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OCCURRENCE OF ONION SMUT IN RELATION TO CLIMATE AND
CULTURAL PRACTICES

The onion smut fungus, Urocystis cepulae Frost, was first reported by
Ware (n)1 in the Connecticut River Valley in 1869. At this early date
it was causing some injury to the onion crop, and in 1888 it was reported
by Thaxter (10) to be of much importance in the old onion soils of southern New England. During the years which have since elapsed it has
successively appeared and become an economic factor in nearly all the
more westerly regions of intensive onion culture of the northern States,
from New York to Oregon. It is possible that this fairly rapid distribution of the parasite has been occasioned to some extent by smut spores
carried with the seed, as already noted by Chapman (2) and Munn (7,
p. 412). It has, however, more probably been brought about by the
increasingly widespread distribution of onion sets. Many of these sets
are grown in the northern States on smut-infested soils, and since they
are shipped in quantity to all parts of this country, and even exported,
their rôle in the.wide dissemination of smut spores is obvious.
Chance introduction of the smut fungus in this way in the northern
commercial onion-growing sections seems almost certain to lead to its
permanent establishment. This evidently results from the fact that the
common intensive practice of continuous cropping with onions for an
indefinite term of years tends, when once the inoculum is introduced in
the soil, to favor its increase and wider distribution season by season until
it becomes a factor limiting further success with this crop. While this
holds true for the northern States, it does not seem to be so in the
southern sections. This is the more noteworthy since northern sets
grown on smutty soil are each year shipped into the southern onion
districts for propagation. This regional limitation of the smut fungus
was impressed upon one of the authors (Walker) in connection with a
1
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survey which he made some two years ago of the chief onion-growing
centers of the entire country, as a representative of the Office of Cotton,
Truck, and Forage Crop Disease Investigations of the United States
Department of Agriculture. In connection with this, he personally
inspected the leading onion-growing sections of Texas and Louisiana
and conferred with the plant pathologists of these two States, Drs. C. W.
Edgerton and J. J. Taubenhaus. No evidence of the disease was found,
and it had not been reported to the Experiment Station of either State.1
In comparing the distribution and occurrence of onion smut in different sections of the country, it is necessary to keep in mind that two
distinct types of onion culture are practiced in the United States. The
first is followed in practically all of the northern sections, the second is
the rule in the southern commercial growing regions, and in one or more
sections in the Pacific coast States. In the first, or northern, type the
seed is sown directly in the field as early in the spring as the soil can be
properly prepared—that is, in March, April, or May, according to local
climatic conditions. The bulk of the crop is harvested in these northern
districts in August and September. The Globe varieties predominate,
including the red, yellow, and some white. In the second, or southern,
type of culture the seed is sown in special beds in late summer. The
seedlings are then transplanted to the main field during the early winter
months and the crop is harvested during the period from April to July.
Here the Bermuda, Italian, and Spanish varieties predominate. The
survey previously referred to brought out the fact that onion smut has
become established in essentially all of the older onion-growing sections,
which practice the first type—with spring sowing of seed—while smut
is either entirely unknown or of no economic importance in those localities where the seed is sown in summer followed by transplantatiçn.
Wherein lies the explanation? As already suggested, it can not be due
to the matter of chance introduction of the organism. This is certainly
being distributed frequently and widely throughout the South. It would
seem rather to be associated with some of the factors incident to the
southern type of culture. The conspicuously different factors as outlined above are three: (1) The varieties used, (2) transplantation vs.
direct seeding, (3) climatic differences associated with season of culture.
Greenhouse experiments, in which we have tested the different types,
have shown that the Bermuda and Spanish varieties which are used in
the South are as susceptible to smut infection as are the Globe varieties
of the northern sections. Hence varietal resistance does not furnish the
explanation. Turning to cultural methods, we find that in the South the
seed beds in which the onions are grown preliminary to transplantation
are usually of considerable size and are located as a rule in a portion of
1
The authors are indebted to Doctors Edgerton and Taubenhaus for continued cooperation in the search
for the smut in their respective States. They each reported again early in the carrent year that not a
eiogle specimen had as yet been found.
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the main field. Therefore, if the organism were present and environing
factors were favorable, it does not seem probable that this method of
culture would completely inhibit the disease. Indeed, judging from our
experience with cabbage transplantation in relation to clubroot and
other soil- or seed-borne diseases, this method, instead of reducing the
trouble, is likely to serve as a ready means of distributing the parasites
with diseased seedlings from localized centers to wider areas. We are
thus forced to turn for explanation of the absence of smut in the South to
the third suggestion, that relating to climatic differences, bearing in mind
the respective cultural seasons. The most evident environmental differences associated with the two types of culture relate to soil temperature and moisture during the time of seed germination and early seedling
development, which constitute the smut infection period. In the northem type, the spring-sown seed develops in a soil which is comparatively
cool and which has in general a relatively high and constant surface
moisture content. In the southern type, the summer-sown seed must
germinate and pass the early developmental stages in a soil of relatively
high temperature and subject to superficial desiccation. Our problem
has, therefore, necessitated an attempt to analyze and evaluate the possible factors associated with variations in soil moisture and soil temperature during the seedling stage.
INFECTION PERIOD
It has been of obvious importance in this study to know quite definitely the period in the development of the host at which infection actually occurs. Thaxter (ro) gave critical attention to the time and manner
of infection, concluding that the fungus always invaded the young seedlings below the surface of the soil and that, by subsequent growth of the
host, the infected cells were commonly carried above the ground before
visible signs of the disease appeared. He also noted that onion sets and
onion bulbs replanted for seed growing were not attacked and suggested
that the seedling was probably subject to attack in only the early stages
of its development. Sturgis (9) later found that seedlings half as thick
as a lead pencil and about 5 inches high, transplanted into smutty soil
did not contract the disease. Sirrine and Stewart (8)y in an experiment
started at Jamaica, N. Y., on May 2, sowed eight rows of onion seed,
each 10 feet in length, in soil free from smut. Alternate rows were left
as controls. Soil from a smut-infected field was introduced in three
ways: (1) in the furrow with the seed in two rows; (2) on the surface of
the soil after the furrow was closed in one row; and (3) in a fourth row,
on the surface of the soil 11 days after planting, this being shortly after
the seedlings appeared above ground. The control rows remained
healthy. Heavy infection occurred with the first treatment, slight
infection with the second, no infection with the third. It seems possible
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that in the third treatment, where the inoculum was merely placed on
the surface of the soil when the seedlings were well started, the method
failed to insure a sufficiently intimate and immediate contact of germinating spores with embryonic tissue to justify definite conclusions.
Reviewing the evidence as a whole, however, it is obvious that the
smut fungus is capable of invading the onion seedling for only a short
period after seed germination. •
In order to define more exactly the limits of this period of smut infection, we carried through a series of greenhouse trials. In the first of
these 17 pots of sterilized greenhouse soil were planted with Red Globe
onion seed which had been treated with 1 to 25 formaldehyde solution
for 15 minutes. At two-day intervals beginning the eleventh day after
planting, two pots were inoculated by mixing smut-infested soil in the
upper layers of the pot, so that the inoculum was brought into close contact with the embryonic region of the cotyledon. At the time of inoculation, all retarded seedlings were removed, so that only plants of uniform
height were considered in each case. All plants were pulled and examined for signs of the disease three to four weeks after inoculation. The
results of this experiment, given in Table I, show that, under greenhouse
conditions at least, infection may occur until the cotyledon is about 2^2
inches above ground, or for a period of two weeks or more after sowing.
Thus, the infection period appears to be slightly longer than that reported by Sirrine and Stewart (8).
TABLE

I.—Relation of the stage of development of the onion seedling to infection by Urocystis cepulae

'

Soil treatment.

Pot No.

Length of
period
between
sowing and
inoculation.
Days.

I

II

2

II

3
4

13
13
IS
IS
I?
17
IC
19

i

Inoculated

7
8
9
10

Uninoculated
I

Height of
cotyledons Number of Percentage,
above
infected.
plants.
ground at
inoculation.
Inches.

1-1X
1-1K
1K-2
lK-2
2 -2*4
2 -2K
2K-3
2^-3

28
18
24
19
17
16
19
20

89
67
21

26

53
75

16
25

11

00

11

00

11

14

00

12

37

00

13
14
15
16
17

22

00

21

00

18
25

00

45

00

00
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The foregoing experiment was repeated in a somewhat cooler house,
in which the temperature remained close to 150 C. most of the time,
rising to about 20o during the middle of the day. Under these conditions,
the maximum length of the cotyledon was about 2 ¿4 inches. The data
from this experiment are reported in Table II. The plants became immune at approximately the same time as noted in the first experiment—
between the nineteenth and twenty-fourth days after sowing, when the
cotyledon had about attained its full growth and as the first leaf was
emerging. It will be recalled that the basal portion of the cotyledon, as
with each of the later leaves, forms a collar or sheath inclosing the lower
parts of the younger leaves. The question arose as to whether or not
immunity to smut infection is directly associated with maturity of the
tissues. If so, it would seem that the explanation of this later escape
of the onion plant from infection lies in the fact that the maturing basal
sheath forms a thin but normally complete barrier of resistant tissue
between the potentially infective soil and the deeper-lying embryonic
tissues of the younger developing leaves. The removal of this mechanical barrier might, therefore, permit of infection at a later stage. In
order to determine whether this is the case, the following experiments were
undertaken. After the thirty-first day, when the onion seedlings had
passed the so-called susceptible period, the cotyledons were carefully
removed from the plants in one pot, and infected soil was placed around
the base of the exposed first leaf. Sixty per cent of the plants thus
treated became infected as shown in Table II, pot 9. This proves that
the first leaves are susceptible even after the cotyledon becomes immune.
On the fortieth day, a i-inch layer of infested soil was placed on top of
pots 10 and 11, so as to surround the first leaves in proximity to the axils.
Pot 10 was .left at the same temperature (150 to 20o) for 24 days and pot
11 was removed to a temperature of 25o to 28o for the same period.
About 5 per cent of the plants in pot 10 showed infection of the first leaf
as compared with 28 per cent in pot 11. The reason for the increased
percentage of infection at the higher temperature has not been satisfactorily explained. It may simply have been consequent upon the stimulated growth of the onion foliage. However this may be, it is evident
that the basal portion of the first leaf remains susceptible to infection
for a short time, at least, after it emerges from the cotyledon.
From a summary of these results it appears that our own experimental
data regarding the duration of the period of infection agree in the main
with those of previous investigators. The conclusion seems justified
that disease resistance is correlated with tissue maturity, and that the
onion cotyledon becomes immune to smut infection at about the stage
when growth ceases. The rate and nature of growth of the cotyledon
will naturally vary with environmental conditions; hence variation in
the actual length of the infection period is to be expected. The mature
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basal sheath of the cotyledon thus protects the embryonic region of the
younger leaves from infection. That portion of the first leaf which
emerges from the cotyledon is susceptible to infection for some little
time after emergence, but since it ordinarily is not actually in contact
with infested soil, this fact is probably not of practical significance.
TABLé

Pot
No.

I

-3
4
5
6

9
10 j

11

II.—Relation of stage of development of the onion seedling to infection by Urocystis cepulae

Method of exposure to
inoculation.

Uninoculated
Infected soil around base
of cotyledon.
Do
Do
Do
Do
Cotyledons removed and
infected soil placed
around base of first leaf.
One-inch layer of infected
soil placed on surface of
old soil so as to cover
lower inch of aerial portions of plants.
Same as No. 10, except that
pot was transferred to a
.temperature of 25o to
28o C.

Interval between
sowing
and inoculation.

Days.

kenRth of
of
cotyledon Condition
first leaf at
at time of time
of
inocuinoculalation.
tion.

Inches.

Interval between Total
Perinocu- number centage
lation
of
and
smutfinal plants. ted.
examination.
Days.
0

100-f
24

75

24
24
24
24

34

35
0
0

31

inches
above axis.
2 tO 2% ...do

36

24

IS

60

40

2 tO 2X X to 4 inch-

24

36

6

24

46

28

13
16
IQ
24
Si

I

Not out

iK ...do

2 tO 2% ...do
2 tO 2% Just out
2 tO 2% X to iK

27

es above
axis.
40

2 t0 2,K ...do

41
19

RELATION OF SOIL MOISTURE TO INFECTION

Since there are these well-defined limits to the time of smut infection,
the possibility becomes clearly evident that variable environmental
factors during this limited period may exercise a controlling influence on
the occurrence of the disease. As already stated, the problem seems to
resolve itself primarily into the question of the relations of soil temperature and soil moisture to infection. The results of several workers
upon the grain smuts, as summarized by Jones (5), have shown that soil
temperature may influence infection. Hungerford and Wade (4) have
published evidence that high soil moisture, also, may favor infection of
wheat by the smut fungus Tilletia tritici (Beij.) Wint. Variations in
the moisture content of the surface layers of soil are likely to be wide,
especially during the late summer planting season in the southern States
when high temperatures and low humidity may cause rapid desiccation.
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An experiment was therefore carried out in which onion seedlings
were grown in smut-infested soil in pots which were held at different
degrees of soil moisture. Galvanized iron pots 5 inches in diameter and
4 inches deep were used for these trials. Greenhouse sandy loam soil
was used and its water-holding capacity was determined in advance by
the two standard methods recommended by soil physicists 1—that is,
by means of the 10-inch cylinder and the i-cm. cup. The soils were
brought to the desired low and medium water contents before they were
placed in the culture pots ; and in those cases where the desired moisture
approached the water-retaining capacity, the water content was finally
adjusted after the soil was potted. Although these methods failed to
secure exact uniformity in the physical compactness of tlie soils in the
several series, they were considered satisfactory as to initial moisture
conditions. The pots were weighed daily during the progress of the
experiment, and water was added to replace the losses. Since it was
realized that the surface layer of soil would change in moisture content
through evaporation more rapidly than the lower layers, an effort was
made to reduce this surface evaporation so far as practicable. To this
end, tar paper covers were used until the seedlings came above ground,
when glass covers were substituted for a few days, and finally mineral
wool was packed on the surface about the seedlings to reduce evaporation.
Absolutely uniform moisture throughout the pot could not be maintained
even by this method, and the upper layers of soil unavoidably assumed
a somewhat lower water content than the average for the pot. Therefore, at the end of the experiment, moisture determinations were made
of the upper inch of soil, since this was the important part from the
standpoint of smut infection.
The soil was inoculated at the outset by the introduction of spores
from diseased leaves and scales. The data from this experiment are
given in Table III. Good germination took place within the range of
10 to 15 per cent moisture content (45 to 70 per cent of the moistureholding capacity). A high percentage of infection also occurred within
this range. Above 15 per cent there was some decrease in germination
together with a gradual reduction in infection. At the extreme, however, where germination of seed was practically eliminated (pot 1), one
of the two plants surviving became infected. It is evident from these
data that a good percentage of infection may be expected at a soil moisture content up to the limit where good germination and growth of the
host plant occur. There was a gradual reduction of infection below 5
per cent (23 per cent of the moisture-holding capacity), but this was not
sufficient to insure good germination and support good growth. It
may be concluded, therefore, that soil moisture does not function as a
factor limiting infection with onion smut within the limits at either
extreme where good germination and growth of the host occur.
1
We are especially indebted to Prof. E. Truog, of the Department of Soils of the University of Wisconsin for advice in connection with this work.
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III.—Relation of soil moisture to infection by Urocystis cepulae

Pot No.

Original
Moisture
moisture
content of Number of Total num- Percentage
content
ber of
of plants
surface layseeds
(percentage er at end of planted.
plants.
smutted.
of dry
experiment.
weight) .a

1..
2.

3456.
78.
910
11
12
13
14

voi. xxii, ñO. $

■

19.6

27.1

17.1
16.3
18.2
20.0
15.0
15.0
10.o
10.o
10.7

24.7
23-7
23-4
14.0
12.4
11.6

S-©
8.1

2.5
1.4

7-5
6.6

3-4

9-3
9.0
2.4

1-3

IOO
IOO
IOO
100
100
100
100
100
100
100
100

32

IOO
IOO
IOO

66
63
37

52
48
SO
60

SO
o
42
71
90

97

66
66
71

66

85
94
59
50
19

35

a
Water-holding capacity, as determined by 10-inch cylinders, was 22.3 per cent; as determined by the
i-cm. cup, it was 27.8 per cent.
The calculated wilting coefficient of the plants was 2.3 per cent.

TEMPERATURE RELATIONS
In calling attention to the importance of soil temperature as a factor
in the development of certain plant diseases, Jones (5) points out that
several investigators have stressed its bearing upon infection in the case
of stinking smut of wheat, Tilletia tritici (Beij.) Wint., and of the oat
smuts, Ustilago avenae (Pers.) Jens, and Ustilago levis (K. and S.) Mag.
Heald and Woolman (3) showed that the amount of infection with the
stinking smut of wheat was reduced as the mean soil temperature rose
above 65o F. (18.3o C.) or fell below 40o F. (4.4o C). Humphrey {4)
states, for the same disease, that soil temperatues of 00 to 50 C. and
above 22o C. are decidedly unfavorable to infection.
In studying the relations of soil temperature to the developemnt of a
parasitic disease, consideration must be given to the possible influence
of such temperature upon the host and the parasite independently. This
may enable one to analyze with more confidence the effects when host
and parasite are subjected simultaneously to the experimental condition.
This has been done as far as practicable in connection with the present
work.
Unfortunately, germination of the fungus spores under artificial conditions has been so scanty that the effect of temperature upon the fungus
has been necessarily limited to inoculation experiments with infested
soil. However, the disease is produced so readily and consistently by
the latter method that a very accurate index to the development of the
fungus can be secured by varying the condition of the infested soil during the germination and early growth of the onion seedling.
The soil-temperature experiments were all carried out in the greenhouse at Madison, Wis., during the winter months. The apparatus in use
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in the Department of Plant Pathology, University of Wisconsin, for the
control of soil temperatures has been described by Jones (5). Briefly, it
consists of a series of water baths held at constant or nearly constant
temperatures in which the glass or galvanized-iron culture pots are
inserted.1
For these experiments galvanized-iron cylindrical pots 5 inches in diameter and 8 inches in depth were used. In order to overcome the influence of the air temperature upon the upper layer of soil, the surface
of the latter was kept at >i to 1 inch below the level of the water. Tarpaper covers were placed over the pots until the seedlings came above
ground; these coveirs were then removed, and a layer of mineral wool
was placed on the surface of the soil. By this procedure the temperature of the upper inch of soil was kept reasonably close to that of the
deeper portions—that is, approximately that of the water in the tank.
In order to follow any minor variations, readings were taken three times
daily from thermometers inserted 1 inch below the surface of the soil.
At the beginning of the experiments the moisture content of the soil was
adjusted to two-thirds of the water-holding capacity. The pots were
thereafter weighed at intervals of one to three days, depending upon the
rate of water loss, and the moisture content was readjusted accordingly,
either by adding water directly to the surface or by introducing it at the
bottom of the pot through a glass tube. Obviously this method did not
secure uniform distribution of moisture throughout the pot, and unavoidably the content of the upper layer of soil was somewhat lower than
the average for the whole pot. It is believed that this variation had little
if any influence, however, since other experiments, described earlier in
this paper, showed that infection is quite uniform over a much wider
range of soil moisture than here occurred. The seed was planted at a
depth of 1 inch. Since the chlorophyll in the tops in some cases obscured the smut lesions, the plants were placed in alcohol acidified with
acetic acid until thoroughly bleached before final examination for the
disease was made.
EFFECT OF SOIIy TEMPERATURE UPON THE DEVELOPMENT OF THE HOST

Experimental studies to determine the relation of soil temperature to
the rate and character of seed germination and seedling development
were carried on in conjunction with those relating to infection, of which
the results will be presented in the next section. It will be simpler,
however, to discuss these two aspects of the problem separately, taking
up first the relations of temperature to host development.
EXPERIMENT I.—Seven pots of sterilized greenhouse loam soil were
uniformly planted with 50 Red Globe onion seeds in each pot. One pot
was then held at each of the following temperatures: 100 to 140, 16.50
1
Since this description was published, numerous improvements have been made from time to time by
members of the Department. As now in use these are termed the "Wisconsin soil temperature tanks."
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to 18°, 190 to 22°, 24o to 26o, 27o to 29o, 30o to 310, 35o C. The moisture
content of the soil was held at two-thirds the water-holding capacity (22
per cent of dry weight). The air temperature of the greenhouse was
kept at about 15 0 with a rise to 20o during the middle of the day. These
conditions as to soil moisture and air temperature were such as had
proved favorable for both host and parasite development in the earlier
trials. The first seedlings to appear above ground were those at 27o
to 29o, those at 24o to 26o came up shortly afterward, then those at
190 to 22 o. Good growth took place at these three temperatures, but
germination was very slow at lower temperatures. At the highest temperature, 35o, a few seeds germinated, but growth was very slight. The
plants were all removed and the roots washed out on January 7,
1920, 29 days after the seed was sown. The data given in Table IV
summarize the condition of the plants at this date. It will be seen that
at this early stage in the development of the plants there was a tendency
for best root development at about 210 or below, while the best development of tops took place at this point or above.
IV.—Development of onion seedlings in sterilized greenhouse soil held at 22 per
cent of the dry weight or two-thirds the moisture-holding capacity, and at different soil
temperatures. Data on January 7, IQ20, 2Q days after sowing

TABLE

Soil temperature.

0
C.
10 to 14. . .

16.5 to 18. .
19
24
27
30
a

tO
to
to
to

22 .
26.
29.
31 .•

.
.
.
:

.
.
.
.

Number of
seeds
planted.

SO
SO
SO
SO
SO
SO

PerAverage
Average
Total
PerAverage
Pernum- centage centage centage
dry weight dry weight total dry
with
ber of with 2 with 3 first of tops per of roots per weight per
plant.
plant.
plants. roots. roots.
plant.
leaf.

41
SO
32
28
«14

a8

22
I?

56
32
SO
13

O

3
25
O
O
O

17
70
IOO
82

86
63

Gm.

Gm.

O.OO224
.00293
.00396
.00307
.00285
.00212

O.OOO46
.00023
.00043
.00028
.OOOI4

Gm.
O.OO27
.0031
.0044
•0033
.0030
.002*

The reduced stand at 27o to 29o and 30o to 31o C was due to damping-oCf fungi.

EXPERIMENT II.—The experiment was repeated, with some modifications, starting April 10, 1920. The Red Globe and Yellow Bermuda
varieties were used. Two pots of each variety were kept at each of the
following soil temperatures: 140, 20o 25o, 28o, 30o C. The air temperature ran slightly higher (20o to 300) during the middle of the day and
dropped to about 150 for the most of the night. Both the rate and the
percentage of germination were noted, and the data are recorded in
Table V. In both varieties the most rapid germination took place at 25 o,
although the rate was only slightly less at 20o, 28o, and 30o. At 14o the
seedlings were distinctly slower in starting off. The plants from one pot
of each series were removed on the thirteenth day. The dry weights of
the tops and roots as given in Table V were so small at this age that comparison on this basis does not have any great value. The tendency for
rapid development of tops as compared with roots at 20o or above is,
however, shown very strikingly in Plate 25. The plants in the remaining
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pots were removed on the thirtieth day. The relative dry weights of
roots and tops then secured are shown in Table V and those of the Red
Globe are graphed in figure 1.
While the temperature relations of the two varieties were alike in their
main features, there was an interesting minor difference, possibly indicative of the better adaptation of the Red Globe for northern culture and of
the Yellow Bermuda for southern. In both cases with these onions, as
indeed holds generally in our experiments with other plants, the best
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FIG. I.—Relative

developments of dry weight in tops and in roots of Red Globe onion as shown at end of
30 days' growth in a series of culture pots kept at the several soil temperatures indicated, with all other
factors, including air temperature, alike for all. Note that the best root development occurs at the low
temperatures (12o to 150 C.) whereas the tops are forced more strongly at higher temperatures (20o to 25°).

root development occurs at relatively lower temperatures (i2° to 20o C.)
while best top development occurs at higher temperatures (200 to 25o).
When the varieties are compared, it is seen that with the Globe both
roots and tops grew relatively better at somewhat lower temperatures
than did those of the Bermuda. Thus the data at 30 days show the
maximum root development of the Globe at 140 while that of the Bermuda was at 20o; with tops the maximum was at 20o for the Globe and at
25o for the Bermuda.
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EFFECT OF SOIIv TEMPERATURE UPON INFECTION

At present the chief interest in these data focuses upon the question of
any possible bearing of the rate of development of the host plant at
different temperatures upon predisposition to, or escape from, smut
infection, recalling that such infection is practically limited to the seedling stage before the maturity of the cotyledon. It has just been noted
that the promptest seed germination and most rapid growth of tops
during this early seedling stage occur at fairly high temperature, 200 to
25o C, with a rather pronounced drop in rate of aerial growth at temperatures below 200. It is to be expected, therefore, that in the northern
onion-growing sections where the seed is planted in early spring there
will be a rather tardy germination and slow early development of tops,
the growth energies during the seedling stage being directed under this
climatic environment to a relatively stronger development of the root
system. In the South where the seed is planted in the comparatively
warm period of early autumn, we should expect a more rapid top growth
at the outset, with correlated strength of root development coming later
in the autumn as the soil becomes gradually cooler.
The naturally infested soil was secured near Racine, Wis., from a badly
diseased field of sandy loam rich in organic matter. The soil which was
artifically inoculated consisted of a greenhouse mixture of loam and sand
to which were added fresh spores from smutty onion leaves. In order to
test the efficacy of this method of soil inoculation a preliminary planting
of onion seed was made in advance of the final experiments. This gave
a high percentage of smut infection, showing that the method of introducing the inoculum was satisfactory. Several early trials indicated that
below 25o C. soil temperature variations have little effect on the relative
amount of infedtion. The results of two such experiments, nearly covering the range of onion seed germination, are given in Table VI (experiments 1. and 2). It is evident from these figures that abundant infection
occurred between 100 and 25o, both with naturally infested and with
artificially inoculated soil. The number of pustules per plant as shown
in Plate 25 proves that the fungus was very active even at low temperatures. Above 25o infection is reduced very rapidly, as indicated by
both the percentage of infected plants and the number of pustules per
plant.
In order to determine more closely the point at which infection is
inhibited four more serial experiments were conducted (experiments 3
to 6) in which the temperature was kept as constant as possible at 2degree intervals between 25o and 310 C. The results given in Tables
VII and VIII, and illustrated in Plates 26 and 27, show that abundant
infection took place at 25o to 26o, while it was greatly reduced at 27o to
28o and completely inhibited at 29o or above. The infected seedlings
from experiment 5 show the great reduction in the amount of disease per
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plant at 27o to 28o as compared with 25o to 26o. It is interesting to note
that infection was reduced more abruptly at 27o to 28o in the artificially
inoculated soil than in that naturally infested. This may be due to the
age of the inoculum, a smaller percentage of the spores being functional
in the former soil, or perhaps to the presence of a smaller amount of
inoculum.
VI.—Relation of soil temperature to infection of onion seedlings by Urocystis
cepulae

TABLE

Experiment i.

Experiment 2.

Naturally infested soil. Begun May 3, 1919; completed May 30, 1919. Records not kept as to soil
moisture nor as to air conditions.

Artificially inoculated soil. Begun Dec. 10, 1919;
completed Jan. 6, 1920. Soil moisture held at
22 per cent or two-thirds the water-holding capacity. Air temperature 130 to 25° C, relative humidity 45 to 75 per cent.

Soil temperature.

Total number of
plants.

0

C.

10
18
22
2K

to
to
tO
tO

Smutted
plants.

Soil temperature.

0

C.

Per cent.

13
20
24
30

25

a

5
47
25

28 to 34

72
80

Total number of
plants.

Per cent.

10 to 14

64
49
63
56
52
36

16.5 to 18

IOO

19 to 2 2

IS

23 to 26

O

2 7 to 20
20 tO 3 I

Smutted
plants.

98
98
IOO

93
0

o Stand reduced by damping-off fungi.
TABLE

VII.—Relation of soil temperature to infection of onion seedlings by Urocysti3
cepulae
Experiment 3.

Experiment 4.

Naturally infested soil. Begun Dec. 20, 1919; completed Jan. 10, 1920. Soil moisture held at zsjper
cent or two-thirds0 the water-holding
capacity.
Air temperature, 13 to 25o C; relative humidity,
45 to 75 per cent.

Artificially inoculated soil. Begun Dec. 18, 1919;
completed Jan. 12, 1920. Soil moisture held at 13
per cent or two-thirds the water-holding capacity.
Air temperature, 130 to 25o C; relative humidity,
45 to 75 per cent.

Soil temperature.

Total number of
plants.

0

C.

Smutted
plants.

Soil temperature.

'C.

Per cent.

19 tO 22
23 to 26
26t027

131
IOO

27 to 28

86

44

93
96
57
12

Total number of
plants.

23 to 26 .
26 to 28.
29 to 31.

Smutted
plants.
Per cent.

SO

98

40

12
O
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VIII.—Relation of soil temperature to infection of onion seedlings by Urocystis
cepulae
Experiment 5.

Experiment 6.

Naturally infested soil. Begun Jan. 16, 1920; completed Feb. 10, 1920. Soil moisture held at 25 per
cent or two-thirds the water-holding capacity. Air
temperature, 130 to 25° C; relative hnmidity, 40
to 80 per cent-

Artificially inoculated soil. Begun Jan. 16, 1920;
completed Feb. 10, 1920. Soil moisture held at
15 per cent or two-thirds the water-holding capacity. Air temperature, 13° to 25o C; relative humidity, 40 to 80 per cent.

Soil temperature.

Total num- Smutted
ber of
plants.
plants.

0

C.

25 to
27 to
29 to
30 tO

26
28
30.5
32

89

103

77
43

Per cent.
IOO

47

0
0

Soil temperature.
0
C.
2 5 to 2 6
27 to 28
20 tO 30. K
7.0 to 32

Total num- Smutted
ber of
plants ~
plants.

106

98
47
30

Per cent.
90

8
0
0

It may be concluded from the foregoing experiments that a high percentage of infection may be expected up to 25o C, above which there is
a rather abrupt reduction, leading to complete inhibition at 29o. There
appears to be no lower limit of temperature for infection within the range
where onion seeds will germinate and normal growth occur.
After it was clearly shown that no infection would take place at 29o C,
the question arose as to how long seedlings must grow at this temperature
to become entirely immune. It has been shown that at moderate temperatures the plant becomes immune in about 20 days, or at about the
time when the cotyledon has reached its maximum growth. To determine whether or not this condition is altered when the plants are grown
at 29o., several pots each of the naturally and the artificially inoculated
soil were started off at this high soil temperature. Pots were then
transferred from time to time to a lower temperature favorable for
infection (150 to 20o) where they were held for about three weeks before
they were examined for signs of the disease. The results of these experiments are summarized in Table IX.
It is quite evident that the amount of infection was markedly reduced
by an exposure of 15 to 18 days at 29o C. Complete inhibition of infection
by even more protracted exposure to this high temperature was not
attained. However, where infection did occur there was usually not
more than one lesion per plant, which in the majority of cases was so
situated that subsequent infection of newly forming leaves would be
impossible. It is thus quite certain that where seedlings develop at
about 29o for the first 20 days the amount of damage from smut will
be negligible, especially in an area where the amount of inoculum is
slight.
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IX.—Effect of different soil temperatures upon onion smut infection. In all
cases except the fifth, tenth, and eleventh, the pots were held for the stated period at 2c0
C, where infection was inhibited, then transferred to 15° to 20°, a temperature favorable for infection. In the fifth and tenth, where the continuous temperature was high,
note that practically no smut developed; in the eleventh, where the soil temperature was
continuously low, note that practically all the plants were smutted; in the remaining
series, where the plants were transferred from the higher temperature (2c0) to the lower
(150 to 200) after varying periods, note that long exposures at the higher temperature
tended to reduce the amount of infection.

TABLE

Type of soil inoculation.

Pot
No.

I

ô

2

3

Extent of infection at end of
experiment.
Length Size of plants at time
of exof removal to low Total
posure
Pertemperature.
to 29 o C.
number centage Extent of infection.
disof
plants. eased.
Days.
Il
IS

N8

>

4

a n-í

18

fr) Cl

28

5<

5
6

. 35
12

ú
$

7
8

i

9

1
I.

10
11

16
23

27

38
0

Cotyledons 1 inch
long.
Cotyledons 2 to
2}4 inches long.
do

16

94

17

41

12

25

First leaves 1 +
inches high.
Continuous exposure at 29o.
Cotyledons iK to
2 inches long.
Cotyledons 2Xto
3X inches long.
First leaves out
in about onehalf plants.
First leaves out
in most plants.
Continuous
at

9

II

6

O

29

48

40

13

24

8

16

13

34

3

76

99

29o.

Continuous

150 to 20o.

'

at

63 per
eased
12 per
eased
25 per
eased
11 per
eased

cent disfirst leaf.
cent disfirst leaf.
cent disfirst leaf.
cent disfirst leaf.

14 per cent diseased first leaf.
3 per cent diseased first leaf.
8 per cent diseased first leaf.
6 per cent diseased first leaf.
0 per cent diseased first leaf.
Most of these
plants died in
cotyledon stage.

It is interesting to note also in this connection that continued exposure of onion roots to a temperature of 29o C. led to the gradual slowing
up of growth. With the transfer of the pots to the lower temperature
(150 to 20o) both root and top development were greatly stimulated.
In attempting to correlate these results one must keep in mind the
fact that in nature the temperature conditions under which the onions
develop are much different from those in the experimental pots.
Whereas in the pots the soil temperature is uniform throughout their
depth, in the natural soil there is a gradual decrease in temperature
at progressively greater depths. The temperature of the upper inch runs
extremely high during the summer months because of direct exposure
to the sun's rays, and this is the area critical for infection by onion smut.
The young roots, on the other hand, as they develop progressively
reach strata of lower temperature, which are more favorable for their
growth.
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EFFECT OF HIGH AIR TEMPERATURE UPON THE DEVELOPMENT OF SMUT
The experiments reported above in which the soil temperature was
varied were carried on at an air temperature of 150 to 20o C. The latter
is considerably lower than the air temperature which prevails in southern
onion sections at the time when young seedlings are starting off. This
is shown for one section (Laredo, Tex.) in Table XIII, where the mean
air temperature is about 300 during most of the onion-planting time.
The question arose as to what effect these high air temperatures might
have upon the development of smut in the aerial portions of the plant.
Five clay pots of onions in naturally infested soil were started off in a
greenhouse running at about 25o. Previous observations had shown
that the pustules become evident in the cotyledons on about the twefth
day under these conditions. Accordingly the plants were allowed to
grow at this temperature for nine days, at which time a few lesions were
barely visible. In order to prove that good infection had already taken
place, 10 plants were removed from infested soil and washed thoroughly
in running water to remove any external inoculum, after which they were
transplanted to clean soil. Within two days lesions were distinctly
visible in these plants, and smut developed in 8 out of the 10.
As a control on this method of removing the external inoculum 11
plants grown in clean soil were moistened and covered thoroughly with
infested soil. They were then washed in running water and transplanted to clean soil. No smut developed. On the ninth day after sowing, 4 of the 5 pots were removed to a greenhouse running at 300 to 33o C,
one being allowed to remain at 25o. One pot was then transferred from
the higher temperature back to 25o at the end of each the second, fourth,
ninth, and fourteenth days. This exposure to the higher temperature
resulted in a .stimulation of host plant growth for a few days. When
the plants were allowed to remain at this high temperature, however,
for three weeks distinct stunting became evident, while more prolonged
exposure resulted in death. The plants so transferred were allowed to
continue growth at 25o for three weeks or more, when they were examined
for the presence of smut. The final results are given in Table X. It
was evident that the gradual elimination of smut which took place was
proportional to the length of exposure to the higher temperature (29o).
After 14 days of exposure only small lesions developed on 16 per cent
of the onion plants, although presumably 80 per cent or more of these
plants were originally infected while they were growing at the lower
temperature. This experiment was repeated several times with practically the same results, namely, that exposure of plants bearing incipient infections to a temperature of 300 to 33o for 12 to 15 days almost
entirely checked further development of the parasite.
657G80—21
2
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X.—Effect of high temperature, following infection, in inhibiting the further
development of smut. The plants were from a series of pot cultures started at 25o C.
and held there until incipient infection had occurred, then transferred for the period
indicated to a high temperature, 30o to 33o, and finally brought back to the original 25o.

TABLB

Length of exposure to temperature of 30o to 33 o.

None (25o throughout)
2 days
4 days
9 days
14 days

Number
of plants.

Percentage
smutted.

34
29
30
40
36

94
45
37
33
i?

It is to be noted that in the experiments just reviewed potted plants
were used. The entire pot, thus including roots and tops of the experimental plants, was exposed to the stated temperature condition.
The question then arose whether the results secured were due entirely
to the effect of high air temperature upon the fungus or to an indirect
effect of the changed conditions upon the metabolism of the host. In
order to throw some light upon this point two experiments were conducted in which seedlings were grown in infected soil at three constant
soil temperatures and each of two air temperatures, 25o and 30o to 33o C.
The results (Table XI) at the lower air temperature (25o) coincided
closely with those previously secured at air temperatures of 130 to 25o,
inasmuch as abundant infection occurred when the soil temperature was
25o, while complete inhibition was attained at 30o. It is, however,
significant to note, in comparison with the results in Table X, that, with
the soil temperature held at 20o or 24o, the 30o to 33o air temperature
did not greatly check the development of the disease. It appears, then,
that roots as well as tops must be exposed to the inhibitive higher temperature, 30o to 33o, in order fully to check the parasite after incipient
infection has taken place. This suggests that the inhibitory effect may
be due in part at least to the influence of the environmental conditions
upon the metabolism of the host and not entirely to a direct effect upon
the fungus itself.
TABLE

XI.—Effect of different combinations of soil and air temperature upon onion smut
infection
Experiment 1.
Soil
temperature.

Air temperature.

0

Number
of plants.

Percentage Number
smutted. of plants.

Percentage
smutted.

97

85
49

92

0

22

O

89
86

41
50
30

46

0

C.

C.

Í

20

23

68

2Ï

42
Í

20

a

I

30

24

30 to 33

« Stand reduced by damping-off fungi.

Experiment 2.

9
73

IOO

0

95

60
O
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EFFECT OF MODERATELY HIGH TEMPERATURES UPON SYSTEMIC INVASION
OF THE PI/ANT
Thaxter (10, p. 134) observed that in some instances the smut fungus
may infect and develop in the cotyledon without invading the first leaf,
with the result that the plant eventually outgrows the disease. Observations lead us to believe that this may vary with different temperatures. It has been pointed out that at a temperature of about 25 o C.
the most rapid top growth of the onion seedling occurs, while at temperatures below 20o the top growth is much retarded. Two pots of
infested soil were sown with onion seed and placed in greenhouses,
one at 24o to 28o, with a maximum of about 36o, for one or two hours
on sunny days, the other at 150 to 200. A high percentage of cotyledon
infection occurred in both pots. After 31 days 24 out of 29 plants at
the high temperature were infected, but the pustules were all confined
to the cotyledons and no infection of first leaves had developed, although
the plants were now in the second leaf stage. At the low temperature,
on the other hand, of approximately the same number of plants, only
9 had survived on the thirty-seventh day, and 8 of these showed infection in the second leaves. It appears, then, that rapid growth of tops
at about 25o may result in a large percentage of plants outgrowing the
disease after the cotyledons become infected. The results of successive
field plantings, discussed in the next paragraph, seem to confirm this
judgment. The importance of the practical bearings of this matter are
such as to justify further critical attention.
EFFECT OF SUCCESSIVE PLANTINGS THROUGHOUT THE GROWING SEASON
UPON INFECTION
The laboratory experiments described early in this paper have shown
that onion smut infection is greatly reduced where a constant soil temperature of 27.5o C. is maintained during the susceptible period of the
plant's growth, while a temperature of 29o thus applied completely
inhibits infection. Moreover, as explained in the last paragraph, when
plants are growing in infested soil with temperature of air and soil
held at about 25o, although a high percentage of cotyledon infection
may occur, there is a greater tendency than at lower temperatures for
the plants to outgrow the disease, owing to the rapid growth of tops.
These results combined to justify the expectation that successive field
plantings of onion seed throughout the growing season might show
considerable variations in the percentage of smut infection. In the
onion field the soil temperature usually varies widely during 24 hours,
often reaching a maximum considerably above 29o during the day and
descending to a minimum much below this at night. Under Wisconsin
conditions the daily mean temperature gradually rises during the spring
and early summer months and falls during the latter part of the growing
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season. It seemed possible, therefore, that by making successive plantings a period might be found for this latitude when the mean soil temperature is sufficiently high to materially check or completely inhibit
onion smut infection.
In order to test this out, a series of plantings at intervals of from 8 to
14 days was begun on June 18, 1920, at Madison, Wis. Onion seed
was sown in smut-free soil in an open trench about 1 inch deep and was
then covered with naturally infested soil similar to that used in certain
of the laboratory experiments. Two varieties, Red Globe and Yellow
Bermuda, were used, one 10-foot row of each variety being put in at

3/

5

2.—Graph showing the daily mean soil temperature at a depth of i to 2 inches as it occurred in the
"successive planting" plots. Since the weather continued rather cool, one bed was covered with glass
to insure a higher temperature. The temperature of the uncovered bed is shown by the solid line,
the temperature of the glass-covered bed by the broken line. For further details see Table XII and
and accompanying text.

FIG.

each planting. Temperatures of the soil at a depth of i to 2 inches were
obtained by means of a self-recording thermograph. The hourly mean
temperature for each day was then secured by adding temperatures as
recorded for each hour and dividing the sum by 24. These computations are represented graphically in figure 2. Since the weather in
July was unusually cool, a higher mean soil temperature was secured for
some of the plots by covering them with an ordinary glass cold frame.
Inasmuch as the dry weather and high temperature would cause a rapid
desiccation of the surface layer of soil, the plots were watered thoroughly
on alternate days or oftener during the early growth of the plants. The
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data collected from this field plot are tabulated in Table XII. Observations were made by pulling plants at several points in each plot, and
examining for smut lesions after the chlorophyll had been removed by
means of alcohol and acetic acid. The first observation was made on
the twenty-first to the twenty-third day after planting. Subsequent
observations were made as indicated in the table.
TABUS

XII. -Development of onion smut in successive plantings in the field at Madison,
Wis., IÇ20

Date of
plautitiR,

Variety.

First observation, 21 to 23
days after
planting.

Second observaThird observation, 44
tion, 29 to 31
to 65 days after planting.
days after
planting.

Number of
plants
examined.

Percentage
smutted.

Number of
plants
examined.

108
62

b 50

C40

¿I

45

53
73
49

d76
«86

...do
...do

41
20

10
10

il

'n

Covered ..
Uncovered
...do

52
40

0
13
14

33

0

Covered a.
Covered a.

46

Treatment.

1920.

June 18

Red Globe...
[Red Globe.. .
June 26 Yellow Bermuda.
Red Globe...
Yellow BerJuly 10
muda.
Red Globe...
Red Globe...
Yellow Bermuda.
July 19
Red Globe...
Yellow Bermuda.

Uncovered
...do
...do

35
26

0
0

42

Time NumPercentafter ber of
plant- plants
age
smuting
examted. (days). ined.

Percentage
smutted. 9

52
44

31
SI

3
39

65
65

61
24

O
O

65
53
53

9
135
39

O
II

53
53

91
45

13

9

24

a

Covered for 15 days only.
6 Observation 39 days after planting.
Extent of infefction: Systemic, 26 per cent; confined to dead cotyledon, 14 per cent.
Extent of infection: Systemic, 10 per cent; confined to dead cotyledon, 66 per cent.
« Extent of infection: Systemic, 5 per cent; confined to dead cotyledon, 81 per cent.
/ Extent of infection: All cotyledon infections.
0 Extent of infection: All systemic infections.

e
d

An analysis of the data secured can be made by referring to Table XII
and figure 2. It will be seen that the soil temperature mean gradually
rose until July 23 to 29, after which there was a gradual drop. At no
time did the mean in the uncov red plot reach the inhibiting temperature
(29o C), but it closely approached this point during the warmest portion
of the season. In the covered plot, however, the mean remained above
29o continuously until the cover was removed on August 3. The two
important points to be considered in the respective plantings were (1)
the amount of original infection which was determined three to four
weeks after planting (see first and second observations in Table XII)
and (2) the extent to which the disease either became systemic or was
entirely outgrown by the plants during the following four or five weeks
(see third observation in Table XII).
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Considering first the amount of original infection, it will be seen that a
high percentage of disease resulted in all the plantings of June 18 and
June 26. The somewhat lower infection in that of June 18 may be explained in part at least by the fact that a smaller quantity of inoculum
was used than in subsequent plantings. The next two plantings (July
10 and 19) were so made that the resulting seedlings were exposed during
early growth to the maximum soil temperature of the season. By referring to Table XII it will be seen that associated with this higher temperature there was a decided reduction in the amount of infection in
even the uncovered plots, while in the covered plots, where the mean
temperature remained continuously above 29o C, no infection whatever
occurred.
Considering, secondly, the extent to which the disease became systemic or was outgrown, it will be seen that in the planting of June 18 a
majority of the infected plants showed systemic invasion at the second
observation (thirty-ninth day). In the next planting (June 26), however, by the time of the second observation most of the external signs of
the disease were confined to the dead cotyledons. The amount of
systemic infection increased somewhat, however, at the third observation
(39 per cent).
In the third planting (July 10) it is interesting to note first that the
plants in the covered plot remained entirely free from infection. In the
uncovered plot, although some cotyledon infection was noted at the second observation, no disease whatever was found at the third observation. This indicates that the time when the temperature was at its highest
point the infected plants succeeded best in outgrowing the disease.
The field data secured in the foregoing experiments at Madison are
thus \n general accord with the experiments performed under controllçd
conditions. In such controlled experiments the amount of smut infection falls as the soil temperature rises toward 29o C. and is totally inhibited above this temperature. Likewise in the field trials with successive
plantings there was a gradual reduction in the amount of infection following the rise in the mean soil temperature, with omplete inhibition of
infection where the mean was kept above 29o for two or three weeks after
planting. Complete freedom from infection under these Wisconsin field
conditions was secured only by growing the plants under artificial conditions in which by covering the plants with glass the temperature was
raised several degrees above the normal. It is, however, to be noted that
the summer of 1920, when the foregoing results were secured, was somewhat cooler than the average. The weather records of other years indicate that in a hot summer complete inhibition of smut infection would
be secured by such summer plantings.
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CORRELATION OF EXPERIMENTAL RESULTS WITH FIELD CONDITIONS OF THE SOUTHERN STATES
These results obtained in both greenhouse and field experiments justify
the question as to the part played by soil temperature in determining
smut infection in the onion fields of the more southern States. As
noted at the beginning of this article, a recent survey of southern onion
sections indicates that smut is not prevalent in the southern fields—for
example, in Texas—as it is in the northern onion sections. As was
earlier explained, it is the practice in these southern fields to plant the
onion seed in late summer or early autumn. It is thus quite possible
that the mean temperature for the surface inch of soil in southern onion
sections is considerably above the maximum for onion smut infection
during and immediately following the sowing of seed. According to
Mally (6) y onion seed is sown in the Laredo district of southern Texas
as early as August 1, while most of the seed is planted about September
10 to 25. The mean air temperature as recorded at Laredo, Tex., by
the United States Weather Bureau for August, September, and October,
1917, is given in Table XIII.
TABLE

XIII.—Mean air temperatures for August, September, and October, IQIJ, at
Laredo, Tex.a

Day of
month.

I
2

3
4
5
6
7
8
9
10
11
12

13
H
it;

16
a

August.
0
F.
89-5
88.5
88. s
88.5
•89.0
88.5
89.0
88. s .
89.0
90.5
90-5
88.0
89.5
88.5
90. 5
88. s

September.
0
F.
85. S
86.0
86.5
87.0
88.0

S
5Z88.0
88.5
89.5
88.0
83-5
85.0
86. 5
88.5
83.5
83. S

October.
T.
71.0
80.0
80.5
80.5
80.5
78.O
81.0
82.5
64. S
64.5
70.5
73.5
75-0
77.0
76.0
80.0

Day of
month.

17
18
19
20
21
22

23
24
2$

26
27
28
29
30
31

August.

September.

0
F.
90. 0
90-5
91. 0
92.0
90. 0
90. 0
90. 0
91. 0
89.5
87.0
89.5
86.5
89.5
84.5
86.O

0

F.
79.0
83.0

75-5
79-5
79-5

80.0

79-5

79.O
80.5
81.5
81.5
71.5
71-5
71. S

October0
F.
80.5
81.5
76. O
67.5
62. O
63-5
68.5
61. O
66.5
76.5
74-5
78.5
75-0
So. 5

Obtained by averaging the daily maximum and minimum temperatures.

Table XIII shows that the air temperature ranged very high during
August and September, the onion-planting period. In this connection
it is to be noted, moreover, that the records of Bouyoucos (1) in Michigan
indicate that surface soil temperatures may considerably exceed air
temperatures. Thus, his observations showed that the maximum temperature for the upper quarter inch of all the soils he studied was about
16° C. higher during hot, clear days than that of the air at an elevation
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of 4 feet, while the minimum temperature of all the soils used, except
peat, was 0.5o to i.o0 C. higher, as a monthly average, than that of the
air. Our own observations in Wisconsin are in general accord with
these Michigan records. Assuming that the temperature of the surface
layer of soil under Texas conditions likewise averages several degrees
higher than the air, it is evident that the mean never went below the
point where infection is entirely inhibited (29o C, or 84o F.) during
August and seldom below it during September. Continuing up to
October 8 there were only a few days when the air temperature fell
below 27.5o C. (81.50P.), the point at which our experiments have shown
smut infection to be markedly reduced. It seems probable, therefore,
that evenif onion smutwere introduced into this Laredo soil, it would stand
small chance of infecting onion seedlings to the extent of establishing
the disease as a permanent factor. The data available are not sufficient
to justify the attempt at more detailed geographic correlation of onion
smut occurrence with the temperature factor. We believe, however,
that the conclusion is justified that soil temperature during the early
seedling stage must be considered as a limiting factor in determining the
occurrence of the disease in any locality. It must be left with local
observers to make use of this fact in interpreting conditions as they
occur in any particular region.
SUMMARY

Onion smut was first noted in the Connecticut River Valley in 1869.
Since then it has successively appeared and become an economic factor
in nearly all of the northern onion-growing sections from New York to
Oregon. This has probably resulted from chance introduction of the
organism with seed or bottom sets, followed by its accumulation in the
soil where continuous cropping with onions is practiced. The disease
has not appeared in the southern onion-growing sections of Texas
and Louisiana, although they are exposed to similar chance introduction
of the parasite and the continuous cropping method is common.
These facts have raised the question as to wherein lies the explanation
of the regional limitation of the disease. The southern method of culture, characterized by special seed bed and transplantation of seedlings,
does not offer sufficient explanation for the absence of smut. No difference in susceptibility between northern and southern varieties has been
found. Is regional limitation explained by differences in environmental factors in the North and the South at the time when the seedling
is susceptible to infection, that is, during the first two or three weeks after
germination? An analysis of certain of these factors in relation to
infection has been the object of the present investigation.
The cotyledon of the onion is susceptible to attack by the smut organism up to the time it attains full growth, a period of about three weeks,
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varying somewhat with environment. Cotyledons remaining free from
infection during this period become resistant and serve as a barrier to
subsequent invasion of the embryonic region of the true leaves. Consequently, if infection is prevented by environing conditions during this
period of susceptibility, the plant will remain free during the remainder
of its growth.
Experiments were conducted in which seedlings were grown on smutinfested soil held at various soil moisture contents. A high percentage
of infected plants resulted over the entire range in which good germination and growth of the host occurred. At either extreme, very high or
very low moisture, there was some reduction in amount of infection, but
with it occurred a corresponding decrease in seed germination and rate
of growth of the plants. Soil moisture, therefore, does not appear as a
serious limiting factor in onion smut infection.
The relation of soil temperature to the development of the host and
the parasite was studied by growing plants in pots held experimentally at
a series of constant soil temperatures in the special apparatus known as
the "Wisconsin soil temperature tank."
Seed germination and growth took place over a range of soil temperature from 100 to 310 C. Most rapid seed germination and development
of tops occurred at soil temperatures of 20o to 25 o, while as a rule the
best development of roots occurred below 200.
A high percentage of plants grown on smutted soil were infected at
soil temperatures ranging from 100 to 25o C. A decided reduction in
infection was noted at about 27o, and complete freedom from the disease
resulted at 29o. In these experiments all plants were under uniform
conditions of air temperature, which ranged from 150 to 200.
The relation of variations in air temperature to the development of
the disease was then studied.
Exposure of plants bearing incipient infections of the fungus in the
aerial parts to an air and soil temperature of 300 to 33 o C. so disturbed
the relations between parasite and host as to preclude any further development of the disease. This was shown by growing plants at a temperature favorable for infection (150 to 20o). Then, just as the pustules of
the disease were beginning to appear (tenth to twelfth day), the plants
were removed to a room held at 30o to 33o. This stimulated top growth
for a few days, which was followed by a decided checking of the plants
and death after three or four weeks. However, ,if after 12 to 15 days
at the high temperature the plants were returned to the original temperature (150 to 20o), they grew normally, but the fungus in nearly all
cases failed to produce spores, and the plants remained free from further
invasion.
Experiments were then performed in which seedlings were grown on
infested soil held at 20o, 25o, and 30o C. with a uniform air temperature
of 30o to 33o. A high percentage of infection resulted at soil temperatures
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of 20o and 25o, but none at 30o, showing that high air temperature
alone is insufficient to check the development of the disease. It appears
probable that the failure of the fungus to complete its development in
the case described above (where the plants after infection were exposed
to an air and soil temperature of 30o to 33 o) was brought about at least
in part by some marked disturbance of the metabolism of the host and
not simply by the direct effect of the high air temperature upon the
fungus in the aerial parts of the seedling.
Comparison between the development of the disease in plants grown
at 150 to 20o and at 24o to 28o C. (air and soil) was made. A high percentage of cotyledon infection occurred in both cases. At the lower
temperature the disease proceeded as usual to the infection of the true
leaves. At the higher temperature, however, the plants tended to outgrow the disease, this being associated with a more rapid rate of top
development which apparently enabled the plants to slough off the
smutted cotyledons before infection of the first true leaf occurred.
The foregoing conclusions as to the dominant influence of soil temperature upon onion smut infection, while primarily based on greenhouse
experiments, have been found to accord well with field developments.
Successive out-of-door plantings at Madison, Wis., made in inoculated
soil during the growing season, resulted in a gradual reduction of infection
as the season advanced and the soil temperature rose. Complete freedom
from smut was attained when the daily mean soil temperature at 1 to 2
inches depth remained at or slightly above 29o C. for two to three weeks.
There was also a tendency, as the temperature rose, for the seedlings to
outgrow the disease by the sloughing off of the diseased cotyledons before
infection of the first leaf occurred.
An examination of records from one of the southern onion sections
(Laredo, Tex.) shows that during a good share of the critical period for
onion smut infection (August and September) the mean air temperature
is above that at which complete inhibition of infection was attained in
our experiments (29o C. or about 84o F.). If we assume, as observed
in northern sections, that the mean temperature for the upper layer of
soil is several degrees higher than that of the air at this time of the year,
it is reasonable to conclude that even though the smut organism were
introduced into southern onion sections, its development would be prevented or greatly minimized, first, by the prevention of infection due to
high temperatures, and, secondly, by the rapidly developing tops outgrowing the disease, should occasional infections occur.
In general we believe, therefore, that the regional distribution of onion
smut in the United States is conditioned upon the soil temperature
during the seedling stage of the plant's growth, the infection and development of smut being favored by the relatively low temperatures and
inhibited by the high temperatures, with approximately 29o C. as the
critical point.
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It is hoped that the evidence here recorded may lead to the accumulation of further field data bearing upon this particular problem by investigators in various places, especially in the southern States. It is also
believed that these results illustrate well the importance of more persistent inquiry by the experimental method into the relation of environmental factors to the occurrence of disease of plants in general.
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PLATE 25
Relation of soil temperature to the development of onion seedlings.
Upper row.—Seedlings of Red Globe variety 13 days old. Each cluster was the
entire crop from one experimental culture pot. All were grown in like virgin soil and
at the same air temperature (i50to2o0C.) but with gradation in the soil temperature of
the respective pots as follows (left to right): 120 to 140, 20o, 25o, 28o, 30o. Note that
there is a tendency for greater root development in relation to top growth at the lower
temperatures. This was especially marked at the lowest temperature, 120 to 140.
For further details see Table V and the accompanying text.
Lower row.—Seedlings of Yellow Bermuda variety grown under same conditions as
those in upper row.
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PLATE 26
Relation of soil temperature to the infection of onion seedlings by the smut fungus,
Urocystis cepulae.
Representative seedlings taken from the experimental culture pots, showing the
influence of soil temperature upon the amount of smut. All the pots alike contained
smut-infested soil. The air temperature and other aerial factors were the same for all.
Soil temperature was the only factor varied experimentally, the temperature gradations extending from about 100 to 30o C.
Note the abundance of smut át 10o to 22 o, as shown in the upper row. A slight reduction occurred at 23o to 26o. At 27o to 29o the reduction is sharply marked. At
29o to 310 inhibition is complete. For the percentages of seedling infection and other
details see Table VI and the accompanying text.

PLATE 27
Relation of soil temperature to onion smut infection.
This shows the results from a series of experiments in which the methods described
for Plate 26 were repeated with the soil temperatures restricted to the critical limits
between 25o and 29o C. and controlled more exactly. Note the marked reduction in
infection at 27.5o and complete inhibition at 29o, thus establishing, but with more
exactness, the conclusions illustrated in Plate 26.
For the percentage of infected seedlings at these temperatures and other details, see
Table VIII and the accompanying text.
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