of 3.5, 4.7, 7.1, and 9.1. In the
susceptible group were Red Russian, Fortyfold, Hybrid 128, and
Jones Winter Fife, whose percentages of infection were respective-
ly 61, 63, 79, and 82, as determined over a three-year period. The
five crosses analyzed were Turkey x Florence, Turkey x Hybrid
128, Fortyfold x Turkey, Fortyfold x Red Russian, and Hybrid 128
x Marquis. Over a seven-year period of study with these crosses,
the conclusions are reached that bunt resistance is definitely heri-
table and that the resistant factors are many and cumulative in
effect. Transgressive segregation also occurred which caused
more resistant and more susceptible segregates than the parents
to appear in the progenies tested.

Gaines and Singleton (3) separated the wheats grown in the
state of Washington into three types based on the percentage of
bunt infection obtained when these wheats were sown in the fall
and in the spring. Turkey, resistant when fall sown and immune
when spring sown, belongs to the first type. Baart, Little Club,
and others, equally resistant when spring and fall sown, belong to
the second type. Marquis exemplifies the third type, which is
resistant when spring sown but susceptible when sown in the fall.
However, the susceptibility of Marquis was not complete, since it
produced a 70 per cent infection the same season that three other
completely susceptible varieties produced an average infection of
95 per cent. This work was done with the point of view that the
smut used was composed of only one biologic form.
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The work of Hungerford (4) has shown that it is necessary to
use the utmost care with regard to moisture and temperature
conditions in the soil during the germination stages of the strains
to be compared with regard to bunt resistance. The susceptible
Jenkins Club was planted in three series of 4-gallon jars, each in-
oculated with spores of Tilletia tritici. The percentage of moisture
varied in each series from about 14 to 30 per cent. The tempera-
ture in the first series varied from 9 to 12 degrees C, the second
from 17 to 25 degrees C, and the third from 25 to 28 degrees C. The
lowest infection in each series was obtained with a moisture per-
centage approaching saturation. Somewhat low infections were
obtained in each series when the moisture percentage was 14. The
highest percentage of infection, 90 per cent, was obtained with 22
per cent moisture and a temperature range of 9 to 12 degrees C.
This experiment indicates that a temperature of about 10 degrees
C. and a moisture content around the optimum for plant growth,
or a little above, constitutes a desirable environment, so far as
these two factors are concerned, for comparing the resistance of
different strains. In any case, moisture and temperature should be
approximately the same for all strains to be compared with regard
to resistance.

Kiesselbach and Anderson (6) tested the resistance of five
standard varieties and twelve Turkey Red selections of winter
wheat to Tilletia levis, collected locally from 1924 to 1930. There
was considerable variation in the percentage of infection from year
to year in both the standard varieties and the Turkey Red selec-
tions. Nebraska No. 6, for example, gave 3.0 per cent infection in
1925 and 76.0 per cent infection in 1928, while Turkey Red selection
No. 4300 gave 0 infection for the years 1924 and 1925 and 6.0 per
cent infection in 1927. The outstanding feature of this test is the
low percentages of infection of the Turkey Red selections through
the seven-year period. Among numerous additional smut tests
made by these investigators, twenty-eight varieties and hybrid
selections of winter wheat were tested for comparative resistance
to Tilletia levis from twelve different sources in 1930. Of these
twelve different collections of bunt, four came originally from
Nebraska, one from Kansas, two from Colorado, one from South
Dakota, one from North Dakota, one from Minnesota, and two
from Montana. None of the twenty-eight sorts tested were
immune to any of these twelve collections of smut, although eight
of the varieties each averaged less than 1.0 per cent infection for
the whole collection. Nebraska No. 6 and Kanred, the two most
susceptible standard varieties, gave average infections of 26.8 and
21.8 per cent respectively. Among the hybrid selections, the low-
est average percentage of infection was obtained from a cross be-
tween Hussar and Nebraska No. 6, which definitely shows the heri-
table nature of the resistance possessed by the Hussar parent.
Nine of the most smut-resistant Turkey Red selections were
tested for yield of grain in 1930 in comparison with Nebraska No.
6 and Kanred, the two most productive standard varieties grown
in Nebraska. The resistant Turkey Red selections all yielded 2
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or more bushels per acre more than the two standard varieties,
thus showing that smut resistance is not incompatible with high
production.

Briggs (7) studied the inheritance of resistance to bunt in five
varieties of common wheat. Three of the varieties—Hard Feder-
ation, White Federation, and Baart—were highly susceptible,
giving average percentages of infection over a five-year period of
69.6, 71.8, and 8.3 respectively. The other two varieties—Martin
and Hussar—were completely resistant over the same period. In
crosses between either Martin or Hussar and the susceptible
varieties, resistance was dominant, although less than 1 per cent
of infection occurred in the F1 plants where Hussar was used as
the resistant parent. In crosses between Martin and any one of
the susceptible varieties, the F2 generation, as determined from
F3 inoculated progenies, gave a genotypic ratio, 1:2:1, indicating
that a single main factor was responsible for the resistance of the
Martin variety. Where Hussar was used as the resistant parent,
a 1:15 ratio was obtained, indicating that Hussar differs from the
susceptible varieties by two main factors. One of these factors in
Hussar was shown to be the same as the factor for resistance in
Martin. In a later paper Briggs (8) presented data which showed
that the other factor for resistance in Hussar allowed about 50
per cent of the heterozygous plants to become infected, whereas
the first, or Martin factor, was completely dominant. The conclu-
sion is reached that it should be a simple matter to use Hussar and
Martin in breeding bunt-resistant varieties.

The presence of one or a few bunted plants in resistant progen-
ies obtained from crosses between resistant and susceptible var-
ieties has been investigated by Briggs (9). The bunted plants in
the resistant progenies usually have two or three sound heads
which may be used for planting progenies for comparison with
progenies derived from unbunted plants of the same mother pro-
geny. Three resistant progenies derived from a cross between
Hussar and Hard Federation, each having an infection percentage
less than 5 per cent, were studied. The progenies of a bunted and
an unbunted plant were compared with regard to percentages of
infection through three generations. In general the progenies
grown from bunted plants gave a higher percentage of infec-
tion than those obtained from unbunted plants, but the difference
was small. One of these resistant progenies was found to breed
true for percentages of infection less than 5 per cent. From
these data the inference is drawn that the small percentages of
infection occurring in Fs resistant progenies are due to modifying
factors which are heritable to the same extent as are the main
factors for resistance and susceptibility.

Bressman and Harris (10) studied the inheritance of resistance
and susceptibility to Tilletia tritici, collection No. 12a, classified as
physiologic Form VIII, in a cross between Albit and Hybrid 128.
Over a four-year period the average infection of Hybrid 128 was
64 per cent with an annual range from 40 to 91 per cent. During
the same period the Albit showed no infection. The segregation
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of resistance and susceptibility in the F2 based on the distribution
of seventy-six F 3 progenies approximated t h e 1:2:1 ratio when the
0-10 class was considered resistant and the classes of infection
above 70 per cent as susceptible. The single factor demonstrated
in this cross applied only to five stated forms of bunt and was not
resistant to five other mentioned forms.

Clark, Quisenberry, and Powers (11) studied the inheritance of
resistance and susceptibility in crosses of four common wheat
varieties—Hope, Marquis, Ceres, and Hard Federation, each par-
ent variety being progressively more susceptible in the order here
stated. The average percentage of infected plants for each of these
varieties when inoculated with a single form of Tilletia levis in
1929 was as follows: Hope, 2.1; Marquis, 44.2; Ceres, 64.2; and
Hard Federation, 81.7. The distribution of the percentages of in-
fection in the inoculated F 3 progenies of crosses between Hope and
each of the other th ree more susceptible varieties stood in approxi-
mately the same relation to each other as did the infection dis-
tributions of the th ree more susceptible parents. In the 107 F 3
progenies of the Hope-Hard Federation cross, none were so re-
sistant as the Hope parent, and the three largest infection classes
were close to the average percentage of infection of the highly
susceptible Hard Federation. In the Hope-Ceres cross the in-
heritance was intermediate wi th some indication of a two-factor
difference between the two parents . In the Hope-Marquis cross
most of the inoculated progenies were on the resistance side of
the curve indicating dominance of the resistance factors in Hope
whereas about the same degree of dominance was shown for sus-
ceptibility in t h e Hope-Federation cross. None of the crosses
showed a monohybrid segregation, such as was found by Briggs
(7) in crosses between the resistant Mart in and certain completely
susceptible varieties.

TREATMENT OF PROGENIES AND PARENTS

All hybrid progenies and parental check plantings were grown
on the University F a r m at Tucson, Arizona. Here, provided the
plantings are made within a period extending from December 1
to January 15, favorable conditions for infection usually exist.
The air temperatures for December and J anua ry at Tucson over a
period of twenty-seven years as reported by the Weather Bureau
of the United States Depar tment of Agriculture are as follows:

December Janua ry
Mean Maximum 64.9° F . 65.7° F.
Mean Minimum 35.0 34.9

Mean 49.9 49.8
While air temperatures are not the same as those in the adjacent

soil, it is known that there is a fairly close parallel between the
mean air temperatures and those of the soil at a depth of 2 or 3
inches. Plant ings were made immediately after an irrigation as
soon as the ground was dry enough to plant . The progenies and
parents were planted in rows 30 inches apart with a spacing of 6
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inches within the row in order to permit not only ample spacing for
the individual plants but also an adequate weed control by means
of cultivation. A single collection of bunt obtained from locally
grown wheat was used for all inoculations.2 The bunt was propa-
gated each year on Sonora wheat, and spores of the previous sea-
son's growth were used in all cases. The grain for each progeny
planting was placed in an envelope and a sufficient quantity of
spores was added to thoroughly blacken each grain, since it has
been shown that from 36,000 to 150,000 smut spores per grain must
be present with artificial smutting in order to produce the maxi-
mum per cent of smut in the mature plants (15). Each year the
progenies and parents were grown on land on which no wheat had
been grown the previous season, in order to reduce the number of
volunteer plants to a minimum. The plants were classified for
bunt infection while standing in their original position in the field.
The individual plant was taken as the unit of infection, a plant
with any bunt at all being classed as infected. With the exception
of the progenies and parents harvested in the spring of 1933, all
plantings were made in December or January. The 1933 progeny
plantings were made November 14 to 17. The latter half of No-
vember of that year was unusually warm, causing very rapid
germination and seedling growth. Consequently, as will appear
later in the data, low infections were obtained for these progenies.
The seed for growing the Fx and F2 plants were treated with copper
carbonate in order to prevent the elimination of any susceptible
progenies by accidental infection before being grown in the F3.
The F2 segregation in each cross was based on the extent of infec-
tion obtained in the F3 progenies. Forty seeds were planted for
each of the progenies harvested in 1932 and eighty seeds each for
all other progenies. Progenies with less than ten plants were not
included in the infection calculations.

PARENTAL VARIETIES

Seven varieties of common wheat (Triticum vulgare) were in-
cluded in these studies. The four susceptible varieties are
Sonora, Escondido, Pusa, and Baart. These are white wheats of
spring habit and are highly susceptible to bunt. The three resis-
tant varieties are Hope, Ridit, and Hussar. Hope is a spring wheat,
but Ridit and Hussar possess the winter habit. All of these are
recognized varieties and have been described by Clark and Bayles
(12) with the exception of Hussar. None of the three resistant
varieties are grown commercially in Arizona, their use in the
crosses being that of supplying resistance only. The percentages
of bunt infection for the seven varieties over a three-year period
are given in Table 1.
2 In a letter dated September 29, 1936, Dr. B. B. Bayles, of the Division of

Cereal Crops and Diseases, expresses the belief that this form of smut is
the same as that used on the uniform smut nursery maintained by this
division at Tucson, and which is to be designated by Rodenhiser and
Holton as T.I in a forthcoming publication from the same division.



BREEDING FOR SMUT RESISTANCE 101

TABLE 1.—PERCENTAGE OF BUNT INFECTION OF PARENTAL
VARIETIES FOR THE YEARS 1932 TO 1934, INCLUSIVE, AND AVER-
AGES.

Variety-

Hope

Ridit

Hussar

Sonora

Econdido

Pusa

Baart

Percentage of infected plants

1932

0.0

0.0

0.0

62.1

61.8

53.9

not grown

1933

6.6

0.0

00

613

43.7

46.6

67.8

1934

13.5

0.0

0.0

91.4

83.6

67.1

81.4

Average

6.7

0.0

0.0

71.6

63.0

55.8

74.6

The percentage of infection of each variety for the 1932 crop is
the average infection of eight separate rows grown in different
parts of the field. The infection percentages in 1933 are averages
of five separate rows, and those of 1934 are from four separate
rows. It will be observed that Kidit and Hussar did not show any
infection to this particular bunt collection during the three-year
period. Hope, while showing considerable resistance as compared
with the susceptible varieties, permits a small number of bunted
plants to develop, varying from none in 1932 to 13.5 per cent in
1934. It should also be said that with Hope only one or two small,
late heads on short stems of an infected plant showed the presence
of bunt spores and never the large heads at the top of the plant as
was the case with the susceptible varieties. This may indicate that
the parasite enters all or most of the plants of this variety when
the seed is infected but is unable to keep pace with the more rapid
growth of the larger stems. Among the four susceptible varieties,
Baart and Sonora are regarded as completely susceptible. In some
of the individual rows of these two varieties, consisting of from
forty to sixty plants, every plant was infected. Escondido and Pusa
have shown lower infections than those of Baart and Sonora,
although they have shown an average infection above 50 per cent.

EXPERIMENTAL WORK

No attempt was made to obtain reciprocal crosses, since it has
been shown that reciprocal crosses between closely related vari-
eties of the common wheats do not behave differently (7). The
data herein presented were obtained during the years 1932 to 1935,
inclusive.

The F3 inoculated progenies of four different crosses were grown
in 1932, each consisting of approximately 160 progenies. The in-
fection distribution of each cross is shown in Table 2. These dis-
tributions are tabulated in 10 per cent infection classes. The plants
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of each distribution having no infection are placed in a separate
column. Due to unavoidable delay in preparing the land, these
progenies were not planted until January 20. The average daily
air temperature as recorded by the University of Arizona weather
station at Tucson for the twelve-day period immediately after
these progenies were planted was 41 degrees F., the lowest mini-
mum being 20 degrees for this twelve-day period. Apparently this
temperature range was very favorable for infection, since at least
one progeny in each of the four crosses, shown in Table 2, gave an
average infection of between 91 and 100 per cent, which is a higher
infection than the average of either of the susceptible parents of
the same year shown in Table 1. The wide distribution of the in-
fection percentages in all four of the crosses is the most striking
feature shown in these segregating progenies. With the exception
of the 81-90 percentage class in the Ridit-Escondido cross, the in-
fection classes in each cross spread over the entire range from 0
to the 91-100 percentage class. However, it is apparent from the
number of zero- and low-infection progenies in these crosses that
there is a difference among the three resistant varieties in their
ability to transmit resistance when crossed with susceptible sorts.
It is interesting to compare the infection distribution of Hussar x
Sonora with that of Hope x Sonora. In the former, 92 progenies
out of 159 had no infection while in the latter only 1 progeny
showed no infection, and, as will be shown later, this particular
progeny showed infection when tested in the F4. Figure 1 presents
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Figure 1.—Per cent smut infection of Hope x Sonora and Hussar x Sonora,
and parental averages. Distribution of Fs plants on the basis of F3

progenies.
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graphically
and that of -__ r.... -
0 and 10 per cent infection classes are regarded as resistant and the
remainder susceptible, a close approximation to the ratio of three
resistant to one susceptible is obtained. This would indicate a
single main, dominant factor between Hussar and Sonora. In the
Hope-Sonora cross, the infection percentages are more evenly dis-
tributed over the entire range with a tendency for the higher in-
fection classes to predominate. This indicates that more than one
factor separates Hope from Sonora with regard to resistance and
susceptibility to this form of bunt.

Fs -P/D/TX PUJ/J
/6O

ZO 3O ¥-0
P£# C£NT

-4F-4--4-
50 6O TO SO 9O
JMC/T /NFECT/ON

/OO

Figure 2.—Per cent smut infection of Eidit x Pusa and Ridit x Escondido,
and parental averages. Distribution of F2 plants on the basis of F3

progenies.

Table 2 also shows the bunt infection distributions of the F3
progenies of crosses between resistant Ridit and the two highly
susceptible varieties, Pusa and Econdido. These same results are
also shown graphically in Figure 2. By referring to Table 1, it is
seen that the average infections for Escondido and Pusa for the
three-year period are 63.0 and 55.8 per cent, respectively, for this
particular collection of bunt. Ridit was immune throughout this
same period. The distribution of the F3 infection percentages in
the Ridit-Escondido cross (Fig. 2 and Table 2) shows a dominance
of the resistance of the Ridit parent. Counting the 0 and 10 per
cent infection classes as resistant, as was done in the two previous
crosses, the number of resistant progenies is 109, and that of the
susceptible progenies is 48. On the basis of a single factor differ-
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ence the expectation is 118 resistant to 39 susceptible. It is pos-
sible that the excess of susceptible progenies is due to modifying
factors which may cause the infection of genotypically resistant
sorts (9). In the Ridit-Pusa cross (Fig. 2 and Table 2) the F3 dis-
tribution of the infection percentages is spread more evenly over
the entire range with a tendency to peak in the 30 per cent class,
whereas the peak in the Ridit-Escondido cross is in the 0 infection
class with a frequency approximately three times as great as that
of the largest class in the Ridit-Pusa cross. Dominance in this
latter cross, therefore, appears to be absent, since there is a ten-
dency for the segregating progenies to peak at the intermediate
point between the resistant and the susceptible parents. No defin-
ite number of genetic factors is indicated by this type of distribu-
tion, although it seems certain that two or more factors are con-
cerned in this type of segregation.

The F3 progenies grown in 1933 consisted of 360 progenies from
Baart x Ridit and 312 progenies from Escondido x Hussar. Results
from the 1932 crosses had shown (Table 2) that Ridit and Hussar
transmitted a greater degree of resistance to their hybrid pro-
genies than did the Hope variety. Consequently, Ridit and Hus-
sar were used as the resistant parents in the crosses with Baart
and Escondido in order, in the first place, to test further the type of
resistance possessed each by Ridit and Hussar and also for the
purpose of studying the economic possibilities in the segregating
progenies. Table 3 and Figure 3 show the distributions of infection

Fs-BAAPTX/P/D/T-/933

Fs -£JCOA/D/DO X A/(JJJA# -/S3s_

(5AART

/o 20 30 #0
P£/? C£NT

TO

er/
SO 90 /do

Figure 3—Per cent smut infection of Baart x Ridit and Escondido x
Hussar, and parental averages. Distribution of F2 plants on the basis of

Fs progenies.
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percentages obtained with F3 progenies of both of these crosses and
also those of the parents. As previously stated, the 1933 progenies
were planted November 14 to 17, which was about one month be-
fore the soil temperatures were low enough to be favorable to the
growth of the inoculating smut spores. The temperatures during
the latter half of November of this year were only slightly below
the optimum for the growth of the wheat seedlings but consider-
ably higher than the optimum for the growth of the smut spore
(4), the mean air temperatures in the vicinity of the plots being
close to 70 degrees F. Consequently, in studying the infection
percentages in Table 3 it must be remembered that the absolute
values are high, although it is believed that legitimate compari-
sons may be made between the parents and hybrid progenies pre-
sented therein.

It will be observed that of the six inoculated, parental Baart
rows the infection percentages varied from the 31-40 class up to
and including the 91-100 class, four rows out of the six thus exceed-
ing 50 per cent infection, even though unfavorably high tempera-
tures prevailed during the seedling stage. The average infection
percentage of all six of the Baart progenies was 67.8. These data
further support the conclusion that Baart is completely susceptible
to the collection of bunt used in these studies. Escondido showed
an even greater range of infection than Baart, but since the range
of infection of Escondido reached the 91-100 class, it is also re-
garded as completely susceptible, and both of these varieties with
larger numbers of inoculated rows would probably give similar
infection curves ranging from 50 to 100 per cent under optimum
conditions for infection. It is reasonable to suppose, therefore,
that any resistance shown by the segregating progenies was de-
rived entirely from the resistant parent. Among the Baart x
Ridit F3 progenies (Table 3) grown in 1933 if the 1-10 per cent
infection class is added to the 0 class to constitute the total num-
ber of resistant progenies, the number of resistant progenies to
the number of susceptible, compared with the theoretically ex-
pected on the basis of a single main factor difference, is as follows
for the 360 F3 progenies tested:

Found 248 resistant and 112 susceptible, ratio 2.2:1
Expected 270 resistant and 90 susceptible, ratio 3.0:1

In spite of the rather wide difference between the found and the
expected ratios of resistant to susceptible progenies, there is a
strong indication that a single main factor separates Baart from
Ridit with respect to resistance to this collection of smut. Further
testing in later generations is necessary in order to determine
whether this rather arbitrary division point (10 per cent) between
the resistant and the susceptible progenies has been correctly lo-
cated. In view of the fact that resistant varieties have been known
to smut up to well within the 1-10 per cent class, it is believed that
such a separation is at least tentatively justified.

In the Escondido-Hussar F3 progenies (Table 3), if the 0 and
the 1-10 per cent infection classes are regarded as constituting the
total number of resistant progenies, the results are as follows on
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the basis of a two-factor difference for resistance between Escon-
dido and Hussar for 312 progenies:

Found 289 resistant and 23 susceptible, ratio 12.5:1
Expected 293 resistant and 19 susceptible, ratio 15:1

On the assumption that Escondido is completely susceptible, Hus-
sar plainly shows two factors for resistance to this form of bunt
for this particular season. If, however, the results of the cross are
compared with those obtained for the Hussar-Sonora cross of
1932 (Table 2), it will be seen that a single factor for resistance
in Hussar is indicated in the latter cross, the experimental results
agreeing almost exactly with the expected on the basis of a single
factor difference between Hussar and Sonora. Under the same
conditions and for the same three seasons Sonora gave infection
percentages of 62, 61, and 91, respectively, for 1932,1933, and 1934,
while Escondido gave respectively 62, 44, and 84 infection per-
centages. Furthermore, if the distributions of the infection per-
centages of the individual rows of these two varieties are compared
(Table 2), it will be seen that they are quite similar. In both
distributions two thirds of the progenies lie above the 50 per cent
infection class. It is evident that these progenies must be tested
in the F4 and possibly later generations before even an approxi-
mate factor analysis can be made of these crosses.

F4 and F5 Progenies: Obviously, either in genetic studies or in
practical breeding, it would be advantageous to locate on the in-
fection curve a point which separates, fairly accurately, the resis-
tant from the susceptible progenies in the crosses. In the F3 pro-
genies already discussed, the 0 and the 1-10 per cent infection
classes were added together to make up the total number of resis-
tant progenies in each distribution. In order to determine whether
the assumption of such a point is justified, beyond a tentative
classification to be confirmed in later tests, and also to provide
material from which desirable economic selections might be made,
390 F4 progenies were grown in 1933. These consisted of four fami-
lies from each of the four crosses whose F3 were grown in 1932. The
parental infections for the same season are also included, and the
results of this test are shown in Table 4.

The four families from the Hope-Sonora cross came from the
only F3 progenies whose infection percentages fell within the
range of 0 to 10 per cent, and progeny No. 97 was the only F3 of
this cross which showed no infection in 1932 (Table 2) out of a
total 158 F3 progenies tested. The four families from each of the
other three crosses (Table 4) came from F3 progenies with 0
infection. In considering the data presented in Table 4, it must
be stated again that owing to high temperatures existing during
the germination and early growth of the 1933 progenies, the infec-
tion percentages of all the progenies and parental rows were un-
usually low even among the susceptible parents. It is believed,
however, that comparative studies can be made with a fair degree
of accuracy. The infection distribution percentages of 74 F4 pro-
genies consisting of 3,078 plants of the Hope-Sonora cross are com-
pared with the infection percentages of their respective parental
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F, progenies. By referring to Figure 1 it will be seen that segre-
gation in the F2 as determined by the distribution of the F3
progenies of the Hope-Sonora cross shows an almost entire ab-
sence of dominance for resistance or susceptibility. This type of
curve also indicates that more than one major factor pair separates
the resistant Hope from the susceptible Sonora. Since modifying
factors are also usually present in these crosses (9) it would
be expected that resistance in this cross would behave as a
typical quantitative character, and this type of inheritance is
plainly indicated in this particular cross in tables 4 and 5. In fam-
ily No. 97, thirteen out of fourteen F4 progenies showed no infec-
tion in 1933, but when eighteen F5 progenies from O-infection F4

Js
were grown in 1934 (Table 5) each of the three subfamily
distributions extended as high as the 21-30 infection class. Also
six F5 progenies whose F4 mother had an infection of 6.8 per cent
gave an average infection of approximately 60 per cent. It is,
therefore, of doubtful value in the light of the results of these
crosses to assume a point within the infection curve below which
progenies are resistant, and those above susceptible, at least in the
earlier generations. These data would seem to indicate that only
by repeated testing under optimum conditions for infection
through the advanced generations of the hybrid progenies can the
genotypes with regard to resistance be determined. Progeny 212
(Table 4) of the Eidit-Pusa cross, for example, showed an F3
progeny infection of 0 in 1932. In 1933 out of twenty-three
progenies grown from this number only three showed no infection,
and in the twenty susceptible progenies the infection percentages
ran from the 1-10 class up to the 41-50 class. In 1934 six F5 progen-
ies (212-14, Table 5) were grown from the 41-50 F4 class and the
average infection was 66 per cent, with a range extending from
45 to 85 per cent. On the other hand, progeny No. 389 of the
Ridit-Escondido cross (Table 4) gave an F3 0 infection in 1932, and
out of twenty-nine F4 progenies grown in 1933, sixteen showed no
infection, twelve were in the 1-10 per cent class, and one in the
11-20 class. In 1934 six F5 progenies (389-24, Table 5) were grown
from the 0 F4 class, and none of the six progenies showed any in-
fection. In this same season the parental, susceptible check rows
showed infection percentages ranging from 60 to 100. Also,
progeny No. 194 (tables 4 and 5) of the Ridit-Pusa cross has shown
no infection from the F3 to F5, inclusive, with a total of thirty-seven
progenies and 1,700 plants in three successive seasons. Consider-
ing the Hussar-Sonora progenies from the F3 to the Fs, inclusive,
the infection data of which are shown in tables 2,4, and 5, it is seen
that Hussar produces a greater number of resistant progenies in
the F2 (as determined t>y the F3 progeny test) than either Ridit or
Hope when crossed with susceptible varieties. It is also evident
that a high degree of resistance is more readily fixed in the Hussar
hybrid progenies following F3 than is the case with Ridit or Hope
(tables 4 and 5). In Table 2 data were presented which showed,
as previously discussed, that Hussar has a single factor for resis-
tance, while in Table 3 in a different cross but with an equally
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susceptible parent, the data indicate that Hussar has two factors
for resistance. It is believed, however, that the data reported in
Table 2, showing a single factor for Hussar, were obtained under
conditions which more nearly indicate the actual resistance and
susceptibility of the segregating progenies than do the data shown
for Hussar hybrids in Table 3, for reasons previously mentioned,
where two resistant factors for Hussar are required to explain the
results. It is evident, therefore, that with this particular form of
smut and for the conditions under which these investigations were
carried out, no definite number of genetic factors for either of the
three resistant parents is indicated with even a reasonable degree
of certainty.

It is almost always desirable to test progenies in later gener-
ations than the F3 in genetic work and is, of course, necessary in
breeding work if commercial strains are to be established. For
numerous practical reasons such progenies are necessarily limited
in number, so that the data usually obtained must be considered
as indicative rather than conclusive so far as the results in a
particular generation are concerned. Table 6 shows the results
obtained with 114 F4 progenies grown from selected plants from
F3 progenies with infection percentages varying from 0 up to 69.
Six of these F3 mother progenies had 0 infection, four were in the
1-10 class, three in the 21-30, one in the 41-50, three in the 51-60,
and two in the 61-70 infection class. Six F4 progenies were grown
from each F3 progeny tested. Furthermore, from each of twelve of
the F3 progenies, three F4 progenies were grown from plants which
were classified as smutted and three from plants classified as not
smutted, as indicated for each of the F3 progenies so tested (Table
6). Of the six F8 progenies three each gave six F4 progenies with
no infection, while the other three gave each six F4 progenies vary-
ing from 0 to the 51-60 infection class. Of the latter, No. 869 pro-
duced F4 progenies with an infection distribution as follows: one
progeny in the 0 class, two in the 1-10 class, one in the 11-20, one
in the 21-30, and one in the 51-60 class. No. 1076 produced three
in the zero class and three in the 1-10 class; No. 1095, three in the
0 class and one in the 1-10, one in the 31-40, and one in the 41-50
class. It is probable that each of these three numbers is homo-
zygous for the main resistant factors, and that infected F4 progen-
ies possess modifying factors which cause the low infection
progenies to appear, although several years further testing would
be required to prove this conclusively.

The presence of modifying factors is further demonstrated in
the F4 progenies grown from smutted and not smutted plants of
the same F3 progeny. Of the twelve F3 progenies (Table 6), from
each of which a smutted and a not smutted plant were selected
from which to grow comparative F4 progenies, the F4 distributions
in eight cases out of the twelve contained lower infection progenies
where the F3 mother plant was not smutted than where it was
smutted. It is believed that these small differences are due to
modifying factors, since the major factors usually cause greater
differences. Of course it is recognized that these distributions are
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too small for final conclusions, but repeated testing in later gen-
erations would probably confirm what is here indicated.

DISCUSSION

For several years the wheat breeding work at the Arizona Agri-
cultural Experiment Station was carried on without any regard
whatever to smut resistance. It was assumed that since this dis-
ease can be controlled by seed treatment in Arizona (5) the extra
time and expense required in breeding for bunt resistance would
not be justified While seed treatment has reduced the amount
of smut in Arizona wheat, it became apparent that a part of the
acreage each season was being planted with untreated seed as
shown by the continued presence of smut in the wheat at the mills.
The question has been asked by some of the growers why it is
not possible to simply import and grow the already resistant
varieties and thus escape the task of breeding resistant sorts. It
happens that the most resistant varieties are those growing in
regions quite unlike Arizona from the standpoint of climate and
are therefore not adapted to commercial growth under the con-
ditions which prevail here. The best use that can be made of these
resistant varieties is to cross them with the adapted varieties, and
then by selection in the succeeding segregating progenies, attempt
to isolate new varieties which are adapted to Arizona conditions,
and which at the same time have the necessary smut resistance.
The extent to which this can be done and the time required de-
pends upon (1) the manner of inheritance of smut resistance and
(2) the suitability of a breeding technique for separating the resis-
tant from the susceptible forms in the segregating progenies. The
data presented in this bulletin were obtained with a view to secur-
ing information on these two points.

The three resistant varieties—namely, Hussar, Ridit, and Hope—
each possess different degrees of resistance as judged by the num-
ber of resistant and susceptible progenies appearing in the in-
oculated F$, Hussar being the most resistant, Ridit somewhat less,
and Hope still less. Data have been presented showing the results
obtained when Hope and Hussar were crossed on the same suscep-
tible sort, Sonora. The same results for these two crosses are also
shown graphically in Figure 1. Figure 4 shows in like manner the
results obtained in the Ridit-Sonora cross. No definite number of
genetic factors is clearly indicated for any one of the resistant vari-
eties used in these crosses. The results obtained in one season in-
dicated that Hussar had one factor for resistance, and in the next
season two factors were indicated. Segregation in the Ridit-Baart
cross indicates that Ridit has a single factor for resistance with a
fairly satisfactory agreement with the expected three resistant to
one susceptible. In the Hope-Sonora cross multiple factors are
clearly indicated, since the spread is rather even over the entire
range of infection without any pronounced peak in the distribution
curve. A slight piling up of progenies in the classes from 60 to 80
per cent (Fig. 1) indicates a partial dominance of the susceptibility
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Fifth: The selection of individual plants from zero- and low-
infection progenies of the P8 and later generations until immunity
or high resistance has been fixed, being careful to see that the seed
used in planting each progeny is thoroughly inoculated with the
forms of smut for which resistance is sought.

Much care should be given to the selection of the resistant par-
ent in breeding for smut resistance in wheat. So far as is known,
no single variety of common wheat (Triticum vulgare) exists
which is immune to all the known forms of bunt, although rapid
progress is being made toward this end by pathologists and wheat
breeders, and it is believed that before many years this goal will
be reached. Of course if it is found out that new physiologic forms
of bunt are constantly arising, which is thought possible by either
mutation or hybridization among the forms now known, the attain-
ment of immunity or high resistance in a single variety will be still
further delayed. Furthermore, it will probably always be difficult
to know when all the existing forms of smut, even for a single dis-
trict, have been tested. However, as the result of breeding work,
strains of wheat are being brought forward which are resistant to
an increasing number of the physiologic forms of smut, and such
varieties are of the highest importance in breeding for smut
resistance.

COMMERCIAL VALUE OF THE BEST PROGENIES

A criticism which the practical plant grower in need of im-
proved varieties frequently makes of technical work in plant
breeding, such as is reported in this bulletin, is that it very seldom
brings forth the actual, needed variety. This criticism is only
partly justified, since the object of most technical investigations
is to find out the fundamental facts upon which all practical pro-
cedures in a given field must be based if they are to be done with
a minimum risk of failure.

In these experiments approximately 2,000 hybrid progenies of
the third and later generations have been grown consisting of a
total of more than 80,000 individual plants. It is only reasonable
to expect that if the methods used and the conclusions drawn are
sound, in all this material at least a few progenies should approach
commercial value. It is therefore thought advisable to discuss
briefly the practical value of some of the most promising progenies
derived from these crosses.

There is a widely prevalent idea among practical growers that
if a variety of crop plant is of hybrid origin it is impossible for it
to have the necessary uniformity and breed true enough for com-
mercial production. In other words, particularly if such a variety
is reproduced from seed, it is thought of as a sort which will al-
ways "break up." This is not necessarily true, since a large num-
ber if not most of our highly uniform crops are of hybrid origin,
such as Marquis wheat. It is well known among plant breeders
that among hybrids between self-pollinated varieties, it is an easy
matter to establish true breeding forms by selection after the cross
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has been grown for four or five generations. This is because self
pollination in all normal plants works toward true breeding vari-
eties, and wheat is self pollinated. Not all of the smut-resistant
sorts which have been produced in these hybrids are suitable for
commercial use. While the main effort has been to establish smut
resistance, it must be remembered that unless a variety of wheat
has good straw, has the desired degree of earliness, is a vigorous
grower, produces a good quality of grain, and above all, is a good
yielder, it cannot be grown commercially no matter how smut
resistant it may be. This means that the breeder must consider
many characters even when he is actively breeding for a single
character like smut resistance. Furthermore, it sometimes
happens that in breeding for one character the plant becomes
poorer with, regard to some other character in a large number of
the plants produced. This may be due to either genetic linkage or
to physiological correlation or both. If such association is due to
genetic linkage, the breeder can overcome it usually by growing
a larger number of plants and progenies from which to select,
since linkage has rarely been found to be complete, a few indi-
viduals always showing new combinations of the characters in
question. If, however, the association of characters is due to
physiological correlation only, there is very little if anything the
breeder can do about it. Among the hybrid progenies grown in
these investigations, five have shown sufficient promise to justify
testing for possible commercial use. They all have high resistance
to the form of smut commonly found in Arizona and were desirable
with respect to other characters which to some extent can be de-
termined by inspection. Realizing that their yielding ability must
be ascertained before they could even be considered eligible for
trial, a yield test was conducted with these sorts in 1935 in com-
parison with a Baart, which is usually considered the standard
variety for Arizona. Table 7 shows the results of this test. No.
194-12-6 is a cross between Ridit and Pusa 4; 389-24 is a progeny
from a cross between Ridit and Escondido. Each of the three 1076
selections originated in a cross between Ridit and a strain of Hard
Baart. Each selection and the Baart check were grown in six plot
rows each 100 feet in length, arranged in series. No outside rows
were used, thus yields from all the plots are comparable. It will
be observed that each of the five selections under the conditions
of this test yielded less than Baart. However, the difference be-
tween the yield of 194-12-6 and that of Baart is less than three
times its probable error. The same may be said of the difference
between the yield of 1076-3 and that of Baart. Since among bio-
metric workers a difference to be significant must be three or more
times its probable error, it is evident that these two varieties are
closely approaching Baart in the yield of grain. Further testing
in different seasons and on different soils will be required to de-
termine conclusively their yielding power.
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